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Abstract  

Microglia are the resident immune cells of the central nervous system. They survey the 

brain for redundant synapses, debris and dying cells, which they remove through phagocytosis. 

This thesis examines factors which regulate this microglial behaviour, in health and in 

Alzheimer’s disease (AD). 

Applying pharmacological manipulations to microglial uptake of fluorescent microbeads in 

rodent brain slices, I demonstrated that membrane potential, purinergic receptors and 

intracellular calcium regulated phagocytosis. Buffering intracellular Ca2+ inhibited bead 

phagocytosis, whereas removing external Ca2+ did not, suggesting that Ca2+ release from internal 

stores controls phagocytosis. I therefore characterised spontaneous and damage-evoked Ca2+ 

transients in microglia in brain slices. 

A K+ channel blocker that depolarises microglia inhibited bead uptake, and our lab has 

shown that microglial ramification is regulated by membrane voltage, set by the tonically-active 

plasma membrane K+ channel THIK-1. I showed that THIK-1 is also required for phagocytosis of 

fluorescent microbeads. Using immunohistochemistry and electrophysiology, I found that mice 

lacking THIK-1 have an altered number of glutamatergic synapses, suggesting synapse 

development is regulated by THIK-1. 

Surveillance and phagocytosis by microglia in AD were assessed using (i) a fluorescent 

form of amyloid beta (Aβ), (ii) AppNL-G-F knock-in mice to mimic the disease, and (iii) knockouts 

for the AD-linked phagocytic receptor TREM2. I showed that, while astrocytes also contributed, 

microglia were the main Aβ phagocytes in situ. Lack of TREM2 increased surveillance in aged 

but not young mice, independently of THIK-1. In the AD mouse model, Aβ plaque coverage was 

unaffected by THIK-1 expression, but THIK-1 knockout mice exhibited a higher density of 

dendritic spines suggesting that Aβ-induced synapse loss depends on THIK-1. Microglia from 

fresh human biopsies confirmed that blocking THIK-1 has similar effects as in rodents, 

suggesting that manipulating THIK-1 could regulate microglial surveillance and phagocytosis in 

ageing humans.   
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Impact statement 

In the UK around 850,000 people are living with dementia, at a cost to the health and 

social care systems of £35 billion per year. This burden is predicted to increase dramatically in 

the next 20 years. I carried out research on Alzheimer’s disease, the most common form of 

dementia for which there is unfortunately no effective treatment to date. Specifically, I studied the 

role of microglia, the brain’s resident immune cells. In early stages of Alzheimer’s, microglia are 

thought to delay disease progression by preventing the accumulation of a toxic substance called 

Aβ through a process called phagocytosis, whereby they engulf and remove it. However, there is 

no consensus about whether microglial involvement in Alzheimer’s disease is always beneficial, 

and these cells may become detrimental later in disease progression. My aim was to shed light 

on how microglial phagocytosis is controlled and understand what effect this could have on Aβ 

accumulation, which may help us to delay the disease in the future. 

Looking at how microglia interact with their neighbouring cells can also be helpful to 

provide potential treatments. I have contributed to two important discoveries in this regard. First, 

my work in collaboration with researchers from Purdue University demonstrates that microglia 

are the main brain cells that take up Aβ in the rodent brain, although other cells also contribute. 

Secondly, Aβ is thought to kill nerve cells in the brain by triggering oxidative stress. As part of a 

wider study in our lab, I found that both microglia and another type of brain cell called pericytes 

respond to Aβ by producing reactive oxygen species. Our research has shown that these disrupt 

blood flow within the brain which can lead to dementia. By defining the underlying mechanism, 

we have been able to suggest new targets for early Alzheimer’s therapy.  

Some of these results have been disseminated to colleagues in conferences or published 

as pre-prints and peer-reviewed papers, and I have received the Jon Driver Prize in recognition 

of my work. In addition, I am profoundly interested in social and cultural issues, and in 

communicating science to non-scientists. I have spoken and written about my work and 

neuroscience more broadly in various settings, including on the fact-checking platform 

Metafact.io, and in 2017 I won the third prize at Famelab Spain for a piece about microglia and 

their various functions during brain development and in dementia. 
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“Pero hay una voz, hay una voz dentro. 

Y dice que no, dice que lo siento. 

Dice que no se rinde, que hagan sus apuestas. 

Que sigue el juego.” 

 

Miss Caffeina, Mira cómo vuelo (2016)  
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1. Introduction 

1.1 Microglia, the brain’s immune cells  

1.1.1 A brief history of microglial research 

About half of the cells in the central nervous system (CNS) are not neurons but glia 

(from γλία, Greek for “glue”), which were originally conceived as mere static, connective 

structures. These include astrocytes (cells with a characteristic star-like structure and 

multiple branches that contact synapses and blood vessels), oligodendrocytes (cells which 

produce the lipid-rich myelin that ensheaths neuronal axons) and indeed microglia (Allen and 

Lyons, 2018). 

Microglia were first described by Pío del Río-Hortega in 1919, who named them as 

such due to “the tiny size of their soma, which is considerably smaller than that of fibrous 

and protoplasmic astrocytes” (del Río-Hortega, 1919). The prevailing view in the field at the 

time was that put forward by his mentor Santiago Ramón y Cajal, whereby the central 

nervous system was composed of neurons, astrocytes and a “third element” of support cells. 

Hortega’s superior staining technique, however, allowed him to identify microglia and 

oligodendrocytes, and to argue — much to Cajal’s opposition — that the “third element” in 

fact consisted of these two different types of cells (Sierra et al., 2019). Hortega, whose 

seminal observation inaugurated what would later become the very dynamic field of 

microglial biology, hypothesised that microglia would act “as a voracious macrophage” and 

that they would “gather and degrade” neuronal processes and dying cells during 

development (del Río-Hortega, 1919). It was only decades later that the first evidence for the 

role of microglia in synaptic stripping would come (Blinzinger and Kreutzberg, 1968). 

Currently, they are known not only as the main professional phagocyte of the brain, but also 

to regulate neurogenesis, inflammation, control blood-brain barrier (BBB) permeability, 

vasculogenesis, myelination, and synapse monitoring and pruning (Prinz et al., 2019). Early 

studies mainly relied on microglial cultures (Giulian and Baker, 1986), where gene 
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expression is drastically changed and cells often fail to develop the complex process 

ramification and surveillance seen in microglia in situ (Bohlen et al., 2017). However, 

technical advances allowing the application of patch-clamping and imaging in situ and in vivo 

have unveiled unique aspects of microglial behaviour in recent years, including their 

dynamic, never-resting nature (Davalos et al., 2005; Nimmerjahn et al., 2005). New tools 

have also allowed development of microglia-containing organoid models (Ormel et al., 

2018), studying the microglial genetic and epigenetic landscape in humans (Gosselin et al., 

2017) and defining their disease-associated signatures (Keren-Shaul et al., 2017). 

1.1.2 The resident immune cells of the central nervous system 

Microglia alone account for 5 to 12% of brain cells, at a density varying between 

brain regions but particularly high in the hippocampus and substantia nigra (Lawson et al., 

1990). With the exception of perivascular macrophages, microglia are the only immune cells 

that are present inside the CNS parenchyma physiologically. They derive from progenitors 

from the yolk sac that colonise the CNS through the vasculature before the closure of the 

BBB (around embryonic day 9 in mice and gestational week 4–5 in humans, thus preceding 

gliogenesis of astrocytes and oligodendrocytes; reviewed by Thion and Garel, 2017). The 

microglial population is kept stable by self-renewal throughout life, and indeed turns over 

several times during a lifetime in the rodent and human brain (Askew et al., 2017). Microglia 

progressively form a regular array throughout the brain and, as cells proliferate and migrate, 

they also ramify into more complex morphologies (Anderson et al., 2019). 

Microglial processes are constantly moving to survey the brain, sense extracellular 

cues including signals of brain function (such as neurotransmitters and neuromodulators; 

Albertini et al., 2020), and extend to regions of damage in a directed manner (Davalos et al., 

2005; Nimmerjahn et al., 2005). When processes arrive at such targets, they engulf and 

phagocytose invading organisms, cellular debris, dying cells or synapses, and participate in 

immune responses via release of reactive oxygen species (ROS, which damage pathogens), 

as well as cytokines and chemokines (which can alter neuronal and glial cell function).  
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Many of these functions are shaped by ion channels and cell surface receptors, as 

reviewed in Izquierdo et al. (2019) and summarised below. While mechanisms such as 

changes in gene expression operate on a timescale of hours, ion channels can change the 

cells’ membrane voltage instantaneously, thus allowing microglial cells to rapidly adapt their 

behaviour in response to acute stimuli. Moreover, because of the very high membrane 

resistance of microglia, modulating the function of just a few ion channel molecules could 

suffice to alter their membrane potential and associated functions. In the following sections, I 

will explain how different aspects of microglial physiology are regulated, and then focus on 

their involvement in Alzheimer’s Disease. 

1.1.3 Control of microglial resting potential 

Ion channels set the cell resting potential, which powers many other cellular 

processes (Figure 1.1). Microglia in situ exhibit a depolarised membrane potential (Vm) 

typically around -45 mV (Guneykaya et al., 2018; Madry et al., 2018; Wendt et al., 2017), 

although it ranges from -20 mV to -60 mV depending on species, brain region, sex and age 

(De Biase et al., 2017; Guneykaya et al., 2018; Schilling and Eder, 2015). 

For microglia in situ, two-pore domain halothane-inhibited K+ channel type 1 (THIK-1) 

K+ channels maintain a negative Vm under physiological conditions (Madry et al., 2018). 

THIK-1 is not expressed by microglia in culture (Butovsky et al., 2014), where only Cl- 

channels contribute to setting the resting Vm (Newell and Schlichter, 2005), showing how 

profoundly cultured microglia differ from their counterparts embedded in brain tissue. 

Besides THIK-1, ion channel candidates for regulating the Vm of microglial cells 

include volume-regulated Cl- channels or transient receptor potential (TRP) cation channels 

(Jiang et al., 2003; Kim et al., 2006; Newell and Schlichter, 2005), which have been 

documented in microglia in situ (Hines et al., 2009; Murana et al., 2017; Schilling and Eder, 

2009; Zhang et al., 2014). Finally, voltage-gated, Ca2+-gated and inwardly-rectifying K+ 

channels may regulate microglial Vm. Although these are only weakly expressed by microglia 

in situ under healthy conditions, both Kir2.1 and Kv1.3 are upregulated when microglia 
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become activated with age and in pathology (Avignone et al., 2015; Plescher et al., 2018; 

Schilling and Eder, 2015; Wendt et al., 2017). 

1.1.4 Baseline process surveillance 

Microglia are territorial cells and their ramified processes have non-overlapping 

territories when not responding to damage or disease (Jinno et al., 2007). In fact, microglia 

are more compact in species where they are more abundant (such as zebrafish or leech; 

Geirsdottir et al., 2019). However, processes are highly motile, continuously extending and 

retracting at ~2 µm/min which allows them to collectively survey the brain parenchyma every 

few hours (Davalos et al., 2005; Nimmerjahn et al., 2005). 

Microglial ramification and surveillance depend on the resting potential, and hence on 

the tonic activity of THIK-1 channels (Madry et al., 2018). More ramified microglial cells 

exhibit a more hyperpolarised resting potential than less ramified cells (De Biase et al., 

2017). Conversely, depolarisation of microglia, either by pharmacological blockade or 

genetic deletion of THIK-1 or by raising extracellular [K+], decreases microglial ramification 

and surveillance (Madry et al., 2018). Therefore, pathological rises of [K+]o, or 

downregulation of THIK-1 with ageing (Olah et al., 2018) or when microglia become 

activated in disease (Holtman et al., 2015; Krasemann et al., 2017), are expected to 

decrease microglial surveillance and events that depend on it. Although extracellular ATP 

and ADP can act via P2Y12 receptors to potentiate THIK-1 activity, these channels are 

tonically active and maintenance of THIK-1-mediated surveillance is independent of 

purinergic signalling (Madry et al., 2018). Instead, the dominant effect of locally released 

ATP is to attract microglial processes towards the source (see section 1.1.5). 

Microglial ramification and surveillance may also be modulated by cyclic AMP 

(cAMP). Under healthy conditions favouring microglial ramification and surveillance, [cAMP] 

is kept low via Gi-coupled receptor signalling (e.g. P2Y12 or CX3CR1), whereas microglial 

activation is characterised by downregulation of Gi-coupled P2Y12 receptors and 

upregulation of Gs-coupled adenosine A2A receptors (Haynes et al., 2006; Orr et al., 2009). 
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Manipulations to raise [cAMP] reduce the ramification of large processes (Kalla et al., 2003; 

Pagani et al., 2015), although cAMP increases the growth of thin filopodia that extend from 

the main processes (Bernier et al., 2019). 

Furthermore, microglial surveillance is promoted by tyrosine kinase receptors, which 

regulate microglial motility in vitro (Nolte et al., 1997), while microglial-specific deletion of the 

TAM tyrosine kinase subtypes Mer and Axl decreased microglial surveillance in vivo 

(Fourgeaud et al., 2016). Although the underlying mechanism remains elusive, tyrosine 

kinase receptors may affect two-pore domain K+ channels, including THIK-1, which is more 

active upon tyrosine phosphorylation (Gierten et al., 2008). A summary of the ion channels 

and receptors controlling microglial surveillance is shown in Figure 1.1. 

1.1.5 Targeted process motility to damaged areas 

Microglia sense neuronal state and are the first line of defense in brain injury and 

pathologies. They rapidly send out processes to ensheath injured areas, thereby confining 

the damage (Davalos et al., 2005). This process, also known as chemotaxis, is regulated by 

ion channels and G protein-coupled receptors (GPCRs) and, unlike for surveillance, 

purinergic signalling plays an important role (Figure 1.2). 

A rise of extracellular [ATP], caused by brain damage or neuronal hyperactivity, can 

be detected by receptors activated by ATP itself (P2X4, P2X7) or its byproducts ADP (P2Y12) 

and adenosine (A1, A2A, A3) generated by ectonucleotidase-mediated hydrolysis of ATP 

(Madry and Attwell, 2015). ADP is a high-affinity agonist of P2Y12 receptors, the activation of 

which triggers chemotaxis (Haynes et al., 2006) and promotes interactions with the 

extracellular matrix by activating β-integrins, particularly at the bulbous endings of 

chemotactic processes (Ohsawa et al., 2010). Interestingly, while P2Y12 activation triggers 

protrusion of large processes, it collapses filopodia (fine processes that allow fast sensing of 

the microenvironment), the formation of which is instead promoted by cAMP (Bernier et al., 

2019). 
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Chemotaxis is also promoted by the TAM receptor tyrosine kinases Mer and Axl 

(Fourgeaud et al., 2016) and by the triggering receptor expressed on myeloid cells 2 

(TREM2; Mazaheri et al., 2017). Gq-coupled 5-HT2B serotonin receptors (Kolodziejczak et 

al., 2015) and Gi-coupled CX3CR1 fractalkine receptors (Pagani et al., 2015) can also attract 

microglial processes. Indeed, inhibiting Gi completely blocks chemotaxis (Merlini et al., 

2021), while lack of P2Y12 only delays it (Haynes et al., 2006), which suggests that other 

GPCRs contribute to Gi-mediated chemotaxis in the absence of P2Y12. Although the 

serotonin-evoked chemotactic response resembles that evoked by ATP, deletion of 5-HT2B 

receptors did not attenuate ATP-induced chemotaxis (Kolodziejczak et al., 2015), suggesting 

that the purinergic and serotonergic systems may operate independently. By contrast, 

noradrenaline inhibits injury- and ATP-triggered motility by activating Gs-coupled β2 

receptors (Gyoneva and Traynelis, 2013). Thus, while Gi- and Gq-coupled signalling promote 

process extension, Gs-coupled signalling mediates process retraction.  

Of note, microglial chemotaxis to an ATP source depends on volume-sensitive Cl- 

channels, which are activated during osmotic stress and membrane stretch (Hines et al., 

2009), presumably because net water movement across the cell membrane, driven by ion 

fluxes, is needed for microglial processes to change shape as they move between cell 

structures. In brain slices, activation of microglial Cl- channels requires a rise of [Ca2+]i 

(Murana et al., 2017), as can be evoked via P2Y receptors (Eichhoff et al., 2011; Pozner et 

al., 2015). Cl- channels may also mediate ATP release (Mitchell et al., 1998), thus 

establishing a feedforward loop to activate P2Y12 receptors and Cl- channel activity.  

1.1.6 Regulation of phagocytosis 

Phagocytosis is a finely controlled process that commences with microglial 

membrane wrapping around the substrate (Figure 1.3A) and by which microglia can 

phagocytose multiple targets, including bacteria, synapses and protein aggregates 

(Figure 1.3B). These cells even phagocytose newborn cells in developing (Cunningham et 

al., 2013) and juvenile (VanRyzin et al., 2019) animals, and in adults, where microglial 
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phagocytosis of apoptotic neuronal progenitors maintains neurogenesis (Diaz-Aparicio et al., 

2020). On the other hand, decreased microglial phagocytosis of synapses is associated with 

delayed pruning in development (Paolicelli et al., 2011) and impaired connectivity between 

the hippocampus and the cortex in the adult brain (Zhan et al., 2014). Synapse engulfment 

by microglia is regulated by the complement system, which seems to predominate in the 

visual system (Schafer et al., 2012; Stevens et al., 2007) and the fractalkine receptor 

CX3CR1, which prevails in the cortex and hippocampus (Gunner et al., 2019; Paolicelli et 

al., 2011; Weinhard et al., 2018) — although even in these regions and despite contradictory 

reports (Welsh et al., 2020) complement may also contribute to the removal of weaker 

synapses in adults (Wang et al., 2020a) or in disease contexts (Hong et al., 2016a; Vasek et 

al., 2016). 

Phagocytosis follows three conceptual stages: “find-me”, “eat-me” and “digest-me”. 

Released molecules such as ATP or CX3CL1 act as attractive “find-me” signals, while 

“eat-me” signals include phosphatidylserine (PtdSer), which becomes exposed on the 

surface of damaged membranes and allows recognition and removal of apoptotic cells 

(Scott‐Hewitt et al., 2020) or synapses (Györffy et al., 2018). Microglial PtdSer-binding 

receptors include TREM2 and TAM receptors (Tyro3, Axl and Mer), and PtdSer can bind 

them directly or indirectly via opsonins (e.g. apolipoprotein E (APOE), complement C1q; 

Butler et al., 2021; Raiders et al., 2021). The function and regulation of TREM2 will be 

reviewed in section 1.2.4. “Eat-me” signals can also be soluble, like released UDP, which 

triggers phagocytosis by acting on microglial P2Y6 receptors (Koizumi et al., 2007). 

By contrast, “don’t-eat-me” signals prevent phagocytosis. These include CD47 on 

neuronal membranes, which binds signal-regulatory protein α (SIRPα) receptors on 

microglia such that CD47-tagged synapses are protected from removal during development 

(Lehrman et al., 2018). Sialylation (i.e., addition of a terminal sialic acid residue) to neuronal 

glycoproteins and lipids also inhibits phagocytosis, as it prevents the binding of complement 

opsonins and activates sialic acid-binding immunoglobulin-type lectin (Siglec) receptors on 

microglia, which inhibit phagocytosis (Puigdellívol et al., 2020). Additionally, because 
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phagocytosis relies on close-proximity interaction with membrane receptors, it can be 

impeded by physical barriers such as the glycocalyx surrounding the cell membrane (Imbert 

et al., 2021). 

Following internalisation of the phagocytic cups, they transform into phagolysosomes 

which progressively fuse and acidify to degrade their contents and recycle their components 

(“digest-me”). The processing and digestion of phagocytosed material are less understood. 

However, it has been proposed that phagosomes deliver their cargo by fusing with a 

receiving compartment (or “gastrosome”), a unique vesicle type that, unlike phagosomes, is 

not transient but homeostatically maintains a certain size (Villani et al., 2019). 

The phagocytic process depends on cytoskeletal rearrangements controlled by 

[Ca2+]i, which acts as a second messenger underlying responses to various stimuli 

(Melendez and Tay, 2008). While “resting” microglia rarely exhibit spontaneous Ca2+ 

transients in vivo, damage to nearby neurons rapidly raises their [Ca2+]i (Pozner et al., 2015). 

Microglial [Ca2+]i is also elevated in ageing (Del Moral et al., 2019), neurodegeneration 

(Brawek et al., 2014), inflammation (Riester et al., 2020) or in response to changes in 

neuronal activity (Umpierre et al., 2020). [Ca2+]i rises are mainly via Gq-coupled UDP-

mediated P2Y6 receptor signalling (Eichhoff et al., 2011; Pozner et al., 2015), but ATP-

evoked entry of extracellular Ca2+ via ionotropic P2X4 and P2X7 channels, as well as 

ADP-mediated activation of Gq-coupled P2Y1 receptors, may also contribute (although the 

latter are rarely expressed by microglia; Umpierre and Wu, 2020). 

P2Y6 receptor activation raises [Ca2+]i and triggers phagocytosis by Gq-mediated 

activation of phospholipase C (PLC), which generates 1,4,5-inositol-trisphosphate (IP3) and 

downstream IP3 receptor-dependent Ca2+ release from internal stores (Koizumi et al., 2007; 

Neher et al., 2014). P2Y6 expression is upregulated upon damage, and contributes to 

phagocytic removal of debris by microglia (Wen et al., 2020). Release of intracellular Ca2+ 

may trigger subsequent capacitative Ca2+ influx through store-operated Ca2+ entry (SOCE). 

SOCE is mediated by the opening of Orai Ca2+ channels on the plasma membrane upon 

interaction with stromal interaction molecule (STIM), a Ca2+-depletion sensor on the 
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endoplasmic reticulum (Prakriya et al., 2006). Both proteins are present in cultured microglia 

(Michaelis et al., 2015), and microglia have the highest mRNA expression of Orai1 in the 

brain (Zhang et al., 2014). The latter is particularly enriched in podosomes, highly dynamic 

actin-rich subcellular microglial structures that interact with the extracellular matrix (Siddiqui 

et al., 2012). Knockdown of Stim1 or Orai1 prevents microglia from exhibiting UDP-evoked 

[Ca2+]i elevations, and inhibits their phagocytic activity in vitro (Heo et al., 2015; Michaelis et 

al., 2015). Thus, SOCE may support [Ca2+]i rises mediating P2Y6-dependent phagocytosis, 

possibly by creating Ca2+ hotspots near phagosomes (as in neutrophils; Nunes et al., 2012). 

Phagocytosis in immune cells is accompanied by a sustained hyperpolarisation 

(Kouri et al., 1980). This could serve to facilitate SOCE by maintaining sufficient driving force 

for Ca2+ entry, and may be mediated by the upregulation of Kir2.1 or Kv3.1 K+ channels 

(Franciosi et al., 2006). Interestingly, TREM2 deficiency leads to downregulation of various 

K+ channels and impaired microglial phagocytosis (Wang et al., 2015; Zhao et al., 2018), 

suggesting that control of phagocytosis by TREM2 may be, at least in part, mediated by 

regulation of the membrane potential. Some of the ion channels and receptors that regulate 

phagocytosis by microglia are shown in Figure 1.3C. 

1.1.7 Regulation of reactive oxygen species release 

Production of superoxide by the NADPH oxidase (NOX) complex is required for 

phagocytes to efficiently destroy pathogens, in what is known as a “respiratory burst” of ROS 

generation (Thomas, 2017). ROS are produced upon exposure to disease-/pathogen-

associated molecular patterns (DAMP/PAMPs; Della Bianca et al., 1999), mainly by NOX2 in 

microglia (Zhang et al., 2014). NOX2 is composed of two membrane catalytic subunits 

(gp91phox and p22phox) and three regulatory cytosolic subunits (p40phox, p47phox and p67phox). 

NOX activity is regulated via the latter, which translocate to the membrane and assemble 

upon phosphorylation. Once the complex is assembled, the enzyme oxidises NADPH 

molecules to NADP+ and H+ and extrudes an electron across the cell membrane. This 

electron then reacts with oxygen to generate highly reactive superoxide (O2
.−) radicals which 
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contribute to bacterial lysis (Nayernia et al., 2014; Thomas, 2017). Additionally, different 

ROS species may act synergistically (e.g. O2·− and NO react to form highly reactive ONOO−, 

which increases neuronal death in vitro; Mander and Brown, 2005). However, microglia also 

express antioxidants and enzymes like NAD(P)H-quinone oxidoreductase 1 (NQO1, also 

known as NAD(P)H dehydrogenase 1) or glutathione-S-transferases (GST), which function 

to limit oxidative stress and inflammation (Simpson and Oliver, 2020). 

Electron pumping into the phagosome and H+ release into the cytoplasm by NOX 

cause depolarisation and intracellular acidification, respectively. These would readily inhibit 

NOX activity (DeCoursey et al., 2003), so a charge compensation and H+ removal 

mechanism may be required for sustained bacterial killing. Hv1 H+ channels, which generate 

a hyperpolarising H+ efflux when activated by the depolarisation accompanying electron 

extrusion, were shown to provide such a mechanism in blood immune cells (Femling et al., 

2006). Hv1-deficient mice lacked voltage-gated H+ currents in leukocytes and showed an 

impaired respiratory burst and decreased bacterial clearance (Ramsey et al., 2009). In the 

brain, microglia are the only cells expressing Hv1 channels at the mRNA (Zhang et al., 2014) 

and protein level (Okochi et al., 2009), although the significance of these currents is 

uncertain due to inter-species differences (De Simoni et al., 2008; Wu et al., 2012). In the 

absence of Hv1, other channels may contribute to charge compensation, such as small 

conductance Ca²⁺-activated K⁺ channels SK2/SK4, Kv1.3 K+ or TRPV1 channels, which are 

involved in ROS production in vitro (Khanna et al., 2001; Schilling and Eder, 2011). A 

summary of the channels and enzymes regulating the generation of ROS is shown in 

Figure 1.3. 

1.1.8 Regulation of activation state and cytokine release 

It is now clear that the old binary view of microglial activation (i.e., into a pro-

inflammatory M1 state or an anti-inflammatory M2 state) was overly simplified. Instead, 

microglia exist in a spectrum of activation states, with different stimuli shifting microglia 

toward particular protein expression profiles (Ransohoff, 2016). Microglial activation is 
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controlled by transcriptional switches induced by receptors such as TREM2 (Krasemann et 

al., 2017). For instance, microglia activated by amyloid beta (Aβ) upregulate immune 

response genes (Yin et al., 2017) and show altered purinergic signalling and K+ currents 

(Wendt et al., 2017). Damaging effects of Aβ (Maezawa et al., 2018) and lipopolysaccharide 

(LPS; De Simoni et al., 2008) may also depend on Kv1.3 channels. 

For inflammation to occur, K+ efflux via THIK-1 and voltage-gated K+ channels is 

required to trigger NLRP3 (NOD-like receptor family, pyrin domain containing 3) 

inflammasome-mediated release of pro-inflammatory cytokines by microglia. NLRP3 function 

develops in two stages: First, a priming signal (e.g. LPS or cytokines) is required for NFκB-

mediated transcriptional upregulation of NLRP3 and IL-1β. Second, an activating signal 

triggers inflammasome assembly and activation, whereby caspase-1 cleaves interleukin 

precursors to be released from the cell (Man and Kanneganti, 2015). In this process, K+ 

efflux, mobilization of [Ca2+]i and decrease of [cAMP] have been identified as crucial 

checkpoints for NLRP3 assembly and activation in macrophages (Lee et al., 2012; Muñoz-

Planillo et al., 2013). In LPS-primed microglia stimulated with ATP, activation of the P2Y12-

THIK-1 pathway was required for release of IL-1β in situ (Madry et al., 2018), consistent with 

a K+ efflux-triggered mechanism. Depending on the cells’ activation state, Kv channel 

activation may also provide the K+ efflux needed for inflammasome activation (Di Lucente et 

al., 2018; Rangaraju et al., 2017). As THIK-1 channels are tonically active, they could act as 

an initial trigger for increased K+ loss and inflammasome assembly, with upregulation of 

Kv1.3 following later. 

Lastly, production of inflammatory mediators may require long-lasting elevations of 

[Ca2+], which occur in vitro in microglia and macrophages upon LPS treatment (Korvers et 

al., 2016). LPS induces microglial upregulation of P2X7 channels (Choi et al., 2007), which 

mediate both K+ efflux and Ca2+ entry when activated by high extracellular [ATP] and are 

involved in cytokine release in vitro (Choi et al., 2007; He et al., 2017). However, this may 

primarily be mediated by K+ efflux, given that in macrophages K+ efflux alone is sufficient to 

activate the NLRP3 inflammasome (Katsnelson et al., 2015). Finally, ATP release via gap 
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junctional hemichannels may contribute to inflammasome activation via P2X7 (Parzych et al., 

2017) and thus exacerbate inflammation. The ion channels and receptors regulating 

microglial cytokine release are shown in Figure 1.4. 

 

1.2 Immune function in Alzheimer’s Disease 

1.2.1 The most common dementia 

Alzheimer’s Disease (AD) is the most common form of dementia, accounting for 60-

70% of cases, often overlapping with Lewy-body disease, vascular dementia or 

frontotemporal dementia in older individuals (Alzheimer’s Association, 2020). AD is a chronic 

neurodegenerative disorder that affects millions of people worldwide, but for which no 

effective disease-modifying therapies exist to date. More than 90% of cases have an onset 

above 65 years of age (late-onset AD, LOAD), while the remaining are early-onset AD 

(EOAD) cases, which typically also present a more rapid progression (Long and Holtzman, 

2019). 

In the AD brain, the two major hallmarks are extracellular deposition of Aβ plaques 

(also known as neuritic or senile plaques) and intracellular accumulation of neurofibrillary 

tangles in neurons, generated by aggregation of hyperphosphorylated microtubule-

associated protein tau. Clinically measurable deficits, however, only emerge years or 

decades after these histopathological changes, when tissue damage is already profound 

(Harris et al., 2020). In a study with postmortem human brains, the levels of prion-like Aβ 

and tau conformers inversely correlated with age at death (i.e., they were higher in the 

subjects that died at a younger age; Aoyagi et al., 2019).  

Although both Aβ and tau aggregate, spread and impair neuronal function in the 

brain, they also present clear differences. Tauopathy correlates better with cognitive decline 

than Aβ pathology does (Nelson et al., 2012), but accumulation of Aβ plaques precedes that 

of tau (Hanseeuw et al., 2019) and Aβ may act upstream in the pathogenic cascade. In fact, 
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Aβ dimers can induce hyperphosphorylation of tau (Jin et al., 2011), possibly by preventing 

inactivation of tau kinases like GSK3β (Hernández et al., 2010) or by activating the NLRP3 

inflammasome (Halle et al., 2008), which can drive tauopathy (Ising et al., 2019). It has been 

proposed that, as Aβ load increases and Aβ-mediated tau hyperphosphorylation occurs, 

damage spreads leading to neurodegeneration and network disruption (Edwards, 2019).  

However, Aβ also has direct toxic effects. For instance, because Aβ is highly 

hydrophobic, it can disrupt membranes (Flagmeier et al., 2020), perhaps by oligomers 

forming membrane pores (Ciudad et al., 2020). In fact, Aβ can pierce the cell membrane at 

synaptic sites (Capetillo-Zarate et al., 2011). Furthermore, Aβ-evoked constriction of 

capillary pericytes reduces cerebral blood flow (CBF), triggering a positive feedback loop 

whereby hypoxia may further increase Aβ production (Nortley et al., 2019). In turn, brain 

hypoperfusion can lead to tau hyperphosphorylation, either directly (Qiu et al., 2016) or by 

increasing levels of Aβ (Jin et al., 2011). CBF reduction can be caused by pericyte 

constriction of capillaries (Nortley et al., 2019) or neutrophil stalling (El Amki et al., 2020; 

which might be a consequence of the vasoconstriction). Of note, microglia also play a role in 

controlling CBF (Császár et al., 2021) and vascular integrity (Haruwaka et al., 2019), while 

vascular leakage promotes microglia-mediated synapse loss (Merlini et al., 2019). 

Vascular dysfunction and neuroinflammation form part of the proposed “cellular 

phase” of AD, whereby the slow, progressive accumulation of classical histological markers 

(tau and Aβ) only manifests clinically once cellular homeostatic mechanisms have failed (De 

Strooper and Karran, 2016). This thesis will focus on how microglial function interacts with 

the amyloid component of AD (which can activate immune function alone; Matarin et al., 

2015). 

1.2.2 Processing of amyloid beta 

Amyloid precursor protein (APP) is produced by neurons and is subject to alternate 

processing pathways. Once inserted into neuronal membranes, APP can be proteolytically 

cleaved by α-secretase and then γ-secretase (or by η-secretase followed by α- or β-
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secretase), which does not generate Aβ. Alternatively, APP can be cleaved by β-secretase 

(BACE1) and then γ-secretase, which does generate Aβ that can be released to the 

extracellular space. Cleavage by γ-secretase via this route can occur at different residues of 

the C-terminal fragment generated by β-secretase, thus generating a range of Aβ peptides 

of which the most common contain 40 (Aβ1-40) and 42 (Aβ1-42) residues (Haass et al., 2012; 

O’Brien and Wong, 2011). These peptides (and particularly the more hydrophobic Aβ1-42) are 

prone to aggregate into oligomers and fibrils and eventually deposit in the extracellular 

space, where they constitute the main component of senile plaques (Masters et al., 1985). 

As a result of this two-step process, the different pathways also generate additional 

fragments (soluble ectodomains APPsα, APPsβ, APPsη, p3, Aη-α, Aη-β or an intracellular 

C-terminal peptide), the precise functions of which remain unclear (Harris et al., 2020). 

In some AD patients, mutations in enzymes involved in the processing of Aβ are 

responsible for dysregulated production of Aβ and thus disease development. These cases 

due to fully penetrant mutations in APP and presenilin 1 or 2 genes (PSEN1/2, which encode 

the catalytic subunits of γ-secretase), correspond to only around 1 in 100 patients. By 

contrast, these mutations are absent in the remaining, non-familial cases (although variants 

affecting APP processing are also associated with LOAD; Kunkle et al., 2019). 

Even in non-familial cases, AD risk has a large genetic component: up to 80% of the 

lifetime risk of AD is genetic, while about a third is modifiable or environmental (Sierksma et 

al., 2020). Numerous genes exhibit differential expression in AD but, with very few 

exceptions, it remains unclear which are the core genes that directly affect disease when 

mutated and how AD risk variants affect cellular function. Adding to this complexity, risk 

variants often map within non-coding regulatory regions, such as enhancers (Podleśny-

Drabiniok et al., 2020). A recent meta-analysis of Genome-Wide Association Studies 

(GWAS) identified as many as 75 risk loci. Some of these are in amyloid-processing 

pathways, including APP metabolism or cleavage (e.g. ADAM10), clearance (e.g. APOE or 

CLU) and microglial removal (e.g. APOE, TREM2, PLCG2 or CD33; Bellenguez et al., 

2020). 
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1.2.3 Genetics of Alzheimer’s Disease: the role of microglia 

Although Hortega was the first to identify and name microglia, Alois Alzheimer (1910) 

had already described accumulation of glial cells around amyloid plaques in the brain. 

Today, strong genetic evidence implicates microglia in the development and progression of 

AD. Genetic studies have linked numerous loci, single-nucleotide polymorphisms (SNPs) 

and variants in immune-related genes to AD risk (whether they increase it, like TREM2, or 

decrease it, like PLCG2), which highlights the importance of microglial responses for disease 

development and progression, and both GWAS and proteomic studies highlight the 

relevance of immune responses in AD (Johnson et al., 2020; Kunkle et al., 2019; Wightman 

et al., 2020). Specifically, pathway analysis approaches have linked a number of 

phagocytosis-related genes to LOAD risk. This includes genes involved in recognition of 

substrates (e.g. receptor genes like TREM2, CR1 or CD33), engulfment (e.g. PTK2B or 

ABI3, which regulate cytoskeletal rearrangements and F-actin dynamics) and digestion (e.g. 

BIN1 or GRN; Podleśny-Drabiniok et al., 2020). Furthermore, genetic data suggest that AD 

pathology arises from interactions between different pathways. AD risk genes are highly 

interconnected (Zhang et al., 2013) and considering the polygenic component of risk 

significantly improves prediction of LOAD and of conversion to LOAD from mild cognitive 

impairment (Chaudhury et al., 2019; Escott-Price et al., 2015). 

The APOE ε4 allele is the most common among high-risk variants, and can increase 

AD risk by affecting Aβ seeding and accumulation through regulation of microglial 

responses, among other mechanisms. While the ε2 isoform is relatively protective and ε3 is 

viewed as neutral, carrying the ε4 allele markedly increases AD risk (Long and Holtzman, 

2019; Sierksma et al., 2020). Indeed, ε4 increases the association of Aβ with synapses 

(Koffie et al., 2012) but reduces uptake of Aβ1-42 by microglia (unlike ε2/3; Muth et al., 2019). 

APOE4 knock-in also exacerbated atrophy of the entorhinal cortex and the hippocampus in 

AD model mice (Shi et al., 2017b). In turn, APOE signalling can be activated by a phenotypic 



29 
 

switch triggered by another major gene linked to AD risk, TREM2, which is a major driver of 

microglial response (Krasemann et al., 2017). 

1.2.4 TREM2: a key regulatory hub 

The TREM2 receptor contains an extracellular immunoglobulin-type ligand-sensing 

domain, which is connected to a transmembrane domain and a short cytosolic tail 

(Deczkowska et al., 2020). Its ligand-sensing domain can bind a number of anionic ligands, 

some of which are present physiologically (like low-density lipoprotein (LDL) or APOE, 

mentioned above), while others gain relevance in pathology (e.g. Aβ (Zhao et al., 2018), 

PtdSer, or LPS and nucleic acids from bacteria (Kober and Brett, 2017)). 

TREM2 lacks intracellular motifs, but interacts with obligate co-receptors DNAX 

activation protein 10 or 12 (DAP10/12) for transduction via tyrosine-kinase Syk or 

phosphatidylinositol 3-kinase (PI3K), respectively, thus activating multiple downstream 

pathways (Deczkowska et al., 2020). Upon ligand binding, TREM2 promotes survival of 

immune cells (Ulland et al., 2017; Wang et al., 2015) possibly via colony-stimulating factor 1 

receptor (CSF1R) signalling, expression of which is downregulated in Trem2 knockdown 

microglia (Liu et al., 2020). It also promotes chemotaxis (Mazaheri et al., 2017) and 

phagocytosis (Filipello et al., 2018; Lee et al., 2018; Takahashi et al., 2005; Zhao et al., 

2018), but counters inflammatory responses (Liu et al., 2020). Of note, soluble TREM2 

resulting from receptor cleavage shows antagonistic effects, acting via NFκB to increase 

proinflammatory cytokines (Zhong et al., 2017). Soluble forms of TREM2 may also arise 

from alternative splicing (Kiianitsa et al., 2021). 

In microglia from human AD patients, TREM2 expression is upregulated (Jolly et al., 

2019; Zhou et al., 2020). By contrast, rodent experiments show that Aβ seeding (Parhizkar 

et al., 2019) as well as accumulation of dead cells (Griciuc et al., 2019) increase in the 

absence of functional TREM2, as microglial clustering and phagocytosis are reduced. In 

agreement with a protective role for TREM2 in AD, several loss-of-function variants of 

TREM2 increase the risk of LOAD, including R62H and R47H, the latter being the most 
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common among AD-linked variants (Guerreiro et al., 2013; Jonsson et al., 2013). Microglia 

are less reactive in human carriers of the R47H or R62H variants (Zhou et al., 2020). In 

TREM2-R47H knock-in animals, where Trem2 expression was reduced, microglial density 

and expression of lysosomal markers were also decreased (Liu et al., 2020). In line with 

reduced TREM2 activity, single-cell transcriptomics from AD patients revealed that R47H 

carriers presented enhanced inflammatory signatures (Sayed et al., 2020), and pro-

inflammatory conditions may further suppress TREM2 expression, perhaps exacerbating the 

damage (Liu et al., 2020). 

Mutations in signalling pathways downstream of TREM2 are also linked to disease. 

For instance, the co-receptor DAP12 has been identified as a key regulator in LOAD (Zhang 

et al., 2013) and loss-of-function variants of it cause Nasu-Hakola disease, a rare form of 

early-onset dementia (Paloneva et al., 2002). By contrast, a variant of PLCγ2, activated by 

TREM2 signalling, decreases the risk of AD by promoting protective TREM2-associated 

functions (Maguire et al., 2020; Takalo et al., 2020). 

Overall, AD-linked variants of TREM2 are thought to increase risk by impairing its 

binding to ligands and thus its anti-inflammatory activity (Kober et al., 2016). Of note, 

TREM2 acts as a lipid sensor (Nugent et al., 2020; Wang et al., 2015) and the R47H 

mutation impairs binding of lipid ligands (Wang et al., 2015). In fact, defective lipid 

metabolism and handling is increasingly viewed as a driver of AD pathogenesis. In line with 

this notion, the detrimental effect of APOE4 may be due to its poor lipidation, which 

compromises substrate recognition and phagocytosis (Hu et al., 2015). Cholesterol, when 

accumulated in lysosomes rather than delivered to neurons by apolipoproteins, promotes Aβ 

and tau pathology (Yup et al., 2021). 

1.2.5 Evolution of microglial response in space and time 

Together with the work studying dissociated microglia discussed in section 1.2.3, 

single-cell transcriptomics have been critical in allowing identification in rodents of unique 

microglial phenotypes which vary across space and time. Disease-associated microglia 
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(DAM) are characterised by upregulation of some genes (e.g. Apoe and Trem2, which act as 

response drivers; Krasemann et al., 2017) and downregulation of others (e.g. P2ry12 or 

Tmem119, which preserve homeostasis; Keren-Shaul et al., 2017). Of note, DAM-equivalent 

clusters have not been identified in humans (Alsema et al., 2020), although some report 

significant changes between AD and non-AD microglia, and distinct microglial 

subpopulations have been detected (Mathys et al., 2019; Srinivasan et al., 2020). 

Because the response to Aβ is highly localised, it is important to analyse changes in 

situ rather than in isolated cells: in the AD context, synapse levels change only in proximity 

to Aβ plaques (Koffie et al., 2009, 2012), where microglia suffer dramatic changes in gene 

expression (Chen et al., 2020), morphology and electrophysiological properties (Plescher et 

al., 2018; Wendt et al., 2017). By contrast, in regions distant from Aβ plaques, all the above 

remain largely unaffected. Additionally, spatial transcriptomics have revealed crosstalk 

between microglia, astrocytes and other cells and suggested multicellular coordination in the 

response to Aβ (Chen et al., 2020).  

Importantly, the response of the cellular network builds up with exposure to Aβ, such 

that the levels of expression of different genes are more strongly correlated in regions with a 

higher Aβ burden (Chen et al., 2020). Microglial involvement in the disease may vary across 

disease stages. For instance, while these cells can cluster around Aβ plaques and contribute 

to removal of synapses, early changes in microglia might have a protective role, as anti-

inflammatory protein markers are highly expressed in asymptomatic patients (Johnson et al., 

2020). Therefore, a better knowledge of the mechanisms involved in key cellular processes, 

but also of their contribution at different disease stages, is required to improve prevention or 

treatment for AD, a complex multifactorial disease. 
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1.3 Aims of this thesis 

1.3.1 To investigate the regulation of microglial process ramification and motility in 

situ in brain slices 

Microglial morphology is crucial for their function. In particular, their ramified 

processes are essential for their continuous surveillance of the CNS. Whilst it has been 

shown that surveillance of microglial processes is regulated by THIK-1 channels, and that 

AD-linked TREM2 receptors control microglial responses in various contexts, it has never 

been tested whether these receptors control process motility or whether any functional 

interaction exists with THIK-1. 

Experiments in this thesis investigate how microglial surveillance varies with age in 

acute living slices and whether it is affected by THIK-1 and TREM2. I also test whether the 

effect on surveillance of a short-term block of THIK-1 depends on whether TREM2 is 

expressed or not. For this and the following aims, I study microglial cells in situ in brain 

slices, where local cues and structures are relatively undisturbed. This work is described in 

Chapter 3. 

1.3.2 To investigate a possible role for THIK-1 in controlling microglial phagocytosis 

THIK-1 channels regulate a range of microglial behaviours, including their process 

movement and cytokine release upon stimulation with damage signals. However, their 

possible role in phagocytosis remains unexplored. Therefore, to examine a potential 

involvement of these channels in synaptic pruning, I first establish whether phagocytosis of 

labelled synthetic probes is affected by THIK-1 deficiency, and then examine synapse levels 

and function in THIK-1-deficient mice. To maximise clinical relevance, I also use living 

human brain slices from neurosurgery-derived brain tissue to study the effects of acute 

THIK-1 block on microglia and synapses. This work is described in Chapter 4. 
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1.3.3 To investigate microglial responses in AppNL-G-F mice and the role of THIK-1 

 There is robust evidence indicating that microglial responses are associated with the 

development and progression of AD. I study microglial morphology and function in an animal 

model for AD, the AppNL-G-F knock-in mouse. I also address whether microglial responses in 

this model are affected by THIK-1 expression. 

Additionally, given that microglia do not work in isolation, I explore contributions of 

other glial cells to processes in which microglia take part. Specifically, I examine generation 

of ROS in microglia and pericytes upon exposure to Aβ oligomers, and phagocytosis of a 

fluorogenic Aβ probe in microglia and astrocytes. This work is described in Chapter 5. 

1.3.4 To investigate the regulation of microglial Ca2+ signalling in health and disease 

Ca2+ levels are commonly used as a proxy of cellular activity in neurons and 

astrocytes, but research on microglial Ca2+ signalling is relatively recent. As such, many 

questions remain as to how microglial [Ca2+]i rises are controlled, whether they originate 

from extracellular influx or store-mediated release, and how Ca2+ signalling changes in 

disease states. Experiments in this thesis investigate microglial Ca2+ signalling in brain slices 

from healthy and Aβ-depositing mice that express a genetically-encoded Ca2+ indicator. I 

examine differences across cell compartments as well as possible effects of applying 

noradrenaline or of blocking THIK-1 channels or ROS production. This work is described in 

Chapter 6.  
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Figure 1.1. Regulation of microglial resting potential and surveillance.  

A negative membrane potential (Vm) in “resting” microglia is maintained by tonically active 

THIK-1 K+ channels, the activity of which is promoted by tyrosine kinase-mediated 

phosphorylation. Voltage-gated K+ channels (Kv or Kir) may contribute to a negative Vm in 

activated microglia. Cl- channels and depolarising cation channels, such as the non-selective 

cation channels TRPV1 and TRPM7, may further regulate Vm and counteract a K+ channel-

evoked hyperpolarisation. A negative Vm, Gi-protein signalling-induced low [cAMP] (e.g. via 

CX3CR1) and tyrosine kinase activity promote microglial surveillance and ramification. 

Adapted from Izquierdo et al. (2019). Thin filopodia extending from the main processes, 

which also contribute to surveillance (Bernier et al., 2019) are not shown. 
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Figure 1.2. Regulation of targeted process movements.  

(A) G protein-coupled receptor signalling mediated by adenosine A3, P2Y12, CX3CR1 and 

5-HT2B receptors, as well as TAM receptor tyrosine kinases, positively regulate targeted 

movements of microglial processes towards focal brain injury. Process outgrowth along an 

[ATP] gradient (shown at the top) mediated by P2Y12 receptors is shown as an example. Ion 

channel activity via volume- and membrane stretch-activated Cl- channels is also required to 

allow chemotaxis. (B) Close-up of a microglial growth cone as it extends to reach its target. 

Signalling cascades involving a decrease of [cAMP], phosphorylation of Akt kinase and a 

rise of [Ca2+]i trigger the activation of integrin receptors, which promote interactions of 

microglial processes with the extracellular matrix. Cl- channels may also release ATP to 

sustain local P2Y12-receptor activation (by ADP generated by the ectonucleoside 

triphosphate diphosphohydrolase CD39) as a key driver of targeted motility. P2Y12-mediated 

activation of THIK-1 is not needed for targeted process movements. Adapted from Izquierdo 

et al. (2019). 
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Figure 1.3. Regulation of phagocytosis and ROS production.  

(A) Phagocytosis requires cytoskeletal rearrangements (e.g. for the formation of a 

phagocytic cup as cells engulf their targets). (B) Microglia (red) can phagocytose different 

cargos in health and disease contexts, including apoptotic cells, synapses and Aβ 

aggregates (immunolabelling for cleaved caspase 3 or Bassoon and AβpH fluorescence 

shown in green). (C) Phagocytosis requires a rise in [Ca2+]i, which is achieved mainly by 

P2Y6 receptors evoking Ca2+ release from the endoplasmic reticulum via IP3 receptor (IP3R) 

channels. In vitro data suggest that capacitative Ca2+ entry might then also occur, whereby 

STIM on the endoplasmic reticulum senses store Ca2+ depletion and interacts with Orai 

channels triggering their opening and further entry of extracellular Ca2+. Kv1.3 and Kir2.1 may 

contribute by providing a large driving force for Ca2+ influx. A “respiratory burst” occurs 

during phagocytosis as NADPH oxidase (NOX) extrudes electrons across the cell 

membrane, which react with oxygen to form superoxide (O2
.-), a form of ROS. Sustained 

activation of NOX requires H+ buffering, or H+ release and charge compensation. Hv1 H+ 

channels contribute to this in mice, with other candidates suggested by in vitro data including 

Kv1.3, SK2/4 and TRPV1 channels. Adapted from Izquierdo et al. (2019). 
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Figure 1.4. Regulation of inflammasome activation and cytokine release.  

Priming of microglia (e.g. by lipopolysaccharide (LPS) on bacteria interacting with toll-like 

TLR4 receptors) triggers transcriptional upregulation of NLRP3. Assembly and activation of 

the NLRP3 inflammasome complex results in caspase 1 activation, which in turn can cleave 

interleukin precursors (e.g. pro-IL-1β, pro-IL-18) so that they are released from the cell as 

active mediators of inflammation. For inflammasome assembly to occur in microglia, K+ loss 

is a crucial checkpoint. It can be achieved by activation of THIK-1 channels via ATP/ADP 

acting on P2Y12 receptors, and via Kv1.3 channels which are upregulated in inflammation. 

P2X7 cation channels have also been implicated, the gating of which may be promoted by 

ATP released via pannexin (panx) channels. Adapted from Izquierdo et al. (2019). 
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2. Methods 

2.1 Introduction 

In this Chapter, I will describe the basic resources and methods used for the 

experiments reported in this thesis, including specific details about experimental design and 

data analysis protocols. 

 

2.2 Experimental models 

2.2.1 Rodent procedures 

All animal procedures were performed in accordance with the United Kingdom 

Animals (Scientific Procedures) Act 1986 and subject to local ethical review and procedures 

(Home Office License 70/8976). All rodents were born and housed in the central UCL 

Biological Services Unit, London. Mice were housed in individually ventilated cages (IVCs), 

while rats were kept in open shelf units. All rodents were maintained on a 12-hour/12-hour 

light/dark cycle, and food and water were available ad libitum. Because both environmental 

enrichment (Jung and Herms, 2014; Ziegler‐Waldkirch et al., 2018) and circadian rhythms 

(Choudhury et al., 2020) can affect microglial behaviour, all cages had standardised cage 

enrichment (consisting of one cardboard tunnel and one chew stick per cage) and rodents 

were consistently sacrificed between 11 am and 3 pm. All animals were sacrificed by 

cervical dislocation followed by decapitation, except for experiments requiring perfusion-

fixation (see section 2.4.2). 

Sprague-Dawley rats were used for rat experiments. Where genetic manipulations 

were required for the study, mouse strains were used as described in the following sections 

(see sections 2.2.2–2.2.5). None of the genetic manipulations were lethal or led to gross 

abnormalities in the mice. All mouse strains were on a C57BL/6 background and age-
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matched wildtype littermates were used as controls within each line. All mice were 

genotyped by polymerase chain reaction (PCR) amplification of genomic DNA extracted 

from ear clip biopsies and detection of amplified bands on 2% agarose gels. 

2.2.2 THIK-1 knockout mice  

The THIK-1 knockout (KO) line (Kcnk13-IN1-EM1-B6N) was generated by MRC 

Harwell as described in detail in Madry et al. (2018). Briefly, CRISPR/Cas9 was used to 

insert a single thymidine nucleotide into the wildtype DNA sequence for the gene encoding 

the THIK-1 channel protein, Kcnk13 (Figure 2.1A). This leads to a frameshift and thus to a 

premature STOP codon after amino acid 68 in the open reading frame (Figure 2.1C), and 

also creates a restriction site for the enzyme TaqI (T^CGA), which can be employed as a 

genotyping strategy (Figure 2.1B). 

While a mutant, truncated protein is still produced in the THIK-1 KO, it is of low 

complexity and will not form a transmembrane channel. To confirm this, I calculated 

hydrophobicity plots suggesting stretches of amino acids that could cross the hydrophobic 

lipid membrane based on the Kyte-Doolittle hydrophobicity score on a 13-residue window, 

using ExPASy ProtScale (https://web.expasy.org/protscale; Figure 2.1D). PSIPRED,                  

MEMSAT-SVM (both on https://bioinf.cs.ucl.ac.uk/psipred) and Jpred4 (https:// 

compbio.dundee.ac.uk/jpred4) were used to predict membrane helix and secondary 

structure of the WT and KO proteins. The THIK-1 WT protein could also be modelled by 

homology using ExPASy SWISS-MODEL (https://swissmodel.expasy.org) to confirm its 

homo-dimeric structure, similar to the resolved crystal structures of the human two-pore 

domain potassium ion channels K2P1 (TWIK-1, ID 3ukm.1) or TREK2 (K2P10.1, ID 4xdl.1). 

All these analyses confirmed a predicted truncated helix and coil structure for the THIK-1 KO 

protein, which is unable to form membrane-spanning domains and hence cannot form a 

functional channel (Figure 2.1E). 

For studies on the in vivo effects of THIK-1 with regard to amyloid pathology, THIK-1 

WT or KO animals were crossed to AppNL-G-F animals (see section 2.2.4). 

https://web/
https://web.expasy.org/protscale/
https://web.expasy.org/protscale/
https://bioinf.cs.ucl.ac.uk/psipred
https://swissmodel.expasy.org/
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2.2.3 TREM2 knockout mice 

Several TREM2 KO mouse lines have been created using different strategies. The 

strain used for the present study was originally generated in Marco Colonna’s lab in 

Washington University in St Louis. Here, the targeting construct was designed to delete a 

portion of the transmembrane and intracellular domains of the receptor, encoded by exons 3 

and 4 (Turnbull et al., 2006). This line does not show aberrant upregulation of Treml1 

(triggering receptor expressed on myeloid cells like 1), which is directly downstream of the 3’ 

end of Trem2 and has been found to be artifactually overexpressed in another commonly 

used TREM2 KO strain generated with a different targeting construct (Kang et al., 2018). 

For two-photon imaging of fluorescently labelled microglia, TREM2 WT or KO 

animals were crossed to Aif1EGFP transgenic animals originally generated in Shinichi 

Kohsaka’s lab in Tokyo (Hirasawa et al., 2005). As a result, these mice express EGFP 

(enhanced green fluorescent protein) under the control of the Aif1 promoter, which encodes 

the ionised calcium-binding adaptor molecule 1 (Iba1) and drives transgene expression in 

microglia/macrophages (Ito et al., 1998). 

2.2.4 AppNL-G-F knock-in mice  

To study plaque coverage and microglial internalisation of Aβ in the presence and 

absence of THIK-1, THIK-1 KO were crossed with AppNL-G-F knock-in mice developed by 

Takaomi Saido’s group in Japan. 

While traditional transgenic models overexpress App and thus overproduce non-Aβ 

APP fragments, knock-in lines avoid such artefacts (Joel et al., 2018). In the AppNL-G-F 

mouse, the APP sequence harbours a humanised Aβ region and three pathogenic mutations 

(Swedish, Iberian and Arctic). The Swedish mutation (KM670/671NL) raises the overall 

levels of Aβ1-40 and Aβ1-42, the Iberian/Beyreuther mutation (I716F) increases the ratio of    

Aβ1-42 to Aβ1-40, and the Arctic mutation (E693G, located in the Aβ region) accelerates 

aggregation of Aβ by facilitating its oligomerisation and reducing its proteolytic degradation 

(Saito et al., 2014).  



41 
 

Similar to other Aβ-based models, neurofibrillary tangles and neurodegeneration are 

not detected in AppNL-G-F mice (Saito et al., 2014). In terms of behaviour, homozygotes 

display some impairment in spatial memory at 6 months of age as measured by the Y-maze 

test (Saito et al., 2014) but their phenotype is otherwise mild (Latif-Hernandez et al., 2019). 

However, they do present consistent amyloidosis with Aβ plaques developing from as early 

as 2 months (Saito et al., 2014) which makes this model suitable to study the initial stages of 

AD-related pathology. Aβ plaques were stained by immunolabelling (see section 2.8.1). For 

testing thioflavin-S staining, slices were submerged in 0.01% thioflavin-S (Sigma T1892) 

made in 50% ethanol, for 15 min and differentiated in 50% ethanol for 1 min. 

2.2.5 Cx3cr1CreER x GCaMP5g-IRES-tdTomato transgenic mice  

For calcium imaging experiments, I used mice where microglia and macrophages 

expressed GCaMP5g (Figure 2.2A). For this, floxed GCaMP5g-IRES-tdTomato mice were 

crossed with tamoxifen-inducible Cx3cr1CreER mice, both of which lines will be described 

below. GCaMP5g is a genetically encoded calcium indicator engineered by fusion of the 

circularly permutated green fluorescent protein (cpGFP), the calcium-binding protein 

calmodulin (CaM), and the M13 peptide. Upon binding of intracellular calcium to CaM, 

GCaMP5g undergoes a conformational change that increases its fluorescence at certain 

excitation wavelengths (Figure 2.2C; Baird et al., 1999). 

The GCaMP5g-IRES-tdTomato reporter mouse strain is a Cre recombinase-inducible 

system developed in the group of Petr Tvrdik in Utah (Gee et al., 2014). These mice express 

GCaMP5g and separately a red fluorescent protein tag (tdTomato) in a bicistronic fashion, 

which aids identification of positive cells with low intracellular calcium levels, such as 

microglia. They are expressed under the control of the CAG promoter, but expression of 

GCaMP5g and tdTomato only occurs after Cre-mediated excision of a floxed STOP 

cassette, which would otherwise lead to a premature termination of transcription. Thus, by 

crossing these animals with mice expressing an inducible form of Cre driven by a cell type-

specific promoter, we can control which cells express the reporter and make them do so in 
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an inducible manner, thereby avoiding potential effects of buffering calcium levels during 

development (Tsien et al., 1996). 

For this study, these mice were crossed to a Cx3cr1CreER mouse line developed by 

Steffen Jung’s lab in Israel (Yona et al., 2013), where tamoxifen-inducible CreER (Cre 

recombinase fused to an estrogen receptor ligand-binding domain) is expressed under the 

control of the largely microglia/macrophage-specific fraktalkine receptor Cx3cr1 promoter (it 

is also expressed in oligodendrocyte precursor cells more weakly; Zhang et al., 2014). 

In the experimental Cx3cr1CreER x GCaMP5g-IRES-tdTomato mice, which were 

heterozygotes for Cx3cr1CreER, Cre recombination was induced by oral gavage of tamoxifen 

(120 µg/g body weight) to the adults for four consecutive days (Figure 2.2B). Tamoxifen 

(Sigma T5648) was prepared by dissolving it at 15 mg/ml in corn oil and incubated on a 

rotator overnight at room temperature. Upon tamoxifen administration, Cre-mediated 

recombination results in the deletion of the loxP-flanked STOP sequence and thus 

expression of GCaMP5g and tdTomato only where Cre is expressed (i.e., Cx3cr1+ microglia, 

macrophages and oligodendrocyte precursor cells). Imaging was performed at least 21 days 

after the first tamoxifen dose. 

For experiments analysing calcium levels in AppNL-G-F microglia, I crossed the 

Cx3cr1CreER x GCaMP5g-IRES-tdTomato mice with the AppNL-G-F strain described in section 

2.2.4 to generate experimental animals that were heterozygotes for Cx3cr1CreER and either 

wildtype or homozygotes for AppNL-G-F. 

2.2.6 Human biopsy tissue from neurosurgical operations 

Human tissue data were obtained for this study while investigating a possible role for 

microglia in regulating pericyte-mediated control of cerebral blood flow by altering the 

number of functional synapses. Samples were kindly provided by the neurosurgeon Huma 

Sethi (National Hospital for Neurology and Neurosurgery, Queen Square, London) and 

sliced by Chanawee Hirunpattarasilp from our lab. Healthy cortical tissue overlying the 

tumour was taken from subjects aged 29–74 undergoing glioma resection. Ethical approval 
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was obtained (REC number 15/NW/0568, IRAS ID 180727 (v3.0), as approved on 9-10-2018 

for extension and amendment to include cells interacting with pericytes) and all patients 

gave informed written consent for the removed tissue, which would otherwise have been 

discarded, being used for research. Only the patients’ sex, age and the clinical indication for 

their surgery were given to us by the surgeon, with all other details remaining confidential. All 

tissue handling and storage were in accordance with the Human Tissue Act (2004). 

 

2.3 Solutions and pharmacology 

2.3.1 Slicing solutions 

All solutions were prepared using ultrapure de-ionised water (ddH2O; Milli-Q, 

Millipore) and were oxygenated with 95% O2/5% CO2 prior to use. 

For experiments on animals younger than P12, brains were sliced in a bicarbonate-

based slicing solution containing (in mM): 124 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 10 

glucose, 1 CaCl2, 2 MgCl2 and 1 kynurenic acid (to block receptors mediating effects of 

glutamate released during the slicing). Osmolarity was adjusted to ~295 mOsM and pH was 

set to 7.4 when bubbled with 5% CO2. 

For the remaining experiments, two solutions were prepared for brain slicing, and the 

period thereafter when slices were stored before use: 

(1) A N-Methyl-D-glucamine (NMDG)-based slicing solution containing (in mM): 93 

NMDG (replacing NaCl, to lower the cation entry evoked by slicing and reduce 

cell swelling), 2.5 KCl, 20 HEPES, 30 NaHCO3, 1.2 NaH2PO4, 25 glucose, 0.5 

CaCl2 (lower than normal to reduce Ca2+ influx), 10 MgCl2, 5 sodium ascorbate 

(as an antioxidant), 2.4 sodium pyruvate (as an energy source) and 1 kynurenic 

acid. Osmolarity was adjusted to ~300 mOsM, and pH was set to 7.4 with HCl.  

(2) A storage solution containing (in mM): 92 NaCl, 2.5 KCl, 20 HEPES, 30 NaHCO3, 

1.2 NaH2PO4, 25 glucose, 2 CaCl2, 1 MgCl2, 5 sodium ascorbate, 2.4 sodium 
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pyruvate and 1 kynurenic acid. Osmolarity was adjusted to ~300 mOsm, and pH 

was set to 7.4 with NaOH.  

2.3.2 Artificial cerebrospinal fluid 

Rodent and human brain slices were incubated or superfused with a solution 

mimicking the cerebrospinal fluid (artificial cerebrospinal fluid, aCSF). Two solutions were 

used for the different experiments, as indicated in the Results chapters: 

(1) A bicarbonate-based aCSF when constant bubbling with CO2 was possible, 

which contained (in mM): 124 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 10 

glucose, 2 CaCl2 and 1 MgCl2. Osmolarity was adjusted to ~295 mOsM and the 

solution had a pH of 7.4 when bubbled with 20% O2/5% CO2/75% N2. 

(2) Alternatively, a HEPES-based aCSF solution was used, which contained (in mM): 

140 NaCl, 2.5 KCl, 10 HEPES, 1 NaH2PO4, 10 glucose, 2 CaCl2 and 1 MgCl. 

Osmolarity was adjusted to ~295 mOsM and pH was set to 7.4 with NaOH. This 

was oxygenated with 20% O2/5% CO2/75% N2. 

For slice incubation experiments, slices were placed in small chambers or a cell 

culture incubator and incubated in aCSF supplemented with drugs as indicated (see the next 

section for details). During live imaging experiments, aCSF was delivered to the imaging 

chamber via a peristaltic pump at 2–4 ml/min and passed through a heating block encasing 

the perfusion inlet. Flow rate and heating intensity were manually adjusted to reach a 

temperature of 33–34°C at the imaging chamber. In these experiments, brain slices were 

secured in the imaging chamber by placing them beneath a custom-made platinum U-

shaped harp glued to parallel nylon strands. 

2.3.3 Pharmacological agents 

For various experiments, brain slices were incubated or superfused with aCSF in the 

presence or absence of the following pharmacological agents, as indicated: 50 µM 

BAPTA-AM (to buffer intracellular Ca2+, Merck A1076), 50 µM bupivacaine (a two-pore 
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domain K+ channel and voltage-gated Na+ channel blocker, Sigma B5274), 1 µM 

charybdotoxin (a Ca2+-activated K+ channel blocker, Anorspec 28244), 10 µM cytochalasin D 

(an actin polymerisation inhibitor, Sigma 22144), 10 µM MRS2578 (a P2Y6 receptor blocker, 

Cayman CAY19704), 15 µM noradrenaline (Sigma A7257), 150 units/ml superoxide 

dismutase (SOD1, a ROS scavenger, Sigma S7571), 25 or 50 µM tetrapentylamonium 

(TPA, a two-pore domain K+ channel and voltage-gated K+ channel blocker, Sigma 258962) 

or 500 nM tetrodotoxin citrate (TTX, to block voltage-gated Na+ channels, Abcam 

ab120055). 

2.3.4 Amyloid beta preparation 

For ROS imaging experiments, Aβ oligomers were prepared as described by Nortley 

et al. (2019). Briefly, synthetic Aβ1-42 (Bachem H-7442) was resuspended at a nominal 5 mM 

in DMSO on the day before experiments, bath-sonicated for 10 min and vortexed for 30 s. 

Aβ was diluted to a nominal 100 µM with phosphate buffered saline buffer (PBS, pH 7.4, 

ThermoFisher BR0014G), vortexed for 15 s and incubated at 4°C for 24 h, which we have 

shown results predominantly in Aβ oligomer formation (Nortley et al., 2019). The Aβ peptide 

concentration in the PBS stocks was determined for each batch using a Pierce BCA protein 

assay kit (ThermoFisher 232227), and nominal concentrations were corrected accordingly. 

Immediately before use, Aβ preparations were centrifuged at 14,000 g for 10 min at 4°C to 

remove fibrils and the supernatants (containing soluble Aβ) were diluted to 72 nM in aCSF. 

For confirmation of Aβ preparations, peptide samples (3.7 µg) were loaded onto 

discontinuous acrylamide gels (4% stacking gel, 12% separating gel) along with Novex 

Sharp pre-stained molecular weight markers (ThermoFisher 57318) and electrophoretically 

separated at 150 V. Gels were stained for total protein using a SilverXpress Silver Staining 

kit (Invitrogen LC6100) according to the manufacturer’s protocol. 

I have also used a human Aβ1-42 analogue (AβpH) developed and kindly provided by 

our collaborators from Gaurav Chopra’s group in Purdue University. AβpH (molecular weight 

5355 g/mol) is conjugated to Protonex Green dye (PTXG) and exhibits green fluorescence 
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upon internalisation into the acidic phagosomes of cells but is non-fluorescent at 

physiological pH, unlike traditional non-pH dependent fluorophore conjugates of Aβ, thus 

allowing us to image AβpH uptake into glial lysosomes in situ and in vivo (Prakash et al., 

2021). 

To prepare AβpH, a stock solution was made dissolving the solid powder at 50 µM in 

HEPES-based aCSF. The vial was vortexed thoroughly, bath-sonicated for 10 s and 

incubated at 37°C in the dark for 24 h to initiate aggregation. It was then either immediately 

used for experiments or stored at -20°C for future experiments. During this process, vials 

were always wrapped in foil. 

 

2.4 Brain tissue preparation 

2.4.1 Acute slice preparation for in situ experiments 

Rodents for in situ experiments were killed by cervical dislocation and decapitation. 

After quickly removing the skull and extracting the brain with a spatula into a Petri dish, the 

cerebellum was removed. Both brain hemispheres were dorsally cut at an angle as 

previously described (Bischofberger et al., 2006), before fixing the cut surface to the 

vibratome specimen holder with liquid glue (Loctite 1620715). 250 µm hippocampal slices 

were then prepared on a Leica VT1200S vibratome. For human samples, donor tissue 

(typically ~1 cm3) was glued to the vibratome specimen holder, and 300 µm slices were 

made on a dedicated Leica VT1000S vibratome. 

For experiments on neonatal rodents under P12 (all rat experiments), slicing was 

done in bicarbonate-based slicing solution at 4°C, and slices were immediately transferred to 

bicarbonate-based slicing solution at room temperature until use. 

For experiments on rodents older than P12 and on human tissue, slicing was done in 

NMDG-containing slicing solution at 4°C. Heat recovery followed whereby slices were 
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immediately transferred to warmed (35°C) slicing solution for 20 min, and then to storage 

solution at room temperature until use.  

2.4.2 Perfusion-fixation and fixed slice preparation 

For preparing fixed brain samples for immunohistochemistry, mice were deeply 

anaesthetised with an overdose of pentobarbital sodium (Euthatal, 200 µg/g body weight) 

injected intraperitoneally. The toe pinch reflex response was used to determine depth of 

anaesthesia. Once responses were lost, surgery was performed (Gage et al., 2012) and 

mice were transcardially perfused with PBS, followed by 4% paraformaldehyde (PFA, 

pH 7.4). Whole brains were then removed and post-fixed in PFA for 24 hours at 4°C before 

transferring to PBS containing 0.03% sodium azide for storage at 4°C. Subsequently, 50 to 

70 µm sagittal slices were prepared on a Leica VT1200S vibratome. 

 

2.5 Slice incubation experiments 

2.5.1 Acute treatment with channel blockers 

Brain slices from human or rat were incubated in aCSF supplemented with drugs as 

indicated. Slices were placed in small chambers and incubated at 35°C for 40 min prior to 

fixation in 4% PFA for 1 hour (human) or 45 min (rodent) at room temperature, and 

immunostained and imaged followed as described below (see section 2.8). 

2.5.2 Phagocytosis of synthetic probes 

Hippocampal brain slices were allowed to recover at room temperature for 2.5 hours 

so that the microglia would activate and become more phagocytic (Krabbe et al., 2012, 

2013; Kurpius et al., 2006). They were then transferred to 24-well plates and incubated with 

3 µm serum coated, FITC-labelled resin microbeads (Sigma 72439; 1.7x107 microbeads per 

well in aCSF) for 1.5 hours in a cell culture incubator at 35°C (or at 4ºC, as a negative 

control). Microbead suspensions were supplemented with drugs as indicated (see details in 
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section 2.3.3). In addition, 30 min prior to applying the microbead suspension (i.e., during the 

last 30 min of the recovery period), slices were pre-incubated with the drugs at the same 

concentration as that contained in the microbead suspension. For high [K+]o, aCSF 

containing 120 mM KCl (replacing 117.5 mM NaCl with KCl) was used.  

For brain slice experiments with AβpH, sagittal hippocampal slices made from P12 

rats were allowed to recover for 2.5 hours at room temperature before being transferred to 

24-well plates and incubated with 5 μM AβpH in HEPES-based aCSF for 1.5 hours at 35°C.  

In both cases, following incubation, slices were rinsed in cold PBS, fixed in 4% PFA 

for 45 min at room temperature and immunostained and imaged as described below (see 

section 2.8). 

2.5.3 Imaging of reactive oxygen species 

Cortical brain slices were incubated with dihydroethidium, which upon O2·--specific 

oxidation to ethidium binds to the DNA and RNA of O2·--producing cells (Wu et al., 2012). 

Cortical slices (250 µm thick) from P21 rats were incubated in aCSF or in aCSF containing 

A1-42 (72 nM) or A1-42 + SOD1 (150 units/ml) at 34ºC. Dihydroethidium (DHE, Cayman 

104821) was made up at 5 mg/ml in anhydrous DMSO and added to all solutions at a final 

concentration of 8 µM immediately before use, to avoid auto-oxidation of the dye. To limit the 

intracellular accumulation of oxidised product over time, slices were not pre-incubated with 

DHE. After 40 min, the slices were quickly rinsed in PBS, mounted and immediately imaged 

using a confocal microscope. To define the identity of ROS-producing cells, slices were fixed 

in 4% PFA for 20 min and immunostained for NG2 and Iba1. Alexa 488-isolectin B4 

(ThermoFisher I21411, 10 g/ml) was also added with the secondary antibodies to label 

blood vessels. Isolectin B4 binds to -D-galactose residues in the basement membrane 

generated by pericytes and endothelial cells, and thus outlines pericytes (Mishra et al., 

2014). 

For glutathione imaging, cortical brain slices were incubated with A and fixed as 

described above, then incubated with 10 mM N-ethylmaleimide (NEM) for 4 h at 4ºC and 
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washed thoroughly with PBS. The sections were then immunolabelled with a GSH-NEM 

antibody which is specific to this adduct and does not react with oxidised glutathione or 

glutathione linked to proteins (see antibody details in section 2.8.1), thereby allowing 

quantification of reduced glutathione after reaction with NEM (Won et al., 2015).   

 

2.6 Electrophysiology 

Slices were individually transferred to the recording chamber and perfused at 3-5 

ml/min with aCSF, which was maintained at 32–34ºC. Pyramidal neurons in the CA1 region 

of the dorsal hippocampus were selected visually using an Olympus 60×/0.9 water-

immersion objective in combination with differential interference contrast (DIC) optics. Cells 

were recorded in the whole-cell voltage-clamp configuration with glass patch-pipettes 

(resistance in the bath solution 2–4 MΩ). Junction potentials (-10 mV) were corrected for. 

Recorded signals were sampled and digitized at 20 kHz, filtered at 4 kHz, and then further 

filtered offline at 2 kHz for analysis and data presentation. During the entire course of 

recording, access resistance was monitored by periodically applying a -5mV voltage pulse. 

Cells were excluded from analysis if the access resistance changed by more than 20% 

during the course of an experiment.  

To study excitatory synapses, pipettes were filled with internal solution containing (in 

mM): 132.3 K-gluconate, 7.7 KCl, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 4 MgATP, and 

0.5 Na2GTP (pH 7.2–7.3). The calculated reversal potential for Cl- (ECl) with these solutions 

was ~-62mV, and a holding potential (Vh) of ~-65mV was used. To isolate single vesicular 

events, 500 nM TTX was applied, and the frequency and amplitude of EPSCs in TTX were 

monitored. To assess whole cell glutamate receptor-mediated currents, cells were whole-cell 

voltage-clamped at -40mV and recorded in the presence of the GABAAR antagonist 

GABAzine (10 μM, Tocris 1262). N-methyl-D-aspartic acid (NMDA, 10 μM; Tocris 0114) or 

kainic acid (Tocris, 1 μM; Tocris 0222) were bath-applied sequentially (ensuring that holding 

current returned to the original control level before subsequent drug application after 10–15 
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min), and the resulting change in current was measured. Peak shifts in holding current 

induced by each drug were reported as the appropriate glutamate receptor-mediated 

current.  

The frequencies and amplitudes of spontaneous and miniature EPSCs (sEPSCs and 

mEPSCs, respectively) were measured using automatic detection of these events with Mini 

Analysis 6.0.7 (Synaptosoft) software followed by inspection of individual events for analysis. 

For assessment of synaptic current frequencies, events during the 180 s immediately before 

TTX application (defined as the baseline period) were compared to mean frequencies 

observed from 100 s after TTX application onset (over 180 s). The change of mean current 

induced by NMDA and kainic acid was calculated by defining the mean current in 20 s 

segments for control solution and at the peak of the NMDA and kainic acid applications by 

making histograms of all data points, and then fitting a Gaussian distribution to each 

histogram to define the mean current (using Clampfit 10.4, Molecular Devices).  

 

2.7 Dendritic staining and imaging 

2.7.1 Golgi-Cox staining technique 

Dendritic spines were visualised using an adapted version of the Golgi-Cox staining 

technique. This procedure, initially described by Camilo Golgi in 1879 but still widely used 

(Welsh et al., 2020), allows visualisation of neuronal morphology by sparsely labelling cells. 

The staining protocol was adapted from Zaqout and Kaindl (2016) and Zhong et al. (2019). 

Briefly, brains were first impregnated and washed, slices were made and staining was 

developed (Figure 2.3A). 

To prepare the impregnation solution, 25 ml of 5% K2Cr2O7 (w/v in ddH2O) were first 

mixed with 25 ml of 5% HgCl2 (w/v in ddH2O). Then, 20 ml of 5% K2CrO4 (w/v in ddH2O) and 

finally 50 ml ddH2O were added to the mixture. The solution was then kept for at least 3 days 

before use to allow formation of dark precipitates, and 5 ml were taken from the upper clear 
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part into individual polystyrene bijou tubes (one per brain). Once animals were killed and 

their brain was quickly removed, hemisected and rinsed in ddH2O, brain hemispheres were 

immersed in impregnation solution at room temperature for 10–12 days in the dark. Brains 

were then transferred to 1% (w/v) polyvinylpyrrolidone (Acros Organics 227480250) in 0.1 M 

PBS for 4°C for 5–7 days to reduce background staining. After the first 24 h, this solution 

was replaced by fresh solution to remove traces of the impregnation reagents. Brains were 

then sliced on their sagittal axis at 100 µm using a dedicated vibratome. Slices were directly 

transferred onto slides previously coated with 2% (w/v) gelatin from porcine skin (Sigma 

G2500). After each slice was loaded on the slide, excess solution was removed with filter 

paper and a PBS-soaked piece of paper was gently pressed on the slide to remove any air 

bubbles that could remain between the slice and the slide, thus increasing adherence. Slides 

were then allowed to dry for 2–3 days in the dark.  

For developing, the slides were incubated in the following sequence of solutions 

using histological staining jars and racks (Simport Scientific M900-12): 

• ddH2O twice for 5 min each 

• 50% ethanol (v/v in ddH2O) for 5 min 

• 20% ammonia solution (v/v in ddH2O) for 10 min 

• ddH2O twice for 5 min each 

• 5% sodium thiosulfate (w/v in ddH2O) for 10 min 

• ddH2O twice for 1 min each 

• 50, 75, 90, 95 and 100% ethanol (v/v in ddH2O) for 5 min each 

• 100% xylene for 10 min 

For mounting, the dehydrated slides were taken out of xylene one by one, Permount 

mounting media (Fisher Chemical 15820100) was applied to them dropwise and a coverslip 

was gently placed on top. Slices were not allowed to dry out at any point before 

coverslipping, as this would result in tissue cracking. Samples were stored at room 

temperature in the dark until imaging. 
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All solution preparation, tissue impregnation and developing steps were carried out 

under a chemical fume-hood, mercury-containing solutions were disposed of separately and 

all solutions were stored at room temperature in the dark. 

2.7.2 Bright-field imaging and spine analysis 

Sections were imaged using a Zeiss AxioScan.Z1 slide scanner and a 

Plan-Apochromat 40×/0.95 Corr M27 objective (NA 0.95). 49.2 µm stacks were acquired at 

1.2 µm step size, where focus depth was set automatically for each slice and exposure time 

was set at 200 µs. 

Following acquisition, dendritic segments of CA1 pyramidal neurons were selected 

as regions of interest (Figure 2.3B). Only segments that fit the following criteria were used: 

(i) non-primary apical dendrites, (ii) longer than 30 µm, (iii) at least 100 µm away from the 

soma, and (iv) absence of highly clustered stained cells that would prevent identification of 

the cell to which the segment of interest belonged. 

Spine numbers were counted in each dendritic segment (Figure 2.3C) and averaged 

over the segment’s length to obtain the spine density per µm. At least 7–18 dendritic 

segments were analysed per animal, each from a different neuron. Selection of dendritic 

segments and spine counts were done with the researcher blind to genotype, and only 

spines with a clear protrusion and attachment to the dendritic shaft were counted (this was 

aided by scrolling through the z-stack). 

 

2.8 Conventional fluorescence imaging 

2.8.1 Immunohistochemistry 

Free-floating slices were stained for fluorescence imaging as follows. Slices were 

permeabilised and blocked in a solution containing 10% normal horse serum and 0.02% 

Triton X-100 in PBS (hereafter, blocking solution) in 24-well plates, followed by incubation 

with primary antibodies in blocking buffer for 12 hours at 4°C with agitation (mouse anti-
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amyloid beta (1:500, IBL 27725), rabbit anti-amyloid precursor protein (1:500, Abcam 

ab32136), mouse anti-Bassoon (1:300, Novus NB120-13249), mouse anti-beta-actin 

(1:5,000, Proteintech 66009), rabbit anti-cleaved caspase 3 (1:250, Abcam ab2302), rat anti-

CD68 (1:250, BioRad MCA1957), chicken anti-GFAP (1:500, Abcam ab4674), mouse anti-

glutathione:N-ethylmaleimide (1:500, Millipore MAB3194), rabbit anti-Homer1 (1:300, 

Synaptic Systems 160002), goat anti-Iba1 (1:500, Abcam ab5076), rabbit anti-Iba1 (1:500, 

Synaptic Systems 234003) or mouse anti-vGluT1 (1:300, Abcam ab134283)).  

The following day, the antibody solution was removed. Following four 10 min washes 

in PBS, Alexa-conjugated secondary antibodies (Invitrogen) diluted 1:1,000 in blocking 

buffer were applied for 4 hours at room temperature with agitation. After three new washes 

in PBS (10 min each), slices were incubated with 4′,6-diamidino-2-phenylindole (DAPI, 

Invitrogen  D1306, diluted 1:50,000 in PBS) for 30 min to visualise nuclei and rinsed in PBS. 

Slices were then mounted on SuperFrost Plus slides (Fisher 10149870) using fluorescence 

mounting medium (Dako S3023). Samples were stored at 4°C in the dark until imaging. 

2.8.2 Confocal and widefield imaging 

In confocal microscopy, a pinhole is placed in front of the detector, which physically 

blocks out-of-focus signal from reaching the detector. This increases signal-to-noise ratio, 

even though much of the sample is illuminated by the conically-shaped excitation light beam. 

This is particularly relevant for studying phagocytosis, as it enables more accurate detection 

(subject to the resolution limit) of where in the depth axis (z) a particle is, and so whether or 

not a given particle has been engulfed by a cell, for instance. Here, three-dimensional 

z-stacks were obtained using a Zeiss LSM700 confocal microscope with a Plan-Apochromat 

20×/0.8 or a Plan-Apochromat 63×/1.4 Oil DIC M27 objective, and the specific settings for 

each experiment will be described in the next section. Pinhole size was always set at 1 Airy 

unit (AU) to block collection of out-of-focus signal, thus increasing signal-to-noise ratio and 

allowing me to more accurately study target engulfment. 
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For assessment of overall Aβ plaque load and microgliosis across different brain 

regions, sections were imaged using a Zeiss AxioScan.Z1 slide scanner and a Plan-

Apochromat 20×/0.8 M27 objective. In contrast to most of the data presented in this thesis, 

which was acquired by confocal or two-photon imaging, this is a widefield imaging system 

where the entire focal volume is illuminated and all emitted signal is collected across the 

slices’ depth. For these experiments, channels were set as follows (wavelengths and 

wavelength ranges in nm; exc. = excitation; em. = emission): 

Channel 1 (used for CD68; beam splitter 498) filter exc. 453–485, filter em. 507–546.  

Channel 2 (used for Iba1; beam splitter 568) filter exc. 540–546, filter em. 587–640. 

Channel 3 (used for Aβ; beam splitter 660), filter exc. 630–650, filter em. 670–710.  

Channel 4 (used for DAPI; beam splitter 395), filter exc. 330–375, filter em. 430–470. 

2.8.3 Image acquisition and analysis 

For microbead phagocytosis analysis, confocal stacks were obtained at 2 μm 

z-step intervals using a Zeiss LSM700 microscope with a Plan-Apochromat 20×/0.8 

objective. To assess phagocytosis, the percentage of phagocytic microglia (i.e., Iba1+ cells 

which had internalised >1 FITC+ microbeads) was calculated. All imaging and analyses were 

done with the researcher blind to genotype and treatment. 

For synapse analysis, brain slices were imaged (102 µm x 102 µm) at 3–6 μm from 

the slice surface using a Zeiss LSM700 microscope with a Plan-Apochromat 63×/1.4 

objective. Three confocal images from the CA1 stratum radiatum region (at 1.5 μm intervals) 

were taken per brain slice, and 5 brain slices were taken per animal. Images were analysed 

individually and then averaged across stacks and brain slices to obtain animal means. After 

background subtraction (with a 10-pixel rolling ball average), marker areas were quantified 

using a custom-based intensity threshold protocol with ImageJ-FIJI, and the Analyze 

Particles function was used to quantify puncta number and areas. For thresholding, sample 

images were first manually thresholded for each channel blinded to condition and genotype, 

and a suitable range above threshold was established which was then kept constant 
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throughout (Bassoon: 15-255; Homer1: 30-255; images were 8-bit). Size exclusion 

(>1.2 μm2, <0.05 μm2) was applied to exclude any objects unlikely to represent synaptic 

puncta. Synapses were defined by the presence of overlapping presynaptic and 

postsynaptic puncta (McLeod et al., 2017). Presynaptic colocalization with microglia was 

analysed as the total area of Bassoon puncta within the Iba1-stained cell area after 

thresholding. For human synapse analysis, images were processed by super-resolution 

radial fluctuation (SRRF) analysis (Gustafsson et al., 2016) to improve resolution prior to 

thresholding and quantification. All imaging and analysis were done with the researcher blind 

to genotype or treatment. 

For cell density analysis, brain slices were imaged (640 µm x 640 µm) using a 

Zeiss LSM700 microscope with a Plan-Apochromat 20×/0.8 objective. Cell density and 

spatial distribution were analysed as in Davis et al. (2017). Briefly, cell counts were 

performed to obtain cell density as well as the average nearest-neighbour distance between 

cells (NND) and their regularity index. The latter is the ratio of the mean NND to the standard 

deviation of the NND for the whole population of cells and describes how regular is the 

spacing of microglia. One maximum-projected z-stack (3 µm depth) from the CA1 stratum 

radiatum region was analysed per slice, and 5 slices were averaged per animal.  

For Sholl analysis, confocal stacks (at 0.34 µm z-step intervals) of Iba1-stained 

microglia were obtained from the CA1 stratum radiatum using a Zeiss LSM700 microscope 

with a Plan-Apochromat 63×/1.4 objective, encompassing the whole thickness of the brain 

slice (Figure 2.4A). Three-dimensional cell reconstructions were performed using the 

automatic cell tracing tool Neuron Tracing v2.0 on Vaa3D (vaa3d.org), manually adjusting 

the background threshold for each image to obtain the best possible reconstruction (i.e., a 

compromise between picking up all real processes and no background; Figure 2.4B). After 

the reconstructions were manually checked for obvious errors against the raw images, they 

were analysed using custom-written MATLAB software described in Madry et al. (2018) and 

available from https://github.com/AttwellLab/Microglia, which is based on the method 

described by Sholl (1953). Briefly, a series of concentric spheres were drawn at 5 µm 

https://github.com/AttwellLab/Microglia
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intervals from the centre of the cell (established by the analyst; the soma was assumed to 

have a 5 µm radius to avoid mis-assigning Iba1 signal differences within the soma as 

representing processes). A profile of branching points was generated across the Sholl 

spheres (i.e., based on distance from the microglial cell soma), to assess cell ramification 

and overall process architecture (Figure 2.4C). For each condition, analysis was performed 

using the cell as the statistical unit as most variance occurred between cells rather than 

slices or animals. All imaging and analysis were done with the researcher blind to genotype 

and condition. 

For analysis of superoxide levels, a single image stack was acquired at the middle 

of each slice and the fluorescence intensity of the maximum intensity projections was 

measured using ImageJ-FIJI. In maximum intensity projections of z-stacks, regions of 

interest (ROIs) were then drawn around the nuclei of pericytes (defined as NG2-expressing 

cells on isolectin B4-labelled capillaries) and Iba1-expressing immune cells (microglia and 

perivascular macrophages), and the DHE signal within each ROI was measured in 

ImageJ-FIJI. For each z-stack, a mean intensity per pericyte or Iba1-labelled cell, and the 

total intensity per population of pericytes or Iba1-labelled cells, were calculated, and analysis 

was performed using the z-stack as the statistical unit. All imaging and analysis were done 

with the researcher blind to treatment. 

For analysis of glutathione levels, ROIs were drawn around the somata of 

NG2- and isolectin B4-labelled pericytes and Iba1-expressing immune cells as above, and 

the total fluorescence signal for GSH-NEM was quantified for each cell and averaged over 

cells. All imaging and analysis were done with the researcher blind to treatment. 

For analysis of phagocytosis of AβpH by glial cells, imaging was done using a 

Zeiss LSM700 confocal microscope and a 20x objective, where 10 μm image stacks (1 μm 

z-step interval) were acquired. For analysis, the percentage of AβpH signal within microglial 

or astroglial cells was calculated by binarising the microglia or astrocyte channel, creating a 

mask to define microglial or astrocytic location, and multiplying it by the raw AβpH signal. The 
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fluorescence intensity of AβpH colocalising with either cell type mask was then expressed as 

a percentage of the total AβpH signal across the field. 

For analysis of Aβ plaque coverage and microgliosis in AppNL-G-F mice, the 

process was as follows. Firstly, channels for CD68, Iba1 and Aβ were split. After background 

subtraction (using a 10-pixel rolling ball average for CD68 and Iba1 and an 80-pixel rolling 

ball average for Aβ), all channels were manually thresholded with the researcher blind to 

genotype. For each brain region selected, a percentage area of plaque coverage was then 

calculated. Separately, a mask was created for microglia at plaques (created as Iba1+ ‘AND’ 

Aβ+) and another for microglia away from plaques (created as Iba1+ ‘AND NOT’ Aβ+) by 

using the image operators on ImageJ-FIJI. These masks were then transposed to the 

binarised CD68 channel, thus allowing calculation of a percentage area coverage of CD68 

within microglia located at Aβ plaques and away from Aβ plaques.  

 

2.9 Two-photon imaging 

2.9.1 Principles of two-photon imaging 

Two-photon fluorescence imaging relies on the excitation of a fluorophore not by a 

single photon but by simultaneous absorption of two photons. In comparison to single-

photon excitation, the two photons can now carry half the energy, and hence their 

wavelength doubles, falling into the near-infrared spectrum. For instance, the simultaneous 

absorption of two long wavelength photons (each ~860–960 nm) is equivalent to that of a 

single blue photon (~488 nm), and both would excite EGFP without altering its emission 

spectrum. Near-infrared radiation is less absorbed by biological specimens. Moreover, the 

scattering of light drastically depends on its wavelength (Rayleigh scattering~1/wavelength4). 

According to this formula and going back to the EGFP example, a 488 nm beam would 

scatter about 7 times more than an 860 nm beam. Thus, longer wavelengths penetrate more 

with less scattering, and allow imaging deeper into the tissue (Tauer, 2002). 
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In confocal imaging, the use of a pinhole allows for optical sectioning of the imaged 

sample. By contrast, in two-photon imaging, optical sectioning comes intrinsically from the 

fact that excitation of the sample is restricted to fluorophores in the very small volume (the 

objective’s focal point) where the intensity is high enough for there to be a significant 

probability of 2 photons being absorbed nearly simultaneously. Outside of this volume two-

photon absorption is negligible and so no fluorescence is generated, which limits out-of-

focus signal and avoids the need for a pinhole. The highly localised two-photon excitation, 

added to the reduced energy of the photons result in less photo-bleaching and photo-toxicity 

compared to conventional single-photon fluorescence imaging techniques, and facilitate live 

imaging of the tissue over time. 

These features explain the great potential of two-photon microscopy for dynamic, live 

imaging in situ and even for intra-vital imaging in small animals. Because photons have a 

two-fold longer wavelength in two-photon microscopy, however, image resolution is 

compromised using this technique (from Abbe’s law, which predicts that the resolution limit is 

approximately equal to the wavelength). In addition, the two photons must hit the fluorophore 

within ~1 femtosecond of each other to be absorbed, which requires a laser that is able to 

generate fast pulses of high peak power (Benninger and Piston, 2013). 

2.9.2 Imaging of microglial surveillance 

For two-photon imaging of microglial motility, microglia (located 70-110 μm below the 

slice surface) were imaged at 32–34ºC while superfused with oxygenated HEPES-buffered 

aCSF. Stacks were acquired every 60 s at 2 μm depth intervals using Zeiss LSM710 and 

LSM780 microscopes with a water immersion W Plan-Apochromat 20×/1.0 DIC M27 

objective, equipped with a Spectraphysics Mai Tai DeepSee eHP Ti:Sapphire infrared laser 

(Spectra-Physics) tuned to 920 nm (to excite EGFP) at 6–12% of its maximum power (the 

mean laser power under the objective did not exceed 35 mW).  

The resulting movies need pre-processing to remove noise and correct for random 

drifts of the field of view that occur during imaging, particularly those caused by poor placing 
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of the harp used to secure the slices in the imaging chamber and/or by flow rate or 

temperature fluctuations. After the acquired xyzt-stacks were despeckled and background 

subtracted, they were registered in 3D along both the z and t axes using PoorMan3Dreg. 

Stacks were then maximum intensity projected onto the z axis. Registration was repeated on 

the xyt-stacks using MultiStackReg (Figure 2.5A). This process resulted in movies with the 

somata stationary, allowing reliable assessment of process movements. Cells of interest 

were manually selected by drawing a ROI around them (including all their cell processes) to 

perform surveillance analysis on individual cells. Extracted cells were binarised by manually 

selecting a signal threshold, and the resulting movies were used for analysis of pixels 

surveyed and generation of subsequent data (initial slope of a graph of pixels surveyed 

against time, cumulative surveillance and surveillance index) employing custom-written 

MATLAB software described in Madry et al. (2018), available from 

https://github.com/AttwellLab/Microglia (Figure 2.5B). All analyses were performed with the 

researcher blind to genotype and condition. 

2.9.3 Calcium imaging  

Microglial Ca2+ imaging experiments were done with slices from Cx3cr1CreER x 

GCaMP5g-IRES-tdTomato or Cx3cr1CreER x GCaMP5g-IRES-tdTomato x AppNL-G-F 

transgenic mice that had been orally dosed with tamoxifen at least 21 days prior to imaging 

to induce GCaMP5g and tdTomato expression (see section 2.2.5). 

Imaging was performed using the same setup as described above for microglial 

surveillance. However, microglial Ca2+ transients are rare and can be brief (Eichhoff et al., 

2011; Pozner et al., 2015). Thus, to increase the acquisition rate and aid their detection, 

single scans were acquired at a high speed (1 µs pixel dwell time) of an area of 

106 µm x 106 µm (pixel size 0.21 µm; overall frame acquisition time 25 ms). The laser was 

tuned to 920 nm to allow acquisition of both GCaMP5g and tdTomato signals. Prior to 

imaging, a z-stack (1 µm step intervals) was first taken to confirm the morphology of the 

imaged cells as visualised by tdTomato expression. Then, single plane images were 

https://github.com/AttwellLab/Microglia
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acquired every second for 5 min (300 frames) to minimize bleaching, with drugs added to the 

circulating aCSF 10 min prior to recording where indicated. 

To examine lesion-evoked [Ca2+]i rises, a 20 s baseline was recorded in aCSF with or 

without drugs, after which a laser injury was performed in an area where no microglial cells 

were present (which mimics ATP release to the extracellular milieu by injured neurons; 

Davalos et al., 2005) and a further 5 min of images (300 frames) were recorded. For the 

injury, a small (6 µm radius) circular ROI was drawn, which was bleached in a single scan 

(177.3 µs pixel dwell time) with the laser tuned to 920 nm (to avoid time lag due to changing 

wavelengths) at 80% of its maximum power.  

For analysis, all movies from the same field of view were concatenated and 

registered using the MultiStackReg and TemplateMatching tools in ImageJ-FIJI. No further 

image processing was done. ROIs were then drawn around microglial somata and 

processes and ΔF/F was calculated as (Ft – Fo)/ Fo, where Ft is the fluorescence intensity of 

the ROI at each timepoint and Fo is the fluorescence averaged over the baseline. 

For spontaneous Ca2+ analysis, I used custom-written MATLAB code adapted from 

Krasnow et al. (2018) which is available from https://github.com/AttwellLab/MyelinCalcium. 

For each ROI, I generated a locally time-smoothened baseline using a baseline fit with the 

piecewise cubic Hemite interpolating polynomial in MATLAB, with a smoothing time of 100 

frames. Then, Ca2+ transients were defined using a detection threshold set to 2.25 x the 

standard deviation of the first 100 points in the trace that had ΔF/F < 0.1 (to exclude 

contributions of Ca2+ transients to the baseline). Transients were then further confirmed with 

a minimal area threshold (∫ΔF/F dt> 0.15; i.e., they were excluded if this condition was not 

satisfied) and manually checked to exclude false positives, e.g. resulting from increased 

background signal. Finally, Ca2+ transient rates per 300 s were calculated and used for 

statistical analysis, using the cell as the statistical unit. 

For lesion-evoked Ca2+ analysis, ΔF/F was calculated using the fluorescence 

intensity of the ROI averaged over the 20 s preceding the laser lesion as a baseline. Values 

of ΔF/F at the peak following the lesion were compared across experiments for statistical 

https://github.com/AttwellLab/MyelinCalcium
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analysis, using the cell as the statistical unit. For producing representative images of the 

GCaMP peak signal, a multicolour (Fire) lookup table was applied to microglial images in 

ImageJ-FIJI to help distinguish different intensity values. 

 

2.10 Western blotting 

2.10.1 Protein extraction  

Brain hemispheres were quickly dissected and hippocampi from each animal were 

placed in separate 1.5 ml tubes that were immediately moved to dry ice. To extract proteins 

and break down membranes, lysates were prepared by submerging freshly dissected 

samples in radioimmunoprecipitation assay (RIPA) lysis buffer (2 ml per brain hemisphere) 

containing 50 mM Tris pH 7.5, 1 mM ethylene diamine tetraacetic acid (EDTA), 2 mM 

ethylene glycol tetraacetic acid (EGTA), 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and one tablet of protease inhibitor 

cocktail (Roche 11836153001) per 10 ml of buffer. Each sample was manually homogenised 

on ice using disposable pestles, centrifuged for 30 min at 12,000 rpm at 4°C and the 

supernatant was transferred to a new tube for storage at -20°C.  

2.10.2 Electrophoresis and immunoblotting 

The protein concentration of the samples was determined prior to Western blotting 

using a Pierce BCA protein assay kit (ThermoFisher 232227) and 40 µg of each sample 

were loaded onto discontinuous acrylamide gels (4% stacking gel, 12% separating gel) and 

resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at 

120 V. Samples were diluted in sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 25% 

glycerol, 0.01% bromophenol blue, 5% β-mercaptoethanol), heated to 90°C for 5 min for 

denaturing proteins and spinned at 12,000 rpm prior to loading. A pre-stained molecular 

weight ladder was used for band identification (ThermoFisher LC5800). Proteins were then 
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transferred to a 0.45 µm nitrocellulose membrane (GE 10600002) by wet electro-transfer in 

25 mM Tris-HCl, pH 8.3, 192 mM glycine, 20% methanol for 1 h at 30 V.  

Following transfer, membranes were transiently stained by immersion in Ponceau 

solution (Sigma P7170) to visualise bands and trim membranes. Membranes were then 

incubated in blocking solution containing 0.1% Tween-20 and 4% powder milk (w/v) in PBS 

for 1 h at room temperature. Immunoblotting followed in sealed plastic film bags (see 

antibodies in 2.8.1) overnight at 4°C. After three 10 min washes in blocking solution, the 

membranes were incubated for 1 h at room temperature in horseradish peroxidase (HRP)-

conjugated secondary antibodies raised in goat (ThermoFisher) diluted 1:10,000 in blocking 

solution. Following three 10 min washes in 0.1% Tween-20 in PBS, signal was detected 

upon reaction with enhanced chemiluminescent HRP substrate (Millipore WBLUR0500) with 

an ImageQuant LAS 4000 camera. 

2.10.3 Densitometric analysis 

To quantify protein bands on Western blots, boxes were placed on each lane using 

the Gels tool in ImageJ-FIJI and the intensity profile of each was obtained. For each lane 

profile plot, a straight line was drawn across the base of the peak to define the band (thereby 

subtracting background signal) and the area under the curve was calculated. Values were 

then normalised by dividing by the loading control (a protein with an assumed constant level 

of expression, e.g. β-actin) and then by the average of the WT values. 

 

2.11 Statistics 

Data will be presented as mean ± standard error of the mean (s.e.m.) throughout this 

thesis. Details of the statistical tests used in each set of experiments will be described in the 

corresponding Results chapters. Data normality was assessed using the D'Agostino-

Pearson test. Statistical significance was assessed using unpaired two-tailed Student’s 

t-tests (for normally distributed data), Mann-Whitney tests (for non-normally distributed data) 
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or one- or two-way analysis of variance (ANOVA) for multiple comparisons. Two-tailed 

Wilcoxon matched-pairs signed rank tests were used for paired analysis. When multiple 

comparisons were tested, p-values were corrected using post-hoc tests as indicated. 

Corrected p-values were considered significant if they were less than 0.05. All statistical 

analysis was performed in Microsoft Excel 2016, GraphPad Prism 7 and Sigmaplot 11. 
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Figure 2.1. Generation of THIK-1 KO (Kcnk13-IN1-EM1-B6N) mice.  

(A) Fragment of the knockout (KO) DNA sequence delimited by PCR primer-binding regions 

(underlined) showing the single T insertion (red), which results in the generation of a 

restriction site for TaqI (T^CGA, shown in bold) and a premature STOP codon (blue).         

(B) Agarose gel showing bands generated for wildtype (WT), THIK-1 heterozygote (HET) 

and homozygote KO, following PCR amplification and digestion with TaqI. (C) Amino acid 

sequence of the encoded WT and KO proteins. In red, KO residues that differ from the WT 

as a result of the frameshift caused by the T insertion. (D) Hydrophobicity plot for each 

protein showing the Kyte-Doolittle score on a 13-residue window, calculated on 

https://web.expasy.org/protscale. (E) Predicted protein structures for WT (left) and KO (right, 

lacking transmembrane domains). 
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Figure 2.2. Cx3cr1CreER x GCaMP5g-IRES-tdTomato transgenic mice. 

(A) Mice generated for calcium imaging experiments, where microglia and macrophages 

express GCaMP5g, were generated by crossing Cx3cr1CreER mice with floxed GCaMP5g-

IRES-tdTomato mice. (B) Tamoxifen administration results in the activation of the CreER 

recombinase, which is only present in Cx3cr1-expressing cells (microglia, macrophages and 

more weakly oligodendrocyte precursor cells). After Cre-mediated cleavage of the floxed 

STOP cassette, GCaMP5g and tdTomato are expressed in these cells. (C) GCaMP5g is a 

fusion protein composed of circularly permutated green fluorescent protein (cpGFP), the 

calcium-binding protein calmodulin (CaM), and the M13 peptide. Rises of intracellular Ca2+ 

concentration are detected by an increase in fluorescence emission. 
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Figure 2.3. Golgi-Cox staining technique. 

(A) Main stages of the staining procedure, involving brain extraction, impregnation (10-12 

days), washing (a further 5-7 days), brain slicing and a final developing and mounting step. 

(B) Schematic illustration (left) and representative image (right) of a Golgi-Cox stained 

hippocampal slice. Dentate gyrus (DG), CA3 and CA1, and a CA1 pyramidal neuron are 

indicated. Red arrowhead: a secondary apical dendrite that would be valid for analysis. 

Scale bar: 200 µm. (C) Representative image of a Golgi-Cox stained dendritic segment, with 

spines indicated by stars. Scale bar: 2 µm.  
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Figure 2.4. Sholl analysis of microglia. 

(A) Microglia were labelled with Iba1 and imaged on a confocal microscope to obtain 

z-stacks. Orthogonal projections at the level of the crosshairs show the estimated centre 

(soma) of the cell. (B) Vaa3D tracing tools were used to generate three-dimensional 

reconstructions of each cell. These were used to calculate total process length per microglial 

cell. (C) Running a Sholl-based MATLAB script on the reconstructions, where concentric 

spheres were drawn at 5 µm intervals from the cell soma, microglial process branches and 

sphere intersections were traced for each Sholl radius.   
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Figure 2.5. Analysis of microglial surveillance. 

(A) Movies were pre-processed to remove noise and correct for random drifts of the field of 

view that occur during imaging. After the acquired xyzt-stacks were despeckled and 

background subtracted, 3D registration along both the z and t axes followed using 

PoorMan3DReg. Stacks were then maximum intensity projected onto the z axis. Registration 

was repeated on the xyt-stacks using MultiStackReg. This process keeps the somata in a 

fixed position in the image and allows reliable assessment of process movements. (B) Cells 

of interest are manually selected and binarised, which allows analysis of pixels surveyed and 

generation of subsequent data (initial slope of the graph of total number of pixels surveyed 

versus time, cumulative surveillance, and surveillance index) using MATLAB. On the 

representative cell shown, green pixels correspond to process retractions while magenta 

pixels correspond to process extensions, between two times t1 and t2, while white indicates 

no change. 
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3. Regulation of microglial morphology and surveillance 

3.1 Introduction 

Because microglial morphology is known to reflect the cells’ functional state, 

morphological changes are widely used to assess their function. These cells transit 

reversibly through a range of patterns from more ramified to more amoeboid-like shapes. 

More ramified microglia are typically considered less reactive, and present long and fine 

processes stemming from small somata. By contrast, activated microglia are often ovoid and 

less ramified, presenting large cell bodies but only a few short, thick extensions if any at all 

(Karperien et al., 2013). 

A number of strategies have examined somatic features to assess microglial 

morphology, with activated microglia thought to exhibit larger and more irregular somata 

(Davis et al., 2017). Others use the ratio of soma to cell size (Hovens et al., 2014), the 

number of process endpoints (Morrison and Filosa, 2013) or the number of crossings of the 

cells on a grid superimposed on an image of them (Zanier et al., 2015), which provides an 

estimate for process coverage. Here, the imaged cells were reconstructed in 3D and their 

process length and ramification were analysed. 

Historically, fully ramified microglia have been characterised as “resting”. However, 

microglia are never truly resting, and these cells are instead actively engaged as vigilant 

sentinels. By extending and retracting their processes in all directions, microglia constantly 

scan their surroundings (Nimmerjahn et al., 2005). Microglial motility underpins their other 

functions; e.g. it is a crucial first step presumably required for the subsequent detection of 

pathogens or damage signals, towards which the cells exhibit directed motility (Madry and 

Attwell, 2015). While metabotropic P2Y12 receptors are required for chemotaxis (Haynes et 

al., 2006), baseline surveillance operates independently of chemotaxis and is controlled by 

membrane voltage, the resting value of which (around -40 mV) is regulated by the two-pore 

domain K+ channel THIK-1 (Madry et al., 2018). THIK-1 is the main K+ channel expressed by 
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microglia in situ, and also promotes ramification of their processes (Madry et al., 2018). 

Here, as a prelude to further work in the thesis, I reproduced previous results that block of 

THIK-1 reduces microglial ramification in rodents, and then tested whether such an effect 

could be replicated in human microglia. 

Another factor regulating microglial function is the TREM2 receptor, which has 

received great interest in the last few years. Microglial TREM2 receptors promote microglial 

phagocytosis (Lee et al., 2018; Takahashi et al., 2005; Wang et al., 2015; Zhao et al., 2018) 

and certain mutations in TREM2 increase the risk for AD (see section 1.2.4). In addition, 

TREM2 receptors also modulate microglial K+ channels and membrane potential and so, like 

THIK-1, might regulate morphology and surveillance. Because various K+ channels are 

reportedly downregulated in TREM2-deficient microglia (Ulland et al., 2017; Wang et al., 

2015) and microglia from TREM2 KO are more depolarised (Zhao et al., 2018), it is 

conceivable that TREM2’s role in phagocytosis arises, at least in part, from its modulation of 

microglial K+ channels and membrane potential. This would be consistent with the idea that 

immune cells hyperpolarise when undertaking phagocytosis (Kouri et al., 1980). Considering 

the functional interaction between TREM2 and K+ channels, I studied whether surveillance 

and morphology of microglia, controlled by THIK-1, are affected by TREM2 KO. In addition, I 

analysed microglial surveillance at various ages (from 1 to 10 months) and examined 

whether it was altered in TREM2 KO mice. Finally, I also examined how surveillance in 

TREM2 deficient mice was affected by THIK-1 inhibition. 

In this chapter, as for the experiments presented throughout this thesis, microglia 

were studied in situ in acute brain slices or in slices from perfusion-fixed brains. This is 

because cultured microglia, which lack cues from their local and systemic environment, 

change their gene expression profile within minutes of being in culture (Bennett et al., 2018; 

Gosselin et al., 2017), and most isolation protocols use enzymatic dissociation of brain 

tissue, which further activates microglia (Marsh et al., 2020). 
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3.2 Microglial process length does not correlate with soma measures 

in physiological conditions 

While the importance of microglial morphology is widely recognised and its 

quantitative analysis is used to infer microglial functional states (Karperien et al., 2013), no 

gold-standard for such interpretations exists to date. Here, three criteria were used for an 

initial evaluation of microglial morphology: soma area, soma circularity (calculated as 

4π(area/perimeter2)) and total process length. To establish whether any correlation existed 

between them, brain slices from 7 wildtype mice were stained for the myeloid cell marker 

ionised calcium-binding adapter molecule 1 (Iba1), 124 microglia from the CA1 stratum 

radiatum in the hippocampus were imaged and all three variables were measured in each of 

them. This marker and brain region were used throughout the present study, unless 

otherwise indicated. For the analysis of process morphology, a method based on Sholl 

analysis was used as explained in detail in section 2.8.3. To test whether any morphological 

differences arose between young and adult mice, this analysis used cells from P30 and 

P100 animals. 

Cells from both age groups showed a similar soma size (44.8 ± 1.2 µm at P30 and 

47.2 ± 1.0 µm at P100, p=0.08), soma circularity (0.75 ± 0.01 at P30 and 0.71 ± 0.01 at 

P100, p=0.13) and process length (645 ± 32 µm at P30 and 683 ± 28 µm at P100, p=0.7; 

Figure 3.1). 

The results contrasted with prior work implying an association between larger and 

less rounded soma (Davis et al., 2017), although there was a trend for such a correlation 

(but without reaching statistical significance, p=0.07; Figure 3.1A) when combining results 

from both ages (as no significant differences were detected between them). Of note, neither 

soma size (p=0.17; Figure 3.1B) nor soma circularity (p=0.16; Figure 3.1C) correlated with 

process length (although I cannot rule out a more significant correlation when microglial 

properties change in pathology). Given that brain surveillance by microglia is carried out by 

their processes, subsequent analysis of microglial morphology was done, not by focusing on 
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the soma, but by measuring the length and ramification of the processes to obtain a more 

reliable estimate of their surveillance capacity. 

 

3.3 THIK-1 regulates microglial morphology in rodents and humans 

Microglia from THIK-1 KO mice are less ramified (Madry et al., 2018). I confirmed 

that, in agreement with that previous report which used both pharmacology and genetic 

deletion to examine the effects of decreasing THIK-1 function, short-term block of THIK-1 

with 50 µM tetrapentylammonium (TPA) resulted in deramification of microglia in acute brain 

slices from P12 rats. Because microglial processes at all branch orders, and not just first-

branch processes, are motile (Nimmerjahn et al., 2005), the total process length was 

quantified for each cell and ramification was analysed throughout the process tree at 

increasing distances from the soma (as in Figure 2.4). Incubation with 50 µM TPA for 40 min 

significantly reduced microglial process length (by 32%, p=0.01) and ramification (p=0.004), 

as revealed by three-dimensional Sholl analysis (Figure 3.2). 

Next, I tested whether THIK-1 also affects microglial morphology in human brain 

slices. Human microglia are morphologically similar to those in rodents (Geirsdottir et al., 

2019) and they express THIK-1 at the RNA level (Galatro et al., 2017; Zhang et al., 2016). 

Having confirmed that impairment of THIK-1 leads to microglial deramification in rodents, I 

inhibited THIK-1 pharmacologically in living brain slices from adult human donors obtained 

from neurosurgery (since KO experiments are not possible) to test whether it could 

recapitulate the deramification observed in rodents. Acute block of THIK-1 channels by 

incubation with 50 µM TPA for 40 min significantly reduced microglial process length (by 

33%, p=10-9) and ramification (p=10-4; Figure 3.3A-D). Block of THIK-1 with 50 µM 

bupivacaine, used for confirmation, also reduced the total process length (by 32%, p=0.01) 

and ramification (p=0.02; Figure 3.3E-H). Both TPA and bupivacaine also block ion channels 

other than THIK-1 (voltage-gated K+ channels and voltage-gated Na+ channels, 

respectively), but the fact that they have the same effect on microglial morphology suggests 
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that it is their effect on the two-pore domain channel THIK-1 that generates the change of 

morphology seen. Thus, block of THIK-1 function in microglia in living human slices can be 

achieved with short-term pharmacological treatment and has similar effects as in rodents. 

 

3.4 TREM2 regulates microglial morphology and surveillance  

TREM2 has been suggested to affect microglial numbers, activation and morphology 

in development (Filipello et al., 2018). I analysed the morphology of microglia from P30 

perfusion-fixed TREM2 WT and KO mice, and observed a 17% increase in total process 

length (p=0.03) and ramification (p=10-4) in the KO (Figure 3.4). Thus, unlike THIK-1, TREM2 

seems to decrease microglial ramification. 

To understand whether TREM2 (like THIK-1) plays a role in modulating microglial 

surveillance, I employed live two-photon imaging of EGFP-expressing microglia in acute 

brain slices from mice that expressed or lacked TREM2, and analysed surveillance on the 

single cell level (see details in section 2.9.2). For these experiments, I included older 

animals, as microglial motile responses are thought to be reduced by ageing (Damani et al., 

2011) and TREM2 may function to support surveillance as dementia- or age-related changes 

occur (Poliani et al., 2015). Thus, I used mice at ages ranging from P30 to P300 to 

investigate whether ageing had any effect on surveillance, and whether any potential effects 

of TREM2 were age-dependent. 

To calculate a surveillance index, the numbers of process extensions and retractions 

per minute (both of which are similarly fast; Nimmerjahn et al., 2005) were quantified over 

the duration of each recording by counting pixels that appear and disappear between 

consecutive frames of the binarised, maximum intensity-projected cells (Figure 3.5A). 

Two-way ANOVA analysis revealed an overall effect of age on surveillance, whereby 

microglia from older animals exhibited higher surveillance (Figure 3.5B-C). Surveillance was 

similar between microglia expressing and lacking TREM2 at P30 (p= 0.89) and P100 

(p=0.25), but at P300 surveillance was 31% higher for TREM2 KO microglia (p=10-3; 
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Figure 3.5B). Similarly, the initial slope of surveillance of the maximum intensity-projected 

cells over the first 2 min of imaging was similar between genotypes at P30 (p=0.22) and 

P100 (p=0.16), but 19% higher in the absence of TREM2 at P300 (p=0.04; Figure 3.5C). 

Consequently, the cumulative area surveyed after 10 min was increased by 26% in KO 

compared to WT at P300 (p=7x10-4) but it was not different between genotypes at P30 

(p=0.3) or P100 (p=0.11; Figure 3.5D). In summary, age increases surveillance, and TREM2 

decreases it but only in old animals. 

 

3.5 THIK-1-mediated control of surveillance is independent of TREM2 

Finally, as THIK-1 and TREM2 have opposing actions on morphology and 

surveillance, I investigated whether their effects interact by superfusing brain slices from WT 

and TREM2 KO mice with 50 µM TPA for 20 min after imaging cells in unsupplemented 

aCSF for 20 min (Figure 3.6A). As expected, treatment with TPA resulted in deramification 

and decreased surveillance in microglia (Figure 3.6B). Of note, blocking THIK-1 reduced 

surveillance of both TREM2 WT and KO microglia, and did so in all three age groups studied 

(Figure 3.6C-E). 

When calculating the percentage of baseline surveillance remaining when THIK-1 

was blocked, the reduction of surveillance by TPA was stronger in younger animals (p=0.005 

for the overall effect of age) but similar between TREM2 WT and KO mice (p=0.63 for the 

overall effect of genotype; Figure 3.7). This suggests that the role of THIK-1 in promoting 

surveillance is not dependent on expression of TREM2 but does depend on age. 

 

3.6 Discussion 

The work presented in this Chapter addressed the role of THIK-1 channels and 

TREM2 receptors in regulating microglial morphology and surveillance. The length and 

branching of the processes were analysed, rather than soma measures, which were found 
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not to correlate with microglial process length under physiological conditions. Acute THIK-1 

block reduced microglial ramification in situ in brain slices from both rodents (as described 

previously by Madry et al., 2018) and humans. However, although TREM2 KO is reported to 

depolarise microglia, mimicking THIK-1 KO in this regard, TREM2 KO had the opposite 

effect to THIK-1 KO (i.e., it increased microglial ramification). Surveillance increased with 

age, and TREM2 KO also increased microglial surveillance but only in old (P300) mice. 

Finally, block of THIK-1, was more effective in decreasing microglial surveillance in younger 

animals but its effect was similar on microglia from TREM2 WT and KO mice. 

Because no universal standard exists to classify microglia based on their 

morphology, comparisons across studies are difficult, particularly as the definitions used and 

variables measured differ. Here, I showed that the size and shape of somata are not related 

to those of processes (Figure 3.1), at least when considering variability in the physiological 

situation. Thus, I focused on the morphology of microglial processes as these are the 

elements that carry out surveillance of the brain parenchyma. The semi-automatic 3D 

reconstruction method used here (described in section 2.8.3) minimises manual input, thus 

increasing analysis speed and avoiding rater bias. However, it remains unclear which 

morphological features are more informative of microglial function. Several groups have 

proposed using a composite index to circumvent this issue (while minimising rater bias and 

avoiding loss of statistical power from correcting for multiple comparisons). After extracting 

morphology descriptors from the images (e.g. process length, perimeter, sphericity, soma 

area, number of end nodes or of segments per branch) and identifying which measures 

discriminate best between conditions, a composite morphological index can be obtained by 

running a principal component analysis on those descriptors (Clarke et al., 2021; Heindl et 

al., 2018). Such an approach may be more informative in future work. 

I have shown that inhibiting THIK-1 rapidly affects microglial morphology in living 

brain slices from not only rats (Figure 3.2) but also humans (Figure 3.3), suggesting that it 

could potentially have clinical use. Various gaseous anaesthetics can be used to modulate 

THIK-1 in vivo (Madry et al., 2018). However, they could have multiple, opposing effects. For 
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instance, by blocking THIK-1, isoflurane decreases microglial process motility (Madry et al., 

2018). On the other hand, however, neuronal hypoactivity (which such anaesthetics will 

induce) increases process extension (Liu et al., 2019; Umpierre et al., 2020). Thus, gaseous 

anaesthetics could lead to either a net decrease (Nebeling et al., 2019) or increase of 

surveillance in vivo (Liu et al., 2019; Stowell et al., 2019). 

TREM2 mediates synapse remodelling in the hippocampus during development 

(Filipello et al., 2018), and may sense damaged synapses and contribute to their elimination 

in AD (Gratuze et al., 2020). Here, I examined a potential role for TREM2 in regulating 

process ramification and surveillance, which I expected to be required for such functions. 

There is controversy in this field: in one previous study, TREM2 KO led to hyperramification 

of microglial processes already at P18-20 (Filipello et al., 2018), which is consistent with the 

data presented here (at P30, Figure 3.4). By contrast, others found that changes of 

microglial morphology by TREM2 KO were only detectable in old mice (e.g. at 12 but not 6 

months of age; Poliani et al., 2015). 

An increase in ramification might be expected to increase surveillance (Madry et al., 

2018), but TREM2 KO was found to increase surveillance only in old mice, and to have no 

effect in younger mice (Figure 3.5). The effect on surveillance in old mice is consistent with 

TREM2-mediated signalling leading to cytoskeletal rearrangements (Phillips et al., 2018), but 

the lack of a change of surveillance at young ages means that this is unable to explain the 

effect of TREM2 in mediating synapse remodelling during development (Filipello et al., 

2018). 

The finding that TREM2 deficiency alters surveillance only in old mice (Figure 3.5) is 

in agreement with the notion of effects of TREM2 being age-dependent (Linnartz-Gerlach et 

al., 2019). This has been shown before for process chemotaxis toward injury sites (which 

was impaired by TREM2 deficiency in 9-14 month-old mice but not in 3-5 month-old mice; 

Sayed et al., 2018). However, in contrast with my data, surveillance did not differ in either 

age group in that study. As their results were obtained by imaging the brain through cranial 

windows, rather than in brain slices as here, this may suggest that the effects of TREM2 
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deficiency depend on microglia being activated to some extent — which is likely to be the 

case in slices (Kurpius et al., 2006) and particularly in older animals (Del Moral et al., 2019). 

This would reconcile these findings with the fact that TREM2 dysfunction becomes more 

relevant during ageing and in disease. 

The data presented here suggest that THIK-1 and TREM2 have opposing actions on 

microglial ramification and surveillance: THIK-1 increasing them (Figure 3.2–3.3,3.6) and 

TREM2 decreasing them in older mice (Figures 3.4–3.5). In agreement with these proteins 

having antagonistic effects, THIK-1 promotes activation of the NLRP3 inflammasome (Madry 

et al., 2018) while TREM2 restrains inflammation (Liu et al., 2020). 

Reduction of microglial surveillance by THIK-1 block was not affected by TREM2 

genotype, however, suggesting that TREM2 and THIK-1 mediated regulation of surveillance 

are independent (Figure 3.7). I considered whether TREM2 has its effect by modulating 

THIK-1 and these data would be consistent with TREM2 suppressing THIK-1, since TREM2 

KO would then increase THIK-1 activity and hyperpolarise the cell, increasing ramification 

(Madry et al., 2018). Indeed, TREM2 reportedly controls expression of other K+ channels 

and the membrane potential of microglia (Zhao et al., 2018). However, Zhao et al. (2018) 

found that TREM2 KO led to microglial depolarisation rather than hyperpolarisation. Further, 

the effect of TREM2 KO on membrane voltage was prevented when blocking Kv/Kir channels 

(Zhao et al., 2018). Additional experiments are required to clarify whether any interaction 

exists between THIK-1 and TREM2, e.g. by testing whether THIK-1 expression or currents 

are altered in TREM2 KO animals. 

Of note, my data indicate an increase of microglial motility with age (from P30 to 

P300; Figure 3.5). Little is known about how microglial baseline surveillance changes during 

life, but an in vivo study of cortical microglia reported a small but statistically significant 

decrease in microglial process motility in older mice (Hefendehl et al., 2014). There could be 

at least two reasons for such a discrepancy: first, a regional difference between cortex and 

hippocampus; second, the fact that I imaged microglia ex vivo (as discussed above). In line 

with this, some suggest that studies on brain slices, where long-range neuronal connections 
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are lacking, may alter microglial motility (Umpierre and Wu, 2020). Thus, future experiments 

will seek to reproduce (or refute) the presented results in vivo. 

Interestingly, while microglial surveillance increases with age, the effect of THIK-1 

block is smaller in older animals (Figure 3.7). This is in line with the reported downregulation 

of this channel with age (Hickman et al., 2013) and suggests that other K+ channels might 

gain importance in promoting surveillance by maintaining the resting potential at old ages as 

THIK-1 expression declines. Future work should examine not just potential upregulation of 

other microglial channels in aged animals, but also whether compensation mechanisms 

arise in the absence of THIK-1 in the KO microglia. 

The precise mechanisms controlling microglial surveillance are unknown, but they 

are likely to converge onto cytoskeletal dynamics. Inhibiting Gi signalling, which makes 

F-actin less compartmentalised, reduces process length, branching and surveillance of 

microglia (Merlini et al., 2021). Similarly, microglia expressing a mutant RhoA, a master 

regulator of actin dynamics, were less ramified (Socodato et al., 2020). 

In terms of THIK-1 function specifically, it is also unclear how membrane voltage is 

linked to microglial ramification. Of note, acute optogenetic depolarisation of microglia using 

channelrhodopsin did not affect their morphology and decreased their surveillance only 

slightly (Laprell et al., 2021). Yet, pharmacological block of THIK-1, which also depolarises 

these cells, reduced both within minutes (Madry et al., 2018). Thus, this discrepancy is 

unlikely to reflect differential effects of short-term versus chronic depolarisation. Instead, it 

may be due to channelrhodopsin expression being restricted to somata and thus not 

affecting the membrane voltage of processes. Alternatively, it is possible that it is a change 

of [K]i and not membrane potential per se that regulates cytoskeletal changes (as THIK-1 

block will raise [K]i but optogenetic depolarization will lower it). In agreement with this, it is a 

fall in [K]i that triggers inflammasome activation (Muñoz-Planillo et al., 2013). 

This study has assessed the contribution of THIK-1 and TREM2 to the motility of 

microglial processes. Of note, microglial motility is complex and there are stark regional and 

compartmental differences in its regulation. For instance, isoflurane (which blocks THIK-1) 
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reduces the process motility of hippocampal (Madry et al., 2018) but not cortical microglia 

(Liu et al., 2019). On the other hand, cerebellar microglia are less ramified and they survey 

less (possibly because their expression of THIK-1 (Kcnk13) is lower than that in 

cortical/hippocampal microglia; Pan et al., 2020), but present a characteristic somatic 

motility, which their cortical counterparts lack (Stowell et al., 2018). This suggests that 

movement of processes and somata are regulated by different mechanisms and THIK-1 is 

unlikely to promote the latter. Similarly, it is worth noting that nanoscale sensing by filopodia, 

transient thin, hair-like structures located at the process tips, is not regulated by THIK-1 

(Bernier et al., 2019). Moreover, processes extend rapidly upon activation of P2Y12 (which 

decreases [cAMP]) but filopodia retract (Bernier et al., 2019). Together, these data suggest 

that the motility of the various cellular compartments is controlled by different mechanisms, 

and thus all conclusions here are restricted to the motility of large microglial processes. 
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Figure 3.1. Microglial process length, soma size and roundness are not correlated in 

physiological conditions. 

(A-C) Paired analysis of somatic and process measures of 124 hippocampal CA1 microglial 

cells from 7 wildtype mice at age P30 (black circles) or P100 (turquoise circles), showing no 

difference in morphology between age groups (see numbers in the main text) and a lack of 

correlation between (A) soma circularity and size, (B) soma size and process length and         

(C) soma circularity and process length. Error bands show 95% confidence bands of the 

best-fit linear regression for both age groups combined. Statistical significance was tested 

with Spearman’s correlation.  
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Figure 3.2. Block of THIK-1 deramified microglia in rat brain slices.  

(A) Representative confocal images from rat hippocampal slices showing the effect of 50 µM 

TPA treatment (40 mins) on microglial morphology (Iba1, red), which decreased microglial 

ramification. (B) Representative 3D‐reconstructed microglia. (C-D) Morphological analysis of 

microglia from control (30 cells from 2 animals) and TPA-treated microglia (26 cells from 2 

animals), showing Sholl analysis-derived (C) total process length and (D) number of process 

branches at distances (in 5 μm increments) from the cell soma. Data shown as mean ± 

s.e.m. Statistical significance was tested with a Mann-Whitney test (C) or two-way ANOVA 

followed by Sidak’s post-hoc tests for individual comparisons (D), using the cell as the 

statistical unit. 
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Figure 3.3. Block of THIK-1 deramified microglia in human brain slices.  

(A) Representative confocal images from human cerebral cortical slices showing the effect 

of 50 µM TPA treatment (40 mins) on microglial morphology (Iba1, red), which decreased 

microglial ramification. (B) Representative 3D‐reconstructed microglia. (C-D) Morphological 

analysis of microglia from control (90 cells from 3 human subjects) and TPA-treated 
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microglia (85 cells from 3 human subjects), showing Sholl analysis-derived (C) total process 

length and (D) number of process branches at distances (in 5 μm increments) from the cell 

soma. (E-H) As (A-D) but showing the effect of 50 µM bupivacaine treatment by comparing 

control (17 cells from one human subject) and bupivacaine-treated microglia (23 cells from 

one human subject). Data shown as mean ± s.e.m. Statistical significance was tested with 

Mann-Whitney tests (C, G) or two-way ANOVA followed by Sidak’s post-hoc tests for 

individual comparisons (D, H), using the cell as the statistical unit. 
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Figure 3.4. TREM2 knockout increased microglial ramification.  

(A) Representative confocal images from P30 hippocampal microglia (Iba1, red) from 

wildtype (WT) and TREM2 knockout (KO) mice showing increased microglial ramification in 

the latter. (B) Representative 3D‐reconstructed microglia. (C-D) Morphological analysis of 

microglia from WT (20 cells from one animal) and KO microglia (49 cells from 2 animals), 

showing Sholl analysis-derived (C) total process length and (D) number of process branches 

at distances (in 5 μm increments) from the cell soma. Data shown as mean ± s.e.m. 

Statistical significance was tested with unpaired two-tailed Student’s t-test (C) or two-way 

ANOVA followed by Sidak’s post-hoc tests for individual comparisons (D), using the cell as 

the statistical unit. 
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Figure 3.5. TREM2 knockout increased microglial surveillance in old mice. 

(A) Representative two-photon images of EGFP-expressing microglia in slices from P300 

wildtype (WT) and TREM2 knockout (KO) mice, showing an overlay of images taken 5 min 

apart to visualise process extensions (purple) and retractions (green) during this time 

interval. (B) Quantification of the surveillance index of microglia from WT or KO mice at age 

P30 (n=22 cells from 2 WT and 76 cells from 2 KO animals), P100 (50 cells from 3 WT 
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animals and 12 cells from 2 KO animals) and P300 (52 cells from 4 WT animals and 45 cells 

from 4 KO animals), showing that surveillance increased with age and that TREM2 

deficiency increased surveillance only in P300 mice. Three significance values are given on 

the graph: p(age) assesses whether differences between ages achieve statistical 

significance; p(gen) assesses whether differences between genotype (with or without 

TREM2) achieve statistical significance; p(interaction) assesses whether differences 

between ages interact statistically significantly with differences due to genotype. (C) Initial 

slope of pixels surveyed in maximum-intensity projections of images of microglia from WT 

and TREM2 KO mice of each age group (measured in the first 2 min of recording, to avoid 

confounding by pixel overlap in the maximum-intensity projections). (D) Time course of the 

pixels surveyed per cell over 10 min (cumulative surveillance). Data shown as mean ± s.e.m. 

Statistical significance was tested with two-way ANOVA followed by Sidak’s post-hoc tests 

for individual comparisons, using the cell as the statistical unit. 
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Figure 3.6. Block of THIK-1 reduced surveillance in TREM2 knockouts. 

(A) Schematic of the experiment, showing superfusion of brain slices with 50 µM TPA for 

20 min following 20 min of baseline recording in unsupplemented aCSF. (B) Representative 

two-photon images of EGFP-expressing microglia in a wildtype slice, before (left) and after 

(right) TPA treatment, showing an overlay of images taken 5 min apart to visualise process 

extensions (purple) and retractions (green) during each time interval. (C-E) Surveillance 

index before (circles) and after (squares) TPA treatment in wildtype (WT) and TREM2 

knockout (KO) microglia from (C) P30, (D) P100 and (E) P300 animals, showing a decrease 

of surveillance by TPA in all groups (n=8 WT and 15 KO cells for P30, 14 WT and 4 KO cells 

for P100, 22 WT and 24 KO cells for P300). Data shown as mean ± s.e.m. Statistical 

significance was tested with two-way ANOVA followed by Sidak’s post-hoc tests for 

individual comparisons, using the cell as the statistical unit. 
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Figure 3.7. Reduction of surveillance by THIK-1 block was stronger in younger 

animals and occurred independently of TREM2 expression. 

Fraction of baseline surveillance remaining after treatment with 50 µM TPA for 20 min, 

showing a more drastic reduction of surveillance by TPA at younger ages, and that this 

effect was not different between wildtype (WT) and TREM2 knockout (KO) microglia in any 

of the age groups analysed (n=8 WT and 15 KO cells for P30, 14 WT and 4 KO cells for 

P100, 24 WT and 22 KO cells for P300). Data shown as mean ± s.e.m. Statistical 

significance was tested with two-way ANOVA followed by Sidak’s post-hoc tests for 

individual comparisons, using the cell as the statistical unit. Three significance values are 

given on the graph: p(age) assesses whether differences between ages achieve statistical 

significance; p(gen) assesses whether differences between genotype (with or without 

TREM2) achieve statistical significance; p(interaction) assesses whether differences 

between ages interact statistically significantly with differences due to genotype. 
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4. Regulation of microglial phagocytosis 

4.1 Introduction 

Microglia can internalise and degrade targets that they have previously detected and 

contacted. This process, referred to as phagocytosis, occurs throughout life in both 

physiological and pathological conditions. Microglia can phagocytose both dead and viable 

cells (Brown and Neher, 2014), myelin sheaths (Hughes and Appel, 2020) and amyloid 

debris (Lee et al., 2018). 

However, microglia are more than mere cleaners of the brain parenchyma. These 

cells are key for normal brain development (Hong et al., 2016b) and their processes interact 

with various neuronal compartments. While microglial contacts at non-synaptic regions 

regulate dendrite branching and axonal pathfinding during development as well as neuronal 

excitability, contacts at synaptic sites control synapse formation, strength, plasticity and 

elimination (Badimon et al., 2020; Cserép et al., 2020a; Pfeiffer et al., 2016). Microglia-

synapse contacts can lead to formation of dendritic spines as well as new filopodia in spine 

heads (Miyamoto et al., 2016; Weinhard et al., 2018). On the other hand, microglia-mediated 

circuit pruning also occurs as redundant or less active synapses are removed (Paolicelli et 

al., 2011; Schafer et al., 2012). Synapse phagocytosis is controlled by a fine balance 

between "eat-me" and "don't-eat-me" signals, which respectively promote removal (e.g. C1q 

or C3/CD11b; Wilton et al., 2019) or protect synapses from pruning (e.g. CD47; Lehrman et 

al., 2018). A number of signalling pathways are involved in microglia-mediated removal of 

synapses during development, including complement factors in the visual system (Stevens 

et al., 2007) or the fractalkine receptor (Basilico et al., 2019; Paolicelli et al., 2011) and 

TREM2 (Filipello et al., 2018) in the hippocampus. 

Microglial THIK-1 K+ channels maintain ramification of microglial processes and their 

surveillance of the brain (Madry et al., 2018), so I investigated whether they also promote the 

elimination of synapses during development by phagocytosis (or “nibbling”, termed 
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trogocytosis; Weinhard et al., 2018). As immune cells have been shown to hyperpolarise 

when phagocytosing targets (Kouri et al., 1980), the hyperpolarisation maintained by 

microglial THIK-1 channels might also promote phagocytosis directly. Regulation of 

phagocytosis by membrane potential could also explain why phagocytosis is impaired in 

TREM2 KO mice where microglia are depolarised (Zhao et al., 2018). Finally, because 

developmental mechanisms are thought to be reactivated during ageing and disease 

(Dejanovic et al., 2018; Hong et al., 2016a; Vasek et al., 2016; Werneburg et al., 2020; Wu 

et al., 2019), understanding the mechanisms controlling microglial phagocytosis may 

suggest therapeutic aproaches for the mature brain. Therefore, I also examined the role of 

THIK-1 in adult human microglia to see whether its modulation could affect synapse number. 

 

4.2 Microglial phagocytosis is regulated by K+ channels 

Ion channels and receptors controlling microglial motility might be involved in 

phagocytosis. These include P2Y12 receptors that regulate ATP-evoked microglial 

chemotaxis to an injury site (Haynes et al., 2006) and THIK-1 K+ channels which regulate 

microglial morphology and surveillance (Madry et al., 2018). It was previously reported that 

P2Y12 receptors regulate phagocytosis (Blume et al., 2020; Diaz-Aparicio et al., 2020), but 

the role of microglial K+ channels is still unknown. Therefore, I first tested whether blocking 

THIK-1 (the dominant K+ channel expressed in “resting” microglia) affects microglial 

phagocytosis in situ in brain slices from P12 rats. Following a recovery period of a few hours 

after brain slicing, which allows some microglial activation to occur (Kurpius et al., 2006), 

fluorophore-labelled resin microbeads were applied (Krabbe et al., 2012, 2013) onto rat 

hippocampal slices in the presence or absence of pharmacological blockers (Figure 4.1A). 

Beads were coated with serum prior to their addition to the brain slices to further boost 

microglial phagocytosis (Bohlen et al., 2017). 

Microglia engulf and phagocytose their substrates thanks to membrane protrusions 

and phagocytic cups, the formation of which relies upon cytoskeletal rearrangements (Mao 
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and Finnemann, 2015). Indeed, microglia were seen to form phagocytic cups and engulf 

microbeads in situ (Figure 4.1B-C). As negative control experiments, I incubated the brain 

slices at 4ºC, or in the presence of the actin inhibitor cytochalasin D, both of which disrupt 

cytoskeletal dynamics (Albert et al., 1998). I found that both conditions potently blocked 

phagocytosis (by 90% and 87%, respectively; p=10-4 compared to control for both; 

Figure 4.2). MRS2578, a blocker of the P2Y6 receptor which is known to regulate microglial 

phagocytosis (Koizumi et al., 2007; Wen et al., 2020) also reduced the fraction of microglia 

that were phagocytic (by 31%, p=10-3; Figure 4.2). 

Potassium efflux across the microglial membrane via THIK-1 was previously found to 

control NLRP3 activation (Madry et al., 2018; Muñoz-Planillo et al., 2013). I found that 

elevating the extracellular K+ concentration ([K+]o) to prevent such efflux and depolarise the 

cells reduced the fraction of microglia that were phagocytic by 29% (p=10-3; Figure 4.3). This 

was done in the presence of tetrodotoxin (TTX) to block voltage-gated Na+ channels and 

thus action potential-evoked synaptic transmitter release from neurons (TTX had no effect by 

itself: p=0.9; Figure 4.3). To determine how the raised [K+]o altered phagocytosis, I applied 

blockers of different K+ channel types. Blocking Ca2+-activated K+ channels with 

charybdotoxin had no significant effect (p=0.7), but both the K+ channel blockers bupivacaine 

and tetrapentylammonium (TPA) reduced phagocytosis by a third (p=0.01 and 10-4, 

respectively, for treatment with 50 µM of each drug compared to control; Figure 4.3). Since 

bupivacaine blocks both two-pore domain channels and voltage-gated Na+ channels while 

TPA blocks both two-pore domain channels and voltage-gated K+ channels (Lotshaw, 2007; 

Piechotta et al., 2011), these data are consistent with K+ efflux via THIK-1 (or downstream 

changes in microglial membrane voltage, Vm) regulating phagocytosis. 

Because the pharmacology of these drugs is not entirely specific for THIK-1, I also 

used a THIK-1 KO mouse line, where I found that deletion of THIK-1 had a similar inhibitory 

effect on microglial phagocytosis: the fraction of phagocytic microglia was reduced by 59% in 

THIK-1 KO mice compared to WT littermates (p=2x10-4; Figure 4.4). 
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4.3 THIK-1 regulates microglial phagocytosis of synapses 

Deficits in microglial phagocytosis could result in impaired pruning of synapses during 

development (Schafer et al., 2013), so we tested the effects of THIK-1 KO on hippocampal 

synapse numbers. Using P17-P19 mice, when synapse pruning in the hippocampus is near 

its peak (Paolicelli et al., 2011; Weinhard et al., 2018), I assessed the labelling of 

presynaptic (Bassoon) and postsynaptic glutamatergic (Homer1) markers in the stratum 

radiatum of the CA1 hippocampal region by immunohistochemistry (McLeod et al., 2017). A 

colocalisation of both markers was taken to indicate an excitatory synapse (Figure 4.5A). In 

the THIK-1 KO, while no postsynaptic change was detected (p=0.9), the fraction of the 

imaged area labelled by the presynaptic marker approximately doubled compared to that in 

WT littermates (p=0.02). As a result, the derived total synaptic area (defined as overlap of 

Bassoon and Homer1 labelling) was 57% higher in KO mice (p=0.03; Figure 4.5D). The 

increase in colocalisation was produced by a 67% increase in the number (p=0.03; Figure 

4.5E), but not the size (p=0.8; Figure 4.5H), of presynaptic terminals, with no change in the 

number or size of postsynaptic terminals (p=0.2; Figure 4.5F,I). 

In addition, I used Western blots to quantify the amount of Homer1 protein present in 

RIPA-soluble protein lysates from the hippocampus of P17 WT and THIK-1 KO mice, which  

confirmed no change in the KO (p=0.3; Figure 4.6). Lastly, I used Golgi-Cox staining to study 

whether THIK-1 deletion altered dendritic spine density of hippocampal CA1 neurons in 

these mice. The results again confirmed no effect of THIK-1 deletion on postsynaptic 

elements at P17 (p=0.7; Figure 4.7). 

To demonstrate that the increase in presynaptic terminal number in the KO was 

caused by a reduction of phagocytosis, I next assessed the presence of Bassoon puncta 

inside Iba1-labelled microglia (Figure 4.8A). In THIK-1 KO mice, Bassoon colocalisation with 

microglia was significantly reduced (Figure 4.8B). Taken together, these data suggest that 

THIK-1 regulates the number of glutamatergic synapses by promoting microglial uptake of 

presynaptic material. 
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4.4 THIK-1 regulates excitatory synaptic transmission 

To further confirm that THIK-1 regulates removal of functional excitatory synapses, I 

collaborated with Hiroko Shiina from our lab, who performed whole-cell voltage-clamp 

recording of CA1 pyramidal neurons from P17-19 mice (Figure 4.9). The sEPSC frequency 

was enhanced in pyramidal neurons from THIK-1 KO compared to WT mice (p=0.004), with 

no amplitude alteration (p=0.1; Figure 4.9A-C). Since this increase in the KO could be due 

either to a higher number of excitatory synapses or to higher activity (or an increased vesicle 

release probability) of presynaptic neurons, we bath-applied TTX to block action potential-

mediated neurotransmitter release. Consistent with immunolabelling results showing more 

synapses in the KO (Figure 4.5), the mEPSC frequency approximately doubled in THIK-1 

KO pyramidal neurons compared to in WT cells (p=0.006), without a change in the mean 

amplitude of the mEPSCs (p=0.4; Figure 4.9A,D-E). 

We tested postsynaptic effects of THIK-1 deficiency electrophysiologically 

(Figure 4.9F-G) by bath-applying the glutamate receptor agonists NMDA (to activate NMDA 

receptors, 10 µM; Figure 4.9F) and kainic acid (to activate AMPA/KA receptors, 1 µM; 

Figure 4.9G). Consistent with immunolabelling, Western blot and Golgi-Cox staining 

experiments showing no effect on postsynaptic terminals (Figures 4.5–4.9), 

electrophysiological experiments revealed no significant differences between the THIK-1 KO 

and WT in their NMDA- and kainate-induced macroscopic currents (p=0.5 and 0.7, 

respectively; Figure 4.9F-G). Thus, THIK-1 deficiency selectively enhances the number of 

excitatory presynaptic release sites without affecting: (i) the postsynaptic glutamate receptor 

density (as assessed from the spontaneous and miniature EPSC amplitudes), (ii) the 

number of postsynaptic terminals (assessed either immunohistochemically or by counting 

dendritic spines), or (iii) the total (synaptic plus extrasynaptic) glutamate receptor number 

(assessed from the response to NMDA and kainate). 

The effect of THIK-1 deletion on synapse levels did not result from an altered number 

of microglia, as overall microglial density and distribution in the hippocampal and cortical 
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areas analysed were all similar in WT and THIK-1 KO mice (Figure 4.10). Altogether, our 

data suggest that THIK-1 deficiency leads to an increase in the number of functional 

excitatory synapses, which is due to THIK-1 regulating microglial internalisation of excitatory 

presynaptic terminals, presumably via its effect on the microglial membrane potential.  

 

4.5 Block of THIK-1 affects synapse density in human brain slices 

Finally, to assess the relevance of my findings to understanding the human brain, 

I again used live human cortical slices obtained from neurosurgically-resected tissue to study 

acute effects of THIK-1 block. Having confirmed that impairment of THIK-1 leads to 

microglial deramification both in rodents (Figure 3.2) and in live human microglia in situ 

(Figure 3.3), here I studied whether pharmacological inhibition of THIK-1 could recapitulate 

in human brain slices the effect on synapses seen in rodents, where deletion of THIK-1 

increased the number of excitatory synapses (Figure 4.5). Perhaps surprisingly (see 

Discussion) given the brief period of block (40 min treatment), the fractional area of the 

image that was labelled for the vesicular glutamate transporter 1 (vGluT1), an excitatory 

presynaptic marker, was increased by 25% in the TPA-treated slices (p=2x10-4; 

Figure 4.11A-B). I obtained similar effects on microglial ramification and synapse number 

when treating slices with bupivacaine (p=0.003; Figure 4.11C-D). Bupivacaine and TPA 

have different targets but both block two-pore K+ channels (see above), consistent with 

THIK-1 mediating the effects seen (although the possibility that these drugs share another, 

unreported target cannot be excluded). Taken together, these data suggest that THIK-1 

channels control synapse levels not only in rodents but also in the adult human brain. 

 

4.6 Discussion 

The work presented in this Chapter addressed the role of THIK-1 in controlling 

microglial phagocytosis and identified effects of its pharmacological block or genetic deletion 
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on synapse numbers and function. First, using pharmacological blockers and THIK-1 KO 

mice, I found that lack of THIK-1 activity reduced microglial phagocytosis. Second, I 

investigated possible effects on synapse pruning in the hippocampus. Postnatal (P17-19) 

mice lacking THIK-1 expression had an increased number of glutamatergic synapses, which 

was due to impaired removal of presynaptic terminals by THIK-1 KO microglia. Third, in 

microglia in living human brain slices, blocking THIK-1 rapidly increased synaptic density. 

Microglia are not merely passive support cells. Instead, they continuously survey the 

brain parenchyma and control neuronal function. THIK-1 channels, the main K+ channels in 

“resting” microglia, regulate their ramification, surveillance and cytokine release (Madry et 

al., 2018). Here, using pharmacology and THIK-1 knockout mice, I demonstrated that 

microglial phagocytosis is also controlled by THIK-1 (Figures 4.3–4.4). Furthermore, both 

immunohistochemistry and electrophysiology showed that the number of hippocampal 

excitatory synapses is increased in THIK-1 KO mice (Figures 4.5, 4.9).  

The requirement of THIK-1 for phagocytosis may in part be due to its role in 

enhancing microglial ramification and surveillance, which will increase the probability of a 

microglial cell encountering a target to phagocytose. However, the tonically active THIK-1 

channel may also promote phagocytosis by keeping microglia hyperpolarised (Madry et al., 

2018), since a hyperpolarised membrane voltage is associated with phagocytosis in 

macrophages (Kouri et al., 1980). A depolarised membrane potential is also seen in TREM2 

KO microglia, in which phagocytosis is reduced (Zhao et al., 2018). 

This study indicates that THIK-1-mediated promotion of synapse loss is mainly via a 

presynaptic effect (Figures 4.5–4.9). While others have reported internalisation of 

postsynaptic materials as well (Paolicelli et al., 2011; Sipe et al., 2016; Wang et al., 2020a), 

there is now evidence that microglial phagocytosis preferentially targets presynaptic 

compartments both in health (Lee et al., 2021a; Schafer et al., 2012; Weinhard et al., 2018) 

and disease (Gunner et al., 2019; Vasek et al., 2016; Werneburg et al., 2020). This might be 

partly due to “eat-me” tags (such as C1q; Györffy et al., 2018; or PtdSer; Scott‐Hewitt et al., 

2020) being preferentially located on presynaptic sites.  
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Adult rodent (Wang et al., 2020a) and human (Tzioras et al., 2019) microglia continue 

to internalise synapses into adulthood, after the normal developmental period is over, which 

might be detrimental if excessive (Salter and Stevens, 2017). In adult mice, memories 

persist better when microglia are depleted (Wang et al., 2020a). In live brain slices from 

adult human donors, I found that even short-term application of THIK-1 blockers increased 

the amount of presynaptic vGluT1 puncta (Figure 4.11), which suggests a fast removal (and 

presumably replacement) of synapses. Work on hippocampal slices has shown that 

individual presynaptic internalisation events are rapid (frequently shorter than 3 minutes; 

Weinhard et al., 2018). However, turnover of synapses is generally low in vivo, taking from 

hours to months (Grutzendler et al., 2002; Majewska et al., 2006; Trachtenberg et al., 2002), 

which contrasts with my data (Figure 4.11) that suggest rapid replacement in acute brain 

slices. Synapse turnover may be much faster ex vivo due to microglia being partly activated 

and neurons being damaged by the slicing procedure (Fiala et al., 2003). Indeed, slicing 

leads to a loss of spines and synaptic responses (Eguchi et al., 2020). This parallels the 

acceleration of synapse loss reported in traumatic brain injury in humans, although that 

occurs over days (Jamjoom et al., 2021). Despite these differences with the in vivo situation, 

my results suggest a role of microglial THIK-1 in regulating human synapse turnover. 

Synapse loss is a strong indicator of cognitive decline (DeKosky et al., 1996; Long 

and Holtzman, 2019; Terry et al., 1991). Synaptic deficits precede amyloid deposition in 

animal models of dementia (Cummings et al., 2015) and microglial phagocytosis of synaptic 

material is increased in AD patients (Tzioras et al., 2019). Ablation of microglia rescues 

synaptic loss and reduces memory impairment in mouse models of dementia (Spangenberg 

et al., 2016). Thus, manipulating microglia-synapse interactions may provide clinical benefit 

for cognitive impairment. Specifically, being able to block microglial phagocytosis in a time-

controlled manner could help protect synapses from removal. It would be interesting to test 

whether short-term block of THIK-1 in vivo (e.g. using THIK-1-blocking anaesthetics such as 

isoflurane or sevoflurane) results in an increase in synapse number, and the magnitude and 

duration of any such effect in normal ageing, brain injury and dementia models. Microglial 
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responses (and especially phagocytosis) are crucial for the development and progression of 

dementia (Podleśny-Drabiniok et al., 2020). Since amyloid-targeting therapies have all failed, 

possibly because therapeutic interventions are given too late (Long and Holtzman, 2019), it 

would be advantageous to devise therapeutic agents that control phagocytosis to prevent 

synapse loss early on. The potential involvement of THIK-1 in regulating microglial 

responses in a model of amyloid pathology will be examined in detail in the next Chapter. 
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Figure 4.1. Microglia phagocytosed fluorophore-labelled microbeads in situ.  

(A) Diagram of the phagocytosis assay. (B) Representative maximum intensity projection of 

a confocal z-stack of microglia (Iba1, red) in acute hippocampal rat slices incubated with 

3 µm microbeads (FITC, green). Black arrowheads indicate non-phagocytic cells, white 

arrowheads indicate phagocytic cells. Some microbeads remain outside microglia. 

(C) Close-up of the phagocytic microglial cell at the left of panel (A). Orthogonal projections 

at the level of the crosshairs show engulfment of the fluorescent microbeads inside a 

phagocytic cup. 
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Figure 4.2. Pharmacological inhibition of microglial phagocytosis in situ. 

(A) Representative single plane images of microglia (Iba1, red) in acute hippocampal rat 

slices incubated with 3 µm microbeads (FITC, green), at 35°C (control, 10 µM 

cytochalasin D or 10 µM MRS2578 (a P2Y6 blocker)) or 4°C. Black arrowheads indicate non-

phagocytic cells, white arrowheads indicate phagocytic cells. (B) Percentage of microglia 

that phagocytosed microbeads in each condition, showing a reduction by exposure to cold 

(4°C), cytoskeletal disruption (cytochalasin D) or block of P2Y6 receptors (MRS2578) 

(control: n=17 slices from 4 animals; 4°C: n=14 slices from 4 animals; cytochalasin D: n=4 

slices from one animal; MRS2578: n=6 slices from 3 animals). Data shown as mean ± s.e.m. 

P-values compare with control and statistical significance was tested with one-way ANOVA 

followed by Dunn's multiple comparison tests using brain slices as the statistical unit. 
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Figure 4.3. Two-pore domain K+ channels control microglial phagocytosis in situ.  

(A) Representative single plane images of microglia (Iba1, red) in acute hippocampal rat 

slices incubated with 3 µm microbeads (FITC, green), either untreated (control) or treated 

with 1 µM tetrodotoxin (TTX), 1 µM TTX + 120 mM KCl (high [K+]o), 1 µM charybdotoxin, 

50 µM bupivacaine or 50 µM tetrapentylammonium (TPA). Black arrowheads indicate 

non-phagocytic cells, white arrowheads indicate phagocytic cells. Some microbeads remain 

outside microglia. (B) Percentage of microglia that phagocytosed microbeads in each 

condition, showing a reduction by high [K+]o and two-pore K+ channel block (bupivacaine, 

TPA) but not by calcium-activated K+ channel block (charybdotoxin) (control: n=22 slices 

from 6 animals; TTX: n=5 slices from 2 animals; TTX + 120 mM KCl: n=11 slices from 4 

animals; charybdotoxin: n=10 slices from 4 animals; bupivacaine: n=5 slices from 2 animals; 

25 µM TPA: n=12 slices from 3 animals; 50 µM TPA: n=8 slices from 3 animals). Data 

shown as mean ± s.e.m. P-values compare with control and statistical significance was 

tested with one-way ANOVA followed by Dunn's multiple comparison tests using brain slices 

as the statistical unit. 
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Figure 4.4. THIK-1 K+ channels control microglial phagocytosis in situ.  

(A) Representative single plane images of microglia (Iba1, red) in acute hippocampal slices 

from wildtype (WT) and THIK-1 knockout (KO) mice incubated with 3 µm microbeads (FITC, 

green). (B) Percentage of microglia that phagocytosed microbeads in each genotype, 

showing a reduction in the KO. Data shown as mean ± s.e.m. (C) Doughnut charts showing 

that only 60% of the analysed fields of view (FOV) contained phagocytic microglia in the KO, 

while all did in the WT (significantly different by Chi-squared test: p=0.0005). The number of 

total microglia per FOV was not different (WT: 15.0 ± 1.8, KO: 12.3 ± 2.1; p=0.34) between 

genotypes. Statistical significance was tested with Mann-Whitney tests using brain slices as 

the statistical unit. 
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Figure 4.5. THIK-1 deletion increased synapse number in the developing 

hippocampus. 

(A) Representative confocal images from the CA1 stratum radiatum of wildtype (WT) or 

THIK-1 knockout (KO) mice at P17-P19, showing the presynaptic marker Bassoon (green) 

and the excitatory postsynaptic marker Homer1 (red). The merged image and expanded 

views on the right show colocalised puncta (yellow). (B-D) Quantification of the area covered 

by (B) Bassoon, (C) Homer1 and (D) colocalised puncta, showing an increased fraction of 

the imaged area labeled for synapses in KO mice. (E-G) Quantification of the numbers of 

(E) Bassoon, (F) Homer and (G) synaptic puncta per mm2, showing increased numbers of 

presynaptic puncta and synapses in KO mice. Average numbers in WT mice were 

53 puncta/100 µm2 for Bassoon, 42 puncta/100 µm2 for Homer1 and 26 synapses/100 µm2. 

(H-J) Quantification of (H) Bassoon, (I) Homer and (J) overlapping puncta size, showing no 

changes in synaptic terminal size in KO mice (WT: n=4 animals; KO: n=3 animals; 

3 confocal stacks from 5 brain slices averaged per animal). Data shown as mean ± s.e.m. 

Statistical significance was tested with Mann-Whitney tests using animals as the statistical 

unit. 
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Figure 4.6. THIK-1 deletion did not affect Homer1 protein levels in the developing 

hippocampus. 

(A) Representative Western blot of RIPA-soluble lysates from hippocampi of P17 mice 

expressing (WT) or not expressing (KO) THIK-1 channels. (B) Densitometric analysis of blot 

signals normalised by β-actin expression, showing no changes in levels of Homer1 protein in 

the hippocampus of THIK-1 KO mice (WT: n=7 animals; KO: n=5 animals). Data shown as 

mean ± s.e.m. Statistical significance was tested with a Mann-Whitney test using animals as 

the statistical unit. 
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Figure 4.7. THIK-1 deletion did not affect spine density in the developing 

hippocampus. 

(A) Representative images of Golgi-Cox-stained non-primary apical CA1 dendritic segments 

from P17 mice that were either wildtype (WT) or knockout (KO) for THIK-1. Scale bar: 5 μm. 

(B) Quantification of spine density in the analysed dendritic segments, showing no difference 

between WT and KO mice (n=138 dendrites from 4 WT mice and 219 dendrites from 5 KO 

mice). Data shown as mean ± s.e.m. Statistical significance was tested with a Mann-Whitney 

test using dendrites as the statistical unit. 
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Figure 4.8. THIK-1 deletion decreased microglial phagocytosis of presynaptic material 

in the developing hippocampus. 

(A) Representative confocal images showing Bassoon puncta (green) located within 

microglia (Iba1, red). On the right, close-up of microglial processes with orthogonal 

projections at the level of the crosshairs showing Bassoon puncta within microglia. 

(B) Quantification of the area of Bassoon puncta colocalising with each microglial cell, 

showing a decrease in KO microglia (WT: n=20 cells from 4 animals; KO: n=20 cells from 3 

animals). Data shown as mean ± s.e.m. Statistical significance was tested with an unpaired 

two-tailed Student’s t-test using cells as the statistical unit. 
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Figure 4.9. THIK-1 deletion increased excitatory synaptic transmission in the 

developing hippocampus. 

(A) Representative current traces from whole-cell voltage-clamped CA1 pyramidal neurons 

(Vh = -65 mV, ECl = -62mV) in WT (black, left) and THIK-1 KO (grey, right) hippocampal 

slices. The top two rows show spontaneous EPSCs (sEPSCs), i.e., including both miniature 

EPSCs (mEPSCs) and those evoked by spontaneous action potentials. The bottom two 

rows show mEPSCs in 500 nM TTX. The second and fourth row traces expand the indicated 

areas in the first and third rows. (B-C) Bar graphs showing sEPSC (B) frequency and (C) 

amplitude, comparing WT and THIK-1 KO. Grey circles overlaid show raw values in 

individual cells. Numbers on bars are of cells/animals, and s.e.m. values use cells as the 

statistical unit. (D-E) As for C-D but showing mEPSC (D) frequency and (E) amplitude, 

comparing WT and THIK-1 KO in 500 nM TTX. (F) Representative traces of whole-cell 

currents (Vh = -40 mV, ECl = -62 mV) from WT (black) and THIK-1 KO (red) hippocampal 

CA1 pyramidal cells, and bar graph of mean current induced by 10 µM NMDA bath 

application to WT and THIK-1 KO cells. (G) As for (F) but applying 1 µM kainic acid. Data 

shown as mean ± s.e.m. Statistical significance was tested with Mann-Whitney tests (B, D, 

E) and unpaired two-tailed Student’s t-tests (C, F, G) using cells as the statistical unit. 
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Figure 4.10. Microglial density and spatial distribution were not changed in the 

hippocampus or cortex of THIK-1 knockout mice.  

(A) Representative maximum intensity projection of confocal z-stacks showing hippocampal 

microglia from the CA1 stratum radiatum area (Iba1, red) in wildtype (WT) and THIK-1 

knockout (KO) mice. (B-D) Quantification of (B) microglial density, (C) average nearest-

neighbour distance (NND) and (D) regularity index, showing no differences between 

genotypes. (E-H) As (A-D) but for microglia from cortical layer 2/3 (WT: n=4 animals; KO: 

n=3 animals; 5 slices averaged per animal). Data shown as mean ± s.e.m. Statistical 

significance was tested with Mann-Whitney tests using animals as the statistical unit. 
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Figure 4.11. Block of THIK-1 increased presynaptic density in human brain slices.  

(A) Representative SRRF-confocal images of human slices incubated in the absence or 

presence of TPA (which blocks THIK-1), showing vGluT1 puncta (green). (B) Quantification 

of the area covered by vGluT1, showing an increase in TPA-treated slices compared to 

controls (20 slices from 2 human subjects per condition). (C) As (A) but for slices incubated 

in the absence or presence of bupivacaine (which also blocks THIK-1). (D) As (B) but 

showing an increase in bupivacaine-treated slices compared to controls (12 per condition 

from one human subject). Data shown as mean ± s.e.m. Statistical significance was tested 

with unpaired two-tailed Student’s tests using brain slices as the statistical unit.  
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5. Regulation of microglial responses to Aβ 

5.1 Introduction 

This chapter examines three key responses of microglia to the Aβ generated in 

Alzheimer’s disease (AD): reactive oxygen species (ROS) generation, morphological 

changes and phagocytosis of Aβ. 

The main toxic Aβ species generated excessively in AD is Aβ1-42, a small ~4.5 kDa 

peptide produced by the cleavage of the amyloid precursor protein (APP) on neuronal 

membranes by β- and γ-secretases (O’Brien and Wong, 2011). Aβ oligomers have multiple 

downstream actions, including generating hyperexcitability of neurons by preventing 

glutamate uptake (Zott et al., 2019), disassembly of synaptic sites (Purro et al., 2012), and 

hyperphosphorylation of the cytoskeletal protein tau (Jin et al., 2011) which leads to synaptic 

dysfunction and cognitive decline (Polydoro et al., 2009). Following on from previous work 

(e.g. Suo et al., 1998), recent findings in our group demonstrated that Aβ also causes 

pericyte-mediated constriction of brain capillaries during AD, which leads to reduced cerebral 

blood flow via a mechanism involving ROS (Nortley et al., 2019). Oxidative stress has been 

linked to AD (Tönnies and Trushina, 2017) and, in cortical brain autopsies from AD patients, 

pathology correlated with expression of the regulatory subunits of the superoxide-producing 

NADPH oxidase (NOX; Shimohama et al., 2000). Here, I added to pharmacological studies 

on blood flow performed by Ross Nortley and Chanawee Hirunpattarasilp by directly testing 

whether acute exposure to Aβ increases ROS levels in brain slices, and which cells 

generate the ROS (which I suspected would include microglia; Della Bianca et al., 1999). 

While therapeutic strategies for AD have primarily focused on targeting antibodies to 

Aβ or the enzymes that generate it (Anderson et al., 2017), intrinsic removal of Aβ remains 

poorly understood. Phagocytosis by glial cells is essential to regulate brain function during 

health and disease (Raiders et al., 2021). In early AD, as Aβ starts to accumulate, glial 

phagocytosis of Aβ (as well as Aβ clearance across endothelial cells into the blood or lymph; 
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Rasmussen et al., 2018) is thought to limit its deposition (Long and Holtzman, 2019). 

Impaired phagocytic function of glial cells during later stages of AD might contribute to 

worsened disease outcome (Krabbe et al., 2013; Wendt et al., 2017), but the underlying 

mechanisms are largely unknown. 

Although microglia are generally considered the professional phagocytes of the CNS, 

astrocytes are also competent phagocytic cells with important roles during both health and 

disease (Basak et al., 2012; Chung et al., 2013). In phagocytic cells, phagosomes mature by 

fusing with lysosomes to form highly acidic phagolysosomes and mobilising the 

phagocytosed material for enzymatic degradation. The pH of phagosomal organelles during 

this maturation process is progressively reduced to ~5.5-4.5 (Canton, 2014). To understand 

how Aβ pathology builds up during the disease, a better understanding of Aβ degradation is 

required, including the identification of how different cells and receptors contribute to its 

clearance. Here, to study Aβ phagocytosis by glial cells, I replaced the microbeads in the 

slice assay (see Chapter 4, Figure 4.1) by the fluorescent Aβ derivative AβpH, kindly provided 

by collaborators from Purdue University. This reporter becomes fluorescent at acid pH 

values, and hence upon internalisation into lysosomes, as these provide an acidic 

environment. 

Aβ oligomers are ultimately deposited as extracellular plaques in AD brain, where the 

balance between clearance and deposition determines the progression of amyloid pathology 

(Long and Holtzman, 2019). Given the role of THIK-1 in regulating phagocytosis (Chapter 

4.2), I tested whether THIK-1 affects phagocytosis in vivo in animals depositing Aβ by 

crossing THIK-1 KO with AppNL-G-F mice. I quantified Aβ plaque load in the brain of these 

mice at 4 months of age, and assessed synaptic changes as well as lysosomal load in their 

microglia as a proxy for phagocytic function, both in the presence or absence of THIK-1 

expression. 
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5.2 Microglia and pericytes release ROS in response to Aβ 

In AD, combined production of Aβ oligomers and tau dysfunction are known to cause 

neuronal damage and synaptic loss, which result in cognitive impairment (Long and 

Holtzman, 2019). However, epidemiological data show that vascular factors are important 

contributors to AD risk, and biomarker research has shown that the first change in AD is a 

decrease of cerebral blood flow (Iturria-Medina et al., 2016). In a study from our group to 

which I contributed, pericytes were seen to constrict capillaries both in AppNL-G-F mice and in 

human AD patients with cognitive decline that were depositing Aβ. Furthermore, pericyte 

constriction of human capillaries increased with Aβ burden (Nortley et al., 2019). 

Crucially, Aβ-evoked vasoconstriction was found to require ROS. In rat cortical 

slices, the constriction was blocked by inhibiting all NOX isoforms with diphenyleneiodonium 

or by scavenging with SOD1 the superoxide generated when Aβ activates NOX (Nortley et 

al., 2019). These results suggested the involvement of NOX-mediated ROS generation in 

the Aβ-evoked capillary constriction. Thus, I aimed to quantify changes in oxidative stress 

induced by Aβ exposure and to identify its source. 

Oligomers are the molecular species believed to be responsible for the toxic effects 

of Aβ (Klein et al., 2001; Koffie et al., 2009). Here, Aβ was oligomerised (as per the protocol 

in section 2.3.4) and silver staining of SDS-PAGE gels was used to assess the degree of 

aggregation. The predominant species produced, other than monomers, had a molecular 

weight of 2 to 4 times that of monomers (Figure 5.1A). For the experiments in this section, 

I applied soluble Aβ1-42 at 72 nM (oligomeric plus monomeric, calculated from the monomeric 

molecular weight), which is comparable to the soluble A concentrations found in the post 

mortem brains of AD patients (Roberts et al., 2017). 

To assess changes in oxidative stress in response to A, I employed imaging of the 

ROS sensor dihydroethidium in brain slices, which generates fluorescence when oxidised 

dihydroethidium intercalates into DNA (Figure 5.1B). Dihydroethidium has been widely used 
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to image ROS production by immune cells, both in our group (De Simoni et al., 2008) and by 

others (Park et al., 2017; Wu et al., 2012).  

Exposure to Aβ oligomers for 40 minutes evoked a two-fold increase of ROS 

generation in the brain slices, as assessed by dihydroethidium fluorescence (Figure 5.1C-D). 

Adding superoxide dismutase (SOD1) abolished the Aβ-evoked ROS production 

(Figure 5.1C-D), confirming that the signal was generated by superoxide or a species 

derived from it (Gutteridge, 1985). 

Next, I assessed which cell type generated ROS in response to Aβ. Previous work 

had suggested that ROS can be generated in response to Aβ by microglia (Della Bianca et 

al., 1999) or perivascular macrophages (Park et al., 2017), both of which label for Iba1. 

However, the cells showing the brightest oxidised dihydroethidium fluorescence were 

located on capillaries, had the morphology of pericytes, and labelled for NG2 but not Iba1 

(Figure 5.2A), implying that they are pericytes. I quantified the ROS signal generated in 

regions of interest placed over the nuclei of Iba1-labelled immune cells or NG2-expressing 

cells on capillaries (pericytes), in 6 slices not exposed to Aβ (containing a total of 238 Iba1-

labelled cells and 128 pericytes) and 8 slices exposed to Aβ (containing 270 Iba1-labelled 

cells and 171 pericytes). Aβ significantly increased ROS production in immune Iba1-

expressing cells by a factor of 1.8 (p=0.05) and in pericytes by a factor of 7.3 (p=0.001). 

Taking into account the different numbers and basal ROS production of each cell type 

revealed that Aβ-evoked 6.4-fold more total ROS generation by pericytes than by immune 

cells (Figure 5.2B), at least for these experiments investigating acute application of Aβ. 

To confirm that both pericytes and microglia generate ROS in response to A, in 

brain slices I fluorescently imaged the level of reduced glutathione (GSH), which is 

consumed as it scavenges ROS (GSH and dihydroethidium signals are inversely correlated; 

Won et al., 2015). Aβ (72 nM applied for 40 mins) reduced the GSH level in microglia by 

55% and in pericytes by 20% (p=10-4 and p=0.006, respectively; Figure 5.3). These changes 

cannot be converted to ROS synthesis rates because they will be affected by each cell 
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type’s GSH level and regeneration rate by glutathione reductase, both of which differ 

between cell types (Rojo et al., 2014). 

Given the importance of microglial phagocytosis in AD (Podleśny-Drabiniok et al., 

2020) and having established that Aβ induces oxidative stress in microglia as well as 

pericytes, I tested whether blocking ROS production would affect microglial phagocytosis in 

situ. Using the microbead phagocytosis assay, I found that incubation of the brain slices with 

SOD1 (150 U/ml) for 1.5 hours significantly reduced the fraction of phagocytic microglia by 

19% (from 60.3 ± 4.6% to 48.9 ± 3.1%; p=0.04; Figure 5.4), implying that ROS production 

contributes to phagocytosis. Therefore, Aβ-induced generation of ROS in microglia may 

initially be an adaptative response to increase their phagocytosis of Aβ, although it leads to 

detrimental effects in AD including the described reduction of cerebral blood flow (Nortley et 

al., 2019). 

 

5.3 Microglia and astrocytes phagocytose Aβ peptides in situ  

Next, I studied phagocytosis specifically of Aβ. Common tools to study Aβ 

phagocytosis include Aβ conjugates with non-pH sensitive fluorescent reporters, such as 

FITC (Jones et al., 2013) or Cy5 (Park et al., 2017). However, non-pH-dependent dyes 

contribute to a noisy background that hinders the clear visualisation of phagocytic cells and 

make it difficult to clearly differentiate between membrane-adherent and internalised 

particles. 

I collaborated with Gaurav Chopra’s lab at Purdue University, who had developed 

and characterised a novel pH-sensitive fluorogenic Aβ reporter, AβpH, which I used in proof-

of-principle experiments to investigate Aβ phagocytosis by glial cells in situ. AβpH was 

synthesised by linking a synthetic human Aβ1-42 peptide to the pH-sensitive Protonex Green 

dye (PTXG), which allows intracellular tracking of the probe. AβpH aggregation is similar to 

that of non-conjugated Aβ as demonstrated by atomic force microscopy in vitro (Prakash et 

al., 2021).  
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While other pH-sensitive commercial dyes exist and have been conjugated with Aβ 

(e.g. pHrodo; Haney et al., 2018), our collaborators’ research showed that this PTXG-

conjugate outperforms pHrodo. AβpH exhibits lower background uptake by cells, more 

sustained fluorescence over time and a more acidic pKa of 5.2–5.9. Thus, AβpH exhibits 

increased green fluorescence in the pH range found within acidic lysosomal organelles 

(pH of 4.5–5.5), but not at the extracellular and cytoplasmic physiological pH values of 7.4 

and 7.1, respectively, and is therefore better suited for mechanistic studies (Prakash et al., 

2021). 

To assess phagocytic uptake of AβpH in the hippocampus, I applied 5 µM AβpH (for 1.5 

hours at 35oC) to live rat hippocampal slices. AβpH fluorescence was detected in the AβpH-

exposed slices (Figure 5.5). As expected, blocking phagocytosis with cytochalasin D or 

incubating the slices at 4oC (see Chapter 4, Figure 4.2) greatly reduced the mean AβpH 

fluorescence detected. Specifically, cytochalasin D reduced signal intensity by 57% (p=0.04) 

and cold temperature reduced it by 98% (p=0.01; Figure 5.5). 

To assess which cells were acting as phagocytes, AβpH-exposed brain slices were 

also stained for glial cell-specific markers. Microglia phagocytosed AβpH as seen by the 

localisation of AβpH within the Iba1-positive cells (Figure 5.6A). However, green fluorescence 

signal was seen both within Iba1-positive cells and outside these cells, presumably reflecting 

phagocytic uptake of AβpH by cells other than microglia, such as astrocytes. Indeed, staining 

for GFAP demonstrated internalisation of AβpH within astrocytes (Figure 5.6B). Summing over 

cells, approximately 60% of the internalised AβpH was phagocytosed by microglia and 40% 

by astrocytes (Figure 5.6C). Thus, in hippocampal brain slices, these data suggest that the 

contribution of microglia to the clearance of acutely applied AβpH is more prominent than that 

of astrocytes. 
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5.4 Microglial phagocytosis of Aβ is not affected by THIK-1 

Glial cell responses to Aβ depend critically on disease stage and on their precise 

microenvironment, which determines their cellular state and gene expression profile (Chen 

et al., 2020). Because acute exposure to A (as in the previous two sections) cannot mimic 

the slow increase that occurs over time in vivo, I next studied microglial responses to Aβ in a 

mouse model of AD, the AppNL-G-F knock-in, where amyloid pathology develops gradually 

over months. For the interpretation of the labelling described below, it is important to know 

that the AppNL-G-F knock-in generates A with the human sequence (see section 2.2.4). 

There are several ways to detect endogenous Aβ plaques in fixed brain tissue. 

Thioflavin staining (Figure 5.7A, left) labelled compact, dense plaque cores as expected from 

previous work (Bacskai et al., 2001; Clayton et al., 2021). Immunolabelling for APP 

(Figure 5.7A, centre) was also consistent with previous reports that APP accumulates both in 

neuronal somata and in dystrophic neurites around Aβ plaques (Chidlow et al., 2017; Jordà-

Siquier et al., 2020), as does BACE1 (Sadleir et al., 2016). By contrast, an antibody against 

the N-terminus of human Aβ (clone 82E1) allowed specific detection of Aβ plaques 

generated by the AppNL-G-F knock-in with minimal background labelling elsewhere 

(Figure 5.7A, right), and so was used throughout this study. Of note, this antibody reacts with 

both soluble and fibrillar Aβ, but does not cross react with rodent-endogenous Aβ nor with 

holo-APP (Horikoshi et al., 2004; Saito et al., 2014). 

Amyloid burden increased progressively in AppNL-G-F mice. While no plaques were 

detected in the cortex by Aβ immunolabelling at 1 month of age, some were already present 

at 2.5 months, followed by robust deposition at 4 months and at 11 months (Figure 5.7B). 

This progression with age was consistent with previous reports from this model (Chen et al., 

2020; Saito et al., 2014). For reliable assessment of amyloid pathology (i.e., avoiding 

individual variability at onset but also ceiling effects), 4-month-old mice were used 

throughout this study; 3 to 6 months is a common age range used across studies with this 

model (Aikawa et al., 2019; Clayton et al., 2021; Nortley et al., 2019). At that age, Aβ 
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plaques can be detected across the brain in perfusion-fixed slices from AppNL-G-F mice 

(Figure 5.7C). In the cortex, one of the brain regions with a higher amyloid burden, 5.9% ± 

0.6% of the area was covered by Aβ plaques (significantly higher than in WT mice, p=0.04, 

where coverage was not significantly different from zero, p=0.33; Figure 5.7D). 

Next, I characterised morphological changes in microglia in AppNL-G-F mice by Sholl 

analysis of cells from perfusion-fixed brains. While microglia were highly ramified in WT 

mice, their ramification and size were reduced in AppNL-G-F mice, particularly in microglia 

located at Aβ plaques (Figure 5.8A). The total process length per cell was reduced more 

closer to Aβ plaques. While the total process length was 682.3 ± 31.5 µm in WT microglia, it 

was reduced by 13.4% (to 590.7 ± 29.6 µm) in AppNL-G-F microglia distant from Aβ plaques 

(not significantly different from WT, p=0.07) and by 64.3% (to 243.7 ± 12.6 µm) in AppNL-G-F 

microglia at Aβ plaques (p=10-4; Figure 5.8B). Similarly, process ramification was reduced 

more closer to Aβ plaques, with AppNL-G-F microglia showing less branched processes and 

less branches near the soma compared with WT. Among these cells, microglia at Aβ 

plaques again showed more drastic changes compared with plaque-distant cells (p=10-4; 

Figure 5.8C). Thus, the microglial morphological response to Aβ depends considerably on 

the cells’ local environment and it is the cells which are presumably most exposed to Aβ that 

exhibit the most dramatic morphological changes, while those further away display an 

intermediate phenotype more similar to WT microglia. 

A well-established behaviour of microglia exposed to Aβ accumulation in vivo is their 

clustering and upregulation of CD68-positive lysosomes around Aβ plaques (Medawar et al., 

2019; Parhizkar et al., 2019). In our AppNL-G-F model, this was already obvious at 4 months of 

age (Figure 5.9A) when, as discussed above, widespread plaque deposition occurs. In 

plaque-proximal microglia, engulfment of Aβ inside CD68-positive lysosomes could be 

confirmed by confocal imaging (Figure 5.9B). 

Having established that THIK-1 regulates phagocytosis (Chapter 4), I studied 

whether deletion of THIK-1 would alter Aβ clearance by these activated microglia. For this, I 

crossed AppNL-G-F mice with the THIK-1 KO line and measured the fraction of the microglial 
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area that was covered by CD68 in the absence or presence of THIK-1 expression. The 

percentage area coverage of CD68 (also known as scavenger receptor class D member 1, 

or lysosomal-associated membrane protein 4, LAMP4) is regularly used as an indicator of 

phagocytic activity (Ayata et al., 2018; Filipello et al., 2018; Guillot-Sestier et al., 2015; Liu et 

al., 2020; Medawar et al., 2019), so I hypothesised that CD68 coverage would be lower in 

the THIK-1 KO mice. Both in cortical and hippocampal microglia, CD68 coverage was 

approximately two-fold larger in cells at Aβ plaques than in cells away from plaques (p=10-4), 

highlighting the key role of phagocytosis in the microglial response to Aβ. However, THIK-1 

deletion did not alter lysosomal coverage in either of these two subgroups, either in the 

cortex (Figure 5.10A-B) or in the hippocampus (Figure 5.10C-D). 

To confirm that microglial phagocytosis of Aβ was not affected by THIK-1 expression, 

I assessed Aβ plaque levels in different brain regions: layer 2/3 of the cortex and the CA1 

region of the dorsal hippocampus (which show robust plaque deposition), and the molecular 

layer of the cerebellum and dorsal striatum (which show little plaque deposition; 

Figure 5.11A). The fraction of the area covered by Aβ plaques was not affected by deletion 

of THIK-1 in any of these regions, arguing against a role of THIK-1 in regulating microglial 

phagocytosis of Aβ in 4-month-old AppNL-G-F mice. 

Finally, I assessed synaptic changes in AppNL-G-F mice. Synapse removal by microglia 

occurs in development (Paolicelli et al., 2011; Schafer et al., 2012), during when I had 

already established that it is controlled by THIK-1 (see Chapter 4.3). However, synapse loss 

is also known to occur in AD, where it correlates strongly with cognitive decline (Terry et al., 

1991). Therefore, I used Golgi-Cox staining to study whether THIK-1 deletion altered 

dendritic spines in AppNL-G-F mice, together with BSc student Grace Gillis who helped with 

the analysis under my supervision. 

The spine density in dendrites from CA1 hippocampal neurons was not altered by 

THIK-1 deletion in adult mice in the absence of Aβ pathology (referred to here as “App 

wildtype”, p=0.37; Figure 5.12A-B). This is consistent with data from young mice showing 

that THIK-1 does not induce postsynaptic changes in the healthy brain (see Chapter 4.3, 
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Figures 4.5–4.7). By contrast, in AppNL-G-F mice, spine density in CA1 neurons was increased 

by 12% when THIK-1 was deleted (p=0.02; Figure 5.12C-D). This would be consistent with 

microglia reactivating their synapse removal activity upon Aβ-induced activation (but with 

more focus on postsynaptic spines; see Discussion below), which may not be as effective in 

the absence of THIK-1. 

 

5.5 Discussion 

The work presented in this Chapter addressed the role of Aβ in regulating microglial 

ROS generation, phagocytosis and morphology, and revealed contributions of other cell 

types to ROS generation and phagocytosis. First, I identified both pericytes and microglia as 

key sources of Aβ-induced oxidative stress. Second, incubating brain slices with a 

fluorescent Aβ probe, I found that microglia may outperform astrocytes in phagocytosing Aβ. 

Finally, I studied microglial response to Aβ produced endogenously in vivo. In the AppNL-G-F 

mouse model (where microglia located at Aβ plaques suffer profound morphological and 

functional changes), I found that deletion of THIK-1 did not affect phagocytosis of Aβ, but it 

did modestly increase spine density in CA1 neurons, suggesting that blocking THIK-1 in Aβ-

activated microglia may help reduce synapse loss early in AD. 

As part of my collaboration in a study led by Ross Nortley in our group, I studied 

oxidative stress induced by Aβ oligomers in the rat brain and identified which cells contribute 

to it, i.e., pericytes and microglia. I showed that Aβ induces ROS production (Figure 5.2) and 

depletes reduced glutathione (an antioxidant) in both microglia and pericytes (Figure 5.3), 

consistent with both of these cell types generating ROS. 

I had expected that, in response to A, the main generator of ROS would be 

microglia or macrophages (Della Bianca et al., 1999; Park et al., 2017), but at least for the 

acute application of Aβ that I studied this was not the case. Iba1-expressing microglia and 

macrophages do increase ROS generation when exposed to A (Figure 5.2B), and 

production of ROS might help microglia phagocytose more efficiently, as lowering ROS level 
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with SOD1 reduced phagocytosis in situ in a microbead assay (Figure 5.4). However, the 

significant rise of ROS generation in microglia was dwarfed by the far greater rise generated 

by pericytes (Figure 5.2B). This unexpected dominance of pericytes upon acute exposure to 

Aβ is similar to what has been reported in a peripheral inflammation context, where these 

cells might act as first responders to peripheral immune challenge (Duan et al., 2018). 

Although it cannot be ruled out that microglia might take up dihydroethidium less well 

than pericytes or that the microglial contribution to ROS generation may exceed that of 

pericytes in the chronic scenario where Aβ accumulates slowly in AD, the leading role of 

pericytes described here is also consistent with pharmacological data: a blocker of NOX2 

(expressed in microglia; Zhang et al., 2014) reduced the Aβ-evoked vasoconstriction by 

45%, while a blocker of NOX4 (expressed in pericytes; Kuroda et al., 2014) completely 

abolished it (Nortley et al., 2019). Thus, NOX4 in pericytes seems to be the main generator 

of the ROS involved in the constriction of capillaries after Aβ exposure, at least in the short 

term. 

For these experiments, I used the marker Iba1 to label immune cells as both 

microglia and macrophages express this protein (Zhang et al., 2014). However, it will also be 

interesting to establish the relative contribution of microglia and macrophages to Aβ-evoked 

ROS generation, which will likely depend on Aβ levels in the parenchyma versus the 

bloodstream. Differentiating the contribution of these two cell types would be possible by 

using microglia-specific markers such as TMEM119 (Ruan et al., 2020) or HEXB (Masuda et 

al., 2020a), or markers of border-associated macrophages such as CXCL4 (McKinsey et al., 

2020). Given my results that THIK-1 (see Chapter 4.3, Figure 4.4) and ROS (Figure 5.4) 

both promote phagocytosis, future work should also examine possible links between K+ flux, 

membrane potential and oxidative stress, by assessing ROS levels in Aβ-exposed slices 

incubated with THIK-1 blockers, or in microglia from AppNL-G-F mice expressing or not 

expressing THIK-1. Both K+ flux (Muñoz-Planillo et al., 2013) (mediated by THIK-1 in 

microglia; Madry et al., 2018) and ROS (Cruz et al., 2007) contribute to NLRP3 

inflammasome activation, although they might act independently (Groß et al., 2016). Finally, 
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these experiments raise the question of whether previous work may have wrongly attributed 

ROS generation by pericytes to immune cells (Park et al., 2017). Thus, it will be important to 

ensure that immune cell depletion (e.g. by administration of clodronate liposomes) does not 

alter the pericyte population. 

As a proof-of-concept to study phagocytosis of Aβ in brain slices, I imaged glial 

uptake of Aβ by using the AβpH probe, which exhibits green fluorescence upon internalisation 

into acidic (e.g. lysosomal) organelles of cells. The results confirmed that AβpH can be used 

to visualise phagocytosis in live cells without the use of any Aβ-specific antibodies 

(Figure 5.5). Of note, the probe was internalised by both astrocytes and microglia in rat 

hippocampal slices (Figure 5.6), which is in line with recent evidence demonstrating that 

astrocytes are able to phagocytose synapses (Lee et al., 2021a) and cellular debris 

(Morizawa et al., 2017). 

I found that microglia phagocytose more AβpH than astrocytes (approximately 60% 

and 40% of the AβpH, respectively). The apparent dominance of microglia in phagocytosing 

AβpH was in agreement with experiments performed by our collaborators in several different 

biological model systems including cell lines (human HMC3 cells, and mouse BV2 and N9 

cells), primary cultures and in vivo in the cortex and the retina. Topical application onto the 

mouse somatosensory cortex through a cranial window rendered comparable results (70% 

and 25% of signal within microglia and astrocytes, respectively; Prakash et al., 2021). 

Following stereotaxic injection of AβpH into the mouse somatosensory cortex in vivo, the 

contribution of astrocytes to uptake was already minor at an early time (24 hours post 

injection), and further decreased later (72 hours). Furthermore, microglia in retinal tissues 

engulfed AβpH but no signal was detected in astrocytes (Prakash et al., 2021). 

However, conclusions about the contribution of microglia versus astrocytes should be 

cautious. It is not clear whether their endosomal/lysosomal function is comparable, and the 

degradation rate of engulfed material may differ between both cell types (Lööv et al., 2015; 

Magnus et al., 2002). Because detection will depend critically on how rapidly the internalised 

probe is destroyed by lysosomes, this could affect the detected relative contribution. 
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Taken together, these data identify both microglia and astrocytes as responsible for 

Aβ phagocytosis in the brain, and confirm that AβpH can be used to investigate the 

mechanisms mediating Aβ phagocytosis. Having a tool to assess Aβ uptake and clearance 

in vivo (including in real-time in live mice; Prakash et al., 2021) could contribute significantly 

to understanding the onset of AD. Future work could use AβpH in e.g. Tmem119-tdTomato 

(Ruan et al., 2020), in which the internalised Aβ will show green fluorescence within red 

microglial cells, thus allowing monitoring of Aβ uptake in real time without the need for 

antibodies or fixed tissue staining downstream of the Aβ treatment.  

Finally, I switched to AppNL-G-F mice to analyse microglial responses to long-term 

accumulation of Aβ. In this model, I showed that not all microglia are affected to a similar 

extent by Aβ exposure. Instead, proximity to Aβ plaques controls microglial behaviour and 

cells located at plaques show the most dramatic changes. 

It is known that microglia can readily change their shape and motility upon sensing 

local function or damage related signals (Umpierre and Wu, 2020). Clustering of microglia 

around Aβ plaques has been reported previously in AppNL-G-F (Chen et al., 2020; Saito et al., 

2014) and indeed in other models (Condello et al., 2015; Medawar et al., 2019; Parhizkar et 

al., 2019). By separating cells into separate groups based on their proximity to Aβ plaques, 

I found that both microglial morphology (Figure 5.8) and their phagocytic capacity 

(Figure 5.10) are tightly controlled by the presumed level of Aβ exposure, whereby large 

differences exist between plaque-proximal and plaque-distant cells and the latter represent 

an intermediate phenotype closer to that of WT microglia. This finding is consistent with 

studies on other amyloid-based AD models. In TgCRND8 and 5XFAD transgenic mice, 

changes of microglial ramification and electrophysiology depend upon their proximity to Aβ 

plaques (Plescher et al., 2018; Wendt et al., 2017), and ultrastructural analysis of microglia 

from APP/PSEN1 transgenic mice revealed similar differences in soma size and 

phagocytosis (El Hajj et al., 2019). 

In plaque-associated microglia, lysosomal function (as assessed by the percentage 

area labelled for CD68) was increased (Figure 5.10), suggesting that they attempted to 
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remove Aβ, which could be detected inside their lysosomes (Figure 5.9). Indeed, fibrillar 

material and a larger number of lysosomes can be detected in processes from plaque-

associated microglia by electron microscopy (El Hajj et al., 2019). However, some argue that 

this might merely reflect their increased activation, and that the main role of these cells in AD 

is to remove synapses upon being triggered by Aβ, rather than removing Aβ itself 

(Spangenberg et al., 2016). In agreement with this, while THIK-1 controls phagocytosis (see 

Chapter 4.3), its deletion in AppNL-G-F mice did not affect Aβ burden (Figure 5.11). Despite 

microglial sensitivity to their proximity to Aβ plaques, previous work suggests that plaque 

load is largely independent of microglia (Grathwohl et al., 2009; Olmos-Alonso et al., 2016; 

Spangenberg et al., 2016), arguing against a primary role for microglial phagocytosis in 

plaque removal. 

By contrast, THIK-1 deletion modestly increased the spine density of CA1 neurons in 

AppNL-G-F mice (Figure 5.12). This was not the case in WT mice and is thus consistent with 

microglia resuming their engulfment of synapses when activated by Aβ, and with THIK-1 

being involved in such activity (as in development; see Chapter 4.3, Figure 4.8). These 

results are in agreement with ultrastructural analysis revealing increased encircling of spines 

by microglial processes in APP/PSEN1 transgenic mice (El Hajj et al., 2019). Further, 

depletion of microglia increased spine density in 5XFAD mice (Spangenberg et al., 2016). 

Effects of Aβ on postsynaptic sites are not entirely surprising. As discussed in 

Chapter 4, synaptic pruning in the healthy brain is thought to occur mainly at presynaptic 

rather than postsynaptic sites (Schafer et al., 2012; Weinhard et al., 2018). In postmortem 

brain samples from AD patients, microglia contained more presynaptic material than in 

control brains (Tzioras et al., 2019). However, postsynaptic function might also be 

compromised in the context of AD (Rajendran and Paolicelli, 2018). Removal of postsynaptic 

material by microglia in AD may reflect differential targeting of “eat-me” signals. Remarkably, 

C1q is barely detectable in postsynaptic fractions of healthy brains (Dejanovic et al., 2018), 

where it predominantly associates with the presynapse (Györffy et al., 2018). By contrast, 

C1q levels increased in postsynaptic fractions of brains from AD patients and from tau-
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P301S mice (Dejanovic et al., 2018). In the latter, C1q mainly bound to postsynaptic sites. 

Indeed, the increase in synapse tagging with C1q seen in these mice, which correlated with 

more microglial engulfment, was mainly driven by increased postsynaptic binding (Dejanovic 

et al., 2018). This suggests that, while microglia may use common mechanisms to target 

synapses in development and disease (Hong et al., 2016b), these remain context-

dependent. 

Of note, not all spines are equivalent in terms of microglial pruning. For instance, 

turnover in the mouse hippocampus depends on spine size (Pfeiffer et al., 2018). The 

increase in spine density induced by microglial ablation was accompanied by a reduction in 

mean spine head volume in cortical (Ma et al., 2020) and olfactory bulb neurons (Wallace et 

al., 2020). In fact, microglial depletion led to a relative increase in the number of filopodia 

and long thin spines and a concomitant reduction in the number of mushroom and stubby 

spines (Ma et al., 2020). Consistent with this, microglial pruning is thought to mainly target 

immature long thin spines (indeed, only these increased in number in MHC-II KO mice, 

where microglial phagocytosis was blocked; Pasciuto et al., 2020). Thus, future work should 

examine the effects of THIK-1 expression on specific spine types. By measuring spine 

length, and head and neck volume, spines can be classified according to certain thresholds 

(Risher et al., 2014) or using unbiased cluster analysis (Pfeiffer et al., 2018). However, this 

would require fluorescent labelling of dendrites by either genetic expression of a neuronal 

reporter (e.g. Thy1GFP; Ma et al., 2020) or by DiOlistic labelling of brain slices (Pasciuto et 

al., 2020). While Golgi-Cox staining allows inexpensive and fast imaging and does not 

require specialised equipment or transgenic lines, thinner protrusions or spines above or 

below the dendritic shaft cannot be reliably counted in bright-field images, which might 

contribute to values of spine density often being lower in studies using Golgi-Cox staining 

(~4 spines per 10 µm, similar to my results; e.g. Afroz et al., 2016; Welsh et al., 2020) 

compared to studies using fluorescence (>10 spines per 10 µm; e.g. Pfeiffer et al., 2018; Ye 

et al., 2019). Moreover, spine density is typically higher in studies with cultured cells (e.g. 

Chang et al., 2015; Ferreras et al., 2017; Filipello et al., 2018) and spine morphology is 
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affected by fixation (Tamada et al., 2020), highlighting that minimal tissue disruption is 

required to accurately study these sensitive elements.  

Lastly, synapse loss also depends heavily on proximity to Aβ plaques. In 

APP/PSEN1 transgenic mice, spine turnover was higher than in wildtype controls in 

dendrites near plaques, but unaffected elsewhere (Liebscher et al., 2014). In a different 

APP/PSEN1 line (Koffie et al., 2009) and in AD patients (Koffie et al., 2012), levels of the 

postsynaptic marker PSD95 were most reduced at plaque cores, but recovered to wildtype 

levels as close as 50 µm from the plaques. Thus, it will be crucial to analyse spine counts 

(and how phagocytosis of synapses is affected by THIK-1) away from and near to Aβ 

plaques, where any effects might be more drastic. 
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Figure 5.1. Aβ increased ROS levels in brain slices. 

(A) Silver staining of an SDS-PAGE gel for Aβ1-42 peptides showing formation of oligomers in 

the preparations used. (B) Schematic showing the ROS-mediated oxidation of 

dihydroethidium dye (DHE) to ethidium (and 2-hydroxyethidium, not shown), which can 

intercalate into cellular nucleic acids and allow assessment of ROS level by fluorescence.         

(C) Representative images of DHE-loaded rat cortical slices incubated in control aCSF or 

aCSF containing Aβ1-42 (72 nM) or Aβ1-42 + SOD1 (150 units/ml) for 40 min, showing that Aβ 

increases ROS level (red), and that this is inhibited by SOD1. (D) Fluorescence (normalised 

to value in control) of slices incubated in aCSF (n=6), Aβ1-42 (n=7) or Aβ1-42 + SOD1 (n=6). 

Data shown as mean ± s.e.m. Statistical significance was tested with one-way ANOVA 

followed by Dunn’s post-hoc tests using brain slices as the statistical unit. 
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Figure 5.2. Aβ evoked ROS generation in microglia and pericytes. 

(A) Left: Image of a cortical slice showing that the brightest dihydroethidium (DHE, red) 

signal was detected in cells located on isolectin IB4 (IB4)-labelled blood vessels (yellow 

arrowhead). Right insets: Immunolabelling shows that these cells colocalise with NG2 

(green), but not with Iba1 (cyan), implying that they are pericytes rather than microglia or 

perivascular macrophages. (B) Soma DHE fluorescence (arbitrary units, a.u.) from the 

population of pericytes, or of Iba1-labelled cells, after 40 mins in the absence (n=6 slices) or 

in the presence of Aβ1-42 (8 slices; fluorescence was averaged across 3 image stacks for 

each slice). Data shown as mean ± s.e.m. Statistical significance was tested with Mann-

Whitney tests using brain slices as the statistical unit. 
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Figure 5.3. Aβ depleted reduced glutathione in microglia and pericytes. 

(A) Representative images of microglia (red arrowheads) and pericytes (white arrowheads) 

labelled for GSH (green, right panels) in rat neocortical slices. Top panels: control 

conditions, when microglia show a higher level of GSH than pericytes (note that the pericyte 

nucleus does not label for GSH). Bottom panels: in the presence of 72 nM Aβ1-42, which 

lowers the GSH level in both pericytes and microglia. Yellow dashed lines indicate 

measurement ROIs. (B) Quantification of GSH level for the population of pericytes and 

microglia averaged across 3 images from each slice (control: n=5 slices; Aβ1-42: n=8 slices). 

Data shown as mean ± s.e.m. Statistical significance was tested with Mann-Whitney tests 

using brain slices as the statistical unit. 
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Figure 5.4. Scavenging ROS reduced microglial phagocytosis.  

(A) Representative single plane images of microglia (Iba1, red) in acute hippocampal rat 

slices incubated with 3 µm microbeads (FITC, green), in aCSF in the absence (control) or 

presence of 150 U/ml superoxide dismutase (SOD1). (B) Percentage of microglia that 

phagocytosed microbeads in each condition, showing a reduction by SOD1 (control: n=11 

slices from 3 animals; SOD1: n=12 slices from 3 animals). Data shown as mean ± s.e.m. 

Statistical significance was tested with a Mann-Whitney test using brain slices as the 

statistical unit. 
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Figure 5.5.  AβpH signal was reduced by blocking phagocytosis in rat hippocampal 

slices. 

(A) Representative images of fluorescence detected at 488 nm (green) in slices incubated 

with AβpH in the absence (control) or presence of 10 µM cytochalasin D, or incubated at 4°C.                             

(B) Quantification of mean fluorescence at 488 nm in each condition, showing a sharp 

reduction by cytochalasin D (n=11 slices from 2 animals) and cold temperature (n=5 slices 

from one animal) compared to control (n=9 slices from 2 animals). Data shown as 

mean ± s.e.m. Statistical significance was tested with one-way ANOVA followed by Dunn's 

multiple comparison tests. 
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Figure 5.6. AβpH was phagocytosed by both microglia and astrocytes in situ in rat 

hippocampal slices.  

(A) Representative 2D maximum intensity projection of a confocal z-stack showing microglia 

(red) phagocytosing AβpH (green). A close-up of the indicated cell (yellow square) is shown 

on the right. Orthogonal projections at the level of the crosshairs show internalisation of AβpH 

within the microglial cell. (B) As (A), but showing astrocytes phagocytosing AβpH. 

(C) Quantification of AβpH colocalised with microglia and astrocytes, as defined by Iba1 and 

GFAP staining, respectively. Data shown as mean ± s.e.m., collected from n=20 and 8 slices 

for microglia and astrocytes respectively, from 3 animals.  
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Figure 5.7. Development of Aβ pathology in AppNL-G-F mice. 

(A) Representative images of Aβ staining by thioflavin or by immunolabelling for amyloid 

precursor protein (APP, which accumulates in damaged neurites around plaques) or human 

Aβ generated by the AppNL-G-F knock-in. (B) Representative cortical images from AppNL-G-F 

mice, showing the progressive deposition of Aβ plaques with age. (C) Representative whole-

section sagittal brain slices from WT and AppNL-G-F mice at 4 months of age, showing robust 

deposition of Aβ plaques (green) in different brain areas (but not in the striatum or the 

cerebellum) in AppNL-G-F mice. Nuclei are labelled with DAPI (white) for reference. 

(D) Quantification of the cortical area covered by Aβ plaques in 3 AppNL-G-F mice compared 

with 2 WT mice. Data shown as mean ± s.e.m. Statistical significance was tested with 

Mann-Whitney test using animals as the statistical unit. 
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Figure 5.8. Morphological analysis of microglia in AppNL-G-F mice. 

(A) Representative 3D-reconstructed WT microglia, and AppNL-G-F microglia away from and 

at Aβ plaque in 4-month-old mice. (B-C) Sholl analysis-derived (B) total process length and 

(C) number of process branches at distances (in 5 μm increments) from the cell soma, 

showing a sharp deramification of microglia at plaques (e.g. a 58.7% shorter process tree 

compared to microglia away from plaques or 64.3% shorter compared with WT; n=53 WT 

cells, 28 AppNL-G-F cells away from plaques and 42 cells at plaques from 3 mice). Data shown 

as mean ± s.e.m. Statistical significance was tested with one-way ANOVA followed by 

Dunn’s (B) or two-way ANOVA followed by Sidak’s post-hoc tests for individual comparisons 

(C) using cells as the statistical unit. 
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Figure 5.9. Phagocytosis of Aβ by microglia in AppNL-G-F mice. 

(A) Representative images of hippocampal microglia (Iba1, red) in AppNL-G-F mice at 2.5 (left) 

and 4 months of age (right). At 4 months, when large Aβ plaques (green) have already 

developed, microglia show increased expression of the lysosomal marker CD68 (white) as 

they cluster around them. (B) Microglial cell phagocytosing Aβ in a 4-month-old AppNL-G-F 

mouse. Orthogonal projections at the level of the crosshairs show internalisation of Aβ by 

the microglial cell. Right panels show a closeup of the indicated area (white dashed square) 

to highlight the presence of Aβ within the CD68-positive lysosome. 
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Figure 5.10. CD68 level was increased in AppNL-G-F microglia at Aβ plaques, 

independently of THIK-1 expression. 

(A) Representative images of cortical microglia (Iba1, red) in 4-month-old AppNL-G-F mice that 

were wildtype (WT) or knockout (KO) for THIK-1, showing expression of CD68 (white) in 

cells associated with Aβ (green). (B) Quantification of the fraction of the microglia area 

covered by CD68 in the cortex of 4 THIK-1 WT and 3 THIK-1 KO brains, showing a sharp 

increase in plaque microglia compared to cells away from plaques, but no difference 

between the WT and the KO. (C) As (A), but for hippocampal microglia. (D) As (B), but for 

hippocampal microglia. Data shown as mean ± s.e.m. Statistical significance was tested with 

two-way ANOVA followed by Sidak’s post-hoc tests using animals as the statistical unit. 
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Figure 5.11. THIK-1 deletion did not alter Aβ plaque level in AppNL-G-F brains. 

(A) Representative whole-section sagittal brain slices from 4-month-old AppNL-G-F mice that 

were wildtype (WT) or knockout (KO) for THIK-1 showing Aβ plaques (green). Nuclei were 

labelled with DAPI (white) for reference. Green areas at the edge of tissue regions are 

artefacts resulting from the automated scanner for the image acquisition changing focus, and 

were excluded from the analysis. (B) Quantification of the area covered by Aβ plaques in the 

cortex (layer 2/3), dorsal hippocampus (CA1), cerebellum (molecular layer) and dorsal 

striatum of 4 WT and 3 KO mice, showing no difference between WT and KO in any of these 

regions. Data shown as mean ± s.e.m. Statistical significance was tested with Mann-Whitney 

tests using animals as the statistical unit. 
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Figure 5.12. THIK-1 deletion slightly increased hippocampal spine density in           

AppNL-G-F mice. 

(A) Representative images of Golgi-Cox-stained non-primary apical CA1 dendritic segments 

from 4-month-old mice that were either wildtype (WT) or knockout (KO) for THIK-1, both 

lacking the AppNL-G-F knock-in. Scale bar: 5 μm. (B) Quantification of spine density in the 

analysed dendritic segments, showing no difference between WT and KO mice (n=135 

dendrites from 3 WT mice and 43 dendrites from one KO mouse). (C) As in (A), but for 

AppNL-G-F knock-in mice that were either WT or KO for THIK-1. (D) As (B), but for AppNL-G-F 

mice, showing a small but significant increase in spine density in THIK-1 KO mice compared 

with THIK-1 WT mice (n=166 dendrites from 8 WT mice and 105 dendrites from 4 KO mice). 

Data shown as mean ± s.e.m. Statistical significance was tested with Mann-Whitney tests 

using dendrites as the statistical unit. 
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6. Regulation of microglial Ca2+ signalling 

6.1 Introduction 

The contribution of Ca2+ as a second messenger regulating microglial functions, and 

its source, have been controversial. However, actin polymerisation and the subsequent 

cytoskeletal rearrangements involved in phagocytosis are finely controlled by Ca2+, and rises 

in [Ca2+]i have been reported before and during phagocytic events (Melendez and Tay, 2008; 

Nunes and Demaurex, 2010). For instance, microglial interaction with myelin sheaths (which 

will later be phagocytosed) elevates their [Ca2+]i in zebrafish (Hughes and Appel, 2020). 

Further, the Ca2+ chelator BAPTA reduced formation of phagocytic cups in cultured 

phagocytes, similarly to the effect of the actin inhibitor cytochalasin D (Gronski et al., 2009). 

Here, I aimed to understand the contribution of extracellular versus endoplasmic reticulum-

released Ca2+ to rises in [Ca2+]i underlying phagocytosis. For this, I used the microbead-

based assay presented in previous chapters. 

Phagocytic cells exhibit periodic spontaneous Ca2+ transients as well as stimulus-

evoked [Ca2+]i rises (Brawek and Garaschuk, 2013). In vitro studies have identified a number 

of ligands evoking Ca2+ responses in microglia, including pathology-related substances such 

as LPS and Aβ (Brawek and Garaschuk, 2013). However, these studies were on neonatal 

microglia which become amoeboid under culture conditions, raising questions about the 

relevance of in vitro approaches. Here, I took advantage of a genetically-encoded Ca2+ 

indicator (GECI), GCaMP5g, to visualise changes in [Ca2+]i, as the GCaMP fluorescence 

increases upon binding Ca2+. While all indicators have an intrinsic buffering effect (because 

they bind Ca2+ ions; McMahon and Jackson, 2018), GECIs avoid cell-specificity issues and 

cell dialysis seen with organic Ca2+-sensitive indicators. Further, they allow investigation of 

Ca2+ dynamics in processes, whereas Ca2+-sensitive dyes label mainly somata (Reeves et 

al., 2011). For these reasons, GECI-expressing mouse strains are increasingly used for 
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imaging Ca2+ in microglia. Here, basal and evoked Ca2+ signals were examined in GCaMP-

expressing WT and AppNL-G-F mice. 

 

6.2 Intracellular Ca2+ is required for microglial phagocytosis 

Following interaction with target ligands, microglia form phagocytic cups: a process 

which depends on fine cytoskeletal rearrangements controlled by Ca2+ levels (Melendez and 

Tay, 2008). Preliminary data from our lab, obtained from hippocampal microglia filled with 

the Ca2+ indicator Fluo-4, showed that local Ca2+ transients occur in microglial processes 

which are carrying out phagocytosis (Christian Madry, unpublished). Thus, I aimed to 

establish whether intracellular or extracellular Ca2+ were required for microglial phagocytosis 

of fluorescently-tagged microbeads in acute hippocampal slices from rat brains. Removal of 

external calcium ([CaCl2]o=0) did not significantly affect phagocytosis of the beads (p=0.23). 

However, buffering of intracellular calcium with 50 µM BAPTA-AM (a membrane-permeable 

ester form of BAPTA, which has its ester groups removed by intracellular esterases after it 

enters the cell) reduced phagocytic rate by 74.6% (p=10-3; Figure 6.1). These results 

indicate that Ca2+ is involved in microglial phagocytosis in intact (i.e., non-patch-clamped) 

microglia in brain slices, and suggest that phagocytosis relies upon [Ca2+]i rises originating 

from internal store release rather than membrane influx into microglia from the extracellular 

milieu. 

 

6.3 Block of THIK-1 channels prevents Ca2+ signalling in microglia  

To study the dynamics of Ca2+ signalling in microglia, I used a CreER-loxP system, 

which enables conditional targeting of transgenes by using cell type-specific promoters. 

Here, I took advantage of the fractalkine receptor Cx3cr1 promoter to drive expression of 

CreER and thus expression of the GECI GCaMP5g (and the reporter tdTomato) in immune 

cells. Cre recombinase has been fused to a ligand-binding domain of the estrogen receptor 
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(CreER), which allows temporal control of the gene expression upon dosage with tamoxifen. 

Although estrogen receptor activation by tamoxifen may affect metabolism (Wallen et al., 

2001), gavage administration (120 µg tamoxifen/g body weight) for four consecutive days 

was not toxic and did not alter the weight of the treated animals, which was monitored daily 

(Figure 6.2A). 

Two problems may arise from the use of the Cre-loxP system. First, some leakiness 

(i.e., a certain level of excision of the loxP sites and expression of the fluorescent reporter 

without administration of tamoxifen) has been reported in conditional lines including 

Cx3cr1Cre (Van Hove et al., 2020). This could be due to long lived cell types allowing more 

time for residual CreER-mediated recombination, and/or the fact that the relatively short 

length of the loxP‐flanked STOP cassette is sensitive to recombination by small amounts of 

CreER (Van Hove et al., 2020). However, in the current study no leaky expression of 

GCaMP5g or tdTomato were seen in slices from uninduced animals (Figure 6.2B). 

Another drawback of Cre-loxP systems is the potential for unspecific expression, i.e., 

expression in unwanted cell types (Stifter and Greter, 2020). While this is a considerable 

issue for experiments working with isolated cells (which are likely to change their 

transcriptome and may also lose identifiable features that they would normally have in situ; 

Bohlen et al., 2017), it is less of a concern when imaging cells in situ as in the current study. 

Of note, however, Cx3cr1CreER mice target gene expression to microglia but also other 

immune cells, including macrophages residing in the meninges and perivascular spaces. 

Therefore, I used the tdTomato and transmitted light signals to select cells that did not lie on 

vessels, so as to focus on parenchymal microglia and avoid macrophages. Ca2+ responses 

were calculated (and are shown throughout) as ΔF/F, which represents the change in 

fluorescence intensity (F) at a certain time relative to that at baseline (see 2.9.3 for details) 

and allows for a more reliable comparison across experiments, as changes in indicator 

expression or in fluorescence excitation intensity/detection efficiency are cancelled out 

(Semyanov et al., 2020). 
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First, I studied basal Ca2+ activity in these mice (using a threshold value to exclude 

background noise, see 2.9.3). Microglial somata showed a low frequency of spontaneous 

Ca2+ transients (0.6 ± 0.1 per 300 s; Figure 6.3). I investigated whether blocking THIK-1 

channels would result in reduced Ca2+ activity in microglia, which may provide a mechanism 

for THIK-1-mediated regulation of microglial phagocytosis. When blocking THIK-1 channels 

with 50 µM bupivacaine or 50 µM TPA, the rate decreased to 0.2 ± 0.1 per 300 s (p=0.04) 

and 0 per 300 s (p=0.03), respectively (Figure 6.3). As these drugs both block THIK-1 but 

have other different targets (see Chapter 4), I am assuming that their common effect is 

mediated by THIK-1 block, although an alternative, unknown common target for both of 

these drugs cannot be excluded. 

To study evoked Ca2+ responses in microglia, focal laser lesions were used as a well-

established proxy to trigger a response of microglia to injury, similar to focal ATP application 

mimicking neuronal disruption (Davalos et al., 2005; Haynes et al., 2006; Madry et al., 2018). 

Focal lesions provoke neuronal damage, which acutely increases microglial [Ca2+]i with a low 

latency (0–5 seconds; Eichhoff et al., 2011). Such a Ca2+ rise is due to the activation of 

Gq-coupled purinergic receptors, which activate intracellular IP3-mediated Ca2+ release via 

activation of PLC (Eichhoff et al., 2011). This is a very local response and cells away from 

the lesion do not send out processes or increase their Ca2+ transient rates, so I analysed 

cells at ~30 µm from the lesion site.  

First, I confirmed that lesions induced a robust, rapid (latency ~1 s) Ca2+ rise 

(Figure 6.2C). Following the [Ca2+]i peak, damage led to process outgrowth from nearby 

microglia toward the lesion site (as described by Davalos et al., 2005; Madry et al., 2018). 

A raised level of Ca2+ was detected in the growing processes (Figure 6.2C), suggesting that 

microglial Ca2+ is not only required for the formation of phagocytic cups but is also involved 

in process motility. This is consistent with reports that the start of process movements 

correlates with Ca2+ activity (Umpierre et al., 2020) and that their chemotaxis towards a laser 

ablation site is delayed by a Ca2+ chelator (Pozner et al., 2015). 
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While laser lesions induced consistent Ca2+ responses in untreated microglial 

somata, exposure to 50 µM bupivacaine reduced the peak response amplitude by 52% 

(p=0.03). When treated with 50 µM TPA, the response was abolished (100%; p=10-4; 

Figure 6.4). Added to the data above, this suggests that block of THIK-1 channels prevents 

Ca2+ activity in microglia. Interestingly, bupivacaine greatly reduced both spontaneous and 

evoked Ca2+ activity while TPA effectively abolished both. A stronger effect of TPA might 

indicate a contribution of both two-pore domain and voltage-gated K+ channels, as the latter 

are blocked by TPA but not bupivacaine. Potential mechanistic explanations will be 

discussed in section 6.5. 

 

6.4 Microglial Ca2+ activity is increased by proximity to Aβ plaques 

Various stimuli trigger Ca2+ activity in microglia. Combs et al. (1999) were the first to 

describe, in a primary culture system, that Aβ exposure increases [Ca2+]i in microglia by 

promoting Ca2+ release from internal stores. It must be noted that Ca2+ responses of 

microglia have already been described in AD model mice by Olga Garaschuk’s group, who 

showed that Ca2+ activity increases in activated microglia near plaques and identified its 

dependence upon purinergic signalling (Brawek et al., 2014). However, they used a dye 

indicator, OGB-1, which they electroporated into microglial cells. Organic Ca2+ indicators are 

toxic to cells because they can inhibit the Na+,K+-ATPase, which alters their membrane 

potential, causes swelling and disrupts their metabolism (Smith et al., 2018). By contrast, 

GECIs like the one expressed in our mice are not expected to cause toxicity (Smith et al., 

2018) and allow study of undisturbed microglia (although all Ca2+ indicators will buffer [Ca2+]i 

to some extent). 

In the light of previous work suggesting stark morphological and functional 

differences between microglia near to and away from Aβ plaques (Brawek et al., 2014; 

Plescher et al., 2018; Wendt et al., 2017), I analysed them separately in imaging of AppNL-G-F 

mice, using a distance of >50 µm from the nearest plaque edge (identified as described 
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below) as the defining criterion for plaque-distant microglia. A number of stains have been 

developed to label Aβ plaques in living brain tissue, including thioflavin-S (Bacskai et al., 

2001) and methoxy-XO4 (Klunk et al., 2002). However, issues may arise from insufficient 

penetration into slices, labelling of only some Aβ plaque types or non-selective binding to 

β-sheet motifs of other proteins (Eichhoff et al., 2008; Tejera and Heneka, 2019; Yuan and 

Grutzendler, 2016). Thus, in this study I relied on two intrinsic cues for identification of Aβ 

plaques (and thus of microglia at and away from them). First, I used the fact that Aβ plaques 

are intrinsically fluorescent at both green and red emission wavelengths when two-photon 

illuminated at 920 nm. Plaques were visible in non-tamoxifen-treated AppNL-G-F animals 

(Figure 6.5) and not in WT mice (as shown in Figure 6.2B; note that in the remaining of this 

Chapter, WT refers to Cx3cr1CreER x GCaMP5g-IRES-tdTomato mice, i.e., not expressing 

AppNL-G-F). Second, the characteristic clustering of tdTomato-expressing microglia at Aβ 

plaques (as shown in Chapter 5, Figure 5.9) was also used for confirmation (Figure 6.5). 

In microglial somata, the frequency of Ca2+ transients was higher closer to Aβ 

plaques (Figure 6.6A-B). While WT microglia showed 0.4 ± 0.1 transients per 300 s, in 

AppNL-G-F, microglia away from Aβ plaques showed 1.3 ± 0.2 transients per 300 s (p=0.1 

compared with WT) and microglia at Aβ plaques showed 2.2   0.3 transients per 300 s 

(p=10-4 compared with WT). However, this effect was not seen in the microglial processes, 

where the transient rate remained stable regardless of AppNL-G-F expression (Figure 6.6C-D). 

In these regions, 2.7 ± 0.6 transients per 300 s were detected in WT microglia, compared to 

2.9 ± 0.4 transients per 300 s in AppNL-G-F microglia away from Aβ plaques (p=0.9) and 

2.6 ± 0.2 transients per 300 s in those at Aβ plaques (p=0.9).  

Because of the different behaviour of somata and processes, I did a paired analysis 

for a subset of cells from each group from which I had calculated transient rates in both 

regions (Figure 6.6E). Within a given cell, processes display higher basal Ca2+ activity than 

do somata in WT mice (3.5-fold; p=0.04). This remains true for AppNL-G-F microglia away from 

Aβ plaques (1.9-fold; p=0.02). However, plaque microglia present a similar transient rate in 

processes and somata (p=0.6). In summary, these data suggest that somatic regions are 
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more sensitive to Aβ exposure, which increases their spontaneous Ca2+ activity to levels 

comparable to those seen in processes. By contrast, process Ca2+ transients are more 

frequent and are unaffected by Aβ exposure. 

Next, I aimed to characterise whether and how Aβ affected lesion-evoked Ca2+ 

responses in microglia. As before, laser injury triggered a robust, rapid peak of [Ca2+]i in WT 

microglial somata. However, such a response was impaired in the AppNL-G-F mice 

(Figure 6.7). In AppNL-G-F microglia away from plaques, peak Ca2+ response was reduced by 

29% (p=0.03), and for those at plaques peak Ca2+ response dropped by 78% (p=10-4). 

Together, these data suggest that, while Aβ increases spontaneous Ca2+ activity in 

microglial somata, it renders them less able to mount lesion-evoked responses. In both 

cases, microglia away from Aβ plaques presented an intermediate phenotype between those 

at plaques and their WT counterparts. 

Finally, I investigated two AD-relevant factors that may modulate Ca2+ responses in 

AppNL-G-F microglia: amine transmission and oxidative stress. Noradrenergic (locus 

coeruleus) neurodegeneration is characteristic of AD, and depletion of noradrenaline 

transmission exacerbates pathology in mouse models (Heneka et al., 2006). Noradrenaline 

enhances microglial phagocytosis (Heneka et al., 2010) and controls their surveillance and 

response to injury (Liu et al., 2019; Stowell et al., 2019). Therefore, I studied whether bath 

application of noradrenaline would alter the Ca2+ activity of microglia. 

On the other hand, oxidative stress is exacerbated in AD (Praticò and Sung, 2004). 

In mice, I have shown that exposure to Aβ evokes ROS in microglia (Chapter 5, Figure 5.2) 

as they become more phagocytic (Chapter 5, Figure 5.10). In vitro, there is a cross-talk 

between Ca2+ and ROS levels, whereby a rise of one drives an increase of the other, and 

ROS have been described to trigger endoplasmic reticulum Ca2+ release in culture systems 

(Görlach et al., 2015; Yan et al., 2006). However, evidence from cells in situ is lacking. 

Superoxide dismutase 1 (SOD1, 150 U/ml) scavenges reactive superoxide generated when 

Aβ activates NADPH oxidase (Nortley et al., 2019) and is able to inhibit ROS generation 
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induced by Aβ (Chapter 5, Figure 5.1). Thus, I studied whether using SOD1 to alter ROS 

levels in AppNL-G-F microglia would impact their Ca2+ responses. 

In AppNL-G-F microglia, spontaneous Ca2+ activity was not affected by bath application 

of either noradrenaline or SOD1 (Figure 6.8). For microglia away from Aβ plaques 

(Figure 6.8A-B), 1.3 ± 0.2 transients per 300 s were detected in untreated cells, 0.8 ± 0.4 

transients per 300 s were detected in noradrenaline-treated cells (p=0.2) and 1.7 ± 0.9 per 

300 s in SOD1-treated cells (p=0.9). For microglia at Aβ plaques (Figure 6.8C-D), 2.2 ± 0.3 

transients per 300 s were detected in untreated cells, 1.5 ± 0.4 transients per 300 s were 

detected in noradrenaline-treated cells (p=0.4) and 2.4 ± 0.5 per 300 s in SOD1-treated cells 

(p=0.9). 

Noradrenaline did not affect lesion-evoked Ca2+ responses either: the peak Ca2+ 

response was not statistically significantly different in noradrenaline-treated microglia from 

that of control cells, regardless of whether the cell was distant from (p=0.1; Figure 6.9) or 

located at an Aβ plaque (p=0.3; Figure 6.10). 

Similarly, plaque-located microglia treated with SOD1 did not exhibit statistically 

different Ca2+ responses compared to control cells (p=0.9; Figure 6.10). However, in 

microglia away from Aβ plaques, SOD1 treatment seemed to prevent lesion-evoked Ca2+ 

rises (these cells showed a 99% lower peak Ca2+ response than control cells; p=0.03; 

Figure 6.9). This suggests that ROS could mediate evoked Ca2+ signals in microglia, but in a 

manner depending on Aβ levels, assuming these to be higher nearer plaques. 

 

6.5 Discussion 

The work presented in this Chapter addressed the role of Ca2+ in microglial 

phagocytosis and identified factors that regulate Ca2+ dynamics in these cells. First, by using 

a microbead-based assay and pharmacology, Ca2+ release from intracellular stores was 

identified as important for phagocytosis. Second, using GCaMP reporter mice, THIK-1 

channel block was found to inhibit Ca2+ signalling in these cells both under baseline 
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conditions and upon lesioning. Further, in mice crossed with the AD model AppNL-G-F, 

proximity to Aβ plaques was found to increase the Ca2+ activity of microglial somata, which 

are less active than processes in the absence of amyloid pathology. 

Microglial Ca2+ dynamics are key for phagocytosis. In cultured phagocytes, chelating 

or removing extracellular Ca2+, or depleting Ca2+ stores with thapsigargin (which blocks Ca2+ 

pumping into the endoplasmic reticulum) all reduced uptake of apoptotic cells (Gronski et al., 

2009). This suggests that both sources of Ca2+ are likely to play a role in phagocytosis, at 

least in vitro, and supports the view that entry of extracellular Ca2+ helps replenish depleted 

stores.  

However, this might change in situ, where intracellular Ca2+ seems to play a larger 

role. The microbead assay data presented here suggests that intracellular store-mediated 

Ca2+ release, rather than extracellular entry, is responsible for the increases in [Ca2+]i 

required for phagocytosis (Figure 6.1). This is consistent with previous reports showing that 

chelating intracellular Ca2+ with BAPTA-AM reduced Ca2+ activity of microglia (Pozner et al., 

2015) and depleting intracellular Ca2+ stores with thapsigargin blocked damage-induced 

Ca2+ transients (Eichhoff et al., 2011). The requirement for internal calcium for phagocytosis 

is also in line with the fact that P2Y6, a well-known receptor mediating phagocytosis, triggers 

IP3-dependent Ca2+ release from internal stores (Koizumi et al., 2007). In AD model mice, 

Ca2+ activity also relies on purinergic signalling and intracellular release of Ca2+ as both the 

P2 receptor antagonist pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS) and 

cyclopiazonic acid (which blocks endoplasmic reticulum Ca2+-ATPases) abolished basal 

transients in vivo (Brawek et al., 2014). Of note, however, off-target effects of BAPTA-AM 

cannot be ruled out (Brawek and Garaschuk, 2013) and indeed preliminary data from our lab 

suggest that THIK-1 currents are reduced in presence of BAPTA-AM (Christian Madry, 

unpublished). Further, topically applied BAPTA-AM reduced the process movement speed of 

LPS-primed microglia in vivo (Pozner et al., 2015), which would be consistent with an effect 

on THIK-1. Because blocking THIK-1 inhibits phagocytosis (see Chapter 4.2, Figure 4.4), 

BAPTA-AM could be reducing phagocytic rate, at least in part, by acting on THIK-1. Thus, 
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future work should seek to better dissect the contributions of K+ and Ca2+, and specifically 

understand whether the effects of THIK-1 blockers and Ca2+ chelators on phagocytosis are 

additive, synergistic or independent, as well as whether BAPTA-AM reduces phagocytosis in 

THIK-1 KO microglia. 

In contrast to data from in vitro preparations, microglia in situ present spontaneous 

Ca2+ transients much less frequently (Brawek et al., 2014; Eichhoff et al., 2011; Pozner et 

al., 2015; Umpierre et al., 2020). Compared to other cells (like neurons or astrocytes, where 

~100% or ~80% of the population respectively show basal Ca2+ activity; Eichhoff et al., 

2011), basal Ca2+ activity is rare in microglia in situ. While early in vitro work seemed to 

suggest that Ca2+ signalling was widespread in these cells, in vivo experiments on dye-

electroporated microglia showed only ~20% of them displayed transients over 15 minutes 

(Eichhoff et al., 2011), and a later study using GECI-expressing microglia found only ~4% of 

cells were active over 20 min (Pozner et al., 2015). This suggests that activation of microglia 

(which is arguably higher in electroporated versus intact GECI-expressing cells, and even 

higher in culture) enhances their Ca2+ responses. 

The average basal Ca2+ activity rate for untreated microglia in this study was 0.13 

transients/min (Figure 6.3), which is similar to previous work (e.g. 0.17 transients/min in vivo 

in adult mice; Brawek et al., 2014). Comparing figures across studies would be 

inappropriate, however, as no estimate is fully correct. For instance, most studies (including 

the present one) image single focal planes rather than z-stacks. While 3D imaging would 

provide additional information, single-plane imaging is widely deemed more reliable: z-stack 

scanning impedes detection of rapid events (because it reduces scanning speed). In 

addition, signal from deeper frames would not be comparable (in intensity) to that from more 

superficial frames within a stack (Semyanov et al., 2020). However, single-plane scanning 

does mean that some events fail to be detected, particularly in out-of-focus processes, which 

could be relevant particularly considering the higher Ca2+ activity of processes (Figure 6.6E). 

Thus, an absolute estimate of Ca2+ transient rates in microglia cannot easily be accurately 

established. 
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On the other hand, as mentioned, different experimental conditions might artifactually 

increase Ca2+ activity in setups that provoke microglial activation. Tissue heating, which can 

also alter glial Ca2+ signals (Schmidt and Oheim, 2020), was reduced in this study by limiting 

the laser intensity and imaging in short sessions. However, other factors will inevitably 

modify microglial behaviour, particularly in slice work. Brain slicing not only damages 

microglia and induces their activation, but also disrupts long-range neuronal connections 

(decreasing neuronal activity: Umpierre et al., 2020). Both could contribute to artifactually 

increasing Ca2+ activity, compared to in vivo. Even in vivo, acute window protocols lead to 

higher process Ca2+ activity than chronic windows (Umpierre et al., 2020), which is thought 

to reflect microglial activation following craniotomy (Xu et al., 2007). Therefore, for a better 

estimate of microglial Ca2+ activity under physiological conditions, future work should 

preferably use chronic window in vivo imaging of GECI reporter mice. 

This work, suggesting a higher rate of Ca2+ transients in microglial processes versus 

in somata (Figure 6.6E), adds to previous studies suggesting that glial Ca2+ is finely 

regulated across the cell (Semyanov et al., 2020). Again, differences in Ca2+ activity between 

cell compartments might also differ ex vivo versus in vivo. For example, astrocytic Ca2+ 

fluctuations are larger in cell microdomains in brain slices, but differences narrow in vivo 

(Srinivasan et al., 2015). This may suggest that cell processes are more sensitive to damage 

(e.g. from slicing), highlighting their functional relevance, which could explain the increased 

basal rate of Ca2+ activity that I detected in microglial processes compared to somata when 

imaging cells in brain slices. 

Block of THIK-1 channels prevented Ca2+ activity in microglia. Because the main 

route for extracellular Ca2+ entry into microglia is via ligand-gated Ca2+-permeable receptors, 

hyperpolarisation is thought to control Ca2+ response coupling in microglia (Laprell et al., 

2021). This could explain how blocking THIK-1 channels, which depolarises the microglial 

membrane voltage (Madry et al., 2018), reduces Ca2+ rises. However, it would not be 

consistent with most Ca2+ coming from intracellular stores, as the plasma membrane voltage 

will not affect the driving force for IP3-mediated store release. Only if THIK-1 channels were 
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also present in intracellular membranes (e.g. those forming the endoplasmic reticulum), 

would the voltage of these internal compartments become more negative relative to the 

cytoplasm when blocking THIK-1 and would that decrease the driving force for Ca2+ release. 

Nevertheless, it is not known whether THIK-1 channels are also expressed on the internal 

membranes of microglia, and the scant evidence available to date indicates that THIK-1 

channels are targeted to the outer rather than internal membranes in transfected MDCK and 

HeLa cells (Chatelain et al., 2013; Renigunta et al., 2014). 

Alternatively, TPA and bupivacaine could be blocking Ca2+ activity by acting on other 

two-pore domain K+ channels expressed by microglia, such as THIK-2 (Kcnk12) or TWIK-2 

(Kcnk6), which transcriptome data suggest are present in the cell (Zhang et al., 2014). 

TWIK-2 is not inhibited by bupivacaine (Chavez et al., 1999), which in this study also 

reduced microglial Ca2+ activity, so it is unlikely to be the target. However, THIK-2 is 

trafficked to the endoplasmic membrane in transfected cells (Chatelain et al., 2013; 

Renigunta et al., 2014), so blocking it could conceivably reduce Ca2+ release from 

intracellular stores and explain the observed reduction in Ca2+ activity. To confirm this, it will 

be important to: (i) establish which two-pore domain K+ channels are expressed in internal 

membranes in microglia, and (ii) dissect the precise contribution of each channel to 

regulating microglial Ca2+ activity, e.g. by crossing the Cx3cr1CreER x GCaMP5g-IRES-

tdTomato mice to our THIK-1 KO strain and repeating the performed experiments as a first 

approximation. 

Perhaps surprisingly, isoflurane reportedly increases microglial Ca2+ activity in vivo 

(Umpierre et al., 2020). Although isoflurane blocks THIK-1 currents (Madry et al., 2018) and 

would thus be expected to decrease Ca2+ activity according to the data presented here, 

additional effects could arise in vivo with isoflurane decreasing noradrenaline release, 

increasing cerebral blood flow and affecting neuronal activity (Umpierre et al., 2020). The 

bimodal response of microglia to neuronal activity shows that they can sense any deviation 

from homeostatic activity, but the receptors underlying this remain unclear. While the raised 

[Ca2+]i when neuronal activity is enhanced is likely due to purinergic signalling (Eichhoff et 
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al., 2011), the receptors mediating Ca2+ signals when neuronal activity is decreased remain 

to be identified. 

During AD, intracellular Ca2+ signals are profoundly dysregulated, but robust 

evidence from undisturbed microglia and a precise understanding of the underlying 

mechanisms are lacking (Brawek and Garaschuk, 2014). Contrary to previous work where 

basal transient rate was found to be unchanged in AD model mice (Brawek et al., 2014), I 

found an increase in microglia close to Aβ plaques (Figure 6.6). Importantly, my data 

suggest that proximity to plaques increases spontaneous Ca2+ transient rate specifically in 

microglial somata, while processes are not affected. This could be due to processes already 

being activated upon brain slicing, as discussed, which might override the effect of Aβ such 

that they exhibit increased basal Ca2+ activity regardless of Aβ exposure. Similarly, it is 

possible that microglial activation caused by Ca2+-sensitive dye electroporation in Brawek et 

al. (2014) masked the effects of Aβ on microglial somata, which the present study did detect.  

Overall, my data suggest that basal Ca2+ activity changes near Aβ plaques, around 

which the Aβ concentration is presumably the highest, such that spontaneous activity is 

raised by proximity to plaques (Figure 6.6) but evoked responses are reduced (Figure 6.7). 

In Brawek et al. (2014), microglia away from plaques presented a non-activated morphology, 

which is consistent with the Aβ concentration being lower away from plaques, and with Aβ 

effects being dose-dependent. Of note, the size of the detected spontaneous transients did 

vary between microglia near and away from plaques in that study, suggesting that the level 

of Aβ exposure or proximity to plaques might affect the magnitude of Ca2+ responses. 

Specifically, the size of Ca2+ transients was reduced by a third in plaque-proximal microglia, 

compared to ramified cells away from plaques (Brawek et al., 2014). If Aβ-activated 

microglia are unable to mount large responses, that might explain why these cells show 

impaired responses to ATP application or laser injury, even though they manage to exhibit a 

baseline of smaller periodic transients when not responding to injury. In line with this, 

chemotaxis towards ATP was impaired in activated, Aβ plaque-proximal microglia (Brawek 
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et al., 2014), suggesting that Ca2+ rises evoked by injury might be reduced in these cells, 

although they did not examine this. 

Two substances related to AD pathogenesis were investigated here as potential 

factors regulating microglial Ca2+ activity: noradrenaline and ROS.  

Noradrenaline controls microglial surveillance and interaction with spines (Liu et al., 

2019; Stowell et al., 2019). It also stimulates Aβ phagocytosis by microglia in vitro, while its 

depletion in vivo (which occurs in AD patients) increased Aβ1-42 levels in the brain of AD 

model mice (Heneka et al., 2010). This effect on phagocytosis may conceivably arise from 

noradrenaline acting on microglial α1 receptors (but see below) and thus raising [Ca2+]i by 

Gq-mediated signalling and enhancing phagocytosis. Given the importance of microglial 

phagocytosis of both synaptic elements and Aβ in AD, a process in which Ca2+ plays a key 

role, I studied whether noradrenaline application would affect microglial Ca2+ activity in 

GCaMP-expressing AppNL-G-F mice, either basally or upon lesioning. 

In unstimulated microglia, noradrenaline acts on the predominantly expressed β2 

receptors (Gyoneva and Traynelis, 2013), which are Gs-coupled, so simplistically no Ca2+ 

change would be expected. Expression of α1 receptors is negligible in unstimulated microglia 

(Zhang et al., 2014). By contrast, microglial activation by LPS leads to a switch towards 

expression of α2A receptors (Gyoneva and Traynelis, 2013). Similarly, their activation by Aβ 

may induce expression of Gq-coupled α1 receptors and thus increase [Ca2+]i. However, no 

effect of noradrenaline was found in AppNL-G-F mice (Figures 6.8–10), suggesting that, in our 

model, Aβ-activated microglia, like non-stimulated microglia (Gyoneva and Traynelis, 2013; 

Zhang et al., 2014), do not express Gq-coupled α1 receptors and thus exposure to 

noradrenaline does not affect [Ca2+]i. More studies will need to be done analysing whether 

noradrenaline triggers changes of microglial [Ca2+]i in vivo, and if so through which 

receptors. 

Finally, I hypothesised that the effect of Aβ plaque proximity increasing the Ca2+ 

activity of microglia (Figure 6.6) could be mediated by ROS. This would be consistent with 

my data suggesting that Aβ oligomers induce ROS production in microglia (Chapter 5, 
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Figure 5.2), and with reports that ROS trigger Ca2+ release from internal stores in isolated 

cells (Görlach et al., 2015; Yan et al., 2006). Modulation of Ca2+ release by ROS-mediated 

oxidation of the IP3 receptor may provide a mechanism (Bánsághi et al., 2014). If Aβ-evoked 

changes in microglial Ca2+ activity were mediated by ROS, SOD1 could prevent them by 

lowering ROS in microglia and thus rescue responses to WT levels. However, in microglia at 

Aβ plaques, no effect of SOD1 was found (Figure 6.10). This may be due to a number of 

reasons, including: (i) the fact that evoked responses of plaque microglia are already very 

small in control conditions, (ii) a poorer penetration of SOD1 (a relatively large, 32 kDa 

homodimer) into plaque areas, or (iii) Aβ levels being too high at plaques for SOD1 to 

achieve superoxide elimination effectively. 

On the other hand, I found that the effect of superoxide elimination with SOD1 

affected evoked Ca2+ response on AppNL-G-F microglia away from Aβ plaques. Contrary to 

what was expected, SOD1 exacerbated the loss of evoked Ca2+ responses in these cells 

(Figure 6.9). Overall, these data suggest that oxidative stress may contribute to Ca2+ 

responses in AppNL-G-F microglia away from Aβ plaques, but that the role of ROS is likely 

more complex and possibly involves other species including H2O2 (the levels of which are 

increased as superoxide is removed by SOD1). For instance, H2O2 is damaging and triggers 

inflammatory responses in macrophages (Kim et al., 2008). To better understand the 

contributions of ROS species, future work should test the direct effect of H2O2 and of 

inhibiting NADPH oxidase with diphenyleneiodonium (DPI; Nortley et al., 2019) on microglial 

Ca2+ responses.  
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Figure 6.1. Ca2+ was required for microglial phagocytosis.  

(A) Representative single plane images of microglia (Iba1, red) in acute hippocampal rat 

slices incubated with 3 µm microbeads (FITC, green), in aCSF with 2 mM CaCl2 (control), no 

external CaCl2 ([CaCl2]=0) or 50 µM BAPTA-AM with 2 mM CaCl2. (B) Percentage of 

microglia that phagocytosed microbeads in each condition, showing a significant reduction 

by chelating intracellular Ca2+ with BAPTA-AM (3 slices from 2 animals per condition). Data 

shown as mean ± s.e.m. Statistical significance was tested with one-way ANOVA followed 

by Dunn's multiple comparison tests. 
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Figure 6.2. Microglia expressed fluorescent reporters and responded to laser damage. 

(A) Tamoxifen administration did not provoke weight change in the treated animals 

(mean ± s.e.m. shown). (B) Non tamoxifen-induced microglia presented very low leak 

expression of GCaMP (yellow) and tdTomato (red). Images were taken with the same 

excitation and emission settings as panel (C). (C) Tamoxifen-induced microglia expressed 

GCaMP and tdTomato. When exposed to an acute laser injury (star in the transmitted light 

channel, T-PMT), tdTomato-labelled microglia responded very rapidly (less than 1 s) with a 

transient rise of their intracellular calcium level, as detected by GCaMP (yellow arrowhead). 

Subsequently, they sent out processes that converged at the injury site on a slower 

timescale (red arrowhead). Times shown indicate seconds before or after the laser ablation. 
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Figure 6.3. Spontaneous microglial Ca2+ activity was reduced by THIK-1 channel 

block. 

(A) Representative traces showing rare spontaneous Ca2+ transients (red arrowhead) in 

control microglial somata as measured by GCaMP fluorescence changes (ΔF/F), which are 

abolished in the presence of 50 µM bupivacaine (BV) or 50 µM tetrapentylammonium (TPA).        

(B) Quantification of spontaneous Ca2+ transient frequency, showing a significant reduction 

by BV (n=22 from 4 mice; p=0.04) and TPA (n=6 from 3 mice; p=0.03) compared to control 

somata (n=47 from 8 mice). Data shown as mean ± s.e.m. Statistical significance was tested 

with one-way ANOVA followed by Dunn's multiple comparison tests. 
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Figure 6.4. Lesion-induced microglial Ca2+ rises were reduced by THIK-1 channel 

block. 

(A) Representative microglial cell (tdTomato, red) incubated in control aCSF (control), 50 µM 

bupivacaine (BV) or 50 µM tetrapentylammonium (TPA). Laser lesion-evoked Ca2+ rises are 

measured by GCaMP fluorescence changes (ΔF/F shown at peak). (B) Quantification of 

somatic [Ca2+]i levels over time (ΔF/F) showing their increase upon laser lesion (vertical 

dashed line). Both BV (n=25 from 4 mice; p=0.03) and TPA (n=13 from 3 mice; p=10-4) 

significantly reduced the lesion-induced [Ca2+]i rise compared to control microglia (n=56 from 

8 mice). Data shown as mean ± s.e.m. Statistical significance was tested with one-way 

ANOVA followed by Dunn's multiple comparison tests. 
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Figure 6.5. Identification of Aβ plaques.  

(A) Non tamoxifen-induced AppNL-G-F animals presented low leak fluorescence both from 

GCaMP (yellow) and tdTomato (red). However, Aβ plaques are autofluorescent at 920 nm, 

which allowed their identification. (B) In tamoxifen-induced animals, autofluorescence of Aβ 

plaques remained. Additionally, microglia expressed TdTomato and GCaMP as intended, 

which allowed further confirmation of plaques by checking for microglial clustering.  
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Figure 6.6. Spontaneous Ca2+ activity in microglial somata was increased near Aβ 

plaques. 

(A) Representative traces showing spontaneous Ca2+ transients (red arrowheads) in 

microglial somata from wildtype (WT) and AppNL-G-F mice at, or >50µm away from, Aβ 

plaques. (B) Quantification of spontaneous Ca2+ transient frequency, showing an increase 

closer to Aβ plaques (WT: n=27 somata from 5 mice; AppNL-G-F away from plaques: n=56 

somata from 8 mice; AppNL-G-F at plaques: n=43 somata from 8 mice).  (C) As (A), but for 

processes. (D) As (B), but for processes, showing no effect of Aβ status (WT: n=11 

processes from 3 mice; AppNL-G-F away from plaques: n=42 processes from 6 mice; AppNL-G-F 

at plaques: n=34 processes from 6 mice). (E) Pair-matched comparisons between process 

and somatic Ca2+ transient rate, showing that for a given microglial cell, spontaneous Ca2+ 

activity was higher in processes in WT (n=9 cells from 3 mice) and AppNL-G-F microglia away 

from plaques (n=18 cells from 6 mice) but not in microglia at Aβ plaques (n=19 cells from 6 

mice). Data shown as mean ± s.e.m. Statistical significance was tested with one-way 

ANOVA followed by Dunn's multiple comparison tests (B, D) or two-tailed Wilcoxon 

matched-pairs signed rank tests (E). 
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Figure 6.7. Lesion-induced microglial Ca2+ rises were reduced near Aβ plaques. 

(A) Representative microglia (tdTomato, red) from wildtype (WT) and AppNL-G-F mice at Aβ 

plaques or away (>50µm) from plaques. Laser lesion-evoked Ca2+ rises are measured by 

GCaMP fluorescence changes (ΔF/F shown at peak). (B) Quantification of somatic [Ca2+]i 

levels over time (ΔF/F) showing their increase upon laser lesion (vertical dashed line). 

AppNL-G-F microglia, both at (n=54 from 8 mice; p= 10-4) and away from Aβ plaques (n=52 

from 8 mice; p=0.03), showed a significantly reduced lesion-induced [Ca2+]i rise compared to 

WT microglia (n=56 from 5 mice). Data shown as mean ± s.e.m. Statistical significance was 

tested with one-way ANOVA followed by Dunn's multiple comparison tests.  
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Figure 6.8. Spontaneous microglial Ca2+ activity in AppNL-G-F microglia was not affected 

by noradrenaline or superoxide dismutase. 

(A) Representative traces showing spontaneous Ca2+ transients (red arrowheads) in somata 

of AppNL-G-F microglia >50µm away from Aβ plaques, as measured by GCaMP fluorescence 

changes (ΔF/F), in control aCSF (control) or in the presence of 15 µM noradrenaline (NA) or 

150 U/ml superoxide dismutase (SOD1). (B) Quantification of spontaneous Ca2+ transient 

frequency, showing no effect of NA (n=15 from 5 mice) or SOD1 (n=8 from 3 mice) 

compared to control somata (n=43 from 8 mice). (C) As (A), but for microglia at Aβ plaques. 

(D) As (B), but for microglia at Aβ plaques, showing no effect of NA (n=9 from 5 mice) or 

SOD1 (n=7 from 3 mice) compared to control somata (n=56 from 8 mice). Data shown as 

mean ± s.e.m. Statistical significance was tested with one-way ANOVA followed by Dunn's 

multiple comparison tests. 
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Figure 6.9. Lesion-induced Ca2+ rises in AppNL-G-F microglia away from Aβ plaques 

were reduced by superoxide dismutase. 

(A) Representative AppNL-G-F microglia (tdTomato, red) >50µm away from Aβ plaques, in 

control aCSF (control) or in the presence of 15 µM noradrenaline (NA) or 150 U/ml 

superoxide dismutase (SOD1). Laser lesion-evoked Ca2+ rises are measured by GCaMP 

fluorescence changes (ΔF/F shown at peak). (B) Quantification of somatic [Ca2+]i levels over 

time (ΔF/F) showing their increase upon laser lesion (vertical dashed line). SOD1 reduced 

the lesion-induced [Ca2+]i rise (n=7 from 3 mice; p=0.03) compared to control cells (n=52 

from 8 mice). NA did not have a significant effect (n=9 from 5 mice; p=0.1). Data shown as 

mean ± s.e.m. Statistical significance was tested with one-way ANOVA followed by Dunn's 

multiple comparison tests.  
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Figure 6.10. Lesion-induced Ca2+ rises in AppNL-G-F microglia at Aβ plaques were not 

affected by noradrenaline or superoxide dismutase. 

(A) Representative AppNL-G-F microglia (tdTomato, red) at Aβ plaques, in control aCSF 

(control) or in the presence of 15 µM noradrenaline (NA) or 150 U/ml superoxide dismutase 

(SOD1). Laser lesion-evoked Ca2+ rises are measured by GCaMP fluorescence changes 

(ΔF/F shown at peak). (B) Quantification of somatic [Ca2+]i levels over time (ΔF/F) showing 

their increase upon laser lesion (vertical dashed line). Neither NA (n=19 from 5 mice; p=0.3) 

nor SOD1 (n=8 from 3 mice; p=0.9) altered the lesion-induced [Ca2+]i rise, compared to 

control cells (n=54 from 8 mice). Data shown as mean ± s.e.m. Statistical significance was 

tested with one-way ANOVA followed by Dunn's multiple comparison tests.  

A

B

GCaMP

tdTomato

10 µm

-2 0 -1 0 0 1 0 2 0 3 0 4 0

0 .0

0 .5

1 .0

1 .5

tim e  fro m  la s e r le s io n  (s )


F

/F

S O D 1  (n = 8 )

C o n tro l (n = 5 4 )

N A  (n= 1 9 )

Control NA SOD1



166 
 

 

 

“Don't adventures ever have an end?                  

I suppose not. Someone else always has to carry on 

the story. Well, it can’t be helped. I wonder if it’s any 

good trying to finish my book?” 

 

J.R.R. Tolkien, The Lord of the Rings (1954) 
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7. Discussion and perspectives 

7.1 Introduction 

The work presented in this thesis contributes to advancing our knowledge of 

microglia and their interaction with their environment in physiological and pathological 

scenarios. The results presented in each chapter have been discussed in the respective 

chapter discussions. In this final chapter, I will put my PhD work in perspective and discuss 

how it relates to recent developments, emerging views and ongoing challenges in the field, 

while discussing further research that could extend the presented findings. 

 

7.2 An updated view of synapse pruning 

Seminal observations by Blinzinger and Kreutzberg (1968) implicated microglia in 

synaptic pruning, a process postulated as a global mechanism for circuit stabilisation and 

refinement (Changeux and Danchin, 1976). Most synapses in the neonatal mouse are 

glutamatergic and these are preferentially contacted and engulfed by microglia (Lee et al., 

2021a; Wan et al., 2020). By contrast, regulation of inhibitory synapses by microglia is 

thought not to involve phagocytosis. Instead, microglial processes physically displace 

GABAergic inputs surrounding neuronal somata (Chen et al., 2014) and regulate the 

strength of glycinergic synapses in the spinal cord by altering synaptic trapping of glycine 

receptors as they diffuse in the plasma membrane (Cantaut-Belarif et al., 2017).  

There is a fine balance between "eat-me" and "don't-eat-me" signals controlling 

microglial removal of synapses, but whether specific synapses are tagged for elimination by 

microglia remains unknown (Bartels et al., 2020). The data presented in Chapter 4 indicate 

that microglial removal of excitatory synapses is mainly by engulfing presynaptic material in 

the developing brain, while data in Chapter 5 imply that removal of postsynaptic structures 

could also occur in disease. Molecules involved in synaptic tagging during development, like 
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C1q or C3, may mediate the reactivation of microglial removal of synapses in disease 

(Dejanovic et al., 2018; Gratuze et al., 2020; Wu et al., 2019). As discussed in section 5.5, 

targeting and engulfment of postsynaptic material could be context-dependent and take 

place in disease even though they may not occur in development. 

Despite microglia traditionally being thought to act by removing redundant synapses 

(e.g. Paolicelli et al., 2011), new evidence supports a more complex model where microglial 

effects on synapses are a combined result of partial phagocytosis of presynaptic terminals 

and remodelling of postsynaptic terminals (the latter will be discussed in detail in the next 

section). Using correlative light and electron microscopy of organotypic hippocampal 

cultures, most microglia-synapse contacts were found to comprise apposition rather than 

complete encapsulation (Weinhard et al., 2018). The process might be more passive than 

previously thought, whereby synaptic material is partially phagocytosed by sinking into 

microglial invaginations to be degraded in a process termed “trogocytosis” (“trogo-” for 

nibbling; Weinhard et al., 2018). 

The results presented describe a role for THIK-1 K+ channels in controlling microglial 

phagocytosis of synapses, such that the absence or pharmacological block of these 

channels leads to an increase in the numbers of synapses that remain in the rodent or 

human brain (see Chapter 4). However, phagocytosis does not occur in isolation from 

process motility, and it is possible that the observed regulation of phagocytosis by THIK-1 is 

a consequence, at least partly, of the increased process ramification and hence surveillance 

that it promotes (see Chapter 3).  

Interestingly, P2Y12 receptor signalling mediates recruitment of microglia to 

synapses, and synapse engulfment induced by sensory deprivation is prevented in P2Y12 

KO microglia (Sipe et al., 2016). This may reflect downstream activation of THIK-1 by P2Y12 

(Madry et al., 2018) being absent in the P2Y12 KO, as my results indicate that THIK-1 

controls microglial uptake of synaptic material. Future work could examine whether 

downstream activation of THIK-1 may underlie other effects attributed to P2Y12, such as the 
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control of microglial interaction with neuronal somata in the cortex (Cserép et al., 2020b) or 

their engulfment of myelinated axons in the spinal cord (Maeda et al., 2010). 

 

7.3 Microglial interaction with neurons 

Microglia interact with neurons at different spatial scales. These include both direct 

membrane-membrane contact and interactions via intermediate cells and released soluble 

factors (Cserép et al., 2020a). As THIK-1 channels (like TREM2 receptors; Liu et al., 2020) 

regulate not only microglial process motility and phagocytosis (see Chapters 3 and 4) but 

also cytokine release (Madry et al., 2018), they are particularly suited to regulate microglial 

interactions with neurons. 

Upon such interactions, microglia can promote not just removal (as discussed in the 

previous section) but also formation of synapses. The synapse remodelling rate depends on 

brain area, spine type (Pfeiffer et al., 2018; Trachtenberg et al., 2002) and preparation (Xu et 

al., 2007). In the mouse cortex, most spines have a very slow turnover and persist for 

months or years (Grutzendler et al., 2002). By contrast, spines of hippocampal neurons may 

turn over completely in a time window between a week and a month (Attardo et al., 2015; 

Pfeiffer et al., 2018). While the microglial role in synapse formation has not been directly 

addressed in this study, microglial contacts with neurons lead to formation of filopodia and 

dendritic spines in the hippocampus (Weinhard et al., 2018) and cortex (Miyamoto et al., 

2016). Microglia-secreted paracrine factors such as the brain-derived neurotrophic factor 

(BDNF) may also help the formation of new spines (Parkhurst et al., 2013). 

THIK-1 may be involved in both inducing and removing synapses. On the one hand, I 

have shown that THIK-1 promotes phagocytic removal of synapses by microglia. On the 

other hand, I have also observed (in agreement with previous work; Madry et al., 2018) that 

THIK-1 promotes brain surveillance by microglial processes, which could arguably increase 

synapse-inducing contacts with neurons. In addition to directly stimulating filopodial 

outgrowth by promoting such interactions, THIK-1 may also promote synapse formation by 
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enhancing phagocytic clearing of the extracellular matrix in which neurons are embedded 

(which creates space for new synapses; Nguyen et al., 2020). Given the key role of THIK-1 

in controlling microglial process ramification and surveillance, further work would likely 

benefit from looking at direct interactions between microglial processes and synaptic 

elements. For instance, it would be interesting to assess contact of microglial processes with 

spines in the presence or absence of THIK-1, and to analyse spine number and morphology 

near and away from microglia. Of note, such interactions are rare and fast, and the cellular 

components at play are small, which makes them challenging to investigate, although new 

approaches to studying microglia-synapse interaction and remodelling are being developed 

(e.g. based on photodamage; Cangalaya et al., 2020). 

Synapse formation and elimination occur throughout life, but are more pronounced in 

younger animals (e.g. spine turnover in mice is around 4-fold higher at 1 month than at 4-6 

months of age; Zuo et al., 2005). In terms of synapse numbers, cortical spine density peaks 

at 1-4 years post birth in humans, and then declines gradually into adulthood (Huttenlocher 

and Dabholkar, 1997). A similar pattern is present in macaques (peak at 3.5 months post 

birth; Elston et al., 2009) and mice (where phagocytosis peaks around P20; Paolicelli et al., 

2011; Weinhard et al., 2018). Thus, modulation of THIK-1 might be more effective in 

affecting synapse numbers in early life, which would coincide with my observed decrease in 

the effect of THIK-1 blockers on microglial surveillance with age. However, I have shown that 

drugs which block THIK-1 also affected microglia and synapses in adult human microglia 

(although more work is needed to confirm the specificity of these results). This may be 

important for clinical relevance, particularly as developmental microglial functions (including 

the removal of synapses) are thought to be re-engaged in the diseased brain. 

Lastly, direct microglia-neuron contacts are functionally segregated and have been 

reported at various neuronal compartments, not just at synapses (Cserép et al., 2020a). In 

fact, contacts with neuronal somata are much more common and prolonged than those at 

synaptic sites (~25 minutes and ~7.5 min on average, respectively; Cserép et al., 2020b). 

These contacts may help microglia sense and regulate neuronal activity (Cserép et al., 
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2020b). Microglia respond to rises of neuronal activity, anaesthetics or loss of sensory input 

(Liu et al., 2019; Stowell et al., 2019; Umpierre et al., 2020) and high-frequency stimulation 

prolongs microglial contacts with neurons (Pfeiffer et al., 2016). The aberrant activity of 

neurons in disease (including AD; Busche et al., 2012) could thus alter microglial motility and 

interactions. In turn, microglial contact may feed back to change neuronal activity (Akiyoshi 

et al., 2018; Wan et al., 2020). It would be interesting to examine interactions between 

microglial processes and neuronal somata, whether these are altered in the absence of 

THIK-1 (or TREM2), and the potential electrophysiological consequences of any such 

alteration. 

 

7.4 Studying Alzheimer’s Disease: limitations of the current study 

The present work used knock-in mice to model amyloid accumulation and gain 

insight into microglial roles in AD, but all mouse models for AD have limitations. Transgenic 

strains (e.g. for App or Psen1/2) are extensively used in AD research, but drawbacks of 

these “first-generation” models include overexpression artifacts, variable transgene copy 

number and random genomic insertion. To overcome such issues, knock-in strains were 

subsequently developed where Aβ accumulates without App overexpression (Joel et al., 

2018; Sasaguri et al., 2017). Of these, this work has used AppNL-G-F mice, but an unresolved 

issue is the lack of appropriate controls; like most studies, here I used wildtype mice as 

controls rather than mice harbouring the unmutated human App gene (which are now 

available). 

Research on behavioural changes in AppNL-G-F mice has yielded conflicting results, 

with most reporting a largely unaltered cognition. Spatial memory and memory of contextual 

fear are normal (Latif-Hernandez et al., 2019; Sakakibara et al., 2018) and behavioural 

changes are predominantly associated with non-cognitive processes, such as attention, 

anxiety-related behaviours and pain sensitivity (Masuda et al., 2016; Sakakibara et al., 

2018). 
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It is important to stress that the AppNL-G-F strain remains a model for preclinical AD, 

where the multifactorial nature of human disease is not recapitulated and neither tauopathy 

nor neurodegeneration occur (Saito et al., 2014). While some amyloid-based models provide 

certain tau hyperphosphorylation, a full model of AD (i.e., where amyloidosis leads to tau 

tangle formation and neuronal loss) is still lacking (Sasaguri et al., 2017). The apparent 

lower susceptibility of mice to full AD developing may be partly due to the their tau protein 

being more resistant to toxic change than ours (Joel et al., 2018), or to them overexpressing 

protective genes (e.g. Trem2) in response to rising Aβ levels (Matarin et al., 2015). The role 

of TREM2 in different contexts will be discussed in section 7.8. 

Furthermore, sex may play a role in microglial activation, which has not been 

analysed in the current work given the small number of animals used. In the context of AD, 

female App transgenics are more prone to pathology (King et al., 1999), and expression of 

the reduced function TREM2-R47H in tau-P301S mice exacerbated memory deficits only in 

females (Sayed et al., 2020). Female AppNL-G-F mice also showed increased Aβ burden 

compared to males but no difference was detected in mice younger than 12 months of age 

(Masuda et al., 2016) so sex is likely to play a minor role, if any, in the 4-month-old animals 

used in the present study. However, it would still be interesting to consider sex effects in 

future work, particularly as there is no consensus about whether male (VanRyzin et al., 

2019) or female (Nelson et al., 2017) microglia are more phagocytic, which could be age-, 

region- and context-dependent. 

 

7.5 The role of microglia in Alzheimer’s Disease 

Removal of synapses by microglia actively contributes to forgetting in adult mice 

(Wang et al., 2020a), where microglial depletion or impairment prevents synapse loss in both 

healthy (Wang et al., 2020a) and AD model animals (Shi et al., 2017a; Spangenberg et al., 

2016). Thus, preventing microglial phagocytosis of synapses may be beneficial in 

neurodegenerative contexts. In the current study, when blocking or deleting THIK-1, levels of 
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synaptic markers increased in healthy rodent and human tissue and hippocampal spine 

density increased in AD model mice (where Aβ plaque load remained unaltered). Thus, this 

may be a promising approach to protect against synapse loss in disease. However, it 

remains unclear: (i) to what extent a short-term pharmacological block of THIK-1 in vivo will 

affect synapse levels, (ii) how lasting the effects of any such block will be, and (iii) whether 

the preserved synapses remain functional or represent an accumulation of dysfunctional 

connections, which would be undesirable. Future work could examine these aspects. 

On the other hand, microglial phagocytosis can help to remove synapses, but also 

Aβ (Paolicelli et al., 2017), raising questions as to whether its net effect is detrimental or 

beneficial in pathology. If microglia contribute to removing synapses first, but Aβ later 

(Sheng et al., 2019), inhibiting phagocytosis may be a double-edged sword. Thus, disease 

stage is a key factor to consider for therapy. It would be desirable to target microglial 

phagocytosis in the initial stages of the disease (for which early detection of patients is 

essential; Zetterberg and Blennow, 2020). While disease-modifying approaches have largely 

failed to date, trials are starting to include more prodromal/preclinical patients (Long and 

Holtzman, 2019). Approaches that seek to prevent synapse loss, as does blocking THIK-1, 

would be interesting for early treatment before damage is extensive. By contrast, preventing 

phagocytosis may be detrimental later with regard to amyloid. 

However, there is growing evidence that, in fact, microglia do not contribute to the 

clearance of Aβ deposits. Reducing microglial activation (Roy et al., 2020) or depleting these 

cells once plaques were already present (Spangenberg et al., 2016) failed to affect plaque 

load. Indeed, when microglia were ablated prior to Aβ deposition, their depletion attenuated 

the formation of plaques, reducing their number and volume (Sosna et al., 2018; 

Spangenberg et al., 2019). This may be explained by the fact that microglia-released ASC 

specks promote Aβ aggregation (Venegas et al., 2017) because microglial repopulation in 

brains previously lacking these cells restored Aβ pathology (Spangenberg et al., 2019), 

suggesting that microglia contribute to plaque seeding.  
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In summary, microglia may not affect the amount of Aβ present, i.e., Aβ production or 

clearance (Olmos-Alonso et al., 2016; Spangenberg et al., 2019, 2016), but rather its 

distribution in the AD brain. Specifically, their role could be in compacting plaques (Huang et 

al., 2021). Microglial depletion in AppNL-G-F mice did not alter plaque coverage but resulted in 

larger plaque cores (although discrepancies between results obtained using different 

antibodies remain an important consideration; Clayton et al., 2020). This would be consistent 

with the idea that microglia provide a physical barrier that prevents the spread of amyloidosis 

(Condello et al., 2015). 

In addition to the above, the microglial contribution to the generation of ROS in 

response to Aβ oligomers (see Chapter 5) could play a major role in AD pathogenesis, as 

ROS induce pericyte-mediated constriction of capillaries and a subsequent reduction in 

cerebral blood flow (Nortley et al., 2019). A clear implication of this work is that Aβ-evoked 

generation of ROS may be targeted as a therapeutic approach in AD. Indeed, 

overexpression or application of the scavenger SOD1 in App transgenic mice reversed the 

deleterious effects of App overexpression (Carlson et al., 1997; Iadecola et al., 1999). As a 

proof of concept, combined block of ROS generation and of the downstream capillary 

constricting endothelin receptor ETA in rat slices prevented vasoconstriction by Aβ oligomers 

(Nortley et al., 2019). Our results also raise the question of what fraction of the neuronal 

damage seen in AD is caused by the decrease of energy supply that Aβ produces by 

constricting capillaries, as opposed to by direct toxicity of Aβ and tau. 

 

7.6 Is microglial phagocytosis impaired in Alzheimer’s Disease? 

The results presented in Chapter 5 suggest that phagocytosis is affected in our AD 

mouse model, as microglia in proximity to Aβ plaques show morphological changes and 

increased lysosomal coverage. Similarly, in AD patient microglia, expression of the 

lysosomal marker CD68 also increased at the RNA (Zhou et al., 2020) and protein level 

(Woollacott et al., 2020). 
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However, increased lysosome load may not reflect enhanced phagocytosis, but 

perhaps the opposite. In zebrafish, microglia expressing mutant RagA, a key lysosomal 

regulator, present expanded lysosomes but are less able to digest ingested materials (Shen 

et al., 2016). In AD, phagocytes might become unable to degrade Aβ. Damaged lysosomes 

and their cargos may not be degraded effectively when microglia become overwhelmed by 

amyloid pathology, which would contribute to cell toxicity (Hung et al., 2013). This would 

reconcile the facts that microglia accumulate more lysosomes in AD (El Hajj et al., 2019) but 

they are less able to phagocytose Aβ (Krabbe et al., 2013; Wendt et al., 2017). Indeed, 

impairments in autophagy have been linked to AD (Fujikake et al., 2018), and microglia from 

human AD brains show reduced levels of an autophagy protein required for efficient 

recycling of phagocytic receptors (Lucin et al., 2013). 

In summary, it is possible that the increased lysosome burden in AD reflects impaired 

resolution of phagocytosis or defective recycling of lysosomes/phagosomes. Thus, it would 

be interesting to expand the current work by studying downstream function rather than 

merely relying on simple markers of phagocytosis (e.g. CD68). For instance, tools like AβpH 

may allow investigation of downstream mechanisms such as protein degradation. 

Bafilomycin A1 can be used to block acidification of endosomes and thus slow breakdown of 

inclusions (Hughes and Appel, 2020; Peri and Nüsslein-Volhard, 2008), which would also be 

helpful to assess digestion and degradation of cargos. 

 

7.7 The toxic species of Aβ 

As discussed in section 7.5, recent evidence suggests that microglia are involved in 

seeding and compaction of Aβ plaques. While this would suggest that microglia are initiators 

of plaque formation in the brain, it also raises the question as to how damaging plaques are 

in AD. Aβ plaques may act rather as a “reservoir” of oligomers, which form a halo around 

plaques and are thought to be the toxic species (Koffie et al., 2009). 
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Of note, plaque load alone does not correlate with dementia. Instead, the ratio of Aβ 

dimer equivalents to plaque area was found to distinguish better between people depositing 

Aβ with or without dementia (Esparza et al., 2013). In mice, cognitive improvement can be 

achieved without altering plaque load (Olmos-Alonso et al., 2016; Spangenberg et al., 2016) 

or indeed despite increasing it (Shi et al., 2017a). Further, changes in synaptic transmission 

(Cummings et al., 2015) and aberrant neuronal activation (Busche et al., 2012) precede 

plaque formation, while Aβ dimers (100 nM) instantly increased hyperactivity (Busche et al., 

2012). Less dense plaques are associated with greater neuronal damage (Wang et al., 

2016; Yuan et al., 2016), and Aβ oligomers are more neurotoxic than fibrils in culture 

(Giovanna et al., 2010). These data support the view that oligomers might be more 

damaging to synapses when they remain soluble. In line with this, soluble Aβ oligomers 

have emerged as a prominent therapeutic target in the past decade. Four drugs with 

completed phase 2 or 3 trials and conditional approval (aducanumab) or potential near-term 

approval (the injectable antibodies gantenerumab and lecanemab and the small molecule 

oral tablet ALZ-801) can all bind or neutralise soluble Aβ (Bohrmann et al., 2012; Sevigny et 

al., 2016; Tolar et al., 2020). In fact, ALZ-801 works by inhibiting oligomerisation and does 

not bind plaques (Gervais et al., 2007). 

This study has shown that microglia can engulf Aβ particles (both synthetic AβpH and 

endogenously produced Aβ in AppNL-G-F mice, see Chapter 5). Because Aβ oligomers impair 

phagocytosis while fibrils might trigger it (Pan et al., 2011), the Aβ species detected inside 

microglia are likely to be mainly aggregates rather than oligomers (although this may be 

affected by how the acidic pH environment of the lysosome affects aggregation). As the 

different forms of Aβ are not equivalent, and assuming that oligomers are the key driver of 

pathology, plaque levels and microglial engulfment of Aβ aggregates may provide little 

information about pathogenesis by itself. Therefore, future work would benefit from focusing 

on the levels and effects of Aβ oligomers. Specifically, it would be interesting to expand the 

current study by examining, in AppNL-G-F mice, whether lack of THIK-1 affects either the 

levels of soluble Aβ in the parenchyma, or the clustering of microglia around plaques (as 
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decreased encirclement of plaques may result in more diffusion of toxic oligomers and 

perhaps greater neuronal damage). 

 

7.8 Ageing and disease: the role of TREM2 

There are similarities between the transformation of microglia in AD and in ageing. 

Microglial heterogeneity, which is progressively reduced during life, rises again in both 

contexts (Masuda et al., 2020b). Like AD (Keren-Shaul et al., 2017), ageing also causes the 

expansion of specific microglial subpopulations, although these only represent a small 

fraction of microglia (Hammond et al., 2019). As some microglial changes that occur in AD 

mirror those detected in old animals, Aβ and tau are thought to aggravate processes 

involved in ageing, such as cellular senescence, calcium dyshomeostasis and inflammation 

(Busche and Hyman, 2020). Altered process motility (Hefendehl et al., 2014; Del Moral et al., 

2019), Ca2+ activity (Del Moral et al., 2019) and cargo digestion (Cantuti-Castelvetri et al., 

2018) are all seen in aged microglia. Ageing also leads to a larger lysosome volume fraction 

(O’Neil et al., 2018) and slower phagocytosis in microglia (Damisah et al., 2020). Expression 

of a microglial metabolism protein module increases in both ageing and AD (Johnson et al., 

2020). In fact, single-cell and bulk profiling of microglia from AD and non-AD old donors 

found no differences between them (Alsema et al., 2020). 

While similar features are shared by both physiological ageing and AD, differences 

also exist. The results presented in Chapter 3 suggest an age-dependent function of AD-

linked TREM2 receptors and raise the question of whether microglial responses in “healthy” 

ageing and disease are comparable. Although loss of function variants of TREM2 increase 

the risk of AD (Guerreiro et al., 2013; Jonsson et al., 2013), my results (indicating improved 

microglial surveillance in old mice lacking TREM2) add to emerging evidence that impaired 

TREM2 function may be protective in normal ageing in mice. Aged TREM2 KO mice show 

increased synapse levels, slightly enhanced plasticity and improved spatial memory (Qu and 

Li, 2020). These data are in line with the reduced synapse engulfment mediated by TREM2-
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deficient microglia (Filipello et al., 2018) and with transcriptomic analyses revealing that 

ageing failed to trigger DAM genes in microglia from old TREM2 KO mice (Nugent et al., 

2020). 

It may be that, in normal ageing, the increased process ramification and motility 

caused by TREM2 deficiency stimulate formation of filopodia and spines, as a consequence 

of more interaction between neurons and microglial processes (see section 7.3). In addition, 

synapses may be protected from removal by the loss of microglial phagocytic capacity, 

thereby conferring resilience to subtle memory deficits in ageing and perhaps in the early 

stages of AD. However, impairment of Aβ handling by lack of functional TREM2 could be 

detrimental later. In agreement with this notion, knockdown of Trem2 in APP/PSEN1 

transgenic mice prevented loss of synapses in young animals but avoided removal of 

amyloid thus accelerating loss of synapses in older mice (Sheng et al., 2019). 

As overexpression of TREM2 reduces amyloid pathology, some therapeutic 

strategies in AD seek to enhance TREM2 activation. Candidates predominantly target the 

receptor rather than its ligands (because our knowledge of them is limited; Deczkowska et 

al., 2020). An antibody directed to the stalk region of TREM2 (avoiding its proteolytic 

shedding and promoting its signalling) reduced levels of Aβ1-42 in mice (Schlepckow et al., 

2020), and the agonist AL002c attenuated neurite damage (Wang et al., 2020b). 

In the context of tau pathology, however, TREM2 activation might be detrimental. 

TREM2-R47H expression (to reduce TREM2 function) in a mouse model of tauopathy 

increased levels of synaptic markers as a result of decreased microglial engulfment (Gratuze 

et al., 2020), and complete TREM2 deficiency reduced tau-mediated brain atrophy (Leyns et 

al., 2017). However, this is controversial, with TREM2 deficiency exacerbating tau 

phosphorylation in some studies (Jiang et al., 2015). Recent work suggests that TREM2 

might restrict Aβ-induced spreading of tau (as TREM2 deletion exacerbated tau pathology 

only in the presence of Aβ; Lee et al., 2021b). Adding to this complexity, it is possible that 

effects on synaptic transmission are dose-dependent, whereby loss of function variants and 

full deficiency have opposite effects (Sayed et al., 2018). 
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In summary, the net effect of TREM2 activation with regards to different aspects of 

AD needs to be considered carefully when devising when and how to target it in therapy. 

Future work should examine how TREM2 deficiency alters microglial morphology and 

surveillance with age in a mouse depositing Aβ, and whether synapses and long-range 

connectivity are affected. 

 

7.9 Ca2+ signalling as a proxy for microglial function 

The experiments presented in Chapter 6 explore the dynamics and functional 

importance of [Ca2+]i in microglia. While previous research has relied heavily on Ca2+-

sensitive dyes, we now have mice expressing a genetically encoded Ca2+ indicator in 

microglia (Cx3cr1CreER x GCaMP5g-IRES-tdTomato), which I used to examine Ca2+ 

transients that arise both spontaneously and upon laser lesioning.  

Microglial Ca2+ activity is very rare under basal conditions. Our understanding of Ca2+ 

signalling in microglia has greatly benefited from mechanistic and technical insight from 

astrocytic research (Semyanov et al., 2020). While basal activity is much lower in microglia, 

their Ca2+ responses to a damaged neuron are more rapid (latency of 0-5 s) than those in 

astrocytes (5-10 s) (Eichhoff et al., 2011). This suggests an inverse correlation between 

basal Ca2+ activity and the ability to mount robust, rapid stimulus-evoked responses — which 

would fit with my finding that activated, Aβ-exposed microglia show an increased basal Ca2+ 

activity but impaired lesion-evoked responses (see Chapter 6). 

In AD model mice, neuronal Ca2+ signals are reportedly upregulated (Busche et al., 

2012). However, Ca2+ dyshomeostasis in AD is not restricted to neurons, as was initially 

thought. In fact, astrocytes and microglia also present aberrant Ca2+ signalling in the disease 

(Brawek and Garaschuk, 2014). Astrocytes exhibit intercellular [Ca2+]i waves that propagate 

across the astrocytic network, but their basal Ca2+ activity is independent of proximity to Aβ 

plaques. By contrast, I have shown that microglial Ca2+ responses depend on their proximity 

to plaques. In microglia isolated from AD brains, basal Ca2+ levels in microglia were higher 
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than in cells from non-demented controls, and their ATP-evoked responses were smaller 

(McLarnon et al., 2005). That research used microglia extracted from postmortem samples, 

cultured and loaded with a Ca2+ dye, but provided a first approximation to Ca2+ 

dyshomeostasis in human AD microglia and their results are consistent with the current 

study examining GECI-expressing microglia in situ. 

It is interesting to assess how Ca2+ dyshomeostasis in AD compares to other 

scenarios. Indeed, various stimuli inducing microglial activation might converge by regulating 

Ca2+ levels as a core signalling element. For instance, ageing also leads to a progressive 

increase in the proportion of microglia showing spontaneous Ca2+ transients while reducing 

the size of UDP-evoked Ca2+ transients (Del Moral et al., 2019). Another example is 

inflammatory stimuli: LPS treatment of cultured microglia results in elevated basal Ca2+ but 

reduced agonist-induced Ca2+ signals (Hoffmann et al., 2003). Similarly, peripheral LPS 

administration to mice increased the percentage of cortical microglia that display 

spontaneous transients (Riester et al., 2020). Given that THIK-1 channels are required for 

LPS-mediated activation of microglial cytokine release (Madry et al., 2018) and for their Ca2+ 

responses (see Chapter 6), THIK-1 activation may contribute to LPS-evoked [Ca2+]i 

changes. Therefore, it would be interesting to see whether Ca2+ activity in LPS-treated mice 

would be compromised when THIK-1 channels are blocked. Because Aβ and LPS both 

activate microglia and lead to the same pattern of alterations in Ca2+ activity (increased basal 

fluctuations but smaller evoked changes), it is conceivable that THIK-1 also contributes to 

Aβ-evoked changes in Ca2+ activity, which could be tested by blocking this channel in 

GCaMP-expressing AppNL-G-F microglia. 

Ca2+ signalling (and specifically, IP3-mediated Ca2+ release from stores; Lee et al., 

2012) contributes to activation of the NLRP3 inflammasome (Murakami et al., 2012). Thus, 

the frequent Ca2+ transients observed in microglia near plaques might mediate activation of 

inflammatory signalling by Aβ. In AD, both Aβ oligomers and fibrils (Lučiūnaitė et al., 2019) 

and tau aggregates (Stancu et al., 2019) activate NLRP3. In turn, NLRP3 activation feeds 

back to drive both Aβ- (Heneka et al., 2013) and tau-related pathology (Ising et al., 2019), 
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suggesting a harmful contribution of inflammasome activation to AD. Indeed, the oral NLRP3 

inhibitor dapansutrile lowered microglial activation and Aβ plaque coverage in the cortex of 

adult APP/PSEN1 transgenic mice, where synaptic plasticity and cognitive deficits recovered 

to wildtype levels (Lonnemann et al., 2020). Therefore, THIK-1 activity could be deleterious 

in AD both through its contribution to synapse removal (as suggested by my Golgi-Cox 

staining of adult AppNL-G-F mice: see Chapter 5) and by triggering inflammasome activation, 

both directly through K+ flux (Madry et al., 2018) and possibly via regulating Ca2+ transients 

(which were abolished by two-pore domain channel blockers; see Chapter 6). 

 

7.10 Microglial interaction with other cells 

This work shows that microglia share certain functions with other cells, including 

ROS generation and phagocytosis. For instance, Aβ was internalised by both microglia and 

astrocytes in brain slices (see Chapter 5), cortex and retina (Prakash et al., 2021), as 

assessed with the AβpH probe. Even pericytes can engulf Aβ in AD mouse and human tissue 

(Ma et al., 2018), so the AβpH that was not located inside microglia nor astrocytes could be in 

pericytes. 

Similarly, microglia are not the sole mediators of synapse removal, as astrocytes 

eliminate synaptic material in development (Chung et al., 2013) and adulthood (Lee et al., 

2021a). Although astrocytes are much less dynamic than microglia, their processes are 

tightly associated with synapses (Ventura and Harris, 1999). Both cell types can sense 

neuronal activity, regulate synapse formation and pruning during development, and become 

more phagocytic in pathological states (Vainchtein and Molofsky, 2020). However, the 

signalling mediating phagocytosis varies across cell types. For instance, astrocytes can 

activate phagocytosis via Megf10 (Iram et al., 2016), Abca1 (Morizawa et al., 2017) or the 

LRP4 receptor (Zhang et al., 2020), the expression of which is negligible in microglia (Zhang 

et al., 2014). 
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Not only do microglia and astrocytes both phagocytose targets, but their crosstalk 

can also affect each other’s performance. Factors present in microglia-conditioned media 

instruct astrocytic elimination of synapses (Jay et al., 2019), and astrocytes can contribute to 

microglial removal of synapses via factors like IL-33 (Vainchtein et al., 2018) and C3 (Lian et 

al., 2016). On the other hand, there is robust evidence that astrocytes can compensate for 

absence or impairment of microglia (Damisah et al., 2020; Jay et al., 2019; Konishi et al., 

2020) and microglia may also compensate for impaired astrocytic phagocytosis (Chung et 

al., 2013). Of note, however, astrogliosis was not affected after 2 months of microglial 

depletion in AppNL-G-F mice (Clayton 2020), suggesting that compensation mechanisms might 

be disrupted in AD. Taken together, these data encourage analysing whether astrocytic 

phagocytosis of synapses is affected by (and possibly, partly compensates for) the decline in 

microglial removal of synapses in the absence of THIK-1 in the healthy brain and in AD.  

Additionally, blocking THIK-1 might have direct effects on oligodendrocytes, which 

also express this channel (Zhang et al., 2014). For example, blockers of THIK-1 affect 

oligodendrocyte maturation and myelination in neonates (Wu et al., 2020) and remyelination 

upon injury (Ronzano et al., 2020). Although the work on THIK-1 presented here has 

focused on microglial behaviours, indirect effects via global THIK-1 KO in oligodendrocytes 

cannot be excluded. In future work, effects of THIK-1 specifically in oligodendrocytes and 

microglia could be dissected using cell type-specific Cre-inducible THIK-1 KO lines, which 

are now available. 

 

7.11 Conclusion 

In this thesis I have investigated microglial features in health and disease, namely 

process ramification and surveillance, phagocytosis, production of ROS and Ca2+ signalling. 

In healthy animals, I identified membrane K+ flux as a factor regulating microglial 

phagocytosis and showed that THIK-1 channels control microglial phagocytosis in situ. In 

addition to using fluorophore-labelled resin microbeads for initial screenings, I also examined 
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phagocytosis of physiologically meaningful substrates such as synapses and Aβ THIK-1 

promotes microglial uptake of presynaptic material in the developing hippocampus, and thus 

affects the number of functional glutamatergic synapses. Potentially importantly for clinical 

translation, block of THIK-1 channels in human microglia recapitulated its effects in rodents, 

reducing microglial ramification and increasing levels of a presynaptic marker. The role of 

THIK-1 in phagocytosis may be partly due to its function in regulating microglial ramification 

and surveillance, but blockade of THIK-1 channels also reduced Ca2+ transients, suggesting 

a potential mechanism linking these channels to phagocytosis since Ca2+ was found to be 

required for phagocytosis in microglia in situ. 

This project also assessed microglial functions in AD-relevant models. Microglia 

phagocytosed Aβ aggregates and produced ROS in response to Aβ. In microglia from older 

animals, deletion of the AD-linked receptor TREM2 increased process motility. In 

Aβ-depositing mice, microglia near Aβ plaques exhibited proximity-dependent deramification 

and increased lysosomal burden. THIK-1 did not alter plaque levels but its deletion slightly 

increased hippocampal spine density. Ca2+ dysregulation was also observed in microglia 

near plaques, whereby their basal Ca2+ activity was increased but they were less able to 

respond to laser lesions. Together, my results suggest that targeting channels and receptors 

(such as THIK-1 and TREM2) modulating microglial responses that are affected by ageing 

and neurodegeneration may alter network function in the brain and provide therapeutic 

benefits. 
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