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Abstract 

Purpose: The purpose of this research was to investigate mechanisms of cell death in microglia in 

the context of neurodegenerative disease including glaucoma. The effects of ATP stimulation on 

cell membrane disruption and cell death in microglia was investigated and inhibitors used to 

characterise the pathways involved. The mechanisms and pathways between microglia and 

macrophages were compared and finally the effects of pathophysiological insults on cell 

membrane disruption and cell death in microglia were explored using inhibitors again to 

characterise the pathways involved. 

Methods: BV2, P2X7K/O BV2 microglia and J774 macrophages were the cell lines used. Cell 

membrane disruption was measured using YO-PRO and propidium iodide (PI) dye, while cell death 

was investigated using cell death assays (LDH and MTS). Cell morphological changes were 

observed by phase contrast microscopy. Inhibitors for cell death associated proteins were utilised 

to investigate cell death pathways. Other methods used include SDS-PAGE and Western blot to 

detect the pyroptotic protein gasdermin D protein and qPCR for measuring mRNA gene 

expression levels of proteins associated with cell death. 

Results: ATP stimulation caused membrane disruption and cell death in BV2 microglia that was 

P2X7 dependent. However, inhibitors of apoptotic (Z-DEVD-FMK), pyroptotic (MCC950, Ac-YVAD-

cmk and Necrosulfonamide) and necroptotic proteins (necrostatin), as well as, other caspase 

inhibitors (Z-VAD-FMK and Z-IETD-FMK) and calpain inhibitors (PD150606 and CAT811) caused no 

difference in these changes. The J774 macrophages underwent a pyroptotic cell death, in both 

LPS and non-LPS primed cells after ATP stimulation, that could be blocked with inhibitors of 

pyroptosis. LPS priming had no effect on parameters measured in BV2 microglia and cleaved 

gasdermin D was present in J774 macrophages and not the BV2 microglia after ATP stimulation. 

The pathophysiological stressors, amyloid-β, oxidative stress, ischaemia and pH, all caused cell 

death, but the inhibitors predominantly had no effect. Levels of mRNA of activation/pyroptosis-

associated proteins levels showed a similar profile between LPS and most of the stressors. 

Conclusions: ATP and the pathophysiological stressors all caused damage to the microglia but the 

pathway this is occurring through is a non-pyroptotic mechanism. This is different to that seen in 

macrophages. The pathophysiological stressors also caused expression changes indicative of 

activation. Further elucidation could help in the understanding and development of novel 

therapies for neurodegenerative disease including Alzheimer’s disease and glaucoma. 
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Chapter 1 

Introduction 

1.1 Microglia 

1.1.1 Introduction to Microglia  

Microglia are phagocytic, tissue-resident immune cells of the central nervous system (CNS). 

Microglia were first described and visualised in detail in 1919 (Río-Hortega, 1919) and since then 

studies into their origins, function and role in disease have revealed new details about this cell 

type (Mendes and Majewska, 2021). Adult microglia have been shown to be direct descendants of 

the original embryonic Erythron-Myeloid Progenitors (eEMP) from the embryonic yolk sac by fate 

mapping studies of mice (Ginhoux et al., 2010, Kierdorf et al., 2013, Schulz et al., 2012). Due to the 

blood brain barrier (BBB), microglia are separated from the rest of the body, so maintain their 

unique identity, compared to other immune cells. Their uniqueness is further facilitated by 

interactions with the other resident CNS cells including neurons, astrocytes and oligodendrocytes 

(Gosselin et al., 2014, Mass et al., 2016). Microglia were originally thought to have a low turnover 

rate in the absence of challenge (Lawson et al., 1992), but animal studies have revealed that even 

when unchallenged, microglia have constant turnover with balanced apoptosis and proliferation 

(Askew et al., 2017, Tay et al., 2017). They are an abundant cell type in the CNS. For example, in 

the mouse brain, 10-15% of cells are microglia (Lawson et al., 1992), while studies, on human 

brain have shown that the numbers in grey matter range between 0.66-11.13% and in white 

matter from 1.06-8.06% (Dos Santos et al., 2020).  

The main role of microglia is to maintain homeostasis in the CNS and they are involved in various 

physiological processes from development to adulthood (Borst et al., 2021). One of these 

processes is immune surveillance, in which microglia survey their microenvironment for signs of 

injury, infection and abnormalities such as protein plaques associated with diseases such as 

Alzheimer’s and Parkinson’s disease (Borst et al., 2021). The process that microglia use to clear 

artifacts found during immune surveillance and any cellular debris and dead or dying neurons, is 

called phagocytosis, where the cell absorbs the target which is then broken down. Microglia also 

regulate inflammatory processes within the CNS. They produce both pro-inflammatory and anti-

inflammatory signals depending on the context (Tang and Le, 2016). This helps to balance the 

microenvironment and prevents excessive inflammation, which can be damaging to neurons. 

Microglia have also been found to release neurotrophic factors which play a role in neuronal 

survival and function (Chen and Trapp, 2016). During development they have been found to 

support neurogenesis and can influence the proliferation, differentiation and survival of neural 

stem cells and progenitor cells in specific regions of the brain (Chen and Trapp, 2016). They also 

play a key role in myelinogenesis by their association with oligodendrocytes (Borst et al., 2021). 
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Furthermore, microglia help regulate the integrity of the BBB by interacting with endothelial cells 

and secreting factors that support barrier function (Gullotta et al., 2023). 

More recently, it has been recognised that microglia play an active role in neuronal function. In 

synaptic pruning they selectively eliminate weak or unnecessary synapses using phagocytosis, 

which helps refine neural circuits during development and optimises brain function (Cornell et al., 

2022). Another way in which microglia influence neurons is releasing signalling molecules, such as 

chemokines, cytokines and neurotransmitters, which can alter synaptic transmission, neuronal 

neurotransmitter release and neural network activity (Vidal-Itriago et al., 2022).  

The observations detailed by Rio-Hortega (Río-Hortega, 1919) originally led to the belief that 

microglia existed in two distinctive states, resting and activated. The resting state was 

characterised as having a highly ramified morphology coupled with limited phagocytic and 

migratory activity, while the activated state was characterised by its ameboid shape, high motility 

and high levels of phagocytic and proliferative activity (Vidal-Itriago et al., 2022). However this 

belief is now seen as outdated. It has been shown that in the “resting” state microglia are 

extremely mobile with suggestions that this state should be renamed the surveillant state to more 

accurately describe function. For example, it has been found that “resting” microglia patrol a local 

area that can be more than 10-fold the area occupied by their cell body (Prinz et al., 2019). An 

updated model has therefore been proposed, which details that microglial activation and 

morphology changes are a spectrum from ramified to hyper-ramified to bushy to ameboid (Figure 

1.1) (Beynon and Walker, 2012). The surveillant microglia monitor the local environment in the 

ramified state. Upon activation by detection of stressors, the now activated microglia moves to the 

hyper-ramified state by retracting some processes from the surrounding tissue while extending 

other processes towards the threat. The bushy state occurs as the microglia and its remaining 

processes start to thicken. The cell then further withdraws more processes and moves to a more 

spherical shape to complete the transition to the ameboid form. These transitions are reversable, 

responding to threats, then returning to the surveillant state. 

Further to this, a more recent model proposes that microglial activation is a process that sits on a 

multi-spectrum of different morphologies and protein profiles that are activated by different 

stimuli (Vidal-Itriago et al., 2022). Microglia still take the classic ramified shape while in the 

surveillant state but transition into a variety of specific morphologies depending on the conditions 

in which they are activated. For example rod or honeycomb shapes are seen after injury-induced 

activation and ameboid or jellyfish shapes are seen when a phagocytic activation state is needed 

(Vidal-Itriago et al., 2022). However Common to all these models is that on detection of a stressor, 
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the microglial cell undergoes shape and gene expression changes which are described as 

activation. 

 

 

In terms of defining activation, microglia were classically grouped into 3 different categories M0, 

M1 and M2 (Tang and Le, 2016). This classification was borrowed from macrophage research in 

which M1 and M2 corresponded with the differing metabolic and inflammatory reactions of 

macrophages after activation (Mills et al., 2000).  

In Microglia, M0 relates to the surveillant state. It is therefore a highly active phenotype 

monitoring its local environment to aid in the maintenance of the CNS (Wang et al., 2022). M1, or 

the classical activation phenotype, is associated with the release of proinflammatory cytokines 

such as TNFα, IL-1β and reactive oxygen species (ROS) such as superoxide and nitric oxide and 

leads to an acute immune response (Tang and Le, 2016). The M2 category is regarded as anti-

inflammatory and involved in resolution of inflammation. Two states include the “alternative 

activation phenotype” or the “acquired deactivation phenotype” (Tang and Le, 2016). The 

alternative activation phenotype is characterised by the production of IL-4 and IL-13 which 

promote anti-inflammatory responses, tissue repair, debris removal, wound healing and the 

restoration of brain homeostasis (Colton, 2009, Ponomarev et al., 2007). The acquired 

deactivation phenotype helps to alleviate acute inflammation and is triggered by the microglia 

phagocytosing apoptotic cells or being exposed to anti-inflammatory cytokines such as IL-10 and 

TGF-β (Colton and Wilcock, 2010, Colton, 2009, Sawada et al., 1999). More recent studies looking 

Figure 1.1 Activated Morphology of Microglia. Schematics (Top row) and images (bottom row, 

black arrow to highlight) of human brain microglia showcasing the morphological stages of the 

proposed linear spectrum, from ramified to hyper ramified to bushy to ameboid and back. 

Adapted from: (Crews and Vetreno, 2016) 
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at the transcriptome of microglia have helped to support the concept of the M0, M1 and M2 

phenotypes, as the studies have revealed a distinct expression signature between the different 

states (Masuda et al., 2019, Matcovitch-Natan et al., 2016, Varol et al., 2017). However it has also 

been suggested that the M1/M2 binary is unhelpful and restrictive in understanding expression 

signatures in relation to their morphology, as studies have found no clear connection between an 

increased expression of pro- or anti-inflammatory markers and the morphological state of the 

microglia (Vidal-Itriago et al., 2022). It has also been commented that use of the M1/M2 terms led 

to the assumption that these different microglial states were either detrimental (M1) or beneficial 

(M2) (Paolicelli et al., 2022). There has been evidence to show that microglia in vivo do not exist in 

this binary choice often found to co-express both M1 and M2 expression signatures (Ransohoff, 

2016).  

More recently another attempt to define and understand the roles and processes of microglia is to 

name specific states of microglia depending on the context in which they are observed (Paolicelli 

et al., 2022). Examples of these include disease-associated microglia (DAMs), microglial 

neurodegenerative phenotype (MGnD), human Alzheimer’s Disease microglia (HAMs) and lipid-

droplet accumulating microglia (LDAMs). While this does take a step closer to understanding the 

wide array of environments and pathophysiological stressors that microglia have to react too, it 

misses out other levels of complexity that can define the specific state that a microglial population 

will transition into. The conditions that dictate the microglial phenotype includes the species, sex 

or age of the individual, the location of the cells and what stressor the microglia are reacting to. 

These variables in combination lead to a unique phenomic, metabolomic, proteomic, 

transcriptomic and epigenomic signature that is thought to lead to a specific morphology and 

expression profile that deals with the issue at hand (Paolicelli et al., 2022).   

 

1.1.2 Microglia in Disease, Neuroinflammation and Neurodegeneration 

A downside to the activities of microglia revolves around chronic activation which leads to 

neuroinflammation, a state that is normally seen in CNS infections or neurodegenerative 

conditions, such as Alzheimer’s disease (Thakur et al., 2023), multiple sclerosis (Bjelobaba et al., 

2017) or glaucoma (Williams et al., 2017). Although neuroinflammation could describe the acute 

response of immune cells to threats in the CNS, this term is widely used to invoke the concept of 

chronic inflammation that is thought to have four main concepts: activation of microglia, 

increased release of cytokines and chemokines, recruitment of peripheral immune cells and local 

tissue damage (Woodburn et al., 2021). The loss of neurons is a key marker of neurodegenerative 

disease, and damage to these cells leads to the release of signals, as mentioned above, that lead 

to the activation of the microglia (Soreq et al., 2017). Persistent inflammation in the CNS leads to 
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loss of neuronal plasticity, impairs memory and is seen as the main driver of tissue damage in 

neurodegenerative conditions (Muzio et al., 2021). 

As microglia are the main line of defence in the CNS, they are equipped with many receptors 

involved with the innate immune response. The broad term for these proteins are pattern 

recognition receptors (PRRs) and are split up into 3 main groups. These groups are known as toll-

like receptors (TLRs), retinoic acid-inducible gene-1 like receptors (RLRs) and nucleotide-binding 

oligomerisation domain like receptors (NLRs). Each of these receptors are able to detect ligands 

that cause inflammatory stimulation which have been called pathogen-associated molecular 

patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (ElAli and Rivest, 2016). 

These insults and pathological conditions cause inflammation and an inflammatory environment 

that microglia encounter in the CNS. Microglia are activated by, and they themselves cause, 

inflammation linked states such as oxidative stress and changes in pH. Oxidative stress is caused by 

the abundance of reactive oxygen species (ROS), which are a family of chemicals formed by O2 

that are highly reactive and include H2O2, super oxide and hydroxyl atoms. The presence of low 

levels of ROS in the cell is an important aspect of cell function (Mittler, 2017). In high 

concentrations, ROS cause damage to important cell components such as proteins, cell 

membranes and DNA (Singh et al., 2019). Changes in pH also have significant impacts to the local 

environment during inflammation with studies showing that pH levels can drop as low as pH5.5 in 

some instances (Simmen and Blaser, 1993, Simmen et al., 1994). Another inflammatory trigger 

that can impact microglia in the CNS is ischaemic conditions. This is a state in which a tissue or 

organ is not being delivered the nutrients, such as oxygen or glucose, needed for survival. This 

state can also create other issues, as the impaired delivery system is also unable to remove 

harmful waste products. Ischaemia establishes an environment that creates further 

pathophysiological stresses. Due to the metabolic disruption of ischaemia, an increase in ROS 

production occurs and also pH changes, where pH can drop by at least 1 unit, due to the increase 

in anaerobic glycolysis, ATP hydrolysis and release of other acidic components, such as lactic acid 

and protons (McQueen, 2010).  

As mentioned previously, microglia also have the responsibility of dealing with infections in the 

CNS. In research that looks at inflammation and microglia activation, lipopolysaccharide (LPS), is 

used widely as a model (Skrzypczak-Wiercioch and Sałat, 2022). LPS is a structural component 

found in the outer membrane of Gram-negative bacteria (Lu et al., 2008), The classic pathway for 

LPS activation starts when LPS binds to Toll-like receptor 4 (TLR4), this is then internalised by the 

cell, leading to the activation of transcription factors, such as NFκB, which are able to relocate to 

the nucleus which leads to the upregulation of cytokines (e.g. TNFα, IL1β and IL6), chemokines 

and inflammatory mediators (e.g. iNOS and COX2) (Skrzypczak-Wiercioch and Sałat, 2022). Initially 

LPS was used experimentally as a model of sepsis and inflammation in mammals (Pollack and 
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Young, 1979, From et al., 1979). However the scope of conditions using LPS as a model has grown, 

including conditions in which neuroinflammation is an important mechanism of the pathology. 

This can be justified as the innate immune system, through the same TLR4 pathway, is thought to 

play a role in identifying misfolded proteins, such as those found in Alzheimer’s disease (Yang et 

al., 2020), Huntington’s disease (Vuono et al., 2020) and Parkinson’s disease (Heidari et al., 2022). 

When LPS has been used as a model for Alzheimer’s disease it has been found to cause 

amyloidogenesis when injected into mouse brain which then causes neuroinflammation and 

cognitive impairment (Lee et al., 2008). LPS has also been used as an animal model for Parkinson’s 

disease, where injection into the brain showed evidence of neuroinflammation and loss of 

dopaminergic neurons (Zhao et al., 2022, Zakaria et al., 2019). There are, however, thought to be 

limitations to models, using LPS for neurodegenerative disease as the complex nature of each 

neurodegenerative disease and the conditions that lead to them, cannot be solely recreated using 

LPS. Furthermore, differences exist in the amount of TLR4 on the surface of microglia when 

comparing humans and mice (Leitner et al., 2019). 

As mentioned above, microglia are also activated by stresses linked to disease states such as 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease. In Parkinson’s disease microglia 

are known to respond to α-synuclein aggregates and neuronal damage, while dysfunctional 

microglia are thought to impair clearance of α-synuclein aggregates which further promotes 

neurotoxicity (Wang et al., 2023). In Huntington’s disease targeting microglia activation has shown 

promise in animal models (Crapser et al., 2020). For both these conditions, chronic 

neuroinflammation caused by microglia responding to the misfolded proteins and neuronal 

damage exacerbates neurodegeneration contributing to disease progression (Gao et al., 2023).  

Another of these misfolded proteins that activate microglia is amyloid β in Alzheimer’s disease. 

Amyloid β is the cleaved form of an intrinsic membrane protein called amyloid precursor protein 

(APP). APP is a cell membrane protein that is expressed in many tissues with a large concentration 

in neurons. It has roles in anti-microbial action, synapse formation and iron export (Duce et al., 

2010, Moir et al., 2018, Priller et al., 2006). Amyloid β is a polypeptide made up of between 36-43 

amino acids which are formed when APP is cleaved by β- and γ-secretase. The most common 

forms are Aβ40 and Aβ42. Experimentally it was discovered that the neurotoxic section of 

amyloid-β was between the 25-35 residues (Sato et al., 1995). The role of Aβ in healthy brains is 

not fully understood but there is evidence to show it plays a role in protection against oxidative 

stress (Baruch-Suchodolsky and Fischer, 2009, Zou et al., 2002) and functions as a transcription 

factor (Bailey et al., 2011, Maloney and Lahiri, 2011). While the cause of Alzheimer’s disease is not 

fully understood, a key element in the progression is thought to revolve around the β-amyloid 

protein and aggregation into plaques (Lane et al., 2018). It has been suggested that the 

progression of Alzheimer’s disease happens when production of amyloid β is greater than its 
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clearance (Mawuenyega et al., 2010, Wildsmith et al., 2013). Microglia have been found to be one 

of the main clearance pathways through which amyloid β is broken down, with one study finding a 

loss of this function leads to a promotion of amyloid β aggregation and neurodegeneration 

(Hickman et al., 2008). 

Much like the other neurodegenerative conditions mentioned previously, the misfolded amyloid β 

is found to activate microglia. Activated microglia have a role in phagocytosis of amyloid β itself 

and the damaged or dying neurons caused by the misfolded protein (Miao et al., 2023). It has 

been proposed that the ability of microglia to have many varied phenotypes leads to two peaks of 

activation in Alzheimer’s disease. An early anti-inflammatory peak during the pre-clinical stage and 

a pro-inflammatory peak during the later stages as the disease progresses (Fan et al., 2017).  

Multiple genes associated with microglia have been indicated as having a significant impact on 

Alzheimer’s disease progression (Miao et al., 2023). These include Apolipoprotein E (ApoE), a 

protein involved in the metabolism of fats and modulating the inflammatory response in microglia 

(Flowers and Rebeck, 2020). Other proteins include two that are closely linked to each other, 

called CD33 and Triggering receptor expressed on myeloid cells 2 (TREM2). CD33 is a 

transmembrane receptor thought to control microglial activation (Eskandari-Sedighi et al., 2023), 

while TREM2 is a transmembrane receptor that belongs to the immunoglobulin superfamily and 

binds to several ligands including apoptotic cells, phospholipids, glycolipids and lipoproteins (Song 

et al., 2017). Evidence shows that CD33 becomes overactive in Alzheimer’s Disease, with its 

expression linked to TREM2 (Griciuc et al., 2019). Mutations in all three of these proteins have 

been found to significantly increase the chances of someone developing late onset Alzheimer’s 

disease (Sims et al., 2020, Guerreiro et al., 2013, Karch et al., 2012).  

Microglia that have been chronically exposed to amyloid β have been found to have an increased 

expression of TREM2 and ApoE (Krasemann et al., 2017). This phenotype is also associated with an 

increase in proliferation and production of inflammatory cytokines and a decrease in the cells 

ability to perform important microglial tasks such as phagocytosis, ramification and synaptic 

surveillance (Miao et al., 2023). This then leads to an increase inflammatory environment that 

causes further damage and progression of the disease.  

 

1.1.3 Microglia, Macrophages and cell lines 

There are many similarities between macrophages and microglia (Borst et al., 2021, Robinson et 

al., 2019). They are both myeloid immune cells, which patrol their local surroundings to maintain 

homeostasis and use phagocytosis to remove threats that might disrupt that homeostasis, such as 

pathogens or cell debris (Borst et al., 2021, Robinson et al., 2019). They both produce multiple 
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cytokines and growth factors that can promote pro or anti-inflammatory environments depending 

on the threat they are dealing with, and both have multiple activation states. They can recruit 

lymphocytes and other immune cells to help deal with the threat at hand (Borst et al., 2021, 

Robinson et al., 2019).  

There are also differences which exist such as origin and gene expression. Microglia originate from 

the embryonic yolk sac. Macrophages also originate from the embryonic yolk sac, but different 

macrophage types are maintained from different sources at different points of development 

(Ginhoux and Guilliams, 2016). For example the macrophages in the lungs and liver originate from 

the embryonic yolk sac, but are then propagated by cells from the foetal liver which then maintain 

the cell during development into adulthood, while macrophages in the heart, pancreas and the 

gut, originate in the embryonic yolk sac, are propagated by cells from the foetal liver, but are then 

finally replaced by circulating blood monocytes that are produced in bone marrow (Bain et al., 

2014, Tamoutounour et al., 2013). As would be expected due to this differing points of origin, 

microglia display distinct transcriptomes and epigenomes when compared to other tissue 

macrophages (Gosselin et al., 2014). Further to this, one study that investigated different tissue-

specific macrophages, including Kupffer cells from the liver, gut macrophages and microglia, 

established that tissue resident macrophages had distinct gene expression profiles and open 

chromatin regions that could not be explained purely by tissue or lineage specific reasons (Lavin et 

al., 2014). This shows that while microglia and macrophages are distinct cells, this variety is also 

true between macrophage cells themselves.  

When discussing macrophage biology, most researchers have stuck with the classic M1/M2 

definitions. However others have tried to adapt this thinking to a more modern understanding 

(Murray et al., 2014), while others have suggested abandoning the concept altogether 

(Nahrendorf and Swirski, 2016). Just like the discussion about terminology for microglia, 

mentioned above, this is an ever changing and developing field that with each new discovery will 

allow us to better understand and define terms. 

Many cell lines for microglia and macrophages have been created for research purposes, those 

that are widely used include THP-1, U937 and J774 cell lines for macrophages and HMC3, N9 and 

BV2 cell lines for microglia. 

One cell line used widely as a model for microglial function, is the BV2 cell line. This is an 

immortalised mouse microglia cell line and has previously been used as a retinal microglia model 

(Langmann, 2007). The BV2 cell line has been shown to be highly comparable to isolated primary 

microglia (Henn et al., 2009, Stansley et al., 2012). However, one study comparing expression 

profiles between primary microglia versus microglia cell lines, including BV2, showed a 

pronounced difference between key microglia proteins expression such as P2Y12, APOE and TGF-
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β1 (Butovsky et al., 2014). While these results should be noted, cell lines are widely used and 

continue to be a viable option for research.  

As mentioned previously, a widely used mouse macrophage cell line is called J774. There have 

been suggestions that J774 cells do not act in a similar manner to primary macrophages, such as in 

their response to M. Tuberculosis (Andreu et al., 2017). However, one study has found they were 

closer in activity and other factors to primary macrophages than other macrophage cell lines 

(Snyderman et al., 1977) . The research described in this thesis is conducted using both the BV2 

microglia cells and the J774 macrophages. Furthermore a P2X7 knockout variant of the BV2 cells 

was also used (Dhuna et al., 2019). One way to investigate the importance of a protein is to create 

a stable knockout cell line, same as the cell line mentioned above, where the target protein has 

been inactivated or removed. A popular way of doing this is the clustered regularly interspaced 

short palindromic repeats (CRISPR) gene editing method. A well-studied form of CRISPR, 

developed from Streptococcus pyrogenes, is Type II CRISPR/Cas9 system (Le Rhun et al., 2019). 

This process is normally used by bacteria to deal with viral infections and helps maintain the 

integrity of their genome, however, a simplified version has been utilised by scientists to modify 

genomes of living organisms such as cell lines and animals including humans. (Bak et al., 2018).  

This involves the Cas9 endonuclease and a single guide RNA (sgRNA) (Fig 1.2). The sgRNA contains 

a 20bp nucleotide sequence, known as the spacer, that is complimentary to the target sequence, 

known as the protospacer. The rest of the sgRNA is a scaffold region which allows it to associate 

with Cas9, which stabilises and activates the endonuclease. Active Cas9 recognises a sequence of 

three nucleotides next to the protospacer called the protospacer adjacent motif (PAM) which 

causes a site specific double strand break in the genome (Gómez-García et al., 2022). This break is 

then repaired using either the non-homologous end joining repair (NHEJ) or the homology 

directed repair (HDR). NHEJ is a quick way to repair the break but this method is extremely error 

prone, leading to insertions and deletions within the gene (Cai et al., 2019). The CRISPR Cas9 

process relies on these mistakes to knock out the target gene. 

Figure 1.2 CRISPR-Cas9 Complex Site-specific nuclease system CRISPR-Cas9 recognises 

specific DNA sequence using single guide RNA (sgRNA). The Cas9 recognises the protospacer 

adjacent motif (PAM) to create a double strand break in the DNA. Adapted from: (Gómez-

García et al., 2022)  



11 
 

1.2 The Retina 

The eye is a complex organ used for vision. The human eye contains specialised structures that aid 

in sight including the cornea, iris, lens, and the retina amongst others (Fig 1.3a). The retina is part 

of the central nervous system and is instrumental in the transduction of light energy to enable 

vision. It is situated toward the posterior of the vitreous cavity (Fig 1.3a). The retina contains 

important regions used in vision. One such region is the optic disc, a pale pink in colour, 1.5mm 

disc also known as the optic nerve head. This region is important as it is where the axons of the 

retinal ganglion cells exit the eye. Another region of the retina is the macula, a yellow in colour, 

5.5mm disc responsible for high resolution colour vision. At the centre of the macula is the fovea, 

a 1.5mm disc with a high density of cone cells (Mishra D, 2018)  

 

The retina is made up of ten layers of specialised cells. Starting from the layer closest to the 

choroid, the most posterior part, the first layer is the retinal pigment epithelium (Fig 1.3b). This is 

a pigmented cell layer just outside the neurosensory elements of the retina. The photoreceptor 

layer follows this which is populated by rods and cones, important for the detection and 

transduction of light energy. Next is the outer limiting membrane. The next four layers are called 

the outer nuclear layer, the outer plexiform layer, the inner nuclear layer, and the inner plexiform 

layer. These layers are populated by support cells such as Müller cells, astrocytes, microglia, and 

Figure 1.3 Structure of the Eye and Retina (a) Cross section of the Human eye (b) Schematic 

drawing of the retina. Cells depicted listed alphabetically: Amacrine cells (A), astrocytes (AS), 

bipolar cells (B), cones (C), ganglion cells (G), horizontal cells (H), microglia (Mi), Müller cells 

(M) and rods (R). Different layers of the retina from the internal to the outer layers:  optic 

nerve (ON), nerve fibre layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner 

nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), outer segment 

layer (OS), pigment epithelium (PE), choroid (Ch). Adapted from (a) (Toldi and Thomas, 2020) 

(b) (Vecino et al., 2016) 

a b 

https://www.sciencedirect.com/topics/neuroscience/amacrine-cell
https://www.sciencedirect.com/topics/neuroscience/ganglion-cell
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https://www.sciencedirect.com/topics/medicine-and-dentistry/nerve-fiber-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/ganglion-cell-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/inner-plexiform-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/inner-nuclear-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/inner-nuclear-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/outer-plexiform-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/outer-nuclear-layer
https://www.sciencedirect.com/topics/medicine-and-dentistry/pigment-epithelium
https://www.sciencedirect.com/topics/medicine-and-dentistry/choroid
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neurons important in signal processing namely the amacrine, bipolar and horizontal cells. Next is 

the ganglion cell layer, then the nerve fibre layer and finally the inner limiting membrane.  

For light transduction and processing to occur light passes through the transparent nerve layers of 

the retina until it strikes the rod and cone photoreceptor cells. Light transduction takes place in 

these cells. The signal is then passed to the bipolar then retinal ganglion cells (RGCs), the axons of 

which make up the nerve fibre layer. The signal travels to the optic disc, and out of the eye, 

towards the brain via a mesh like structure called the lamina cribrosa.  

 

1.2.1 Retinal Ganglion Cells 

RGCs are the neurons in the retina that collectively transmit image-forming and non-image 

forming information to several regions of the brain. In terms of structure, RGCs vary significantly in 

size, the connections they create and their responses to visual stimulation. All RGCs contain a 

single axon, with this axon forming the nerve fibre layer. These axons, from all RGCs, then meet at 

the optic disc. In the human retina there are thought to be between 700,000-1.5 million RGCs 

(Watson, 2014). The optic nerve is formed of RGC axons that, once they have left the eye, become 

myelinated.  

 

1.2.2 Microglia in the Retina 

In terms of the human eye during healthy conditions, microglia are found at varying densities in 

different layers of the retina including the outer plexiform layer, the inner nuclear layer, the inner 

plexiform layer, the ganglion cell layer and the nerve fibre layer (Vecino et al., 2016). They are also 

found close to blood vessels and near the optic nerve head. Interestingly, they have also been 

found in the iris, ciliary body and choroid (Wang et al., 2016). When the eye is under pathological 

conditions, microglia are also known to migrate to the ONL, RPE and subretinal space (Fan et al., 

2022). 

As mentioned previously microglia are known for surveying the local area and interacting with 

other cell types. This is no different for the retinal microglia, where crosstalk with neurons occurs 

and plays an important role in synaptic pruning as well as clearance of debris including apoptotic 

neurons and non-functioning synapses (Borst et al., 2021). 

Another cell type that microglia are known to interact with are astrocytes. This connection is 

responsible for the maintenance of neuronal function and CNS homeostasis. Astrocytes provide 

trophic support molecules, such as TGF-β and cholesterol, which promotes microglial maturation 

(Baxter et al., 2021, Zhang et al., 2020, Bohlen et al., 2017). It has also been found that microglia 
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require cholesterol to maintain a physiological state (Bohlen et al., 2017). The disruption caused 

during neurodegeneration causes a break in the microglia-astrocyte interaction, which leads to the 

specific expression signature found in diseased microglia (Borst et al., 2021). 

There are also interactions between microglia and Muller cells, where microglia have been found 

to influence the morphology, function and molecular response during times of inflammation. 

These interactions have found to be bi-directional and shape the overall injury response within the 

retina (Wang and Wong, 2014). In one study looking at ocular hypertension as a model for 

glaucoma, it was found that the microglia-Muller cell interaction leads to an increase in retinal 

inflammatory response (Hu et al., 2021). 

 

1.3 Glaucoma 

Glaucoma is a group of optic neuropathies in which there is progressive degeneration of RGCs 

(Weinreb et al., 2014). If left untreated total blindness will occur (GBD, 2022). 

Glaucoma has been reported to be the cause of 11% of blindness and 2.1% of mild to severe 

vision impairment worldwide in adults over 50 in 2020 (GBD, 2021) An estimate in 2013 concluded 

that 64.3 million people suffered from glaucoma caused blindness with this figure projected to 

increase to 111.8 million by 2040 (Tham et al., 2014). 60% of worldwide glaucoma cases are found 

on the Asian continent followed by Africa with 13% of cases (Tham et al., 2014). It has been found 

that people with African ancestry are statistically more likely to get glaucoma (Tham et al., 2014).  

Although glaucoma isn’t fatal it severely impacts on the quality of a person’s day-to-day life or, as 

it is also known, the disease burden. One way to quantify the disease burden is to look at the 

disability-adjusted life year (DALY), which is a combinative indicator of the lost healthy years from 

the disease onset to death. Globally in 2015 just under 550,000 DALYs due to glaucoma were 

recorded(Wang et al., 2019a). Statistics showed woman carry the heaviest disease burden at all 

ages over 40, with women over 80 being the worst affected(Wang et al., 2019a)  

The same study found substantial health inequality existed in terms of glaucoma. Less developed 

countries were shown to have the highest DALY figures. This phenomenon has been explained by 

lower economical and societal development. These include the availability of treatment being 

lower, high levels of deprivation leading to late presentation by the patient and lower levels of 

education leading to less adherence of medication regimens (Wang et al., 2019a). While in 

developed countries treatment is widely available, the demographic changes these countries are 

seeing could cause issues in the future. A study in the UK found treatment for a glaucoma patient 

costs the NHS on average £475 per year. The average cost to the NHS over a glaucoma sufferer’s 
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lifetime is around £3000. As the UK’s old age population increases, the costs to the NHS are 

expected to increase substantially (Rahman et al., 2013). 

Glaucoma can be grouped by its pathophysiology and cause. Firstly, if there is no underlying 

condition causing the glaucoma it is referred to as primary glaucoma. If a condition is found that is 

causing glaucoma such as uveitis (Panek et al., 1990), tumour (Camp et al., 2019), trauma or injury 

(Girkin et al., 2005) it is classified as secondary glaucoma. Another more important distinction is 

whether it displays as open angle or closed angle glaucoma (Fig 1.3). This refers to the position of 

the iris in relation to the lens and the effect this may have on aqueous humour drainage and 

intraocular pressure (IOP). This is described in more detail in the next section. 

 

1.3.1 Glaucoma and the link to Aqueous Humour and IOP 

The biggest risk factor known for cause and progression of glaucoma is elevated IOP. Aqueous 

humour is the fluid that fills the space in front of the lens. The uvea contains a structure known as 

the ciliary body (Fig 1.3a). Within the ciliary body there are a series of ridges known as the ciliary 

processes. It is here where the aqueous humour is produced. The major components of aqueous 

humour are organic and inorganic ions, carbohydrates, glutathione, urea, amino acids, proteins, 

oxygen, carbon dioxide and water (Goel et al., 2010). Once produced, the aqueous humour enters 

the posterior chamber (Fig 1.4a). It then flows through the pupil and into the anterior chamber. 

For drainage, the aqueous humour mainly flows through the trabecular meshwork and into 

Schlemm’s canal (Fig 1.4a). There is also minor leakage via the muscle bundles close to the ciliary 

body, also known as the uveoscleral pathway. Both these pathways lead to the episcleral vein 

which carries the aqueous humour away. 

The role of aqueous humour is to deliver nutrients, aid in the actioning of immune responses and 

keep the eye pressurised to maintain its shape. IOP relates directly to the pressure of the aqueous 

humour in the eye. The normal range of IOP is between 11 and 21mmHg (Zeppieri and Gurnani, 

2023). As discussed above, a healthy eye allows aqueous humour to flow from the posterior 

chamber into the anterior chamber which is then drained away (Fig 1.4a). These processes allow 

for equilibrium of the IOP to be maintained. The most prominent forms of glaucoma are primary 

open-angle glaucoma (POAG) and primary angle-closure glaucoma (PACG). In open-angle 

glaucoma, the space between the iris and pupil remains open and production of aqueous humour 

is still as normal, but drainage is affected (Fig 1.4b). In closed angle, the iris is abnormally 

positioned, thus closing the space between the iris and the pupil. This causes the flow of aqueous 

humour into the anterior chamber to be impeded (Fig 1.4c). Both forms involve an increase in IOP 

which is then thought to damage various cells in the retina, notably the retinal ganglion cells. This 
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damage leads to the symptoms of a reduced visual field and eventually blindness. A form of POAG 

is normal tension glaucoma (NTG) and what sets this apart from “classic” POAG is that sufferers 

with NTG have an IOP in the normal range (<21mmHg), but the patient still suffers from glaucoma. 

As the IOP is in the normal range there must be other underlying causes for NTG. 

Another aspect of glaucoma found in animal models is an increase in microglia levels (Wang et al., 

2016). There is also evidence of dying RGCs and blood vessels in glaucomatous eyes being 

surrounded by activated microglia. Activated microglia have also been observed near to 

choriocapillaris vessels, thought to be due to damage to the blood-retinal barrier (Wang et al., 

2016). 

 

 

 

Figure 1.4 Aqueous outflow pathways in glaucoma (a) Normal healthy aqueous flow through 

the pupil with normal drainage (b) Normal flow through pupil but impeded drainage, as seen in 

POAG (c) Impeded flow through pupil as seen in PACG. Adapted from. (Distelhorst and Hughes, 

2003) 



16 
 

1.3.2 Neuroinflammatory stressors in Glaucoma 

Glaucoma might seem out of place being coupled with Alzheimer’s disease and Parkinson’s 

disease as a neurodegenerative disease but the retina is a part of the CNS and as mentioned 

above the progression of glaucoma comes from the loss of neuronal cells, RGCs. There is plenty of 

evidence of inflammatory stressors being present during glaucoma. One such stressor is ROS, 

which are thought to have a role in the progression of glaucoma (Chrysostomou et al., 2013). For 

example, the creation of ROS was found to increase in a rat glaucoma model, after the IOP was 

elevated, which then led to an increase in lipid peroxidation in the retina (Ko et al., 2005). Another 

study in humans found that ROS led to DNA damage in the trabecular meshwork, which caused a 

degeneration of the structure (Saccà et al., 2005). Furthermore, use of a free radical scavenger 

treatment in a glaucoma model in rats found that the RGCs had an increase chance of survival (Ko 

et al., 2000). Another hypothesis considering the contribution of oxidative stress, suggests that 

light hitting the retina may be an aggravating event affecting progression of glaucoma. As light 

reaches the retina, the mitochondria in the RGCs start to produce energy and, therefore, ROS, but 

due to the lack of blood flow, caused by the early stages of glaucoma, the ROS cannot be cleared 

fast enough leading to damage being caused to proteins, membranes and DNA (Osborne et al., 

2006). A chronic state of oxidative stress, caused by ROS, induces cell damage and 

neurodegeneration in the CNS (Solleiro-Villavicencio and Rivas-Arancibia, 2018). During this 

chronic oxidative stress, ROS create an inflammatory state due to constant activation of 

inflammatory signalling pathways, which promote the deregulation of the inflammatory response 

(Solleiro-Villavicencio and Rivas-Arancibia, 2018). ROS have been found to create conditions that 

allow for the constant secretion of pro-inflammatory cytokines and chemokines (Chan, 2001, 

Hsieh and Yang, 2013) and also have the ability to activate microglia (Pawate et al., 2004). 

Ischaemia is thought to play an important role in the cause and progression of glaucoma, as retinal 

function is very sensitive to changes in haemoglobin oxygen saturation (Brandl and Lachenmayr, 

1994). This is thought to mainly be caused by the local blood flow becoming compromised, by 

either elevated or oscillating IOP, coupled with vascular dysfunction, which leads to repeated 

hypoperfusion (Flammer et al., 2002, Mozaffarieh et al., 2008, Chan et al., 2017). This ischaemia is 

detrimental to the cells of the retina, with one study showing that, after a reduction in blood flow, 

rat RGCs at the optic nerve head start to degrade (Chidlow et al., 2017). Ischaemic damage has 

also been shown to lead to an increase in an inflammatory environment, as inflammatory cells, 

such as microglia (Ivacko et al., 1996), infiltrate the damaged tissue and release pro-inflammatory 

mediators, such as IL-1β and TNF-α (Sivakumar et al., 2011). With inflammatory processes 

activated, as well as ischaemia, a change in pH might be predicted and it has been shown that an 

increase in IOP in a rabbit model led to a drop in pH of the vitreous, from 7.3 to 7.0, which caused 

an increase in retinal cell death (Lu et al., 2001). 
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Amyloid β has also been implicated in glaucoma. Levels of amyloid β in vitreous fluid were found 

to significantly change in patients with glaucoma when compared to a healthy control (Yoneda et 

al., 2005). Another study showed deposition of amyloid β colocalised with RGCs causing an 

increase in apoptotic cells in a mouse glaucoma model (Guo et al., 2007), while in a mouse model 

for Alzheimer’s disease amyloid β deposits were detected in the RGCs as the mice aged which led 

to retinal degeneration (Ning et al., 2008). In a study that looked at the retina and optic nerve 

head of monkeys that had chronic ocular hypertension, amyloid β was found to increase in 

concentration in the retina in the chronic stages of glaucoma (Ito et al., 2012).  

 

1.3.3 Treatment for Glaucoma 

Treatment of any type of glaucoma focuses on the reduction of IOP as the main goal (Weinreb et 

al., 2014). This has been found to be the only proven method of treating glaucoma (Boland et al., 

2013). The aim of the treatment is for a reduction of 20-50% of the patient’s IOP at presentation 

(Weinreb et al., 2014). 

For POAG, various treatments exist such as pharmacological options including prostaglandin 

analogues, reduce IOP by reducing the outflow resistance so the aqueous humour can flow 

through the uveoscleral pathway (Gaton et al., 2001). Other options are β-adrenergic blockers, α2-

adrenergic agonist or carbonic anhydrase inhibitors (Weinreb et al., 2014). Surgical options include 

laser or incisional surgeries. A laser trabeculoplasty lowers IOP by changing the configuration of 

the trabecular meshwork to allow for greater aqueous outflow. The most commonly performed 

incisional procedure is a trabeculectomy, where a small segment of the trabecular meshwork and 

adjacent corneoscleral tissue is removed to allow the aqueous humour to drain underneath the 

conjunctiva where it is absorbed (Weinreb et al., 2014).  

For the treatment of PACG, the same pharmacological options as for POAG are available 

(prostaglandin analogues, β-adrenergic blockers, α-adrenergic agonists, and carbonic anhydrase 

inhibitors). While the surgical options include a laser iridoplasty, a trabeculectomy can also be 

performed or a laser peripheral iridotomy, where a hole is created in the iris to allow for flow of 

aqueous humour (Weinreb et al., 2014). 

As with all these treatments, the lowering of IOP is only to slow down the progression of the 

disease. So, a treatment that can cure or stop the progression of the disease would be very 

welcome in this field. One option would be to protect important cells in the retina from cell death. 
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1.4 Purine Nucleosides and Nucleotides and Purinoceptors 

1.4.1 Purine Nucleosides and Nucleotides 

The involvement of purine nucleosides and nucleotides in producing a potent response was first 

identified in the cardiovascular system in animal studies in 1929 (Drury and Szent-Györgyi, 1929). 

The activation was found to arise mainly from the purine nucleoside adenosine and the purine 

nucleotides ADP and ATP. Further animal studies in 1959 first displayed ATP as a neurotransmitter, 

with ATP being released when rabbit sensory nerves were electrically stimulated (Holton, 1959).  

 

1.4.2 Purinoceptors  

The receptors that these purine nucleosides and nucleotides interact with are called 

purinoceptors or purinergic receptors. They are cell surface receptors that can be split into 

adenosine receptors, previously P1 receptors, which bind with adenosine, and P2 receptors that 

bind ATP or ADP (Ralevic and Burnstock, 1998). Adenosine receptors have been found to have 4 

subtypes, A1, A2A, A2B and A3 (Fredholm et al., 1994). All these subtypes are classified as G protein-

coupled receptors that all feature the classic 7 transmembrane structure (Di Virgilio et al., 2017). 

P2 receptors are themselves split into two categories. The first is P2X which are ligand-gated ion 

channels with 7 identified subtypes, P2X1-7. The other is P2Y which are G protein-coupled 

receptors with 8 identified subtypes, P2Y1-2, P2Y4, P2Y5, P2Y11-14 (Di Virgilio et al., 2017).  

P2X receptors are ligand-gated ion channels. The receptors are trimeric as, to form the ion pore, 3 

subunits of P2X receptors are involved (Nicke et al., 1998). The N- and C- termini are intracellular 

and the subunits contains 2 transmembrane domains and an extracellular loop containing the ATP 

binding site (Hattori and Gouaux, 2012). The P2X receptors are found throughout the body (Table 

1.1) and are responsible for various physiological roles including the contraction of various tissues, 

such as the bladder or vas deferens (Fowler et al., 2008, North, 2002), platelet aggregation 

(Gachet, 2006), mediation of pain (Chizh and Illes, 2001) and macrophage activation (Wewers and 

Sarkar, 2009). All P2X receptors are intrinsic cation channels (Table 1.1). One member of the P2X 

family that differs from the other members is P2X7, firstly, while it still is an intrinsic cation 

channel, it has also been found to cause large pore formation after prolonged activation (Table 

1.1). What also sets it apart from the other P2X receptors is the much longer C-terminus (Di 

Virgilio et al., 2017) and also that P2X7 requires much higher levels of ATP for activation to occur 

(Surprenant et al., 1996). These additional elements of P2X7 make it an interesting subject for 

study which will be covered in the next section. 
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Table 1.1 Overview of P2X Receptors P2X subtypes, their distribution in the body and 

transduction mechanism 

 

1.4.3 P2X7 

As mentioned above, P2X7 is a trimeric ATP-gated cation channel and when ATP binds a pore is 

formed which allows for the influx of Na+ and Ca2+ ions and the efflux of K+ ions (Di Virgilio et al., 

2017). There is evidence that it can create a larger pore, which allows for the passage of large 

organic ions such as N-methyl-D-glucamine (NMDG+), choline and fluorescent dyes (including 

ethidium bromide, YO-PRO and propidium iodide) to both exit and enter the cell (Alves et al., 

2014).  

 

 

P2X Subtype Main Distribution Transduction 

Mechanism 

Refs 

P2X1 Arteries, urinary bladder 

and the vas deferens  

Intrinsic cation 

channel (Ca2+ and 

Na+) 

(Burnstock, 2012, 

Mulryan et al., 2000, 

Vial and Evans, 2000) 

P2X2 Smooth Muscle, CNS, 

autonomic, sensory 

ganglia and the retina 

Intrinsic cation 

channel (Particularly 

(Ca2+) 

(Brändle et al., 1998a, 

Burnstock, 2012) 

P2X3 Sensory neurons, some 

sympathetic neurons and 

the retina 

Intrinsic cation 

channel 

(Brändle et al., 1998a, 

Burnstock, 2012) 

P2X4 CNS, testis, colon and 

retina 

Intrinsic cation 

channel (Especially 

Ca2+) 

(Brändle et al., 1998a, 

Burnstock, 2012) 

P2X5 Skin, gut, bladder, thymus, 

spinal cord and retina 

Intrinsic cation 

channel 

(Brändle et al., 1998a, 

Burnstock, 2012) 

P2X6 CNS, motor neurons in 

spinal cord 

Intrinsic cation 

channel 

(Burnstock, 2012) 

P2X7 Central and peripheral 

nervous system, 

macrophages, microglia, 

retina and uterine lining  

Intrinsic cation 

channel and a large 

pore after prolonged 

activation 

(Burnstock, 2012) 

(Brändle et al., 1998b) 
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Structural information of P2X7 has been derived from the solved crystal structure of the P2X7 

receptor of the giant panda Ailuropoda melanoleuca (Karasawa and Kawate, 2016). The shape of 

the structure has been compared to that of a dolphin (Fig 1.5a) (Di Virgilio et al., 2017). The 

proposed mechanism of P2X7 opening (Fig 1.5b) is thought to be that when ATP binds to the 

binding site it causes a large conformational change (Di Virgilio et al., 2017). This causes the 

“head” domain to move closer to the “dorsal fin” of the adjacent subunit. The transmembrane 

domains then change mutual orientation thus generating a pore lined by TM2 of each monomer. 

This then causes a rapid influx of Na+ and Ca2+ and an efflux of K+ from the cell (Di Virgilio et al., 

2017). The P2X7 pore has been found to be inhibited by AZ10606120 (Michel et al., 2007). 

The P2X7 receptor has been found throughout the body in almost all organs but is concentrated in 

the nervous system, including in the retina (Brändle et al., 1998b, Kaczmarek-Hajek et al., 2018). 

Expression is high in microglia (Collo et al., 1997, Deuchars et al., 2001, Ishii et al., 2003). It has 

been described to be involved with multiple processes including mast cell degranulation, 

inflammation, including the release of cytokines and cell death (He et al., 2017, Jiang et al., 2017, 

Kawano et al., 2012, Kurashima and Kiyono, 2014, Qu and Dubyak, 2009, Russo and McGavern, 

2015, Wareham and Seward, 2016) 

Figure 1.5 Structure of P2X7(a) Skeletal structure of P2X7 (left) next to space filled 

structure (right) with comparison to dolphin (Centre) (b) Possible conformational change 

that allows for the pore of P2X7 to open with ATP unbound and bound. Adapted from: (Di 

Virgilio et al., 2017) 
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1.4.4 P2X7 Pore Formation 

For many years ATP has been known to cause larger molecules to both exit and enter the cell. 

Since the first evidence of this in cancer cells, mast cells and later macrophages (Rozengurt et al., 

1977, Cockcroft and Gomperts, 1980, Steinberg et al., 1987), the ATP receptor responsible for this 

has been of interest. Originally called P2Z, as it was proposed that this receptor would be a 

different morphology to other P2 receptors (Soltoff et al., 1990). It was later identified as what we 

now know as P2X7. The mechanism that allows for the permeabilisation of the cell to large 

molecules via P2X7 has been named large pore formation (Ugur and Ugur, 2019). It was first 

suggested that this large pore was formed by P2X7 itself (Surprenant et al., 1996), P2X7 was later 

found to be able to form hexamers which helped this hypothesis (Kim et al., 2001b). However, it 

was then suggested that the initial opening of the P2X7 receptor led to a signal cascade that then 

caused the activation of another pore, with pannexin1 the first to be suggested (Pelegrin and 

Surprenant, 2006). Pannexins are a family of membrane channels of which there are 3 subtypes, 

Panx1, Panx2 and Panx3. Panx1 has been shown to be needed for the release of ATP and IL1β 

(Pelegrin and Surprenant, 2006) which made it a prime candidate for P2X7/ATP-mediated large 

pore formation. However, this was not confirmed by later studies (Alberto et al., 2013, Hanley et 

al., 2012). More recently, studies have suggested that Gasdermin D is the protein that creates the 

additional pore (Pronin et al., 2019), as P2X7 has been suggested as a key component in 

pyroptosis, which leads to the creation of the gasdermin D pore that is needed for the release of 

cytokines (discussed later in this introduction). The identity of the pore, however, remains the 

subject of active investigation and others have returned to the idea that the pore is formed by 

P2X7 itself (Dunning et al., 2021). 

 

1.4.5 Release of ATP in the Eye 

ATP is known to be a neurotransmitter in the retina (See before). In addition, Multiple studies 

concerning the eye have been carried out that show the release of ATP from non-neuronal cells 

(Ward et al., 2010). One such study showed that hyperosmotic pressure on lens epithelial and 

human retinal pigment epithelial cells lead to the release of ATP (Eldred et al., 2003) while another 

study using hyperosmotic pressure on rat lens showed ATP release within the outer cortex (Suzuki-

Kerr et al., 2022). Another study involving cultured human and fresh bovine retinal pigment 

epithelial cells that were subjected to hypotonic stress, indicated that both cell types released ATP 

(Reigada and Mitchell, 2005). A further study using the cell line ARPE-19 treated cells with sodium 

cyanide to simulate ischaemia, and also showed a release of ATP (Reigada et al., 2008). Using the 

same cell line, treatment with ATP led to the release of ATP (Reigada et al., 2005) and UTP, 

glutamate and NMDA also caused ATP release in various eye models (Mitchell, 2001). Mechanical 
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stimulation of Müller cells in rat retina also showed release of ATP (Newman, 2001, Newman, 

2003), while an increase of IOP in rat eyes in vivo showed an increase in the ATP concentration of 

the vitreous humour (Resta et al., 2007). Human trabecular meshwork cells that underwent 

hypotonic stress also released ATP (Fleischhauer et al., 2003). Clinically, PACG sufferers have an 

increased ATP concentration in their aqueous humour (Zhang et al., 2007). 

 

1.4.6 P2X7 in the Retina and Eye 

The first evidence of the presence of P2X7 in the retina was detection of the mRNA in whole rat 

retina (Brändle et al., 1998b). This study also found, using immunostaining of the protein itself, 

that P2X7 is localized to neuronal cells of the ganglion cell layer, although it was unclear whether 

they were found in RGCs or displaced amacrine cells. A later study using monkey retina clarified 

that it was expressed in RGCs (Ishii et al., 2003). In human retina P2X7 has been found in Müller 

cells (Pannicke et al., 2000) and in the rat retina has also been found in vascular cells of the retina 

(Kawamura et al., 2003). Another study found that P2X7 is also present in the presynaptic process 

of rod bipolar cells and other synapses, consistent with the role of ATP  as a neurotransmitter 

within the retina (Puthussery and Fletcher, 2004). A further study using P2X7 knockout mice 

suggested that P2X7 may play a role in the excitation of photoreceptors or inhibitory cells that 

regulate rod or cone cell pathways (Vessey and Fletcher, 2012). It has been suggested that 

activation of P2X7 may affect neurotransmitter uptake from the extracellular space by Müller cells 

in the retina (Pannicke et al., 2000). Other evidence in human retina showed that P2X7 is found in 

high levels in the inner plexiform layer and in very low levels in the outer plexiform 

layer(Niyadurupola et al., 2013) which is consistent with expression in RGCs and/or retinal 

microglia. 

 

1.4.7 ATP and P2X7 in Microglia  

ATP is part of a group of signals released by non-functional and damaged cells that attract 

microglia (Borst et al., 2021). Glutamate, phosphatidylserine and purine nucleosides and 

nucleotides activate signalling pathways in which Gi plays an important role and leads to an 

increase in microglial motility (Li et al., 2020, Merlini et al., 2021, Scott-Hewitt et al., 2020). The 

pathway that involves ATP starts with ATP being detected by P2Y12, following this the ATP is 

metabolised to adenosine, which activates a pathway that ends in the upregulation of chemotaxis 

and actin filament polymerisation genes which allow for faster motility and mobility of the 

microglia (Badimon et al., 2020, Cserép et al., 2020). 
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P2X7 was first identified in microglia in a mouse cell line that showed an increase in intracellular 

Ca2+ concentration and an uptake of ethidium bromide after stimulation with ATP (Ferrari et al., 

1996). Further research using this same mouse microglia model showed ATP stimulation of the 

P2X7 receptor led to a release of IL-1β after LPS priming (Ferrari et al., 1997b). Activation of P2X7 

has also been shown to lead to the nuclear translocation of transcription factor nuclear factor 

Kappa-light-chain enhancer of activated B cells (NFκB) which, as a transcription factor, is known to 

lead to upregulation of gene expression of TNFα, Cox2 and IL-1β (Ferrari et al., 1997b). The genes 

mentioned above point towards ATP promoted the M1 pro-inflammatory phenotype (Fabbrizio et 

al., 2017). However, evidence has shown P2X7 activation also leads to an increase in M2 

phenotype markers, Arg1 and CD163, when stimulated by the P2X7 agonist Benzoyl-benzoyl 

adenosine 5’-triphosphate (BzATP) (Fabbrizio et al., 2017).  

 

1.4.8 P2X7 in Cell Death 

The link between P2X7 and cell death was first suggested in a study that indicated extracellular 

ATP stimulation caused the death of a fibroblast cell line and that P2X7 played a primary role 

(Pizzo et al., 1992). A further study showed that ATP stimulation of P2X7 in macrophages led to 

spontaneous cell death (Chiozzi et al., 1996).  

In another study, cell death was found to occur in microglia cells treated with LPS and ATP (Brough 

et al., 2002). The same treatment on cells lacking P2X7 did not lead to cell death, while cells 

lacking IL-1β still died (Brough et al., 2002). Studies have indicated that BzATP has been shown to 

kill mouse microglia, which was suppressed when treated with the P2X7 antagonist A804598, and 

also in P2X7 knockout mice (He et al., 2017). Another study has shown that mouse microglia BV2 

cells, die when under ischaemic conditions and that this action can be blocked using Brilliant Blue 

G (BBG), a non-selective P2X7 antagonist (Eyo et al., 2013). In the same study, cell death was 

reduced in hippocampal slices of P2X7 knockout mice that underwent ischaemic conditions (Eyo 

et al., 2013).  

P2X7 has also been shown to be involved with cell death of RGCs. Studies have indicated that, 

both in vivo and in vitro, stimulation of the P2X7 receptor by BzATP leads to the death of RGCs, 

and this is inhibited by BBG (Hu et al., 2010b, Zhang et al., 2005). Another study showed that an 

increase in the IOP in rat eyes in vivo lead to RGC death, but addition of apyrase, an enzyme that 

breaks down ATP to AMP, protected the RGCs (Resta et al., 2007). The same study found that, in 

vitro, RGCs showed increased permeability to propidium iodide when ATP was added and this was 

blocked with the addition of BBG (Resta et al., 2007). P2X7 was found to have an involvement in 

hypoxia-induced cell death in rat retinal neurons, as this form of cell death could be blocked by 
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BBG and oxidised ATP (Sugiyama et al., 2010). The role of microglia in P2X7 mediated 

neurodegeneration in glaucoma has not been specifically investigated, but it has been recognised 

that mechanisms of RGC death could be either direct or indirect (Niyadurupola et al., 2013). 

Certainly in relation to neurodegeneration in an age-related macular degeneration model, P2X7 

knock-out mice were protected from increased retinopathy and inflammatory gene expression, 

such as NLP3, IL-1β and IL-6 (Sekar et al., 2023). Finally, in a glaucoma mouse model study that 

used eyedrops with the P2X7 antagonist, JNJ-47965567, untreated mice showed significant 

microglia activation and a reduction in RGC number, while the mice treated with the P2X7 

antagonist displayed an improved RGC number and reduced activated microglia number (Romano 

et al., 2020).  

 

1.5 Cell Death 

Cell death is the ending of a cell performing biological functions. It can either take the form of 

programmed cell death, defined as a death that is genetically controlled, or unprogrammed cell 

death, which is seen as ‘accidental’ in response to injury. 

 

1.5.1 Necrosis 

Unprogrammed cell death mainly takes the form of necrosis, characterized by the swelling of the 

cell and its organelles leading to rupture. The pathway for necrosis (Fig 1.6) is initiated by external 

injury where the cell is damaged severely by a sudden shock, for example by radiation, heat, 

chemicals, hypoxia or mechanical stress (D'Arcy, 2019). This shock then leads to cellular damage 

which then causes DNA damage, membrane damage and mitochondrial disruption. Cellular 

damage and membrane damage leads to an increase in intracellular [Ca2+] levels which cause 

more mitochondrial disruption as well as the activation of calpains and cathespins which then 

cause protein degradation ending in necrotic cell death. The disruption of mitochondrial processes 

causes an increase in ROS which then lead to further cellular damage as well as DNA damage. 

When DNA damage is beyond the repairable limit, PARP activity increases which causes a drop in 

ATP availability within the cell, leading to necrosis and finally membrane damage past a certain 

point leads to the loss of the integrity of the cell again leading to necrosis.  
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1.5.2 Apoptosis 

Apoptosis, in contrast to necrosis, is a heavily regulated form of cell death in which the cell dies 

without spillage of its contents into the surrounding environment (D'Arcy, 2019). This form of cell 

death is known for displaying the morphological features of cell and nuclear shrinkage as well as 

characteristic apoptotic membrane blebbing (Hotchkiss et al., 2009).   

Apoptosis happens via either the intrinsic or extrinsic pathways (Fig 1.7). The intrinsic pathway is 

initiated by a range of shocks to the cell such as cytokine deprivation, DNA damage or irradiation. 

This causes membrane disruption of the mitochondria which leads to the release of cytochrome C. 

This then forms the apoptosome along with Apaf-1 and Pro-caspase 9, which converts caspase 9 

into the active form. Caspase 9 then cleaves caspases 3, 6 and 7 as part of the caspase cascade 

which leads to cleavage of the substrates of these caspases and finally apoptosis. 

The extrinsic pathway is caused by a death receptor ligand binding to a death receptor which 

activates a complex made of TRAF2, TRADD, cIAPs, RIPK1 and FADD. TRADD and FADD then 

Figure 1.6 Summary of Pathways for Necrosis. A sudden shock leads to cellular damage which 
causes mitochondrial disruption, membrane and DNA damage. These lead to an increase in ROS 
production and intracellular Ca2+ concentration. Intracellular DNA damage leads to the activation of 
PARP and the reduction of ATP concentration, while increased Ca2+ activates calpain and cathepsins 
which cause protein degradation. Both of these then cause necrosis. Created with BioRender.com 
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associate with pro-caspase 8 in another complex called the death-inducing signalling complex 

(DISC) which converts pro-caspase 8 to the active form. The active form can either, activate bid 

which causes the later steps of the intrinsic pathway to occur, or it can directly cleave caspases 3, 

6 and 7 leading to apoptosis.  

 

Apoptosis has been found to play a major role in an array of diseases, such as neurodegenerative 

conditions such as Alzheimer’s (Cordeiro et al., 2010, Crews et al., 2011, Lee et al., 2010, Nikolaev 

et al., 2009, Song et al., 2011, Stanga et al., 2010), Parkinson’s (Barcia et al., 2011, Berry et al., 

2010, da Costa and Checler, 2010), Huntington’s disease (Kim et al., 2001c, Richards et al., 2011, 

Sassone et al., 2010) and glaucoma (Nickells, 1999, Guo et al., 2005) 

 

 

Figure 1.7 Summary of Pathways for Apoptotic cell death. Intrinsic Pathway: a range of shocks to 
the cell, leads to mitochondrial membrane disruption and the release of cytochrome C. The 
apoptosome (Cytochrome C, Apaf-1 and Pro-caspase 9) forms and activates caspase 9. Caspase 9 
then cleaves caspases 3, 6 and 7, leading to the cleavage of  multiple substrates that cause 
apoptosis. Extrinsic pathway: death receptor ligand binding activates complex I (TRAF2, TRADD, 
cIAPs, RIPK1 and FADD). TRADD and FADD bind pro-caspase 8 in the death-inducing signalling 
complex (DISC) which activates pro-caspase 8. This can either activate Bid and the intrinsic 
pathway, or it can directly cleave caspases 3, 6 and 7 to initiate apoptosis. Created with 
BioRender.com 
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1.5.3 Necroptosis 

A programmed form of necrosis has been termed necroptosis (Fig 1.8). In contrast to apoptosis, a 

key feature of necroptosis is membrane disruption, leading to cellular swelling and finally cell lysis 

which causes the release of damage associated molecular patterns (DAMPs) from the cell 

(Kaczmarek et al., 2013). The pathway is initiated by members of the TNF superfamily, such as TNF 

Receptor 1 (TNFR1), (Frank and Vince, 2019). This activation would normally lead to apoptosis but 

for necroptosis to occur, it is thought that certain apoptotic associated proteins need to fail. 

Cellular inhibitors of apoptotic proteins (cIAP1/2) and caspase 8 have been found to inhibit 

receptor interacting serine/threonine kinase 1 (RIPK1) and RIPK3 (Fritsch et al., 2019, Oberst et al., 

2011, McComb et al., 2012). The lack of inhibition leads RIPK1 recruiting RIPK3 to form the 

necroptosome. The necroptosome then phosphorylates mixed lineage kinase domain like 

psdeudokinase (MLKL) which allows MLKL to oligomerise. This oligomer form of MLKL can then 

insert into the plasma membrane and organelles causing permeabilisation which leads to release 

of DAMPs and cell death (Duprez et al., 2009). One example of a DAMP is ATP. Recently increasing 

numbers of conditions have been found to be linked to necroptosis, with some studies suggesting 

that blocking this form of cell death could lead to new treatments. The conditions found to be 

associated include stroke (Degterev et al., 2005) and Alzheimer’s disease (Ofengeim et al., 2017). 

Figure 1.8 Summary of Pathway for Necroptotic cell death. TNF receptor activation leads to the 
formation of the necroptosome (RIPK1 and RIPK3 with an inhibited Caspase 8) which  
phosphorylates MLKL causing oligomerisation. Oligomerised MLKL inserts into the plasma 
membrane causing cell death by necroptosis. Created with BioRender.com 
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1.5.4 Pyroptosis 

Pyroptosis is a non-apoptotic, pro-inflammatory, lytic form of programmed cell death stimulated 

by a range of infectious and non-infectious stimuli (Bergsbaken et al., 2009).  

 

A defining feature of pyroptosis is the dependence on caspase 1. The activation of caspase-1 is 

thought to be conducted by a large signal-induced multiprotein complex, called the 

inflammasome (Fig 1.9). Five different inflammasomes have been found that activate caspase 1. 

The most well studied “classical” pyroptotic pathway starts with a primary signal, such as LPS 

activating TLR4 which upregulates pyroptotic proteins such as NLRP3 and Pro-IL-1β. NLRP3 has 

been found to be activated by multiple stimuli, including pore-forming toxins, uric acid crystals, 

virus DNA, RNA, asbestos, UV-B irradiation and extracellular ATP (Swanson et al., 2019). A 

common response that all these stimuli share is an efflux of potassium. In Fig 1.7 potassium efflux 

is shown via the P2X7 receptor. Activation of NLRP3 leads to the assembly of the inflammasome, 

NLRP3 associates with the apoptosis associated speck-like protein containing a CARD (ASC) protein 

Figure 1.9 Summary of the classical NLRP3 inflammasome Pathway for Pyroptotic Cell Death. The 
primary signal (LPS) causes the upregulation of pyroptotic associated proteins (NLRP3 and Pro-IL-
1β). The secondary signal (ATP via P2X7) leads to the formation of the inflammasome (NLRP3, ASC 
and Pro-Caspase-1). This leads to the activation of caspase 1 and cleavage of gasdermin D and 
cytokines (Pro-IL-1β and Pro-IL-18). Gasdermin D inserts into the cellular membrane forming a 
pore allowing the cytokines to leave the cell and pyroptotic cell death to occur. Created with 
BioRender.com 
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and pro-caspase 1, leading to the activation of caspase-1. Caspase 1 activation causes the cleavage 

of proinflammatory cytokines such as IL-1β and IL-18. It also cleaves gasdermin D. Gasdermin D is 

the final executioner in the pyroptotic pathway, inserting into the membrane to form a pore that 

mediates cell swelling and membrane rupture. Caspase-1 activation and pyroptosis has been 

found to be involved in multiple diseases, such as, myocardial infarction, cerebral ischaemia, 

irritable bowel syndrome, the neurodegenerative diseases Huntingdon’s and Alzheimer’s disease 

and endotoxic shock (Frantz et al., 2003, Li et al., 1995, Ona et al., 1999, Schielke et al., 1998, 

Siegmund et al., 2001).  

 

1.6 Cell Death Pathway Executive Proteins  

1.6.1 Calpains 

Calpains are a family of Ca2+ dependent cysteine proteases(Hosseini et al., 2018). They are 

thought to be involved in signal transduction, cell death, cell proliferation, migration and 

differentiation (Sorimachi et al., 2011a, Sorimachi et al., 2011b, Suzuki et al., 2004). More recently 

there is evidence of calpain involvement in neuronal migration and differentiation, synaptic 

plasticity and neuroprotection (Baudry and Bi, 2013, Baudry and Bi, 2016). Calpains are found in 

15 isoforms, as shown in Figure 1.10, CAPN1 is found in its long (CAPN1) and short CAPNS1 

(previously known as CAPN4) form. Calpains are either found ubiquitously or are tissue specific. 

Ubiquitous calpains include CAPN1, 2, 5, 7, 10, 13 and 15. Tissue specific calpains include CAPN 3 

which is found in skeletal muscle and also splice variants of CAPN 3 are found in the retina (Azuma 

et al., 2000) and the lens (Fukiage et al., 2002). Other tissue specific calpains are CAPN6 which is 

found in the placenta, CAPN 8 and 9 both found in the gastrointestinal tract, CAPN11 and 16 

found in the testes, CAPN12 found in hair follicles and CAPN14 found in the oesophagus (Ono et 

al., 2016b).  

They have been classified into two groups: classic (CAPN1-3, CAPN8-9, CAPN11-14) and non-

classic (CAPN5-7, CAPN10, CAPN13, CAPN15-16) calpains. Classic and non-classic are characterised 

by the presence (classic) or lack of (non-classic) the penta EF (PEF) region, which facilitates Ca2+ 

binding and subsequent activation within the protease.  

Inhibitors of calpains have been developed previously including for calpain 1 and 2. An inhibitor 

for calpain 1 is PD150606 (Low et al., 2014) and for calpain 2 is CAT811 (Abell et al., 2009). 

Evidence has been found that calpains are involved in many diseases. Calpains 1 and 2 have been 

implicated in Alzheimer’s (Garwood et al., 2013, Kurbatskaya et al., 2016, Magi et al., 2016), 

Parkinson’s (Diepenbroek et al., 2014), Huntington’s (Gafni et al., 2004, Weber et al., 2016) and 

cataract (Biswas et al., 2004, David and Shearer, 1986). Calpain 3 has been found to be involved 
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with a form of muscular dystrophy (MD) called Limb girdle MD type 2A (Kramerova et al., 2016, 

Ono et al., 2016a), while calpain 5 has links to autosomal dominant neovascular inflammatory 

vitreoretinopathy (Mahajan and Lin, 2013). Calpains 8 and 9 have involvement in gastric ulcers 

(Ono and Sorimachi, 2012), calpain 10 in diabetes (Pandurangan et al., 2014, Pánico et al., 2014, 

Sáez et al., 2008) and polycystic ovary syndrome (Shen et al., 2013) and calpain 14 in eosinophilic 

esophagitis (Litosh et al., 2017). 

 

Calpains have many substrates with some suggesting that up to 1000 proteins could be modulated 

by the calpain family (Piatkov et al., 2014). and the kinases protein Kinase C, CaMKII, Bid, Bax23, 

ERK1/2 and Cdk5/p35 are also substrates of calpains. They are also known to regulate proteolysis 

of cytoskeletal proteins (Siklos et al., 2015) including spectrin (Ono et al., 2016b, Seinfeld et al., 

2016). Spectrin is found to be proteolysed by calpains in neuronal cells and has been found to be 

associated with neuronal apoptosis (Briz and Baudry, 2017, Czogalla and Sikorski, 2005, Ono et al., 

2016b, Siklos et al., 2015). The cytoplasmic tails of actin and integrins are regulated by calpains 

(Cortesio et al., 2011). Inhibition of calpains has been found to block actin proteolysis and DNA 

fragmentation during apoptosis of neuronal cells (Rami et al., 2000, Villa et al., 1998). 

Figure 1.10 The Calpain Family Structure of calpains and their domains. Domains listed 
are Glycine-Rich (GR), Penta-EF small and large (PEF(S) or PEF(L)), Polycystin-1 and -2 (PC1 
and PC2), Insertion Sequence-1 and -2 (IS1 and IS2), C2-Like (C2L), Microtubule-
interacting and trafficking (MIT), Small optic lobes homology (SOH) and calmodulin 
interacting motif (IQ) Adapted from (Hosseini et al., 2018) 
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It has been shown that calpains are the major cause of cell death in photoreceptors expressing 

misfolded rhodopsin, though the mechanism of cell death in this instance is unknown (Comitato et 

al., 2020). Calpains have also been shown to play a role in the degeneration and dysfunction of 

retinal neurons in a rat model of acute ocular hypertension (Suzuki et al., 2014). In addition, 

monkey retinal explants that underwent hypoxia/reoxygenation saw activation of calpains in the 

nerve fibre layer that led to the eventual cell death of the connected RGCs (Hirata et al., 2015). 

One study also showed that activation of calpains 1 and 2 was important in the changes that lead 

to the degeneration of the retina in WBN/Kob rats, a model for spontaneous retinal degeneration 

(Azuma et al., 2004) while another study in rats, this time for a glaucoma model, showed that 

calpains are activated under elevated IOP conditions which lead to the eventual loss of RGCs 

(Huang et al., 2010). 

Calpains have also been shown to be involved in the immune system. One study using rats showed 

an increased expression in activated glia and other inflammatory cells in experimental allergic 

encephalomyelitis, a model for multiple sclerosis (MS) (Shields et al., 1998). Calpain activity and 

expression has also been found to increase in activated glia and other inflammatory cells using a 

rat model for penumbra spinal injury lesions (Shields et al., 2000). A calpain inhibitor, calpeptin, 

has been used to treat optic neuritis in rats, an inflammatory auto immune disease that often 

occurs in humans that suffer from multiple sclerosis (MS). With treatment there was a decrease in 

inflammation, reactive astroglia and activated microglia. The results of this treatment led to a 

decrease in axonal damage and promoted intracellular neuroprotective pathways in the optic 

nerve (Das et al., 2013). Another study has also found that calpains have a vital role in human 

macrophages. It has been found to be essential for protein secretion that is ATP driven and also 

activation of the inflammasome (Välimäki et al., 2016). 

 

1.6.2 Caspases 

Caspases are a family of cysteine-dependent proteases. They are known for cleaving their 

substrates on the C-Terminal side of an aspartate although they can also cleave after glutamate 

and phosphoserine residues.  

There have been found to be 3 groups of caspases (Van Opdenbosch and Lamkanfi, 2019). Group 1 

are the inflammatory  caspases which share a long caspase recruitment domain and a preference 

for a large aromatic or hydrophobic residue in the P4 position of their substrates (Julien and Wells, 

2017). This group contains Caspases 1, 4, 5 and 11 (Van Opdenbosch and Lamkanfi, 2019). Group 2 

is made up of effector or executioner caspases that share a short pro-domain  This group is made 

up of caspase 3, caspase 6 and caspase 7. Finally group 3 are the initiator caspases which share a 
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long pro-domain and prefer leucine and valine in the P4 position of their substrates  This group 

consists of caspase 8, caspase 9 and caspase 10 (Van Opdenbosch and Lamkanfi, 2019).  

There are also caspases that do not neatly fit into these groups. Caspase 2 has the long pro-

domain of group 3 but the substrate specificity of group 2 and is thought to be involved in the cell 

cycle (Fava et al., 2017). Caspase 12 is only found in some small subsets of the human population 

(Kachapati et al., 2006) and caspase 14 is thought to have a highly specific role in the 

differentiation process of keratinocytes (Eckhart et al., 2000). 

 

Many inhibitors have been found for various caspases including a pan caspase which is found to 

block caspases 1, 3, 7 and 8 (Cain et al., 1996). Specific caspase inhibitors include a caspase 1 

inhibitor, that also has some inhibition of caspase 4 (Ac-YVAD-cmk) (Cain et al., 1996), a caspase 3 

inhibitor (Z-DEVD-FMK) (Masuda et al., 1997) and a caspase 8 inhibitor (Z-IETD-FMK) (Concha and 

Abdel-Meguid, 2002, Thornberry et al., 1997) 

 

1.6.2.1 Inflammatory Caspases  

1.6.2.1.1 Caspase 1 

The first of the inflammatory caspases is caspase 1. As shown on Figure 1.11 caspase 1 contains 

large and small catalytic subunits with a linker region and also a caspase recruitment domain 

Figure 1.11 The Caspase Family Classification and basic structure of human and murine 
caspases. Adapted from: (Van Opdenbosch and Lamkanfi, 2019) 



33 
 

(CARD). The preferred substrate motifs for peptides is WEHD and for proteins is either YVHD or 

FESD (Julien and Wells, 2017). 

As mentioned previously, caspase 1 plays a vital part in pyroptosis where it is a key component of 

the canonical inflammasome. A sensor protein becomes activated which binds and activates the 

ASC protein which then recruits procaspase 1 by its corresponding CARD domains. This allows the 

associated procaspase 1 to become dimerised which leads to autocatalytic cleavage into active 

caspase 1. Active caspase 1 then converts the cytokines, IL1β and IL18, as well as the pyroptotic 

executioner protein gasdermin D, into their active forms.  

Caspase 1 has also been found to have non-pyroptotic actions including possible roles in 

apoptosis. A recent study using a hypoxia and ischaemia-induced neuronal cell death model found 

caspase 1 was able to cleave the BID protein (Zhang et al., 2003), while another study showed it 

could activate caspase 6 apoptotic human neurons (Guo et al., 2006).  

Caspase 1 has also been found to play multiple roles in phagocytosis. One study showed caspase 1 

promoted the lysosomal degradation of legionella in macrophages (Amer et al., 2006). Other 

studies have shown that caspase 1 is able to cause the acidification of lysosomes in the 

degradation of bacteria or apoptotic debris (Monteith et al., 2018, Sokolovska et al., 2013). 

Caspase 1 has also been found to cause lysosomal exocytosis due to its downstream effects that 

cause an increase in intracellular calcium levels (Bergsbaken et al., 2011) and a further study found 

that caspase 1 upregulated mitochondrial autophagy in hepatocyte cell death in a haemorrhagic 

shock model (Sun et al., 2013). 

Knockout studies for caspase 1 in mice show normal growth and development (Kuida et al., 1995) 

however there is evidence that they are more susceptible to viral infection (Thomas et al., 2009) 

and also that there is an increased risk of tumour formation (Hu et al., 2010a). Caspase 1 has also 

been associated with HIV, where it is thought to be involved in the mechanism of CD4 T-cell 

depletion (Zhang et al., 2021, Monroe et al., 2014, Doitsh et al., 2014). 

Although not directly associated with caspase 1, an increase in the levels of the caspase 1 cytokine 

substrate, IL-1β, have been shown to be a risk factor for type 2 diabetes and also add to insulin 

resistance (Spranger et al., 2003, Maedler et al., 2009). IL-1β has also been implicated in many 

other diseases including neurodegenerative conditions such as Alzheimer’s disease, Parkinson’s 

disease and glaucoma (Oliveira et al., 2018, Piancone et al., 2021). 
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1.6.2.1.2 Caspase 4, 5 and 11 

The function of Caspases 4 and 5 are not fully known. However, they are known to have a murine 

homologue known as caspase 11, which has a role in the non-canonical activation of the 

inflammasome and contains a LPS detecting section within its structure (Van Opdenbosch and 

Lamkanfi, 2019).  

 

1.6.2.2 Executioner Caspases  

1.6.2.2.1 Caspase 3 

The first of the executioner caspases is caspase 3. As shown in Figure 1.11 caspase 3 is made up of 

both a large and small catalytic subunit, with a linker region. The procaspase form is a stable dimer 

and is activated by cleavage of this linker region to create a tetrameric formation. The preferred 

substrate motifs in both peptides and proteins for caspase 3 is DEVD (Julien and Wells, 2017). 

As mentioned previously caspase 3 is a vital component of the apoptotic machinery, playing a role 

in both the intrinsic pathway, where is it cleaved and activated by caspase 9, and the extrinsic 

pathway, where it is cleaved and activated by caspase 8. There is also evidence of interaction 

between caspase 3 and members of the gasdermin family. One study showed that caspase 3 is 

able to activate pyroptosis by cleaving gasdermin E (Zeng et al., 2019), while another study 

showed it can block pyroptosis by inactivating gasdermin D through cleavage at an alternate site 

(Taabazuing et al., 2017). 

Caspase 3 has also been found to have roles outside of cell death including, tissue differentiation 

(erythrocytes, monocytes and neurons), tissue regeneration and neural development, synaptic 

plasticity and axon guidance. Knockout experiments in mice show that most die perinatally and 

those that do survive have abnormal neural structures and behaviour deficits (Kuida et al., 1996) 

although this was shown to possibly be strain dependent (Leonard et al., 2002). It was also shown 

that caspase 3 knockout mice exhibited marked cataracts at the anterior lens pole (Zandy et al., 

2005). 

Caspase 3 has been shown to be involved in many diseases including cancer, Huntington’s disease 

and Alzheimer’s disease (Asadi et al., 2022).  
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1.6.2.2.2 Caspase 6   

The next executioner caspase is caspase 6 and again if we look at Figure 1.11 the structure is made 

up of large and small catalytic subunits with a linker region. The preferred substrate motifs for 

peptides is VQVD and for proteins it is VEVD(Julien and Wells, 2017).  

Caspase 6 plays a central role in apoptosis. It has been found to be processed and activated by 

caspases 3, 7, 8 and 10, while evidence has also shown the ability to undergo self-processing 

(Wang et al., 2010). Another vital role for caspase 6 is host defence and cell death during an 

influenza A Virus infection where it has been found to activate the NLRP3 inflammasome (Zheng et 

al., 2020).  

Like caspase 3, caspase 6 is involved in many of the same conditions, including cancer, 

Huntington’s disease, and Alzheimer’s disease (Graham et al., 2011).  

 

1.6.2.2.3 Caspase 7 

The last of the executioner caspases is caspase 7. Shown in Figure 1.11, as with the other 

executioner caspases, we see a large and small catalytic subunit with a linker region. The pro 

caspase form is a stable heterodimer which is cleaved to make a tetramer formation (Lamkanfi 

and Kanneganti, 2010). Identical to caspase 3, caspase 7 has DEVD as a preferred substrate motif 

in both peptides and proteins (Julien and Wells, 2017).  

Caspase 7 plays a central role in apoptosis. It has been found to be processed and activated by 

caspases 3, 8, 9 and 10.  

Caspase 7 knockout mice develop normally with a normal appearance and organ morphology 

(Lakhani et al., 2006). It is thought, due to the similar structure, caspase 3 compensates for the 

lack of Caspase 7. However, studies have shown that there are differences between caspase 3 and 

7 when it comes to protein processing, with caspase 7 being more selective. This is also true for 

the substrates as some proteins are more selective towards caspase 7 than caspase 3 (Walsh et al., 

2008). These differences are also highlighted in knockout studies using different cell death stimuli. 

Caspase 7 knockout mouse embryonic fibroblasts stimulated with UV or ligands for the Fas 

receptor showed a higher resistance to apoptosis than the caspase 3 knockouts (Lakhani et al., 

2006).  

Caspase 7 has also been found to have a role in inflammation. In macrophages stimulated with LPS 

and ATP or infected with Salmonella typhymurium and Legionella pneumophila it has been shown 

that inflammasomes containing caspase 1 process and activate caspase 7 but not caspase 3. 

Caspase 7 knockout macrophages are also less able to restrict intracellular Legionella pneumophila 
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replication (Akhter et al., 2009) and caspase 7 knockout mice display a resistance to death 

triggered by injection of intraperitoneal LPS, a common model for human shock syndrome 

(Lamkanfi et al., 2009). 

Caspase 7 is involved with a number of conditions including Huntington’s disease and Alzheimer’s 

disease, where an increased presence of caspase 7 expression is indicative of higher neuronal cell 

death (Hermel et al., 2004, Ramasamy et al., 2006) and sepsis, where caspase 7 is thought to play 

a role in extensive leukocyte apoptosis (Hotchkiss and Nicholson, 2006). Also it has been found 

that single nucleotide polymorphisms in caspase 7 have been linked with rheumatoid arthritis 

(Teixeira et al., 2008) and insulin dependent diabetes mellitus (Babu et al., 2003). 

 

1.6.2.3 Initiator Caspases 

1.6.2.3.1 Caspase 8 

The first of the initiator caspases is caspase 8. As seen in Figure 1.11 caspase 8 has a large and a 

small catalytic subunit, along with 2 death effector domain (DED) regions. The preferred substrate 

motif for peptides is LETD and for proteins is XEXD, where X is any residue (Julien and Wells, 2017). 

Caspase 8 plays a role in multiple cell death pathways (Orning and Lien, 2021). Firstly, in the 

extrinsic apoptotic pathway, as mentioned previously, caspase 8 is an important component of the 

DISC (Kischkel et al., 1995). Activation of death receptors, such as Fas, leads to the recruitment of 

TRADD, FADD and RIPK1 which along with caspase 8 form the DISC allowing caspase 8 

dimerisation and autocleavage of caspase 8 (Orning and Lien, 2021). This then activates caspase 3 

and 7 leading to apoptosis. It has been found that in certain cells the intrinsic apoptotic pathway 

can be triggered through cleavage of BID by activated caspase 8 (Li et al., 1998).  

Another component of the DISC is cellular FLICE inhibitory protein (cFLIP). This protein has been 

found to block apoptosis. There are 3 isoforms of cFLIP, 2 short (cFLIPR and cFLIPS) and 1 long 

(cFLIPL). Caspase 8 can dimerise with cFLIPL which leads to the inhibition of the autocleavage 

ability of caspase 8 (Orning and Lien, 2021). 

Caspase 8 also plays an inhibitory role in necroptosis. Active caspase 8 cleaves RIPK1 that has 

bound to RIPK3 blocking the necroptotic pathway (Feng et al., 2007, Lin et al., 1999, Oberst et al., 

2011). Therefore, necroptosis can only occur with the inhibition of caspase 8. 

In pyroptosis, caspase 8 has been found to have the ability to regulate different parts of the 

inflammasome. Firstly it can trigger inflammasome activity in response to β-glucans and C. 

Albicans downstream of dectin-1 (Ganesan et al., 2014), it has also been found to associate with 

the ASC protein through its DED region (Vajjhala et al., 2015). It has also been found to be involved 
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in the activation of caspase 1 (Philip et al., 2014) and can cleave IL-1β (Antonopoulos et al., 2013, 

Gringhuis et al., 2012, Maelfait et al., 2008) and finally it has been shown to be able to also cleave 

gasdermin D directly (Orning et al., 2018, Sarhan et al., 2018).  

Knockout experiments in mice show that loss of caspase 8 is embryonically lethal, thought to be 

linked to the inhibitory role caspase 8 plays in necroptosis (Newton et al., 2019, Varfolomeev et 

al., 1998). Loss of caspase 8 in humans is not embryonically lethal, which is thought to be down to 

the presence of caspase 10.  

Caspase 8 has been found to be involved in human disease such as early onset inflammatory 

bowel disease (Lehle et al., 2019).  

 

1.6.2.3.2 Caspase 9 

The next initiator caspase is caspase 9. As seen on Figure 1.11, caspase 9 contains a small and 

large catalytic subunit, with a linker domain that is much longer when compared to the other 

caspases, also caspase 9 is the only CARD containing caspase in the executioner and initiator 

groups. The preferred substrate motifs for peptides is (W/L)EHD while the motif for proteins is still 

to be determined (Julien and Wells, 2017). 

As mentioned previously caspase 9 has an important role in the intrinsic apoptotic pathway, where 

it acts as the main initiator caspase. Caspase 9 is a key component of the apoptosome but as 

procaspase 9. The role of the apoptosome is thought to provide a location for the dimerisation of 

procaspase 9, which then leads to the rapid autocatalytic cleavage producing the active caspase 9 

(Renatus et al., 2001).  

Caspase 9 has been found to be involved with an array of conditions such as Huntington’s disease 

(Kiechle et al., 2002), Alzheimer’s disease (Zhao et al., 2016) and a possible role in the progression 

of sepsis (Miliaraki et al., 2021).  

 

1.6.2.3.3 Caspase 10 

The last of the initiator caspases is caspase 10. As seen on Figure 1.11, caspase 10 has a similar 

structure to caspase 8, with 2 DED regions and a large and small catalytic subunit. The preferred 

substrate motifs in both peptide and protein is LEHD (Julien and Wells, 2017). 

Caspase 10, which is known to activate caspases 3 and 7 and is processed by caspase 8, is thought 

to have an important role in the extrinsic apoptotic pathway though this role is not fully 

understood.  



38 
 

A recent study suggested that caspase 10 is a negative regulator of caspase 8 mediated cell death 

and supports FasL induced gene induction. They showed that caspase 10 rewires the DISC 

signalling to NFκB activation/cell survival (Horn et al., 2017). 

There is no mouse homologue known, so knockout studies have been unable to be conducted 

which has limited the ability to investigate function. 

Mutations in caspase 10 have been found to cause autoimmune lymphoproliferative syndrome 

(ALPS) type II, caused by defective lymphocyte homeostasis leading to excess lymphocytes and 

then autoimmunity (Wang et al., 1999). 

 

1.6.3 Necroptotic Proteins 

1.6.3.1 Receptor interacting protein kinase 1 (RIPK1) 

Receptor interacting protein kinase 1 (RIPK1) was the first of the RIPK family to be discovered 

(Stanger et al., 1995). The structure of RIPK1 is made up of a kinase domain, an intermediate 

domain containing a RIP homotypic interaction motif (RHIM) and finally a death domain (Zhang et 

al., 2010). With this death domain it is thought to interact with the death domains of death 

receptors such as Fas and TNF1-R1 as well as adaptor proteins such as FADD and TRADD. The 

intermediate domain and death domain allow RIPK1 to associate with various other kinases 

including RIPK3, MEKK1 and MEKK3 (Yu et al., 1999, Yang et al., 2001, Sun et al., 1999, Kim et al., 

2001a). 

As mentioned previously RIPK1 plays a vital role in multiple cell death pathways including being a 

component of the DISC of extrinsic apoptosis, the necroptosome in necroptosis and an initiator in 

necrosis. RIPK1 has been found to be inhibited by necrostatin (Degterev et al., 2005). 

Knockout studies for RIPK1 result in the mice dying up to 3 days after birth (Kelliher et al., 1998). 

 

1.6.3.2 Receptor interacting protein kinase 3 (RIPK3) 

RIPK3 was the third member of the RIPK family to be discovered. The structure of RIPK3 is made 

up of a kinase domain and a further domain that contains a RHIM (Zhang et al., 2010). As 

mentioned before RIPK3 plays a vital role in necroptosis after forming the necroptosome alongside 

RIPK1, while caspase 8 is inhibited, RIPK3 cleaves MLKL leading to cell death.  

Both RIPK1 and RIPK3 have been found to have roles outside of necroptosis and apoptosis. A 

recent study has shown both RIPK1 and RIPK3 are involved in cytokine production in myeloid cells 

to help regulate myeloid homeostasis (Wong et al., 2014) while a further study show that both 
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proteins are able to activate the inflammasome after RNA virus stimulation (Wang et al., 2014). 

There is further evidence of other roles for RIPK3. A study has shown that RIPK3 is able to 

generate a bioactive form of IL1β (Vince et al., 2012) while another study showed that RIPK3 is 

able to promote injury induced cytokine expression and tissue repair in dendritic cells (Moriwaki 

et al., 2014).  

 

1.6.3.3 Mixed Lineage Kinase Domain Like Psdeudokinase (MLKL) 

MLKL is a 54Kda protein from the kinase superfamily. This protein is made up of a C-Terminal 

pseudo kinase domain, a linker region and an N-Terminal 4 helix bundle (4HB) (Su et al., 2014, 

Murphy et al., 2013). As mentioned previously MLKL is activated by phosphorylation carried out 

by the necrosome. The location of this phosphorylation site is in the pseudo kinase domain which 

causes a conformational change which causes the 4HB to become exposed (Tanzer et al., 2016, 

Petrie et al., 2018, Czabotar and Murphy, 2015). With the 4HB now exposed MLKL-p is able to 

form disulphide bond dependent oligomers (Liu et al., 2017, Tanzer et al., 2016, Petrie et al., 2018) 

which are able to form pores, thought to be 4nm in diameter (Ros et al., 2017).  

The antibiotic necrosulfonamide has been found to block MLKL pore formation (Sun et al., 2012). 

MLKL has been found to play a role in a variety of diseases such as diabetes (Xu et al., 2019) and 

cancer (Dong et al., 2019)  

 

1.6.4 Pyroptotic Proteins  

1.6.4.1 NLR Family Pyrin Domain Containing Protein 3 (NLRP3) 

NLRP3 is a member of a family of sensor proteins involved in the inflammasome. The structure of 

NLRP3 consists of a PYD, a NACHT and an LRR (Kelley et al., 2019). NLRP3 activation occurs due to 

PAMPS such as viral RNA, microbial toxins and bacterial surface components (Allen et al., 2009, 

Duncan et al., 2009) and DAMPS such as uric acid crystals, ATP and β amyloid peptide (Halle et al., 

2008, Mariathasan et al., 2006, Martinon et al., 2006). Other signals and stimuli thought to be 

involved with the activation of the NLRP3 inflammasome include ion flux, mitochondrial 

dysfunction, ROS, lysosomal disruption and mtDNA (Kelley et al., 2019). After activation NLRP3 

oligomerises which allows it to bind to ASC using the corresponding PYD domains and as 

mentioned before this then results in the pyroptotic cell death pathway (Sharma and de Alba, 

2021). NLRP3 has been found to be inhibited by MCC950 (Coll et al., 2015). 
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NLRP3 has been linked to a number of conditions such as Alzheimer’s disease, type 2 diabetes and 

cancer (Menu and Vince, 2011).  

 

1.6.4.2 Apoptosis Associated Speck-like Protein Containing a CARD (ASC) 

Apoptosis associated speck like protein with a caspase recruitment domain (ASC) is a small 22kDa 

protein made up of a N-terminal PYD and a C-terminal CARD with a linker region in between 

(Masumoto et al., 1999, Sahillioglu et al., 2014). ASC works as a linker for the inflammasome 

structure, as it is able to bind NLRP3, as well as other inflammasome sensor proteins, by binding 

the corresponding PYD domains while also binding to procaspase 1 using the corresponding CARD 

domains (Srinivasula et al., 2002, Stehlik et al., 2003, Masumoto et al., 1999).   

The ASC protein has been found to be involved in an array of conditions and diseases such as 

Alzheimer’s disease (Couturier et al., 2016), arthritis (Ippagunta et al., 2010), stroke (Denes et al., 

2015) and autoimmune encephalomyelitis (Shaw et al., 2010, Martin et al., 2016) 

 

1.6.4.3 Gasdermins 

Gasdermins are pore-forming cytosolic proteins that are extremely hazardous to the cell. 

Unwanted activation of this family of proteins has been associated with deafness, alopecia, and 

exacerbation of sepsis in animal models (Kayagaki et al., 2015, Kovacs and Miao, 2017). The 

structure is thought to be made up of a pore forming domain (PFD), a linker domain and a 

repressor domain (RD) that auto inhibits the pore forming activity of the gasdermin. When the 

linker domain is cleaved the PFD oligomerises with other cleaved PFDs in the cell membrane to 

create a pore 10-15nm in diameter (Aglietti et al., 2016, Ding et al., 2016, Liu et al., 2016), though 

one group suggests 21nm (Sborgi et al., 2016). If a small number of gasdermin pores exist, the IL-

1β and IL-18 can pass through the pore without the need for rupture (Brough and Rothwell, 2007, 

Martín-Sánchez et al., 2016, Russo et al., 2016). The cell can then compensate any volume 

increases using swelling-activated K+, Cl-, and organic osmolyte (e.g. taurine) channels that export 

these solutes and any accompanying water (Hoffmann et al., 2009). If the level of active 

gasdermin pores goes over the critical threshold the cell swells extensively. This leads to the 

separation of the plasma membrane and the cortical cytoskeleton in large fluid-filled balloons, 

which are distinct from the characteristic apoptotic blebs (Shi et al., 2015). 

The gasdermin family of proteins has 6 members, gasdermin A, B, C, D and E.  
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1.6.4.3.1 Gasdermin A 

Gasdermin A is expressed in epithelial cells of the skin, tongue, oesophagus, stomach, mammary 

gland and umbilical cord (Kovacs and Miao, 2017). It is involved with inflammation of the skin and 

asthma, thought to be through the autophagy pathway (Shi et al., 2015, Yu et al., 2011). Humans 

are found to have one variant of gasdermin A, but mice have been found to have 3, Gasdermins 

A1, A2 and A3. Gasdermin A3 mutations in mice were found to cause alopecia, hyperkeratosis and 

inflammation (Tanaka et al., 2013). Gasdermin A has also been found to be able to damage the 

mitochondria and induce mitophagy (Shi et al., 2015). 

 

1.6.4.3.2 Gasdermin B 

Gasdermin B is expressed in lymphocytes, oesophagus, stomach, liver and colon (Kovacs and 

Miao, 2017, Wu et al., 2009). Like gasdermin A it is thought to be involved in asthma (Moffatt et 

al., 2010, Moffatt et al., 2007, Wu et al., 2009, Yu et al., 2011). It has been found to be cleaved by 

caspases 3, 6 and 7 (Chao et al., 2017) and is inactivated during apoptosis.  

 

1.6.4.3.3 Gasdermin C 

Gasdermin C has been found to be expressed in the oesophagus, stomach, trachea, spleen, 

intestine, bladder and skin (Kovacs and Miao, 2017, Wu et al., 2009). There is also evidence of 

increased expression in metastatic melanoma (Watabe et al., 2001) and decreased in oesophageal 

and gastric cancer (Saeki et al., 2009).  

 

1.6.4.3.4 Gasdermin D 

Gasdermin D is expressed in the placenta, B and T lymphocytes, oesophagus, stomach and all 21 

gastric cancer cell lines (Saeki et al., 2009). It is thought to be cleaved by caspases 1, 4, 5 or 11 and 

is described as the main player in pyroptosis (Kovacs and Miao, 2017). Activity of gasdermin D was 

first thought to only be terminal (Lieberman et al., 2019). However, subsequent research has 

shown that gasdermin D activation does not always lead to cell death (Evavold et al., 2018, Heilig 

et al., 2018). The cell death after gasdermin D pore formation is regulated and can be delayed and 

even avoided (Lieberman et al., 2019). Gasdermin D has been found to have its pore forming 

ability blocked by necrosulfonamide (Rathkey et al., 2018). 

 

1.6.4.3.5 Gasdermin E 

Gasdermin E is expressed in the placenta, brain, heart, kidney, cochlea, intestines and IgE-primed 

mast cells (Kovacs and Miao, 2017, Wu et al., 2009). Gasdermin E has been found to play a role in 

both apoptosis, where it is thought to insert into the mitochondria leading to the release of 

cytochrome C, and pyroptosis, where it replaces gasdermin D as the pore protein (Liao et al., 
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2022). Gasdermin E has been found to be associated with many conditions including cancers, 

hearing loss and kidney disease (Liao et al., 2022). 

 

1.7 Aims 

Taking all that has been covered previously into consideration, it is important to look at microglia, 

cell death, ATP and P2X7, with a view to try to understand how these aspects could play a role in 

neuroinflammation and the progression of neurodegenerative conditions, such as glaucoma and 

Alzheimer’s disease. Therefore the aims of this thesis are, firstly to investigate the effects of ATP 

stimulation on cell membrane disruption and cell death in microglia, and to use pharmacological 

inhibitors to try to characterise this pathway. Secondly, for a wider understanding of the cell 

death mechanism happening following ATP stimulation in microglia, a comparison between this 

pathway and the cell death pathway happening in macrophages after ATP stimulation with and 

without LPS priming will be performed. Finally, for a deeper look into other pathophysiological 

stressors microglia may come into contact within the CNS, the effects of pathophysiological 

insults on cell membrane disruption and cell death in microglia will be investigated and 

pharmacological inhibitors used to try and characterise these pathways. 

 

1.8 Hypothesis 

The hypothesis that drove the research presented in this thesis is that cell death in microglia 

stimulated by ATP occurs via the cell death mechanism pyroptosis, with increased permeability 

mediated by gasdermin D. This mechanism will be similar to the response seen in macrophages. 

Other pathophysiological stressors found in neurodegenerative conditions, including glaucoma, 

will cause cell death via the pyroptotic mechanism.  
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Chapter 2 

Materials and Methods 

2.1 Cell Culture 

Cells used were BV2 (Blasi et al., 1990) and a P2X7K/O variant of BV2 cells, produced by Dr Leanne 

Stokes using the CRISPR-Cas9 gene editing technique to remove the P2X7 gene from the wild type 

BV2 cells (Dhuna et al., 2019). BV-2 cells were transfected with endotoxin free 1 mg EditR-Cas9 

plasmid with blasticidin resistance (GE Healthcare Dharmacon, Lafayette, CO) plus 25 nM target 

RNA and 25 nM complementary RNA for P2RX7 using Dharmafect DUO reagent. After this, 

antibiotic selection was performed using blasticidin. The treated cells underwent flow cytometry 

testing for the presence of P2X7 and cells lacking P2X7 underwent a single-cell cloning procedure. 

DNA was extracted from successful clones and sent for sequencing to verify mutations were 

present. All cells were cultured under aseptic conditions. BV2 cells were cultured in Dulbecco’s 

Modified Eagle Medium: F12 Nutrient Mixture F-12 (DMEM/F12) (Fisher. Loughborough), 

supplemented with 10% heat-inactivated FBS (Pan-Biotech, Wimborne), 1% of a 200mM L-

Glutamine solution (Life Technologies, Fisher, Loughborough) and 100 U/ml Penicillin plus 

100µg/ml Streptomycin (Life Technologies, Fisher, Loughborough) at 37oC and 5% CO2 in a Nunctm 

EasYFlasktm 75cm3 Nunclontm Delta Surface flask (Fisher, Loughborough).  J774 mouse macrophage 

cells (obtained from The European Collection of Authenticated Cell Cultures (ECACC) General Cell 

Culture Collection, UK) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 

(Fisher, Loughborough), supplemented with 10% heat-inactivated FBS (Pan-Biotech, Wimborne), 

1% of a 200mM L-Glutamine solution (Life Technologies, Fisher, Loughborough) and 100 U/ml 

Penicillin plus 100µg/ml Streptomycin (Life Technologies, Fisher, Loughborough) at 37oC and 5% 

CO2 in a Nunctm EasYFlasktm 75cm3 Nunclontm Delta Surface flask (Fisher, Loughborough). When the 

cells reached 80-90% confluency they were passaged.  

BV2 and P2X7K/O variant of BV2 cells were passaged as follows: The medium in the flask 

containing the cells was removed and 5ml 0.25% Trypsin-EDTA (1x) (Life Technologies, Fisher, 

Loughborough) was added, and the flask returned to the incubator for 5 minutes. The flask was 

removed from the incubator and lightly tapped to dislodge any cells still attached. An equal 

volume of 10% FBS DMEM/F12 was added and the contents of the flask placed into a 14ml Falcon 

tube. This cell suspension was spun for 5 minutes at 4000rpm. The medium was aspirated with 

care not to disturb the pellet of cells. The pellet was resuspended in 10 ml of 10% FBS DMEM/F12. 

The resuspended cells could now be plated for use in experiments (see below) or were used to 

seed a fresh flask at a 1:20 dilution and cultured until the next passage was required (3-4 Days). 
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For J774 cells, the cells were removed using a cell scraper and then the contents of the flask 

placed into a 14ml Falcon tube. This cell suspension was spun for 5 minutes at 4000rpm. The 

media was aspirated with care not to disturb the pellet of cells. The pellet was resuspended in 10 

ml of 10% FBS RPMI. The resuspended cells could now be plated for use in experiments (see 

below) or were used to seed a fresh flask at a 1:10 dilution and cultured until the next passage 

was required (4-5 Days). 

For plating, the resuspended cells were counted using a haemocytometer. A density of 20,000 

cells per well (BV2 and a P2X7K/O variant of BV2) or 40,000 cells per well (J774) was used for 96 

well plates and 680,000 cells per well (BV2 and a P2X7K/O variant of BV2) and 1,360,000 cells per 

well (J774) for the 6 well plates. From previous use of these cells in the group, it was observed 

that the BV2 and P2X7K/O variant of BV2 had a growth rate double that of the J774 cells. To even 

this out, so that a similar level of cells would be present for testing, the seeding density of J774 

cells was double that of the BV2 and a P2X7K/O variant of BV2. The 96 well plates were coated 

with poly-D-lysine (see below). The plated cells were then incubated until use (approximately for 

24 hours) at 37oC and 5% CO2. 

 

2.2 PDL Plate preparation 

A NunclonTM Delta Surface 96 well plate (Thermo Scientific, Fisher, Loughborough) was coated 

with a 50µg/ml solution of poly-D-Lysine (PDL) (Merck-Millipore, Watford) per well. After 30 

minutes the PDL solution was removed with a multichannel pipette and sterile water was used to 

wash the well. The plate was now ready for use or was wrapped in Parafilm and stored at 4oC. 

 

2.3 Cell Stimulation solutions 

For cell stimulations, stock solutions were made prior to the experiment. For ATP (Sigma Aldrich, 

Poole) a stock solution of 100 mM was made in distilled water and pH was corrected to 7.4 with 

5M NaOH. Aliquots were frozen at −20 °C and used once. Dilution to the experimental 

concentration was in phenol red free DMEM/F12 (Fisher, Loughborough) with L-glutamine and 

buffered with 15mM HEPES. This will now be referred to as HEPES medium.  Stock LPS (Sigma-

Aldrich, Poole) was prepared in solution of 100mg/ml in PBS (Invitrogen, Fisher, Loughborough) 

and aliquots frozen at -20oC and refrozen after use. Stock nigericin (Sigma-Aldrich, Poole) was 

prepared as a solution of 10mM in DMSO and aliquots frozen at  -20oC. Experimentally it has been 

shown that the neurotoxic section of amyloid-β was the 25-35 residues (Sato et al., 1995). Stock 

25-35 amyloid-β (Genscript, Oxford) was prepared as a solution of 200µM in water and aliquots 

frozen at -20oC and used once. It was diluted further to the experimental concentration needed in 
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the HEPES media. For oxidative stress experiments, H2O2 solutions were made immediately before 

use on cells from a 9.98M stock (Fisher, Loughborough), diluted to a 10mM working solution in 

HEPES media, which was diluted further to the experimental concentration needed. For 

experiments looking at pH changes, the pH of the HEPES media was adjusted to alkaline 

conditions using 5M NaOH and acidic conditions using 3M HCl acid. pH was read using a pH meter 

(Fisher, Loughborough), and then passed through a 0.2µM filter to sterilise.  

2.4 Cell Image Capture 

Images were captured using phase-contrast microscopy with an EVOS XL Core microscope 

(Thermo Scientific, Loughborough) at 10x magnification. All images were captured of cells grown 

in a 96 well plate. 

 

2.5 Cell Death Assays 

2.5.1 LDH Assay 

Lactate dehydrogenase (LDH) detection was performed using the cytotoxicity detection kit (LDH) 

(Roche Diagnostic GmbH, Mannheim, Germany). LDH from cells is released during forms of lytic 

cell death, due to cell membrane disruption, so can be used as a measure of death in cell 

populations. LDH converts lactate to pyruvate. The reaction reduces NAD+ to NADH and NADH in 

turn reduces iodonitrotetrazolium (INT) to a formazan dye (present in the assay solution) which 

can then be colourimetrically detected. All LDH assays were performed in a 96 well plate. 

In order to measure cell death, 100µl of each sample (cell bathing medium) was placed into a 96-

well plate. A ratio of 1:45 Diaphorase/NAD+ catalyst solution to Sodium Lactate/INT dye solution 

was prepared according to the manufacturer’s instructions. An equal volume of catalyst/dye 

solution was added to each sample. Three wells of 2% Triton X (Merck-Millipore, Watford) lysed 

cells were used as a positive control. Triton X is a non-ionic surfactant that fully disrupts the 

membrane of cells, so 100% of LDH should be released upon treatment, and is used to represent 

total LDH release. Three wells of the HEPES medium were used to determine the background. The 

96 well plate was then placed in the Flexstation 3 microplate reader at 37oC and was read at 

wavelengths 490nm and 660nm every 45 seconds. Two wavelengths are used as the 490nm 

wavelength is the test wavelength, so detects the substrate colour absorption maximally, where 

the 660nm wavelength is an “offpeak” reference wavelength, there to detect any imperfections 

such as smudges or bubbles in the well. The reference wavelength (600nm) is subtracted from the 

test wavelength (490nm) to provide improved precision and accuracy. The corrected background is 

then subtracted from this value. The LDH release was calculated using the following calculation: 
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% 𝑳𝑫𝑯 𝒓𝒆𝒍𝒆𝒂𝒔𝒆 = (
𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑺𝒂𝒎𝒑𝒍𝒆 𝑳𝑫𝑯 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑻𝒐𝒕𝒂𝒍 𝑳𝑫𝑯 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆
) 𝒙𝟏𝟎𝟎 

 

2.5.2 MTS Assay 

Viability of cells was detected using the CellTiter 96 AQueous One Solution Cell Proliferation 

Assay (MTS assay) (Promega, Southampton, UK). The assay is made up of 2 components, (3-

(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 2-(4-sulphophenyl)-2H-tetra-zolium) 

(MTS) and an electron coupling agent, phenazine ethosulfate (PES). Viable cells reduce NAD+ 

to NADH, NADH in turn reduces MTS to a formazan dye, using PES as a co-factor and electron 

donor, which can then be colourimetrically detected. All MTS assays were performed in a 96 well 

plate. 

In order to measure the viability of the cells, the MTS solution was added to the cell bathing 

medium in the 96 well plates in the well at a ratio of 1:10. HEPES medium with added MTS, was 

used as background. The plate was incubated at 37oC for one hour. The plate was then placed in 

the Flexstation 3 microplate reader and absorbance at 490nm was measured. 

Control/Sample MTS Absorbance = (Sample 490nm reading – Background 490nm reading)  

% 𝑪𝒆𝒍𝒍 𝑽𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚 = (
𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑺𝒂𝒎𝒑𝒍𝒆 𝑴𝑻𝑺 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝑪𝒐𝒏𝒕𝒓𝒐𝒍 𝑴𝑻𝑺 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆
) 𝒙𝟏𝟎𝟎 

 

2.6 Dye Uptake Experiments 

Dye uptake experiments were used to look at membrane permeability. YO-PRO and propidium 

iodide (PI) were the two dyes used. As the structures show (Fig 2.1) both these dyes are large 

molecules. YO-PRO has a molecular weight of 375.5 and PI has a molecular weight of 668.4. This 

means these dyes will only be able to access the cell once a large enough pore has allowed entry. 

On entry, the dye is inserted between the bases of DNA (intercalation), this causes a chemical 

change, which causes fluorescence that can be detected using a plate reader. Therefore, dye 

outside the cell will not fluoresce but dye inside the cell, with access to DNA, is able to. This shows 

that cell pore formation or membrane disruption has occurred. All dye uptake experiments were 

performed in a 96 well plate. 
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Figure 2.1: Structure of YO-PRO and Propidium Iodide Dyes Chemical structures of fluorescent 

dyes used in dye uptake experiments  

 

In order to measure dye uptake, medium was removed from the cells and replaced with either a 

0.2% YO-PRO (HelloBio, Bristol) solution or a 0.2% PI (Sigma-Aldrich, Poole) solution. Both 

solutions were made up in the HEPES medium. The Flexstation 3 microplate reader (Molecular 

Devices, Wokingham) was set up to read from the bottom of the well at an excitation wavelength 

of 490nm and emission wavelength of 520nm for YO-PRO or an excitation wavelength of 533nm 

and emission wavelength of 617nm for PI. An initial reading was taken as a baseline. For cell 

stimulation, ATP solutions were made using the HEPES media to 10x the final concentration (e.g. 

for cells stimulated with a final concentration of 1mM ATP, a 10mM ATP solution was made). The 

plate was removed from the plate reader and the 10x ATP solutions were injected into the correct 

wells using a multichannel pipette, and placed back into the reader. Readings were taken every 5 

minutes for the duration of the experiment using SoftMax Pro v5.4.6 software. In experiments 

using inhibitors, the dye solution was mixed with the inhibitor of choice. All Inhibitor stocks, apart 

from AZ10606120, were made using DMSO as the vehicle, and all experimental conditions were 

made to the highest DMSO concentration used in that experiment (Table 1). The cells were 

incubated for 30 minutes with the inhibitors (Table 1) prior to the experiment.  

 

 

 

 

 

 

 

YO-PRO Iodide Dye Propidium Iodide Dye 
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2.7 Real time Ca2+ Response Measurements  

Fura-2-acetoxymethyl ester (Fura-2AM) (HelloBio, Bristol) is a ratiometric Ca2+ indicator. It is 

membrane permeant due to the hydrophilic AM group, which is cleaved by esterases once inside 

the cell. Both bound and unbound dye fluoresces which is why a ratio is used. Ratio is proportional 

to the intracellular calcium concentration ([Ca2+]i). All real time Ca2+ response measurements were 

performed in a 96 well plate. 

In order to measure the real time Ca2+  response, the medium was removed from cells in the 96-

well plate and replaced with a loading buffer consisting of 2µM FURA-2AM and 250µM 

sulfinpyrazone (Sigma-Aldrich, Poole) which prevents dye extrusion from cells. This was made up 

in Hank’s balanced Salt Solution (HPSS) (Fisher. Loughborough) and incubated at 37oC for 45 

minutes. Inhibitors were made up in Etotal running buffer (147mM NaCl, 2mM KCl, 13mM D-

Glucose, 10mM HEPES, 2mM CaCl2 and 1mM MgCl2 (All Sigma-Aldrich, Poole)).  The buffer pH was 

corrected to 7.4 using 5M NaOH and the osmolarity was measured with an acceptable range of 

300-310. The inhibitor solutions, or corresponding vehicle control solution, replaced the loading 

buffer and cells were incubated at 37oC for a further 30 minutes. 

For cell stimulation, ATP solutions were made using the Etotal running buffer, made at 10x the 

final concentration. The 10x ATP solutions were placed in a deep-well drug plate with V-bottom 

(Greiner, UK) in the Flexstation. The Flexstation 3 microplate reader was set up to read from the 

bottom of the well at excitation wavelengths of 340nm and 380nm and an emission wavelength of 

510nm every 3.5 seconds for 300 seconds. A baseline fluorescent reading was taken for 30 

seconds before injection of the agonist solutions. Upon Ca2+ binding to Fura-2, a shift in optimum 

absorption wavelength intensity occurs, from 380nm (without Ca2+) to 340nm (With Ca2+) with 

emission measured at 510nm. The data is then shown as a ratio of fluorescent excitation/emission 

(340nm/380nm).  
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2.8 Protein Detection  

2.8.1 Protein Preparation 

In order to prepare protein for use in a Western blot, BV2 and J774 cells in a 6 well plate were 

stimulated with 3mM ATP and harvested at 2, 4 and 6 hours timepoints with 2 unstimulated 

controls harvested at timepoints 0 and 6 hours. Cells were harvested using a cell scraper and then 

transferred to a 15ml centrifuge tube and centrifuged at 7000rpm for 8 minutes to form a pellet. 

The supernatant was removed, and the pellet kept on ice. To lyse the cells, 50µl of RIPA lysis buffer 

(Thermo Scientific, Loughborough) was added and left on ice for one hour. The cells were then 

centrifuged at 10000g for 10 minutes at 4oC. The supernatant was placed in a separate Eppendorf 

and the pellet discarded.  

 

2.8.2 Total Protein Quantification  

A bicinchoninic assay (BCA) was then performed to calculate the quantity of protein in each 

sample. The supernatant for each sample was diluted 1 in 50 using Milli-Q (MQ) Water. Protein 

standards in MQ water were prepared using bovine serum albumin (BSA) (Sigma-Aldrich, Poole) 

ranging from 0-1000µg/ml. Duplicates of the samples and standards were added to a 96 well plate 

along with the BCA reagents A and B (Thermo Scientific, Loughborough) according to 

manufacturer’s instructions. The plate was then incubated at 37oC for 30 minutes and read using 

the Flexstation 3 microplate reader (Molecular Devices, Wokingham, UK) at an absorbance of 

550nm. The protein concentration of each sample was then calculated from the standard curve. 

 

2.8.3 SDS-PAGE Gel 

SDS-PAGE was carried out on a Bolt™ Bis-Tris Plus Mini Protein Gels, 4-12%, 1.0 mm, WedgeWell™ 

format (Invitrogen, UK) according to the Bolt™ Mini Gel protocol provided. A loading solution was 

made for each of the cell protein extracts using 25µg of protein, worked out using the total 

protein quantification results (See above), along with 5µl BoltTM LDS Sample Buffer (4x), 2µl BoltTM 

Reducing Agent (10x) and made up to 20µl using MQ water. These samples were then heated to 

70oC for 10 minutes. The gel was placed into an Invitrogen Mini Gel Tank (Thermo Scientific, 

Loughborough) along with 1xMES running buffer (Thermo Scientific, Loughborough). The samples 

were loaded into separate wells of the gel alongside a biotinylated protein ladder (Cell Signalling 

Technologies, Leiden, NL). The gel was run for 30 minutes at 200V.  
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2.8.4 Western Blot 

To transfer the protein from the gel to a hydrophobic PVDF transfer membrane, the Immobilon P 

Transfer membrane (Bio-Rad, Hemel Hempstead) was soaked in methanol while 12 pieces of 

chromatographic paper were soaked in the transfer buffer (48nM Tris, 39nM glycine, 20% 

methanol and 0.04% SDS). A Fisher Brand Semi Dry Blotter (Bio-Rad, Hemel Hempstead) was then 

packed with 6 layers of chromatographic paper, the membrane, the gel and then a further 6 layers 

of chromatographic paper and run at 350mA for 30 minutes. The membrane was removed and 

blocked with 5% skimmed milk at 4oC overnight. The next day the membrane was washed on a 

rocker for 10 minutes in TRIS buffered saline (Fisher, Loughborough) with 0.1% Tween 20 (Fisher, 

Loughborough),  (TBST), which was then drained, and the wash repeated 2 more times. A 1:1000 

solution of primary gasdermin D rabbit antibody [EPR19828] (Abcam, Cambridge) in 5% skimmed 

milk was added to the membrane and placed on a rocker for 2 hours before being washed 3 more 

times in TBST. A solution for the secondary antibodies was made using 5% skimmed milk with 

1:1000 anti-rabbit antibody (GE Healthcare, Buckinghamshire) and 1:1000 biotinylated ladder 

antibody (Cell Signalling Technologies, Leiden, NL). This was added to the membrane and placed 

on a rocker for one hour after which the membrane was washed a further 3 times in TBST. Finally, 

3ml of Immobilon Crescendo Western HRP Substrate (Bio-Rad, Hemel Hempstead) was added for 

5 minutes and the membrane imaged using a Chemidoc Imager (Bio-Rad, Hemel Hempstead). 

 

2.9 Quantification of mRNA Expression  

2.9.1 Pathophysiological stressors 

In order to prepare mRNA for use in RNA extraction and eventually a qPCR, BV2 cells in a 6 well 

plate were stimulated with pathophysiological stressors and harvested after 4 hours. These 

stressors were 2µg/ml LPS, 50µM Amyloid-β, 500µM H2O2, pH5.5 and OGD, as described below. 

 

2.10 OGD 

For experiments simulating ischaemic conditions an oxygen glucose deprivation (OGD) model 

previously described (Niyadurupola et al., 2013) was used. Control cells were placed in DMEM 

with glucose (Fisher, Loughborough) and the OGD cells were placed in glucose free DMEM (Fisher, 

Loughborough). The OGD cells were then placed in a sealed modular incubator container (Billups-

Rothenburg, Del March, California) with a moisture reservoir and then a 1% O2, 94% N2, 5% CO2 

gas mixture was passed through the container to displace the oxygen. After 10 minutes the valves 

were sealed, and the container was placed in a 37oC incubator for the duration of the experiment. 
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2.9.2 RNA Extraction 

BV2 cells that had undergone the pathophysiological stresses, see above, were harvested using a 

cell scraper and then transferred to a 15ml centrifuge tube and centrifuged at 7000rpm for 8 

minutes to form a pellet. RNA extraction was performed using the RNeasy Mini Kit (Qiagen, 

Manchester) as per manufacturer’s instructions. This kit is used in combination with the RNase-

Free DNase set (Qiagen, Manchester) which was used as per manufacturers instructions. RNA 

concentration was measured using a Nanodrop NS-1000 Spectrophotometer. The RNA was stored 

at -80oC. 

 

2.9.3 PCR  

RNA was converted to double stranded DNA (dsDNA) using PCR. PCR was performed using the 

Tetro cDNA Synthesis Kit (Meridian Biosciences, London) as per manufacturer’s instructions . The 

PCR reaction mix (1µl 10mM dNTP mix, 1µl Primer Oligo (dT), 1µl Ribosafe RNase Inhibitor, 1µl 

Tetro Reverse Transcriptase (200u/l) and 4µl 5x RT Buffer) used 1µg of total RNA, worked out using 

the data from the nanodrop (see above) and made up to 20µl using DEPC-treated water. This mix 

was made up in a 0.2ml 8-strip non-flex PCR tube with a flat cap (Starlab, Hamburg). PCR 

performed on a LifeECO PCR machine (Bioer, Hangzhou, China) with the programme set to run at 

45oC for 30 minutes and then 85oC for 5 minutes, with a hold on 4oC until removal. 

 

2.9.4 qPCR  

The qPCR was performed using a reaction mix that consisted of 5µl SensiFAST SYBR No-ROX Kit 

(Meridian Biosciences, London), 0.5µl 5µM reverse and forward primer stocks using the primers 

for each of the genes shown in Table 5, 1µl dsDNA sample (From PCR, see above) and 3µl RNA free 

water. This was made in a 0.1ml Strip tube and cap (Starlab, Hamburg). This was placed in a Rotor-

gene Q (Qiagen, Manchester) and the qPCR was performed using the following programme: hold 

at 95oC for 2 minutes, then cycle through 95oC for 5 seconds, 60oC for 10 seconds and 72oC for 20 

seconds. This was repeated 40 times and ending with a melt stage which rises from 72oC to 95oC 

before finishing. The results were analysed in the Rotor-Gene Q series Software and the Ct for 

each duplicate noted. Relevant mRNA levels were then calculated using the 2-ΔΔCt method 

(calculation shown below).  

𝑇𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 𝑅𝑎𝑤 𝐶𝑡 −  𝛽𝐴𝑐𝑡𝑖𝑛 𝑔𝑒𝑛𝑒 𝐶𝑡 = 𝑇𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 𝐶𝑡 

𝑇𝑎𝑟𝑔𝑒𝑡 𝐺𝑒𝑛𝑒 𝐶𝑡 (𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛) − 𝑇𝑎𝑟𝑔𝑒𝑡 𝐺𝑒𝑛𝑒 𝐶𝑡 (𝐶𝑜𝑛𝑡𝑟𝑜𝑙) = 𝑋 

2−𝑥 = 𝑚𝑅𝑁𝐴 𝐿𝑒𝑣𝑒𝑙 
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Table 2.2 Primers used in qPCR experiments. Forward and reverse primers used in the qPCR 

experiments in Chapter 5 (Sigma-Aldrich, Poole) 

 

  

Protein Forward Primer Reverse Primer 

P2X7 GAACACGGATGAGTCCTTCGTC CAGTGCCGAAAACCAGGATGTC 

Gasdermin A3 GGTCTGTCACAAAGCAGCACAC GTTCAGGAACGAGTGGTCTGCT 

Gasdermin D GGTGCTTGACTCTGGAGAACTG GCTGCTTTGACAGCACCGTTGT 

Gasdermin E ACGGACACCAATGTAGTGCTGG CTCTCATGCTCGAAGCCACCAT 

IL-1β TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG 

NLRP3 TCACAACTCGCCCAAGGAGGAA AAGAGACCACGGCAGAAGCTAG 

Caspase 1 GGCACATTTCCAGGACTGACTG GCAAGACGTGTACGAGTGGTTG 

Calpain 1 CCTTGTTCAGCAAGTTGGCAGG TCCAGGCTGAAGCCATTAGTGC 

Calpain 2 AGGGAGCGGTCAGATACCTT CTCCGAGAAGACTCGGATGC 

Calpain 3 ACCTGGACGGTGTCTGTAAACG GGTCATCGTCTTCCTCCCAGAAG 

Β-Actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG 
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Chapter 3 

The role of P2X7 and downstream cell death associated proteins in ATP mediated cell death. 

3.1 Introduction  

Neurodegenerative conditions involve the progressive loss of neurons. Whether because of, for 

example, amyloid- β protein plaques in Alzheimer’s disease, the Lewy bodies of Parkinson’s 

disease or ischaemia during strokes, neuropathologies have major effects on cellular function 

leading to neuronal cell death. As neurons are rarely replaced this death leads to irreversible 

damage to the local area affected. For glaucoma this loss occurs mainly in the RGCs which leads to 

a loss of the visual field and blindness (Almasieh et al., 2012). The death of RGCs is thought to 

occur due to loss of nutrients, activation of apoptosis, mitochondrial dysfunction or reactive glia 

such as astrocytes or microglia (Almasieh et al., 2012). Microglia are the resident immune cells of 

the CNS and so deal with the aftermath of the loss of these neuronal cells (See section 1.1.2). They 

are also the cause of neuroinflammation which can contribute to neurodegeneration. Neuronal 

death leads to cellular content leakage of damage associated molecular patterns (DAMPs), such as 

high mobility group box 1 (HMGB1) and ATP. ATP is an important part of the metabolic process of 

the cell, but also acts as a signal ligand for a group of receptors that are activated by this purine 

nucleotide (See Section 1.3). Due to the high levels of intracellular ATP, cell death leads to high 

levels of ATP release into the extracellular space, activating purinergic receptors, including P2X7 

(See section 1.3.3) on surrounding cells. Activation of the P2X7 receptor causes inflammation, due 

to cytokine release and death of the microglial cell. The precise mechanisms of cell death 

following P2X7 activation in microglia are unclear.  

Cell death can occur via many different multiprotein pathways (See Section 1.4) including 

apoptosis, a programmed non-lytic form of cell death, necrosis, a unprogrammed lytic form of cell 

death, and the programmed lytic forms of cell death, necroptosis and pyroptosis. Each cell death 

type has its own unique selection of proteins that play key roles in the pathways of these types of 

cell death (See Section 1.5). In apoptosis the pathway utilises a caspase cascade including caspase 

3 and 7. For necroptosis, RIPK1, RIPK3 and the pore forming protein MLKL form the basis of the 

pathway and finally for pyroptosis the inflammasome proteins, NLRP3, ASC and caspase 1 

associate and activate the executioner protein of pyroptosis, gasdermin D. Another family of 

proteins involved in cell death is the calcium-activated proteases, the calpains. These proteins 

have been found to be involved with different aspects of different cell death mechanisms 

including necrosis, where calpains play an important role. 

Cell death associated proteins have been pharmacologically targeted in order to prevent cell death 

as possible therapeutic agents. For the caspase family, multiple inhibitors have been developed 
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that are able to target different members of this family. Firstly, caspase 1 has been found to be 

inhibited by Ac-YVAD-cmk (Cain et al., 1996). This inhibitor has also been shown to block microglial 

IL-1β production in mice injected with LPS (Zhu et al., 2017). An inhibitor for Caspase 3 has also 

been developed (Z-DEVD-FMK) (Masuda et al., 1997). This inhibitor has also been shown to 

suppress apoptosis in microglia (Nishioku et al., 2000). Caspase 8 activity has been found to be 

blocked by Z-IETD-FMK (Concha and Abdel-Meguid, 2002, Thornberry et al., 1997) and finally a 

pan caspase inhibitor, that blocks caspase 1, 3, 7 and 8 called Z-VAD-FMK (Cain et al., 1996). For 

the calpains, inhibitors that block calpain 1 and 2, at different affinities, called PD150606 and 

CAT811. For the necroptotic protein RIPK1 there is an inhibitor called necrostatin (Degterev et al., 

2005). This inhibitor has been found to reduce necroptotic cell death in microglia (Huang et al., 

2018). The inhibitors of pyroptotic proteins include MCC950 that blocks NLRP3 (Coll et al., 2015) 

and necrosulfonamide which blocks gasdermin D (Rathkey et al., 2018). There are also a selective 

inhibitor for the P2X7 pore called AZ10606120 (Michel et al., 2007). 

Using the inhibitors described above, the research presented in this chapter investigates ATP 

associated cell death mechanisms in microglia cells. The aim was to determine the involvement of 

the P2X7 receptor and investigate pore formation by assessment of membrane permeability to 

large cations. Determining the mechanism of cell death caused by ATP was also an aim with 

pyroptosis the most likely candidate, as stated in the hypothesis. 
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3.2 Results  

3.2.1 ATP Causes P2X7 mediated cell death in BV2 microglia after 24 hours 

To determine whether ATP stimulation causes cell death in microglia and the role of P2X7 in this 

process, BV2 cells and the P2X7K/O variant of BV2 cells were stimulated with 3mM ATP for 24 

hours and the level of cell death (LDH) and cell viability (MTS) measured (Fig 3.1). 

ATP stimulation (Fig 3.1a) caused an increase in cell death (LDH release) when comparing the 

control BV2 cells with those stimulated with 3mM ATP. In P2X7K/O BV2 cells, the level of cell death 

is comparable to that seen in the control populations. The cell viability results (Fig 3.1b) indicate a 

statistically significant reduction in cell viability in the 3mM ATP stimulated BV2 cells while the 

3mM ATP stimulated P2X7K/O variant of BV2 cells maintain cell viability after 24 hours. These 

results indicate that6 ATP mediated cell death was via the P2X7R. To confirm this, BV2 cells were 

stimulated with 3mM ATP in the presence of the P2X7 inhibitor, AZ10606120.  
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Figure 3.1 Stimulation of BV2 Microglia with ATP causes Cell Death that is blocked in the P2X7K/O 

BV2 microglial cells (a) Mean % LDH release after 24 Hours in BV2 and P2X7K/O BV2 microglial cells 

stimulated with 3mM ATP (b) Mean % Viability release after 24 Hours in BV2 and P2X7K/O
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microglial cells stimulated with 3mM ATP (mean +SEM, n=3) * Indicates significance compared to 

control (P<0.05) using one-way ANOVA with Dunnett's post hoc test. 
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Figure 3.2 Stimulation of BV2 Microglia with ATP causes Cell Death that is blocked by inhibition of P2X7 

(a) Mean % LDH release after 24 Hours in BV2 and microglial cells stimulated with 3mM ATP ± 

AZ10606120 10µM (b) Mean % Viability release after 24 Hours in BV2 microglial cells stimulated with 

3mM ATP ± AZ10606120 10µM (mean +SEM, n=3) * Indicates significance compared to control (P<0.05) 

using one-way ANOVA with Dunnett's post hoc test. 
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Stimulation with 3mM ATP caused a significant increase in cell death, which was almost totally 

blocked by incubation with AZ10606120 (10µM) (Fig 3.2a). The AZ10606120 alone did not cause 

any significant change.  

Consistent with this, the cell viability data (Fig 3.2b) showed that 3mM ATP stimulated cells have a 

statistically significant drop in cell viability but this loss is reduced in the presence of AZ10606120.  

Again, no significant difference in cell viability was seen with AZ10606120 alone. These data 

confirm that ATP stimulated cell death occurs 24 hours after stimulation and that this is P2X7 

dependent. However, this only shows the cell death at the 24 hour time point and gives no 

indication of what is happening earlier in the process, so a time course of the earlier stages will 

need to be investigated. 

3.2.2 ATP causes P2X7 mediated cell death and morphology changes after 8 hours in BV2 microglia 

P2X7K/O and WT BV2 cells were stimulated with 3mM ATP and the level of cell death (LDH 

release) was monitored over an 8-Hour time course. Samples were taken at the 1-, 2-, 4- and 8-

Hour time points (Fig 3.3). There was little change over the course initial time points, although the 

WT BV2 cells stimulated with 3mM ATP did show a slight increase at the 2- and 4-hour time points. 

At the 8-hour time point a significant amount of cell death was shown for the WT BV2 cells 

stimulated with 3mM ATP, which was statistically significant when compared to both the WT BV2 

control and the 3mM ATP stimulated P2X7K/O variant of BV2 cells. 
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Figure 3.3 Stimulation of BV2 Microglia with ATP causes P2X7 mediated cell death Mean values for % of 

total LDH release over a time course of 8 hours in P2X7K/O
 
variant of the BV2 microglial cells and WT BV2 

microglia cells stimulated with 3mM ATP (mean +SEM, n=3) * Indicates significance (P<0.05) using two-way 

ANOVA with Tukey post hoc test. 
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As different forms of cell death lead to different changes in morphology, the BV2 cells were also 

imaged over a 6-hour time course. The unstimulated population of cells maintained the same 

morphology over the experiment most cells having an elongated morphology. With ATP 

stimulation (3mM), even after 2 hours, every cell had changed morphology, becoming swollen and 

rounded. When incubated in the P2X7 inhibitor, AZ10606120 (10µM) together with 3mM ATP, the 

cells largely maintained their morphology across the 6 hours, with cell morphology comparable to 

control. 
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Figure 3.4 Stimulation of BV2 Microglia with ATP causes P2X7 mediated cell morphological changes 

Effect of 3mM ATP and 10µM AZ10606120 on BV2 cells over the course of 6 hours. Final row shows 
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3.2.3 ATP causes P2X7 mediated dye uptake in BV2 microglia 

The fluorescent dye, YO-PRO, can be used to look at changes in membrane permeability in real 

time. YO-PRO is a large cation (375.5g/mol) and therefore such changes in membrane 

permeability occur due to pore formation or membrane disruption allowing the molecule to pass 

into the cell. YO-PRO uptake was therefore used to investigate the time course of changes in 

membrane permeability caused by exposure to a range of concentrations (50µM-5mM) of ATP 

over an 8-hour time period. This allows cell death associated changes in the membrane 

permeability to be investigated in real time. Membrane permeability changes are important 

events of the cell death process.  

The lower ATP concentrations (50µM-500µM) show little to no YO-PRO uptake when compared to 

the control (Fig 3.5a). However, the higher ATP concentrations (1mM, 3mM and 5 mM) do show 

an increase in YO-PRO permeability. When stimulated with 1mM ATP, the dye uptake plot takes 

the shape of a sigmoidal curve, with a significant change in rate just after the hour mark. The dye 

uptake plots for the 3mM and 5mM ATP concentrations are linear, then start to plateau around 

the 6 hour mark. This data can also be presented as area under the curve (AUC) (Fig 3.5b) which 

shows that the 3 highest ATP concentrations(1mM, 3mM and 5mM)  have a statistically significant 

increase when compared to the control, with the 3mM ATP causing the largest increase.  

To determine if ATP-induced YO-PRO uptake was P2X7 dependent, the ATP dose response was 

performed with the P2X7K/O variant of BV2 cells (Fig 3.6a). As was seen in the previous 

experiment WT BV2 cells stimulated with ATP (1-5mM) showed YO-PRO uptake. Using the 

P2X7K/O variant of BV2 cells (Fig 3.6b), none of the ATP concentrations (300µM-5mM) led to any 

uptake of the YO-PRO dye. Comparison of the AUC data (Fig 3.6c) showed there was a statistically 

significant difference between the 1mM and 3mM ATP stimulated BV2 and P2X7K/O variant of BV2 

cells which indicates that P2X7 does play a role in YO-PRO dye uptake. 

Figure 3.5 Stimulation of BV2 Microglia with ATP causes YO-PRO dye uptake (a) Mean YO-PRO 

uptake in BV2 microglial cells in response to increasing concentrations of ATP (0-5mM) (n=4) (b) YO-

PRO uptake (AUC 0-500mins) (mean +SEM, n=4) * Indicates significance compared to control 

(P<0.05) using one-way ANOVA with Dunnett's post hoc test. 
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Figure 3.6 ATP-induced YO-PRO uptake in BV2 Microglia is blocked in the P2X7K/O BV2 microglial cells (a) Mean 

YO-PRO uptake in BV2 microglial cells in response to increasing concentrations of ATP (n=4) (b) Mean YO-PRO 

uptake in P2X7K/O BV2 microglial cells in response to increasing concentrations of ATP (n=4) (c) YO-PRO (AUC 0-

220 Mins) (Mean+SEM; n=4) * Indicates significance (P<0.05) using two-way ANOVA with Sidak’s post hoc test. 
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3.2.4 Cell death associated protein inhibitors do not alter dye uptake in ATP stimulated BV2 

microglia 

Inhibitors of key components of cell death pathways were then investigated to see if YO-PRO 

uptake could be modified (Fig 3.7) and give an indication of the cell death pathways that were 

occurring. The inhibitors used were, the P2X7 inhibitor, AZ10606120, and an inhibitor for the 

apoptotic protein caspase 3, Z-DEVD-FMK. A range of inhibitors that block the pyroptotic proteins 

NLRP3 (the inflammasome sensor protein), caspase 1 (the pyroptotic caspase that cleaves 

important pyroptosis proteins like IL-1β and IL-18), and gasdermin D (the executioner pore protein 

of pyroptosis) were also used: MCC950, Ac-YVAD-cmk and necrosulfonamide (NS) respectively. An 

inhibitor for the necroptosis-linked protein RIPK1 was also used (necrostatin), as well as, caspase 

inhibitors for caspases involved in multiple forms of cell: an inhibitor for caspase 8 (Z-IETD-FMK) 

and a pan caspase inhibitor (Z-VAD-FMK). A calpain 1 and 2 inhibitor (PD150606) was also used.  

The P2X7 inhibitor, AZ10606120, totally inhibited ATP-mediated YO-PRO uptake, the uptake plot 

returning to that of the control (Fig 3.7a and g). The apoptotic (Fig 3.7b and h), pyroptotic (Fig 3.7c 

and i), necroptotic (Fig 3.7d and j) and pan caspase and caspase 8 inhibitors (Fig 3.7e and k) had 

no effect on YO-PRO uptake with 3mM ATP. Both the YO-PRO uptake plots and the accompanying 

AUC data maintain a similar profile to that of the 3mM ATP stimulated cells. There was, however, a 

change in ATP-induced YO-PRO dye uptake with the calpain inhibitor, PD150606. This is also clear 

in the AUC data, where a statistically significant reduction in the YO-PRO uptake can be seen (Fig 

3.7f and l) indicating an involvement of calpain in P2X7-mediated microglial cell death. 
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Figure 3.7 ATP-induced YO-PRO uptake in BV2 Microglia is altered by inhibition of P2X7 or calpain 

(a-f) Mean YO-PRO uptake in BV2 microglial cells in response to (a) 3mM ATP ± P2X7 inhibitor (b) 

3mM ATP ± apoptotic inhibitor (c) 3mM ATP ± pyroptotic inhibitors (d) 3mM ATP ± necroptotic 

inhibitors (e) 3mM ATP ± other caspase inhibitors (f) 3mM ATP ± calpain inhibitors (g-l) Associated YO-

PRO AUC (0-220 Mins) (Mean+SEN; n=5) * Indicates significance (P<0.05) using one-way ANOVA with 

Dunnett’s post-hoc test. 
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3.2.5 Different Calpain inhibitors show different effects following ATP stimulation in BV2 microglia 

The PD150606 inhibitor was then investigated in the context of cell death. LDH release was 

measured over the course of 8 hours after stimulation with 3 mM ATP (Fig 3.8). There was little 

change in the cell death over the first 6 hours for all conditions. However, the cells stimulated with 

3mM ATP showed an increase at the last two time points, that was not seen in the control and 

3mM ATP stimulated cells incubated in PD150606. 

 

Morphological changes in BV2 cells stimulated with 3mM ATP with and without the calpain 

inhibitor were then investigated. At the 2- and 8-hour time points (Fig 3.9) cells stimulated with 

3mM ATP have morphological changes when compared to the control group, with cells becoming 

rounded and swollen. ATP stimulated cells that were also treated with PD150606 appeared less 

swollen and, in fact, appeared to be more shrunken in appearance, although, were still rounded 

and had clear signs of ATP-induced changes.   
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Figure 3.8 ATP- induced cell death of BV2 Microglia is altered by inhibition of calpain 

Mean values for % of total LDH release over a time course of 8 hours in BV2 microglia cells 

stimulated with 3mM ATP ± PD150606 (Mean+SEN; n=4) * Indicates significance (P<0.05) 

using two-way ANOVA with Tukey post hoc test. 
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Results, therefore, showed that PD150606 inhibited ATP-induced cell death and ATP-induced 

membrane permeability changes. ATP-induced morphological changes were also affected by the 

calpain inhibitor. This could indicate the involvement of calpain in the cell death process triggered 

by ATP. However, there was also the possibility that PD150606 was able to block the P2X7R 

directly as an “off target” effect. The P2X7 receptor is inhibited by many different drugs of 

different chemical classes, so it was important to investigate whether this was the case (Stokes, 

2021). Direct inhibition of the receptor was investigated by measuring P2X7-mediated increases in 

intracellular Ca2+. BV2 cells were stimulated with 300µM, 1mM and 3mM ATP and their 

fluorescence was measured over the course of 300 seconds, in the presence and absence of the 

P2X7 inhibitor, AZ10606120, and the calpain inhibitor, PD150606 (Fig 3.10).  
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At the lowest concentration of ATP (300µM) (Fig 3.10a), all three treatments shared a rapid 

increase in Ca2+ influx just after stimulation by the ATP which drops after 15 seconds. In ATP alone, 

this is followed by a slow sustained increase. This sustained increase was blocked by both 

inhibitors. At higher ATP concentrations (1mM and 3mM ATP) the sustained Ca2+ influx was much 

larger than that of the 300µM ATP stimulated cells and while AZ10606120 maintained total 

inhibition of the sustained Ca2+ influx, the PD150606 only slightly reduces this sustained element 

of the plot. This is highlighted by the AUC data from 30-300 seconds (Fig 3.10d) which showed the 

complete loss of Ca2+ influx between the stimulated cells and the ATP stimulated cells with and 

without AZ10606120. This data indicates that this sustained influx is due to the P2X7 receptor. 

PD150606 clearly affected the Ca2+ influx. At the lower ATP concentration there was total 

inhibition, but at the higher ATP concentrations Ca2+ influx still occurs. It does appear therefore 

that PD150606 may have some P2X7R antagonist activity, although not at the same level as 

AZ10606120. However, firm conclusions could not be drawn.  
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Figure 3.10 Calpain inhibitor, PD150606, alters ATP-induced Ca2+ influx in BV2 Microglia (a-c) Mean 

values for intracellular Ca
2+

 concentration (340/380nm FURA-2 ratio) in BV2 microglial cells in 

response to 300µM, 1mM and 3mM ATP and ± AZ10606120 (10µM) or PD150606 (50µM) (n=3) (d) 

Intracellular Ca
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 Concentration (AUC 90-300 Mins) (Mean+SEN; n=3) * Indicates significance 

(P<0.05) using two-way ANOVA with Sidak’s post hoc test. 
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ATP-induced YO-PRO uptake was therefore investigated using a different calpain inhibitor, 

CAT811, that is chemically different to PD150606 (Fig 3.11). CAT811 did not block ATP-induced 

YO-PRO uptake, indicating an off-target effect of PD150606. 

 

3.2.6 Cell death associated protein Inhibitors do not change cell death levels or viability after ATP 

stimulation in BV2 microglia 

To complete the data using the inhibitors of cell death pathways, experiments were carried out 

using the other remaining inhibitors to investigate the effect on ATP (3mM) induced cell death 

(Fig 3.12). 

As expected, ATP-induced increase in cell death returned to control levels when incubated in the 
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There was, however, a statistically significant increase in cell death when incubated with the 

NLRP3 inhibitor, MCC950, in the presence of ATP. In addition, there was a statistically significant 

increase in cell death with the gasdermin D inhibitor, necrosulfonamide, in the absence of ATP 

possibly indicating a level of toxicity by this drug under control conditions.  

The MTS assay (Fig 3.12b) as expected showed a significant reduction in viability by ATP (3mM) 

which is rescued when incubated in the P2X7 inhibitor, AZ10606120. No differences between the 

viability of the ATP-stimulated cells with any of the other inhibitors was observed. 
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3.3 Discussion  

Microglia play a very important role in neurodegeneration (Subhramanyam et al., 2019, Wei et al., 

2019). The death of neuronal cells in the CNS is thought to create an inflammatory environment 

caused by the release of cellular contents such as ATP. The ATP-activated P2X7 receptor has 

previously been shown to be widely expressed in adult rat microglia (Lord et al., 2015), and have 

downstream effects that affect neuronal survival (Miras-Portugal et al., 2017). The P2X7R also 

plays a substantial role in retinal ganglion cell death relating to glaucoma (Niyadurupola et al., 

2013). Microglial viability is influenced by the P2X7R (Monif et al., 2010) and in turn will affect 

neuronal survival. The aim of the research presented in this chapter was to investigate ATP-linked 

cell death in microglia with the hope of identifying which cell death pathway is occurring. 

Stimulation of a mouse microglia cell line, BV2, with 3mM ATP caused a significant increase in cell 

death and decrease in cell viability (Fig 3.1, 3.2 and 3.3). The central role of the P2X7 receptor was 

confirmed by protection when P2X7 receptor activation is prevented, either by knockout (Fig 3.1 

and 3.3) or by inhibiting with AZ10606120 (Fig 3.2). In addition the effects of ATP stimulation on 

cell morphology were observed. A change in morphology towards a swollen and rounded shape 

could be seen when compared to the control and this morphological change could be blocked by 

the presence of the P2X7 inhibitor, AZ10606120.  

P2X7 therefore, plays a vital role in cell death in BV2 cells stimulated with high concentrations of 

ATP. P2X7 has previously been linked to cell death in various cell types (Sluyter, 2017) including 

microglia (Bartlett et al., 2013, Brough et al., 2002, He et al., 2017). The drop in viability can also 

be interpreted as a loss of mitochondrial function and P2X7 has been shown to be involved with 

mitochondrial fission and decrease in function in microglia due to the P2X7 dependent increased 

intracellular Ca2+ levels (Tao et al., 2022). 

P2X7 has historically shown to lead to the forming of a large pore opening (Chessell et al., 1997). 

In addition P2X7 could also mediate the opening of separate pore forming proteins or cause loss 

of cell membrane integrity. All of these would lead to an increase in membrane permeability. A 

technique that is widespread in the literature to investigate membrane permeability uses large 

fluorescent dyes that fluoresce on contact with nucleic material such as DNA or mtDNA. One such 

dye is YO-PRO that has been used extensively with regards to pore formation associated with P2X7 

(Chessell et al., 1998, Dhuna et al., 2019, Virginio et al., 1997). After stimulation with a wide range 

of ATP concentrations while in the presence of YO-PRO (Fig 3.5), the higher concentrations (1mM, 

3mM and 5mM ATP) cause a significant increase in YO-PRO to the cell over the time course 

investigated. The comparisons between the BV2 cells and the P2X7K/O variant of BV2 cells (Fig 

3.6) plus the effect of the P2X7 inhibitor, AZ10606120 (Fig 3.7a and g) shows that the P2X7 

receptor is vital in the mechanism that leads to dye uptake of YO-PRO in ATP-stimulated BV2 cells. 
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This suggests that the cell death, morphological changes and the dye uptake were all linked and 

are P2X7 dependent.  

When comparing the protocols for the dye uptake and the LDH experiments, a difference in 

timings can be seen. The dye uptake experiments look at membrane permeability, where YO-PRO 

is able to make its way into the cell from the media. The LDH assay looks at membrane disruption, 

where the intracellular protein, LDH, is released from the cell into the media. The processes, 

therefore, require differing levels of changes in the membrane to occur, with YO-PRO measuring 

lesser changes in the membrane permeability compared to LDH which shows a lytic response. 

Therefore, dye uptake experiment would not take as much time to start to show changes 

compared to the LDH assay. Accordingly, YO-PRO started to show uptake within the first hour and 

reached a plateau after 5 hours (Fig 3.5). LDH release only starts to show significant increases after 

7 or 8 hours (Fig 3.3 & 3.8). Other studies that have used both these techniques but in mouse 

macrophages stimulated with ATP, also have a much shorter time course for dye uptake then they 

did the LDH assay (Bidula et al., 2019).  

The data suggests a lytic form of cell death and the morphological changes seen with ATP 

stimulation (Fig 3.4) make pyroptosis a plausible mechanism, with swollen and rounded cell 

morphology being characteristic of pyroptotic cell death (Zheng et al., 2021). However, the images 

taken during the experiments reported here were not able to reveal the intricacies of the 

morphological changes as they were low magnification phase microscope images. Therefore, in 

any further investigation, an increased magnification would be used. This could be improved 

further by using fluorescent microscopy and different stains to highlight specific cellular 

structures, such as the nucleus or mitochondria which change according to the mechanism of cell 

death. Specific structures such as the inflammasome or cytoskeletal changes could also be 

investigated using immunohistochemistry. Timelapse microscopy would give a detailed look at the 

different stages of the cell death process in real time and even use of an electron microscope for 

ultrastructural analysis could reveal detailed morphological changes associated with different 

forms of cell death. 

In support of a pyroptotic mechanism, there have also been numerous connections reported 

between P2X7 and pyroptosis (Yang et al., 2015) and P2X7 has been linked to the production and 

release of IL-1β and IL-18, cytokines released during pyroptosis (He et al., 2017). A pyroptotic form 

of cell death would suggest gasdermin D is the possible secondary large pore that forms, with 

gasdermin D forming a pore up to 21nm in size (Sborgi et al, 2016). This could explain the cell 

membrane disruption that occurs to allow the YO-PRO into the cell and the subsequent LDH 

release evident of a lytic form of cell death occurring. The next step of the research was therefore 

to use inhibitors of pyroptosis, and other cell death pathways, to delve into the specific 
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mechanisms of cell death. The apoptotic, pyroptotic, necroptotic and the caspase inhibitors 

showed no effect on YO-PRO uptake. This would suggest that none of the cell death mechanisms, 

including the promising pyroptotic pathway, had any involvement in the uptake of YO-PRO. It was 

also surprising since other studies have shown ATP stimulation in immune cells causes pyroptotic 

cell death (Rathkey et al., 2018). 

Interestingly, however, the calpain inhibitor, PD150606, did show a significant reduction in YO-PRO 

uptake (Fig 3.7) while also showing a significant reduction in cell death after stimulation with ATP 

(Fig 3.8). The calpain inhibitor also affected the morphological changes of the cells (Fig 3.9). 

Although they did not appear the same as control cells, looking more rounded and shrunken. This 

could point to a different type of cell death occurring, possibly a non-lytic form of cell death. As 

non-lytic forms of cell death, such as apoptosis, are known for the containing of the cellular 

contents this could possibly explain why ATP-induced LDH release is decreased.  

Investigating the relationship between PD150606 and P2X7 was important to investigate whether 

it affected the P2X7 receptor directly. P2X7-induced Ca2+ increases was chosen as the manner to 

test this as Ca2+ influx is directly caused by the opening of the P2X7 channel. The calcium data (Fig 

3.10) did show a slight reduction of calcium movement across all ATP concentrations tested, when 

incubated with the calpain inhibitor, however this reduction was not statistically significant. The 

P2X7 inhibitor, AZ10606120, however, stopped all P2X7 related calcium movement to a statistically 

significant degree, which shows that the calcium movement is P2X7 dependent. This was not 

enough evidence for whether P2X7 was affected by PD150606. To further investigate whether 

calpains do have a hand in the reduction of YO-PRO permeability and cell death, the use of 

another calpain inhibitor, CAT811, was used. As there were no differences in the YO-PRO uptake 

data (Fig 3.11) between any of the ATP alone and ATP in the presence of CAT811, suggesting that 

calpains play no role in the cell death or YO-PRO uptake pathways. However, differences could also 

be explained by differing selectivities of the calpain inhibitors used. PD150606 is able to inhibit the 

protease core of calpain 1 and the full length calpain 2 (Low et al., 2014), while CAT811 is found to 

be a potent and selective calpain 2 inhibitor (Abell et al., 2009). It is possible that calpain 1 is 

involved in the pathway but not calpain 2. This would require further investigation. However, it 

was clear from these experiments that inhibition of calpain could not prevent the ATP-induced 

microglia cell death. 

Other studies that have investigated the mechanism of cell death in microglia after ATP 

stimulation have found mixed results. An early investigation found evidence that pointed to 

apoptosis as the mechanism, due to the morphological and biochemical changes that occurred in 

mouse microglial cell lines, N9 and N13 (Ferrari et al., 1997a), while a later study that used BV2 

cells, also found that apoptosis was the likely mechanism when cell death occurred after ATP 
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stimulation (Hao et al., 2013). However, more recent studies have found evidence that ATP-

induced cell death is via pyroptosis. One study using a rat model found after LPS/ATP stimulation 

microglia cells die via the pyroptotic pathway (Liu et al., 2023a) and another showed that after ATP 

stimulation, pyroptosis occurs via the activation of caspase-7 and -3 (McKenzie et al., 2020). This 

was not replicated in the current experiments.   

The experiments used in this chapter go some way to determining the mechanisms involved in 

this process, but it remains that none of the selective inhibitors of cell death pathways had any 

effect on membrane permeability or cell death, so further study is needed. Some of the 

experiments themselves have limitations, for example, the cell death experiments could be closer 

aligned to each other and if repeated the different cell death assays would be performed over the 

same timepoints. The LDH and MTS assays used are suitable for detection of a lytic form of cell 

death, but do not give any further insight into the specific mechanism that is occurring after ATP 

stimulation. Other techniques that could be carried out to examine this more closely include 

apoptosis detecting assays such as the Terminal deoxynucleotidyl transferase dUTP nick end 

labelling (TUNEL) assay, which detects DNA fragmentation characteristic of apoptotic cells. A 

caspase-3/7 activity assay would measure the activity of the effector caspases of apoptosis, where 

higher levels of activation would suggest an apoptotic form of cell death occurring. Finally, the JC1 

assay could be used, which measures mitochondrial membrane potential and would be able to 

indicate whether mitochondrial dysfunction was occurring. If there was evidence of this the 

mitochondrial role in this process could be investigated further. Pyroptosis could be further 

investigated by detecting cleavage of caspase 1 or gasdermin D using immunoblotting or 

immunofluorescence staining, while an ELISA could be used to test for the secretion of IL-1β and 

IL-18, cytokines released during pyroptosis. Finally, annexin V staining, which binds to 

phosphatidylserine exposed on the surface of the plasma membrane during apoptosis and 

pyroptosis, can be detected using flow cytometry or fluorescent microscopy. 

The results presented in this chapter therefore indicate that microglia were dying in response to 

ATP, but not via pyroptosis. This was an unexpected finding as it was hypothesised based on 

previous literature (Rathkey et al., 2018), that pyroptosis was the most likely mechanism of cell 

death. The data presented further implies that the mechanisms in microglia and different to those 

seen in macrophages. The next experiments therefore compared ATP-induced cell death in 

microglia and macrophages.  
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Chapter 4 

Comparisons Between Macrophage and Microglia Cell Death Mechanisms after ATP stimulation 

4.1 Introduction 

In 2018, Rathkey et al published research linking pyroptosis and ATP in macrophages. The 

experiments clearly showed that macrophages primed with LPS and stimulated with ATP, or 

nigericin, were undergoing pyroptosis that could be blocked using necrosulfonamide, a gasdermin 

D inhibitor (Rathkey et al., 2018). Results presented in the previous chapter indicate that BV2 

microglia, stimulated with ATP, do not die via the pyroptosis cell death mechanism. It was 

hypothesised that this would be the case, largely based on a comprehensive study in macrophages 

that showed dye uptake and cell death in LPS primed human macrophages, THP1 or iBMDMs, 

stimulated with ATP and nigericin, which could be blocked using the gasdermin D inhibitor, 

necrosulfonamide (Rathkey et al., 2018). It may be that differences with this original study, not LPS 

priming the cells, using a different fluorescent dye and using microglial cells rather than 

macrophages, is the cause of the results in the previous chapter. It was therefore important to 

create conditions that more closely replicated those seen in the Rathkey paper.  

Further evidence has shown that macrophages are able to die by the cell death pathway of 

pyroptosis. Early papers describing pyroptotic activation in macrophages initiated the process 

using proteins of bacterial origins which cause the cells to lyse (Fink and Cookson, 2006, Fink and 

Cookson, 2007). Later research has also shown that high levels of ROS can also lead to the 

activation of the pyroptotic pathway (Wang et al., 2019b) and high levels of glucose, with and 

without priming with LPS, also caused cell death that used the pyroptotic pathway (Aki et al., 

2020, Zhao et al., 2021).  

There are many similarities between macrophages and microglia (See 1.1.3). Both are myeloid 

immune cells, patrol their local surroundings and use phagocytosis to remove threats. (Borst et al., 

2021, Robinson et al., 2019). There are also differences which exist such as origin and gene 

expression (Ginhoux and Guilliams, 2016). 

This research investigates macrophage ATP-associated cell death mechanisms to validate the 

results published by Rathkey (Rathkey et al., 2018), and the effectiveness of the pyroptotic 

inhibitors being used and to compare this mechanism in macrophages with the findings in 

microglia presented in the previous chapter to help understand similarities and differences in the 

pathways occurring in both cell types. 
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4.2 Results  

4.2.1 LPS-priming and stimulation with ATP and nigericin on J774 macrophages causes dye 

uptake  

Initial experiments replicated conditions from the Rathkey paper (Rathkey et al., 2018) using 

mouse macrophage cell line, J774. The aim was to show that results could be reproduced. 

Particularly important was that the inhibitor necrosulfonamide was active as this had no effect on 

ATP-induced YO-PRO influx in microglia (Fig 3.7c and i). These experiments also used the J774 cell 

line rather than the THP1 and iBMDMs, so reproduction of results with this cell line was also 

important. J774 cells were primed with LPS (2µg/ml) for 4 hours before being stimulated by either 

10µM nigericin or 5mM ATP and PI uptake measured for an hour and a half in the presence and 

absence of the gasdermin D inhibitor, necrosulfonamide. 

The LPS primed cells stimulated with nigericin (Fig 4.1a) showed PI uptake after the 30-minute 

mark. When incubated with necrosulfonamide the dye uptake returned to that of the control. The 

AUC for these plots (Fig 4.1b) display a significant difference between the LPS-primed nigericin-

stimulated cells when compared to both the control and the LPS-primed nigericin stimulated cells 

that were incubated in necrosulfonamide. The ATP stimulated cells showed PI uptake in the LPS-

0 1 2
0

5

10

15

20

25

30

35

40

Time (Hours)

F
lu

o
re

s
c

e
n

c
e

(R
F

U
)

Control

LPS + 10μM
Nigericin

LPS + 10μM
Nigericin + 20μM NS

Control LPS LPS 
0

500

1000

1500

A
U

C
 (

P
I 

F
lu

o
re

s
c

e
n

c
e

)

✱✱✱✱

+ 10μM Nigericin + 10μM Nigericin

+ 20μM NS

0 1 2
0

5

10

15

20

25

30

35

40

Time (Hours)

F
lu

o
re

s
c

e
n

c
e

(R
F

U
)

Control
LPS + 5mM ATP
LPS + 5mM ATP +
20μM NS

Control LPS LPS
0

500

1000

1500

A
U

C
 (

P
I 

F
lu

o
re

s
c

e
n

c
e

)

✱✱✱✱✱✱✱

+ 5mM ATP + 5mM ATP
+ 20μM NS

a b

c
d

Figure 4.1 Nigericin and ATP-induced PI uptake in LPS-primed J774 macrophages is blocked by gasdermin 

D inhibition (a) Mean PI uptake in J774 macrophage cells in response to 4-hour LPS (2µg/ml) priming and 

stimulation with 10µM nigericin (b) PI uptake (AUC 0-90mins) (c) Mean PI uptake in J774 macrophage cells 

in response to 4-hour LPS (2µg/ml) priming and stimulation with 5mM ATP (d) PI uptake (AUC 0-90mins) 

(mean +SEM, n=4) * Indicates significance (P<0.05) using one-way ANOVA with Dunnett’s post-hoc test. 
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primed 5mM ATP stimulated cells. No increase was seen under control conditions or when 

incubated with ATP and necrosulfonamide (Fig 4.1c and d). The results of the Rathkey paper were 

therefore replicated and clearly showed that in the macrophage cell line, J774, there is gasdermin 

D dependent mechanism involved in the dye uptake that is stimulated by either nigericin or ATP 

and indicates the activation of pyroptotic pathways. 

In order to be able to compare these experiments with the previous experiments in the microglial 

cell line, BV2 (Chapter 4) YO-PRO (rather than PI) was used as the dye to investigate membrane 

permeability over the course of 3 and a half hours, in the presence and absence of LPS priming 

and using different concentrations of ATP (Fig 4.2 and 4.3).  

The YO-PRO dye uptake experiment showed that LPS primed J774 cells stimulated with nigericin 

had dye uptake around the 30 minute mark, but if the cells are non-LPS primed then no uptake 

occurs. When stimulating with ATP, 1mM ATP was similar to nigericin as it also needed the LPS 

priming to allow any YO-PRO uptake. The higher ATP concentrations, 3mM and 5mM ATP, exhibit 

equivalent dye uptake in both the non-LPS and LPS primed cells with dye uptake being almost 

identical under both conditions. The AUC data showed the significant difference between the LPS 

primed cells stimulated with nigericin and the control as well as the non-LPS primed cells 

stimulated with nigericin. For the 1mM ATP stimulated cells, there was no significant difference 

between the LPS primed and non-LPS primed or control cells. The highest concentrations of ATP, 

3mM and 5mM, showed an increase that was statistically significant compared to the control, 

whether they were LPS primed or not. However when the LPS and non-LPS primed cells 

stimulated with 3mM or 5mM were compared they did not show a significant difference.  

The same experiment was repeated, but this time using PI as the fluorescent dye. A similar story 

can be seen. Nigericin needed LPS priming before dye uptake occurs and the higher 

concentrations of ATP, 3mM and 5mM ATP, caused dye uptake in both the non-LPS and LPS primed 

cells. The 1mM ATP caused an increase in PI uptake which was enhanced by LPS priming. Dye 

uptake occurred at around the 30-minute mark for all cells that exhibit dye uptake. This confirms 

that PI uptake in the J774 cell line is comparable to YO-PRO uptake. The uptake is dependent on 

LPS priming when the cells are stimulated with nigericin (10µM) but suggests that it is not 

required for ATP-induced changes but although the cells appear more sensitive to ATP stimulation. 

Gross morphological changes in the J774 cell line were also monitored. Those stimulated with 

nigericin and 1mM ATP in the non-LPS primed cells show little change and appeared no different 

to the control cells (Fig 4.4a). When the cells are LPS primed (Fig 4.4b), nigericin and 1mM ATP 

caused morphological changes after 2 hours, displaying a loss of defined cell structure, although 

they did not appear to be swollen. 3mM and 5mM ATP causes some cells to swell, but it was not 

possible to say definitely if there was change using these microscopic techniques. 
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Figure 4.2 Nigericin and ATP cause YO-PRO uptake in LPS-primed J774 macrophages (a) Mean YO-

PRO uptake in J774 macrophage cells in response to ±4-hour LPS (2µg/ml) priming and ±nigericin 

10µM (b) Mean YO-PRO uptake in J774 macrophage cells in response to ±4-hour LPS (2µg/ml) priming 

and ±ATP 1mM, 3mM and 5mM (c) YO-PRO uptake (AUC 0-210mins) (mean +SEM, n=4) * indicates 

significance compared to control (P<0.05) using a one-way ANOVA with Tukey post hoc test 
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Figure 4.3 (a) Nigericin and ATP cause PI uptake in LPS-primed J774 macrophages Mean PI uptake in 

J774 macrophage cells in response to ±4-hour LPS (2µg/ml) priming and ±nigericin 10µM (b) Mean PI 

uptake in J774 macrophage cells in response to ±4-hour LPS (2µg/ml) priming and ±ATP 1mM, 3mM 

and 5mM (c) PI uptake (AUC 0-210mins) (mean +SEM, n=4) * indicates significance compared to 

control (P<0.05) using a one-way ANOVA with Tukey post hoc test 
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Figure 4.4 LPS priming causes cell morphological changes in J774 macrophages after stimulation with ATP 

and Nigericin (a) Time course images of mouse macrophage cells (J774) in response to stimulation by 

nigericin 10µM and ATP 1mM, 3mM and 5mM (b) Time course images of J774 macrophage cells in response 

to 4-hour LPS (2µg/ml) priming and stimulation by nigericin 10µM and ATP 1mM, 3mM and 5mM. Final rows 

shows representative cell morphology at 2 hours (5x digital zoom)   
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4.2.2 Pyroptotic associated protein inhibitors alter dye uptake in LPS-primed J774 macrophages 

stimulated with ATP and Nigericin  

To investigate the mechanism of PI uptake in the macrophages, and specifically whether this was 

due to a pyroptotic pathway, the J774 cells were again primed for 4 hours with LPS and then 

stimulated with either 10µM nigericin or various concentrations of ATP. This was carried out in the 

presence and absence of inhibitors used in the experiment in the previous chapter (Chapter 3) 

that block parts of the pyroptotic pathway, specifically the NLRP3 inhibitor, MCC950, caspase 1 

inhibitor, Ac-YVAD-cmk, and the gasdermin D, necrosulfonamide (NS) the P2X7 inhibitor, 

AZ10606120.  

PI uptake in the LPS primed cells stimulated by nigericin(Fig 4.5a) occurred from around 30 

minutes and when also incubated with MCC950 (10µM), an inhibitor of the inflammasome sensor 

protein, NLRP3, there is a complete inhibition of this uptake and a return to the level of PI uptake 

in the control. The AUC data (Fig 4.5c) shows a significant difference between the LPS primed cell 

stimulated with nigericin and the LPS primed cell stimulated with nigericin incubated with 

MCC950. The LPS primed cells stimulated with a range of ATP concentrations (Fig 4.5b and c) 

showed that at 1mM ATP, dye uptake was seen over the time course of the experiment which was 

also totally inhibited by MCC950. At 3mM and 5mM ATP there was a much higher dye uptake and 

MCC950 showed a delay in the onset of the response increasing just over an hour after 

stimulation rather than the usual 30 minutes, there was also a significant decrease in total dye 

uptake (Fig 4.5c) 

This data suggests that pyroptotic pathways, specifically the NLRP3 inflammasome, is involved in 

the loss of permeability of the J774 cells after LPS priming and stimulation with either nigericin or 

ATP (1mM-5mM). These results also showed that under these conditions MCC950, at 10µM, is a 

viable inhibitor for the use in investigating this pathway.  

The next inhibitor used was the caspase 1 inhibitor, Ac-YVAD-CMK (Fig 4.6) Caspase 1 is central to 

the pyroptotic pathway and cleaves important pyroptosis proteins including IL-1β, IL-18 and 

gasdermin D. The LPS primed macrophages that were nigericin stimulated (Fig 4.6a) showed PI 

uptake across the time course that was inhibited by Ac-YVAD-CMK. With 1mM ATP (Fig 3.5b) 

showed the expected uptake of PI over the time course and when these cells were also incubated 

with the Ac-YVAD-CMK there was a slight reduction in uptake of the dye. With 3mM and 5mM 

ATP, Ac-YVAD-CMK caused a large reduction in uptake compared to ATP alone (Fig 4.5b and c).  

This data indicates that caspase 1 plays a role in ATP-induced disruption of cell permeability after 

LPS priming in J774 cells and shows that Ac-YVAD-CMK can be used for investigating this pathway.  
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The next inhibitor used was necrosulfonamide, an inhibitor of the pyroptosis executioner protein, 

gasdermin D (Fig 4.7). The PI uptake stimulated with nigericin after LPS priming was reduced by 

necrosulfonamide. This was also the case for ATP (1, 3 and 5mM) 

This indicates that gasdermin D plays a role in the disruption of cell permeability under these 

conditions and confirms that the use of necrosulfonamide as a pharmacological tool in 

investigating pyroptosis is appropriate and effective. 

Finally, the last inhibitor used was the P2X7 inhibitor AZ10606120 (Fig 4.8). AZ10606120  did not 

affect dye uptake due to nigericin but fully inhibited the ATP-stimulated increase, dye uptake 

remaining at control levels (Fig 4.8b and c).  

This indicates that the disruption of cell permeability in the LPS-primed J774 cells stimulated with 

ATP is P2X7 dependent and together with the previous experiments using the pyroptotic pathway 

inhibitors that this stimulation of P2X7 leads to activation of the pyroptotic pathway in the J774 

cells. 
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Figure 4.5 Nigericin and ATP-induced PI uptake in LPS-primed J774 macrophages is blocked by NLRP3 

inhibition (a) Mean PI uptake in J774 macrophage cells in response to 4-hour LPS (2µg/ml) priming and 

nigericin 10µM ± MCC950 10µM (b) Mean PI uptake in J774 macrophage cells in response to ±4-hour 

LPS (2µg/ml) priming and ATP (1mM, 3mM and 5mM) ± MCC950 10µM (c) PI uptake (AUC 0-210mins) 

(mean +SEM, n=4) * indicates significance compared to control (P<0.05) using a one-way ANOVA with 

Tukey post hoc test 
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Figure 4.6 ATP-induced PI uptake in LPS-primed J774 macrophages is blocked by Caspase 1 

inhibition (a) Mean PI uptake in J774 macrophage cells in response to 4-hour LPS (2µg/ml) priming 

and nigericin 10µM ± Ac-YVAD-CMK 10µM (b) Mean PI uptake in J774 macrophage cells in response 

to 4-hour LPS (2µg/ml) priming and ATP (1mM, 3mM and 5mM) ± Ac-YVAD-CMK 10µM (c) PI uptake 

(AUC 0-210mins) (mean +SEM, n=4) * indicates significance compared to control (P<0.05) using a one-

way ANOVA with Tukey post hoc test 
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Figure 4.7 Nigericin and ATP-induced PI uptake in LPS-primed J774 macrophages is blocked by 

gasdermin D inhibition (a) Mean PI uptake in J774 macrophage cells in response to 4-hour LPS 

(2µg/ml) priming and nigericin 10µM ± Necrosulfonamide 20µM (b) Mean PI uptake in J774 

macrophage cells in response to 4-hour LPS (2µg/ml) priming and ATP (1mM, 3mM and 5mM) ± 

Necrosulfonamide 20µM (c) PI uptake (AUC 0-210mins) (mean +SEM, n=4) * indicates significance 

compared to control (P<0.05) using a one-way ANOVA with Tukey post hoc test 
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Figure 4.8 ATP-induced PI uptake in LPS-primed J774 macrophages is blocked by P2X7 inhibition (a) 

Mean PI uptake in J774 macrophage cells in response to 4-hour LPS (2µg/ml) priming and nigericin 

10µM ± AZ10606120 10µM (b) Mean PI uptake in J774 macrophage cells in response to 4-hour LPS 

(2µg/ml) priming and ATP (1mM, 3mM and 5mM) ± AZ10606120 10µM (c) PI uptake (AUC 0-210mins) 

(mean +SEM, n=4) * indicates significance compared to control (P<0.05) using a one-way ANOVA with 

Tukey post hoc test 
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4.2.3 Pyroptotic associated protein inhibitors alter dye uptake in Non-LPS-primed J774 

macrophages stimulated with ATP  

It was then investigated whether LPS priming was required for the activation of the pyroptotic 

pathway, by using the inhibitors used previously, MCC950, Ac-YVAD-cmk, necrosulfonamide or 

AZ10606120, and measuring the PI uptake in response to ATP in non-primed J774 cells, 1mM ATP 

has little to no PI uptake but stimulation with 3mM and 5mM ATP caused a large PI uptake over 

the time course which was attenuated by all of the inhibitors (Fig 4.9a-h). 

These results indicate that the J774 cells do not need LPS priming for the higher concentrations of 

ATP (3mM and 5mM) to cause a disruption in cell permeability and that the pathway that is a 

P2X7-mediated pyroptotic pathway. It was important to confirm this data as these are the same 

conditions that were used in the previous chapter but using the macrophage rather than the 

microglial cell line.  
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Figure 4.9 ATP-induced PI uptake in non-LPS-primed J774 macrophages is blocked by Inhibition of 

pyroptotic proteins and P2X7 (a) Mean PI uptake in J774 macrophage cells in response to stimulation 

by ATP (1mM, 3mM and 5mM) ± MCC950 10µM (b) Mean PI uptake in J774 macrophage cells in 

response to stimulation by ATP (1mM, 3mM and 5mM) ± Ac-YVAD-CMK 10µM (c) Mean PI uptake in 

J774 macrophage cells in response to stimulation by ATP (1mM, 3mM and 5mM) ± Necrosulfonamide 

20µM (d) Mean PI uptake in J774 macrophage cells in response to stimulation by ATP (1mM, 3mM 

and 5mM) ± AZ10606120 20µM (e-h) Corresponding PI uptake (AUC 0-210mins) (mean +SEM, n=4) * 

indicates significance compared to control (P<0.05) using a one-way ANOVA with Sidak's post hoc test  
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4.2.4 Pyroptotic associated protein inhibitors alter levels of cell death in Non-LPS-primed J774 

macrophages stimulated with ATP  

The level of cell death was also measured after stimulation with 3mM ATP for 4 hours in the 

presence or absence of the pyroptotic pathway inhibitors (Fig 4.10). Cell death was fully inhibited 

by the P2X7 inhibitor. Necrosulfonamide also decreased ATP-induced cell death. The 

inflammasome and caspase 1 inhibitor had no effect. This indicates a disconnect between 

permeability changes seen and cell death as MCC950 and Ac-YVAD-cmk both inhibit dye uptake 

but did not prevent lytic cell death. 
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Figure 4.10 ATP-induced LDH release in non-LPS-primed J774 macrophages is blocked by Inhibition of 

P2X7 and gasdermin D (a) Mean % LDH release after 4 Hours in J774 macrophage cells ± AZ10606120 

10µM, , or (b) Mean % LDH release after 4 Hours in J774 macrophage cells ± MCC950 10µM (c) ) Mean % 

LDH release after 4 Hours in J774 macrophage cells ± Ac-YVAD-cmk 10µM (d) Mean % LDH release after 4 

Hours in J774 macrophage cells ± Necrosulfonamide 20µM * Indicates significance compared to control 

(P<0.05) using one-way ANOVA with Dunnett's post hoc test. 
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Changes in cell morphology are a key indicator of the possible form of cell death that is occurring, 

Blocking of the pyroptotic pathway may be able to stop these morphological changes from 

happening and therefore save the cells from cell death. 

To investigate the effects of ATP on the J774 cell line in the context of cell morphology changes, 

and how this might link with cell death, the J774 cells were stimulated with 3mM ATP in the 

presence and absence of the pyroptotic inhibitors and then imaged over a time course of 4-hours 

to review their morphology.  

The J774 cells were imaged (Fig 4.11) but it was not possible to detect any major differences. 
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Figure 4.11 Pyroptotic inhibitors have no effect on cell morphological changes in ATP stimulated J774 

macrophages Time course images of J774 macrophage cells in response to stimulation by ATP 3mM ± 
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4.2.5 Pyroptotic associated protein inhibitors do not alter dye uptake in LPS-Primed BV2 

microglia stimulated with ATP. No Dye uptake occurs after LPS primed BV2 cells are stimulated 

with Nigericin  

As the experiments so far have shown that in the presence and the absence of LPS priming, there 

is ATP-induced dye uptake in the J774 cells. The pyroptotic inhibitors were also shown to block this 

dye uptake in both conditions. The data suggest that microglial (BV2) cells are responding 

differently to macrophage (J774) cells, but a final experiment in BV2 cells that were LPS-primed 

would confirm this. PI and YO-PRO were used as the fluorescent dyes.  

BV2 cells, were primed with LPS for 4 hours and then stimulated with nigericin and a range of ATP 

concentrations (1mM, 3mM and 5mM). Using PI (Fig 4.12) the nigericin did not cause PI uptake 

with or without LPS priming (Fig 4.12a). All concentrations of ATP showed an uptake of PI with no 

difference between the primed and non-primed cells (Fig 4.12b and c). Similar results were found 

when using YO-PRO to monitor membrane permeability (Fig 4.13). 

Morphological changes were also observed (Fig 4.14). No differences were seen between LPS and 

non-LPS primed BV2 cells. Nigericin did not change morphology, whereas ATP caused the cells to 

become rounded. 
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Figure 4.12 LPS priming has no effect on PI uptake in ATP stimulated BV2 microglia (a) Mean PI uptake 

in BV2 microglia cells in response to ±4-hour LPS (2µg/ml) priming and ±nigericin 10µM (b) Mean YO-PRO 

uptake in BV2 microglia cells in response to ±4 hour LPS (2µg/ml) priming and ±ATP 1mM, 3mM and 

5mM (c) YO-PRO uptake (AUC 0-210mins) (mean +SEM, n=4) * indicates significance compared to control 

(P<0.05) using a one-way ANOVA with Tukey post hoc test 
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Figure 4.13 LPS priming has no effect on YO-PRO uptake in ATP stimulated BV2 microglia (a) Mean 

YO-PRO uptake in BV2 microglia cells in response to ±4-hour LPS (2µg/ml) priming and ±nigericin 

10µM (b) Mean YO-PRO uptake in BV2 microglia cells in response to ±4 hour LPS (2µg/ml) priming 

and ±ATP 1mM, 3mM and 5mM (C) YO-PRO uptake (AUC 0-210mins) (mean +SEM, n=4) * indicates 

significance compared to control (P<0.05) using a one-way ANOVA with Tukey post hoc test 
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Figure 4.14 LPS priming has no effect on cell morphological changes in ATP stimulated BV2 microglia (a) 

Time course images of mouse microglia cells (BV2) in response to stimulation by nigericin 10µM and ATP 

1mM, 3mM and 5mM (b) Time course images of J774 macrophage cells in response to 4-hour LPS 

(2µg/ml) priming and stimulation by nigericin 10µM and ATP 1mM, 3mM and 5mM. Final rows shows 

representative cell morphology at 6 hours (5x digital zoom)   
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It is clear from these experiments that the BV2 and J774 cells have different responses to ATP 

stimulation. Importantly, in J774 cells ATP-induced increase in membrane permeability were 

affected by the pyroptotic inhibitors but this was not the case in BV2 cells. This indicates that the 

J774 cells are utilising the pyroptotic pathway but the BV2 cells are not. 

4.2.6 Gasdermin D is expressed in J774 Macrophages after ATP stimulation but not in BV2 

Microglia 

Finally, a comparison was made of gasdermin D cleavage between J774 and BV2 cells stimulated 

with 3mM ATP. Gasdermin D is the executioner protein of pyroptosis and is cleaved to create a 

pore in the cell membrane that allow the mature IL-1β and IL-18 to exit the cell. This, also, leads to 

loss of cell membrane integrity which leads to cell swelling and eventually death. 

To compare the presence of gasdermin D in the BV2 and J774 cells, a gasdermin D detecting 

Western blot was performed. The cells were stimulated with 3mM ATP and samples taken at 2, 4 

or 6 hours, along with an unstimulated 6-hour control (Fig 4.15).  

 

In macrophages, the gasdermin D antibody identified two distinct bands. The first one was at 

40kDa and the second at 30kDa. In microglia there was only one band at 40kDa. In J774 cells, the 

2-hour timepoint 40kDa band appeared to increase in intensity before decreasing again at the 4-

hour timepoint. The band at 30kDa, only present in the J774 cells, showed a stronger increase in 

signal at the 2-hour timepoint, which then decreased at the 4 and 6-hour time points but 
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Figure 4.15 Cleaved Gasdermin D is present in J774 cells after ATP stimulation Western blot 

analysis of anti-gasdermin D antibody with J774 and Bv2 cells 2-, 4- and 6-hours after 
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loading control (n=3). 
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remained stronger than control. In BV2 cells the band at 40kDa remains a consistent signal over 

the time course and no other bands are visible. The β-actin shows a consistent level of protein 

across the J774 and BV2 cells. 

This Indicates that gasdermin D is present in both cell types but only the J774 cells show a change 

after ATP stimulation. This ties into the J774 and BV2 dye uptake results that in J774 cells ATP 

activates the pyroptotic pathway and that BV2 cells do not. 
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4.3 Discussion 

Pyroptotic cell death has been shown to be a defined cell death mechanism in many macrophages 

(Fink and Cookson, 2006, Fink and Cookson, 2007). A standard technique to stimulate pyroptosis 

experimentally has been by LPS priming cells and then stimulating with a second stimulus such as 

ATP or nigericin. The aim of the research of this chapter was to characterise pyroptotic cell death 

in J774 cells, a macrophage cell line, to compare to the BV2 (microglia) cells used previously. 

The J774 cell line was selected because, firstly, this is a mouse cell line, so the results could be 

compared to the BV2 cells. Also, the J774 cell line has been used extensively in research and has 

been involved in multiple studies looking at pyroptosis including stimulation with bacterial 

components (Wellington et al., 2014, Hu et al., 2014). The basis of the experimental methods used 

in this research, were taken from a study that looked at dye uptake and cell death in LPS primed 

macrophages that were stimulated with nigericin and ATP, and were pharmacologically blocked 

using necrosulfonamide (Rathkey et al., 2018).  

Priming with LPS followed by stimulation of the mouse macrophage cell line showed an uptake of 

PI when stimulated with ATP or nigericin (Fig 4.1). This could be blocked using the gasdermin D 

inhibitor, necrosulfonamide. This replicated data from Rathkey indicating that the mouse 

macrophage behaves in the same way as human macrophages that pyroptosis could be a possible 

cause of this membrane disruption. This experiment was then performed using a wider array of 

ATP concentrations using YO-PRO and PI as the dye and for a longer time period reusing the same 

conditions as those used in the previous chapter when investigating microglia (Fig 4.2 and Fig 4.3). 

An ATP-dependent increase in membrane permeability was confirmed in the J774 cells, therefore, 

inhibitors for proteins linked to pyroptosis were used to help prove whether a pyroptotic process 

was involved in the dye uptake in the J774 cells.  

The inflammasome sensor protein, NLRP3, seems to have a vital role in PI uptake in LPS primed 

J774 cells, whether the cells were stimulated with nigericin or ATP, as PI uptake was significantly 

reduced when the cells were incubated in the NLRP3 inhibitor, MCC950. When incubated in the 

caspase 1 inhibitor, Ac-YVAD-cmk, there was a significant drop in PI uptake for the cells stimulated 

with the higher concentrations of ATP, 3mM and 5mM, further suggesting a pyroptotic pathway 

involved in this mechanism. Finally, when the gasdermin D inhibitor, necrosulfonamide, was used 

a significant reduction in the higher concentrations of ATP and nigericin were seen. The cells 

incubated with AZ10606120 showed that there was no effect on PI uptake in the nigericin treated 

cells. This would be as expected as nigericin acts as an antiporter of H+ and K+ (Shavit et al., 1968) 

essentially bypassing the P2X7 receptor. For the highest concentrations of ATP, necrosulfonamide 

and AZ10606120 both caused a significant reduction in PI uptake, which is proof of the 

importance of P2X7 in this process alongside the importance of the pyroptosis proteins. This has 
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been shown previously in the J774 cell line with one paper showing that stimulation of P2X7 leads 

to widespread cell death in J774 cells (Coutinho-Silva et al., 2001). It identified this cell death 

mechanism as apoptosis, although no evidence was given to prove it was specifically apoptosis, 

only that the cells are allowing uptake of PI, which is also true for other mechanisms of cell death. 

Another paper showed blocking caspase 1 after ATP stimulation reduced pyroptotic cell death (Jin 

et al., 2013). Two other papers have also shown proof of pyroptotic mechanisms downstream 

from LPS priming and stimulation by ATP in J774 cells. One shows the presence of cleaved caspase 

1 and IL-1β processing (Li et al., 2017), while the other revealed the presence of the cleaved pore 

forming section of gasdermin D (Shen et al., 2021).  

All previous experiments used LPS priming before exposure to ATP. The experiments described in 

this chapter shows that LPS-priming is not a pre-requisite for ATP-induced pyroptosis in 

macrophages (Fig 4.9). All inhibitors were able to decrease PI uptake for the highest ATP 

concentrations. This shows solid proof that this is a pyroptotic process that is started by the 

activation of P2X7 by ATP. An important feature to notice in all the dye uptake experiments with 

the J774 cells when they are LPS primed (Fig 4.1-4.3, 4.5-4.8) but not in the presence of inhibitors, 

is that dye uptake occurs at around the 30-minute timepoint, a time point much sooner than seen 

in the BV2 cells in the previous chapter. This would suggest that the mechanism that is allowing 

the dye to enter the cell is the same for all stimulations, indicating that this time is needed for the 

production of the inflammasome and the cleavage of the gasdermin D pore. In the non-LPS 

primed cells this time is delayed to around the 1 hour timepoint. This is around the same as the 

BV2 cells in the previous chapter, although the pyroptotic inhibitors were unable to block the 

mechanism in the BV2 cells. This extra time in the J774 cells could be needed for the upregulation 

and creation of certain elements of the pyroptotic pathway. These elements could be upregulated 

already by LPS priming before stimulation in the LPS primed cells. The DAMP, ATP, alone is 

therefore capable of activating all the elements in the pathway. 

An aspect of the stimulated cells with inhibitors is that most of the inhibitors reduced dye uptake 

but did not block it completely, with the exception of AZ10606120. After an initial blocking of the 

dye uptake the MCC950, AC-YVAD-cmk and necrosulfonamide, dye uptake started to occur 

sometime later over the time course. This would suggest that the dye had found a different route 

into the cell. This could have been through P2X7 itself (Ugur and Ugur, 2019) or it could be 

another pathway of cell membrane disruption, such as the non-canonical inflammasome pathway 

or another gasdermin protein, such as gasdermin E. 

Therefore, the dye uptake data suggests that the mechanism by which the macrophages operate 

once they are stimulated with high levels of ATP, whether they are LPS primed or not, is 

pyroptotic. The cell death data for the J774 cells, however, have a more mixed outcome. The 
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inhibitors at the beginning of the pathway and the end of the pathway (AZ10606120 and 

necrosulfonamide) were able to show a significant reduction in the release of LDH. The inhibitors 

for the middle of the pathway, however, did not show statistical significance, which means 

MCC950 and Ac-YVAD-cmk are unable to block ATP induced cell death in the J774 cells. This could 

suggest that the inflammasome is bypassed allowing cell death to occur via P2X7 via a different 

route. This could possibly occur by either the non-canonical pyroptotic pathway or another form 

of cross talk that is found in cell death mechanisms. For example caspase 3 has been shown to 

cleave gasdermin E (Zeng et al., 2019) which would still lead to a lytic form of cell death, having 

bypassed the inhibited part of the pathway.  

The results in the previous chapter, using BV2 microglia cells, showed that after stimulation with 

3mM ATP, there was dye uptake, a loss of viability and the BV2 cells had a cell morphology that 

was swollen, rounded and had a clear loss of defined cell structure, a phenotype that is associated 

with pyroptotic cell death. However, the pyroptotic inhibitors had no impact, suggesting that 

pyroptosis does not play a role in ATP-mediated cell membrane disruption or cell death in the BV2 

cells. However, in the previous chapter, the BV2 cells were not primed with LPS. As mentioned 

previously, LPS priming is a standard technique to experimentally stimulate pyroptosis. LPS 

priming was therefore investigated to see what effect this had and if this could prompt a 

pyroptotic mechanism (Fig 4.12 and 4.13).  Unlike in macrophages no uptake of either YO-PRO or 

PI was seen when stimulated with LPS and nigericin, and there was no difference in the LPS and 

non-LPS primed cells when stimulated with any ATP concentration, suggesting that pyroptosis 

does not play a role in the dye uptake in the BV2 cells. 

Comparing the J774 cell line and the BV2 cell line, and their respective mechanisms, the 

macrophage data suggests cell death and dye uptake are most likely occurring via the pyroptotic 

pathway whereas in microglia it is not.  

Gasdermin D Western blot was used to further investigate this difference (Fig 4.15). A 50kDa 

gasdermin D signal present in both cell types, with this signal most likely being the full length 

gasdermin D protein. A protein at around 30kDa, which could be the cleavage product of 

gasdermin D, is only present in the macrophages and peaks 2 hours after ATP stimulation again 

suggesting that pyroptosis is occurring in this cell type. This was not seen in the BV2 cells, adding 

to the evidence that ATP does not activate pyroptotic mechanisms in microglial cells. 

Contrary  to this, other studies were able to induce pyroptosis in the BV2 cell line. Two separate 

studies have been able to cause a pyroptotic phenotype, with cleavage of both caspase 1 and 

gasdermin D with LPS priming of the cells alone (Xu et al., 2021, Yao et al., 2021). Another was 

able to show evidence of pyroptosis in BV2 cells caused by stimulation of the cells with the widely 

used anaesthetic, sevoflurane (Tian et al., 2021). Cleavage of caspase 1, gasdermin D and also 
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gasdermin E was seen after 6 hour incubation (Tian et al., 2021). Finally, another paper was able to 

stimulate PI dye uptake in the BV2 cells using LPS and nigericin as well as ATP, which was then 

blocked using mafenide, an antibiotic, that is thought to be a possible inhibitor for gasdermin D 

(Han et al., 2020). This was also alongside a Western blot that showed evidence of gasdermin D 

and its cleavage (Han et al., 2020). It is difficult to reconcile the data in both the previous chapter 

and this chapter with the published BV2 data that shows evidence of pyroptosis. One possible 

reason for the differing results could be down to the differences in cell culture techniques, 

specifically the serum used. One study found that different brands of FBS have different effects on 

cell protein production, namely IL-8, in human epithelial cell lines(Liu et al., 2023b). This study 

concluded that FBS has the biggest impact on immune related experiments. Another aspect that is 

difficult to control is the differences between the same cell line in different laboratories. Research 

previously that looked at HeLa cell lines and the cancer cell line MCF7 both showed that there was 

a massive diversity between the cells from one laboratory to the next (Ben-David et al., 2018, Liu 

et al., 2019). Clearly this can cause an issue in the pursuit of reproducibility. It could also be 

mentioned here that it is difficult to prove a negative and many negative results do not get 

published. 

The data presented in this chapter show that upon ATP stimulation, macrophages follow a 

pyroptotic pathway, but that microglia cells do not. To further investigate and compare the cell 

death pathways of macrophages or microglia, techniques mentioned previously, such as the IL-1β 

and IL-18 ELISA, Annexin V staining or immunostaining for pyroptotic proteins, could be used. The 

results for these would be able to add more evidence to the differences between the two cell 

types. Another avenue to explore is gene expression analysis, such as qPCR. This would reveal 

which genes are being upregulated in macrophages and microglia after stimulation with ATP and 

the results compared.   

A further finding was that LPS priming is not a necessary step despite most research including this 

in protocols investigating macrophage and microglial function. The question needs to be asked 

whether it is appropriate to use LPS in experiments investigating neuroinflammation as microglia 

will rarely encounter this molecule. There are, however, a broad range of different stressors 

microglia can come into contact with in the CNS. Therefore, it seems important to investigate 

other insults to see if the mechanism of changes in cell membrane disruption, cell death or cell 

morphology could be characterised. This will be explored in the next chapter. 
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Chapter 5 

The Effects of Pathophysiological Insults on microglia  

5.1 Introduction 

The use of the bacterial cell wall component, LPS, for activation of immune cells raises the 

question of the challenges that microglia are likely to encounter in the CNS. Due to the blood-

brain barrier (BBB), entry to the CNS is highly regulated, so the presence of pathogens in the CNS 

would only happen in rare occurrences. To put this in perspective, data shows that during the 

years 1990-2016 there were only around half a million CNS infection cases globally (Robertson et 

al., 2018) while in the year 2019 alone 55 million people are living with Alzheimer’s disease, a 

neurodegenerative condition (GBD, 2022) and in 2013, it was believed 64.3 million people 

suffered from glaucoma caused blindness with this figure projected to increase to 111.8 million by 

2040 (Tham et al., 2014). In the year 2020 alone, it was thought 3.6 million people over the age of 

50 received a glaucoma diagnosis (GBD, 2021). The pathophysiological insults that microglia 

encounter in the CNS, including the retina, include loss of nutrient supply, such as during an 

ischaemic episode, and inflammation linked states such as oxidative stress and pH changes. There 

are also stresses linked specifically to disease states for example amyloid β that is found in 

Alzheimer’s disease and has been found to be present in the retina during glaucoma. These 

physiological stressors are discussed in more detail below.  

5.1.1 Amyloid β 

Alzheimer’s disease is a neurodegenerative condition that affects memory, cognitive function and 

mood which eventually leads to death. It is thought to be responsible for 60-70% of dementia 

cases with the number of people suffering from the condition projected to increase to 170 million 

by 2050 (GBD, 2022). While the cause of Alzheimer’s disease is not fully understood, a key 

element in the progression is thought to revolve around the amyloid protein (Discussed previously 

in Section 1.1.2). 

Amyloid β has also been implicated in glaucoma. Levels of amyloid β in vitreous fluid was found to 

significantly change in patients with glaucoma when compared to a healthy control (Yoneda et al., 

2005). Another study showed deposition of amyloid β in the RGC layer caused apoptosis in a 

mouse glaucoma model (Guo et al., 2007), while in a mouse model for Alzheimer’s disease 

amyloid β deposits were detected in the RGC layer as the mice aged which led to retinal 

degeneration (Ning et al., 2008). In a study that looked at the retina and optic nerve head of 

monkeys that had chronic ocular hypertension, amyloid β was found to increase in concentration 

in the retina in the chronic stages of glaucoma (Ito et al., 2012).  
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5.1.2 Oxidative stress 

Oxidative stress is caused by the abundance of reactive oxygen species (ROS). ROS are a family of 

chemicals formed by O2 that are highly reactive and include H2O2, super oxide and hydroxyl atoms. 

ROS production is both enzymatic and non-enzymatic and is generated endogenously from 

processes inside the cell and exogenously by exposure to environmental factors. Endogenous ROS 

production is caused by a number of natural processes and disease states such as immune cell 

activation, the respiratory process, inflammation, cancer, infection, ischaemia and aging (Liguori et 

al., 2018). Exogenous causes of ROS production occur due to the presence of airborne pollutants, 

heavy metals, drugs, cooking, smoking, alcohol and ionising radiation (Liguori et al., 2018).  

ROS play key roles in a range of cell processes such as host defence, proliferation, cell signalling 

and cell death (Abdal Dayem et al., 2017). In high concentrations, ROS cause damage to important 

cell components such as proteins, cell membranes and DNA (Singh et al., 2019). For example, ROS 

are known to damage the membrane and DNA of mitochondria which leads to mitochondrial 

disruption which itself creates more ROS (Singh et al., 2019). Another action of ROS, is that they 

may prevent immune responses and lead to immunosuppression (Mittler, 2017). 

Not surprisingly, oxidative stress has also been found to play an important role in various diseases, 

such as cancers, cardiovascular disease, glaucoma and neurodegenerative diseases such as 

Parkinson’s disease and Alzheimer’s disease (Liguori et al., 2018). Evidence of the presence of 

oxidative stress in Alzheimer’s disease was first shown in human brain sections of people who 

suffered from the condition (Pappolla et al., 1992). It is now thought that oxidative stress plays a 

role in both causing Alzheimer’s disease and also its progression. Oxidative stress is thought to 

influence amyloid β aggregation and plaque formation (Bai et al., 2022). In addition, ROS lead to 

the activation of microglia and astrocytes, creating an inflammatory environment which itself 

facilitates the assembly of amyloid β plaques (Bai et al., 2022). The presence of plaques has been 

found to lead to the creation of further ROS which in turn leads to further oxidative stress. This 

then causes neuronal cell death leading to the progressive deterioration of brain function (Bai et 

al., 2022).  

ROS are also thought to have a role in the progression of glaucoma (Chrysostomou et al., 2013). 

For example, the creation of ROS was found to increase in a rat glaucoma model which then led to 

an increase in lipid peroxidation in the retina (Ko et al., 2005). Another study in humans found that 

ROS led to DNA damage in the trabecular meshwork, which caused a degeneration of the 

structure (Saccà et al., 2005). Furthermore, use of a free radical scavenger treatment in a 

glaucoma model in rats found that the RGCs had an increase chance of survival (Ko et al., 2000). 

Another hypothesis considering the contribution of oxidative stress, suggests that light hitting the 

retina may be an aggravating event affecting progression of glaucoma. As light reaches the retina, 
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the mitochondria in the RGCs start to produce energy and therefore ROS, but due to the lack of 

blood flow, caused by the early stages of glaucoma, the ROS cannot be cleared fast enough leading 

to damage being caused to proteins, membranes and DNA (Osborne et al., 2006).  

A chronic state of oxidative stress, caused by ROS, induces cell damage and neurodegeneration in 

the CNS (Solleiro-Villavicencio and Rivas-Arancibia, 2018). During this chronic oxidative stress, ROS 

create an inflammatory state due to constant activation of inflammatory signalling pathways, 

which promote the deregulation of the inflammatory response (Solleiro-Villavicencio and Rivas-

Arancibia, 2018). ROS has been found to create conditions that allow for the constant secretion of 

pro-inflammatory cytokines and chemokines (Chan, 2001, Hsieh and Yang, 2013) and also have 

the ability to activate microglia (Pawate et al., 2004). 

5.1.3 pH 

Another aspect of inflammation that could impact local cells is pH changes, with studies showing 

that pH levels can drop as low as pH5.5 in some instances (Simmen and Blaser, 1993, Simmen et 

al., 1994). Acidosis of the local area can occur by conditions including an accumulation of bacteria 

(Rotstein et al., 1987, Rotstein et al., 1989), a build-up of lactic acid due to certain metabolic 

changes (Menkin and Warner, 1937) or autoimmune and other inflammatory conditions such as 

rheumatoid arthritis (Ward and Steigbigel, 1978, Geborek et al., 1989, Månsson et al., 1990). A 

drop in pH to pH6.5-6.0 have been found in the brain following ischaemia during a stroke (Gebert 

et al., 1971, Nedergaard et al., 1991).  

There has been evidence to show that cells are able to detect pH changes by various classes of 

proteins. These proteins include GPCRs (Ishii et al., 2005, Radu et al., 2005, Liu et al., 2010), acid-

sensing ion channels (ASICs) (Wemmie et al., 2013) and the transient receptor potential channel 

vanilloid subfamily 1 (TRPV1) (Aneiros et al., 2011). All of these proteins have been found to be 

expressed on immune cells including microglia (Zha et al., 2022).  

The role of pH in disease has had little investigation. For glaucoma, however, one study found that 

an increase in IOP in a rabbit model led to a drop in pH of the vitreous, from 7.3 to 7.0, which 

caused an increase in retinal cell death (Lu et al., 2001). In Alzheimer’s disease a study that used 

an organotypic brain slice model found a drop in pH, down to pH 6.6, which damaged the capillary 

endothelial cells and cholinergic neurons. This indicates that low pH would have severe negative 

effects on the cerebral microenvironment (Pirchl et al., 2006). 

5.1.4 Ischaemia  

Another inflammatory trigger that can occur in the body is ischaemia. This is a state in which a 

tissue or organ is not being delivered essential nutrients, such as oxygen or glucose, needed for 
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survival. This state can also create other issues, as the impaired delivery system is also unable to 

remove harmful waste products.  

Ischaemia, a lot like the other pathophysiological insults discussed in this section, establishes an 

environment that creates further pathophysiological stresses. Due to the metabolic disruption of 

ischaemia, an increase in ROS production occurs and also pH changes, where pH can drop by at 

least 1 unit, for example, due to the increase in anaerobic glycolysis, ATP hydrolysis causing the 

release of acidic components, such as lactic acid and protons (McQueen, 2010).  

The link between Alzheimer’s disease and ischaemia has been suggested, in numerous 

investigations, that both conditions are a factor that contributes to the other (Pluta, 2022). 

Deposition of Amyloid-β in the walls of arteries in the brain have been found to create lesions and 

brain bleed, in a condition termed cerebral amyloid angiopathy (Rost et al., 2022). Ischaemia has 

been found to help in the creation of Alzheimer’s by upregulating certain proteins linked to the 

disease (Pluta, 2022).  

Ischaemia is also thought to play an important role in the cause and progression of glaucoma, as 

retinal function is very sensitive to changes in haemoglobin oxygen saturation (Brandl and 

Lachenmayr, 1994). This is thought to mainly be caused by the local blood flow becoming 

compromised, by either elevated or oscillating IOP, coupled with vascular dysfunction, which leads 

to repeated hypoperfusion (Flammer et al., 2002, Mozaffarieh et al., 2008, Chan et al., 2017). This 

ischaemia is detrimental to the cells of the retina, with one study showing that, after a reduction 

in blood flow, rat RGCs at the optic nerve head start to degrade (Chidlow et al., 2017). Ischaemic 

damage has also been shown to lead to an increase in an inflammatory environment, as 

inflammatory cells, such as microglia (Ivacko et al., 1996), infiltrate the damaged tissue and 

release pro-inflammatory mediators, such as IL-1β and TNF-α (Sivakumar et al., 2011). 

The aims of the research in this chapter were to investigate known pathophysiological stressors 

occurring in the CNS, including the retina, specifically looking at their effects on BV2 microglial cell 

death and also activation. These pathophysiological stressors include amyloid-β, oxidative stress, 

pH change and ischaemia all of which are found in various neurodegenerative diseases. The 

amyloid-β used in this research was the 25-35 residue peptide, oxidative stress was created using 

H2O2, ischaemic conditions were created using OGD and pH was tested by exposing the cells to a 

range of acidic and alkaline pHs. These were compared with the “standard” neuroinflammatory 

stress, LPS. Due to the role P2X7 has been found to play in the inflammation process and cell 

death, the role of P2X7 receptor in the response to the pathophysiological stressors was also 

considered by investigating the stress in P2X7K/O variant of BV2 microglia cells. All of the 

experiments were carried out for 12 hours as it was hypothesised that changes would occur over a 

longer time period than had previously investigated.   
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5.2 Results 

5.2.1 LPS has no effect on cell death or cell morphology in BV2 Microglia 

The effect on cell viability and cell death of LPS, on both the WT and the P2X7K/O variant BV2 

cells, was investigated. In research, LPS is the most widely used stimulant for activation of 

immune cells as a model for bacterial infection. In this chapter LPS will be used as the basis for 

comparison with the other pathophysiological insults investigated.  

The cells were incubated with a range of LPS concentrations (0-5µg/ml) for 12 hours and then the 

levels of cell death (LDH) and viability (MTS) measured. For both measures (Fig 5.1) very little 

change was observed. There was a trend of increasing levels of LDH release, although with no 

corresponding change in cell viability, in both the WT and the P2X7K/O variant BV2 cells as the 

concentration of LPS increased, no significant difference was seen. Either with concentration or 

between the WT or the P2X7K/O variant BV2 cells. Images of the cells were taken at the end of the 

experiment to see what effect LPS had on the cell morphology (Fig 5.2). When comparing all the 

cells stimulated with LPS (0.1µg/ml-5µg/ml) against the control, cell morphologies had not been 

changed after 12 hours.  

 

 

 

 

 

 

Figure 5.1 LPS does not cause cell death changes in BV2 Microglia (a) Mean % LDH release after 

12 Hours in BV2 and P2X7K/O BV2 microglial cells in response to increasing concentrations of LPS
 

(0-5µg/ml) (n=3) (b) Mean % Viability release after 12 Hours in BV2 and P2X7K/O
 
BV2 cells in 

response to increasing concentrations of LPS
 
(0-5µg/ml) (n=3) * Indicates significance compared 

to control (P<0.05) using one-way ANOVA with Dunnett's post hoc test. 
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3ug/ml 
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Figure 5.2 LPS does not cause changes in cell morphology Effect of a range concentrations of LPS (0- 

5µg/ml) on BV2 cells after 12 hours. Inset shows representative cell morphology at 12 hours (5x digital 

zoom) 

100µm 
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5.2.4 Amyloid β causes cell death, dye uptake and morphological changes in BV2 Microglia 

The next pathophysiological condition to be investigated was amyloid-β, an important protein 

involved in the progression of Alzheimer’s Disease. To explore this, the BV2 and the P2X7K/O BV2 

cells were incubated in a range of amyloid-β (25-35) concentrations (0-100µM) over the course of 

12 hours and then the levels of cell death and cell viability were measured. The levels of cell death 

(Fig 5.3a) showed that there was a trend of increasing cell death as the concentration of amyloid-β 

increased from 30µM and above. This reached statistical significance after stimulation with 100µM 

amyloid-β. This was true for both the BV2 and the P2X7K/O variant BV2 cells. The viability assay 

(Fig 5.3b), show a comparative story to that of the cell death data. At lower concentrations (5µM 

and 10µM amyloid-β) there was no change in viability. Exposure of the cells to 30µM amyloid-β 

showed a decrease in viability, with larger reductions seen at both 50µM and 100µM amyloid-β. 

Again, no difference was seen between the WT and P2X7K/O cells. 

Comparing the WT BV2 and the P2X7K/O variant BV2 cells, the WT BV2 cells had a consistently 

larger reduction in viability when compared to the P2X7K/O variant BV2 cells stimulated with the 

same concentration of amyloid-β, but no statistical significance was reached. 
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Figure 5.3 Amyloid β causes cell death and loss of cell viability in BV2 microglia (a) Mean % LDH 

release after 12 Hours in BV2 and P2X7K/O BV2 microglial cells in response to increasing 

concentrations of amyloidβ
 
(0-100µM) (n=3) (b) Mean % Viability release after 12 Hours in BV2 and 

P2X7K/O
 
BV2 microglial cells in response to increasing concentrations amyloidβ

 
(0-100µM) (n=3) * 

Indicates significance compared to control (P<0.05) using one-way ANOVA with Dunnett's post hoc 

test. 
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At the end of cell death assay experiments, the cells were imaged to see if any changes in cell 

morphology had occurred (Fig 5.4). For the lower concentrations (5µM and 10µM) the cells 

appeared very similar to the control, with no changes seen in cell morphology. From 30µM 

amyloid-β and above, there was some evidence of the cells starting to cluster. This became more 

pronounced as the concentration of amyloid-β was increased, with decreased density, increased 

spaces and clusters becoming apparent. 

 

Control 5μM Aβ 10μM Aβ 

30μM Aβ 50μM Aβ 100μM Aβ 

Figure 5.4 Amyloid β exposure causes BV2 microglia to cluster Effect of a range concentrations of amyloidβ (0- 

100µM) on BV2 cells after 12 hours. Inset shows representative cell morphology at 12 hours (5x digital zoom). 

100µm 
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Since cell death increased and viability decreased with amyloid-β, the possible mechanisms 

involved in the cell death process were investigated. The cells were stimulated with 50µM 

amyloid-β while also incubated with various inhibitors, then cell death and cell viability were 

measured after 12 hours (Fig 5.5). The inhibitors used in this experiment were MCC950 

(inflammasome sensor protein inhibitor), Ac-YVAD-cmk (caspase 1 inhibitor), necrosulfonamide 

(gasdermin D inhibitor), necrostatin (RIPK1 inhibitor), and CAT811 (calpain 2 inhibitor). None of 

the inhibitors used reduced amyloid-β-induced cell death, but CAT811 caused a statistically 

significant increase in cell death over the 12 hours. Corresponding decreases in cell viability were 

seen (Fig 5.5b) although the further decreased cell viability with CAT811 was not significant.  

 

 

 

 

 

 

 

 

 

Control 50μM 50μM 50μM 50μM 50μM 50μM
0

20

40

60

%
 o

f 
T

o
ta

l 
L

D
H

 R
e
le

a
s
e

✱✱✱✱ ✱✱✱

+ 10μM
Necrostatin

+ 10μM
MCC950

+ 10μM
Ac-YVAD-cmk

 + 20μM NS + 14μM Cat811

[Amyloidβ]

Control 50μM 50μM 50μM 50μM 50μM 50μM
0

50

100

150

%
V

ia
b

il
it

y

✱✱✱✱

+ 10μM
Necrostatin

+ 10μM
MCC950

+ 10μM
Ac-YVAD-cmk

 + 20μM NS + 14μM Cat811

[Amyloidβ]

a b

Figure 5.5 Amyloid β-induced cell death in BV2 microglia is altered by inhibition of calpain 

(a) Mean % LDH release after 12 Hours in BV2 microglial in response to increasing 

concentrations of amyloid-β
 
(0-100µM) (n=3) ± Necrostatin 10µM, MCC950 10µM, Ac-YVAD-

cmk 10µM and Necrosulfonamide 20µM, Cat811 14µM (b) Mean % Viability release after 12 

Hours in BV2 microglial cells in response to increasing concentrations of amyloid-β
 
(0-100µM) 

(n=3) ± Necrostatin 10µM, MCC950 10µM, Ac-YVAD-cmk 10µM and Necrosulfonamide 

20µM, Cat811 14µM * Indicates significance compared to control (P<0.05) using one-way 

ANOVA with Dunnett's post hoc test. 
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To investigate the effects of amyloid-β on cell permeability, dye uptake experiments using either PI 

(Fig 5.6) or YO-PRO (Fig 5.14) were performed. The BV2 cells and the P2X7K/O variant, were 

stimulated with a range of amyloid-β concentrations (0-100µM) over the course of 6 hours. In WT 

BV2 cells (Fig 5.6a). There was a dose dependent increase in PI uptake in response to amyloid-β. 

The time course showed a relatively linear increase in concentrations 10µM -50µM amyloid-β. 

However, 100µM amyloid-β showed a rapid uptake between 10-50 minutes. 

 

In the P2X7K/O variant BV2 cells (Fig 5.6b) the uptake followed the same trends as the WT BV2 

cells, however, the PI uptake with 100µM amyloid-β did not show the rapid initial stage as that 

seen in the WT BV2 cells. This is reflected in the AUC data although decreased dye uptake at 

100µM amyloid-β was not significantly different between the two variants. 

When this was repeated with YO-PRO (Fig 5.7), there is a similar story to that seen with PI. 

Amyloid-β increased influx in a dose dependant manner but without any observable differences 

between the WT and P2X7K/O cells (Fig 5.7a and b). 
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Figure 5.6 Exposure of BV2 and the P2X7K/O BV2 microglial cells to Amyloid β 

causes PI uptake (a) Mean PI uptake in BV2 microglial cells in response to increasing 

concentrations of amyloidβ
 
(0-100µM) (n=2) (b) Mean PI uptake in P2X7K/O BV2 

microglial cells in response to increasing concentrations of amyloidβ
 
(0-100µM) 

(n=2) (c) PI (AUC 0-360 Mins) (Mean+SEN; n=2) * Indicates significance (P<0.05) 

using two-way ANOVA with Sidak’s post hoc test. 
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Figure 5.7 Exposure of BV2 and the P2X7K/O BV2 microglial cells to Amyloid β 

causes YO-PRO uptake (a) Mean YO-PRO uptake in BV2 microglial cells in response to 

increasing concentrations of amyloidβ
 
(0-100µM) (n=3) (b) Mean YO-PRO uptake in 

P2X7K/O BV2 microglial cells in response to increasing concentrations of amyloidβ
 
(0-

100µM) (n=3) (c) PI (AUC 0-360 Mins) (Mean+SEN; n=3) * Indicates significance 

(P<0.05) using two-way ANOVA with Sidak’s post hoc test. 
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Next the dye uptake experiments were repeated, with both PI and YO-PRO, to look at whether the 

amount of dye uptake with 50µM amyloid-β could be changed when incubated with the inhibitors 

used previously (Fig 5.8 and 5.9). The PI uptake (Fig 5.8a) and their associated AUC graphs (Fig 

5.8b) showed that the inhibitors had no effect on dye uptake. The YO-PRO dye uptake (Fig 5.9a) 

showed a slight decrease in the uptake with all the inhibitors when compared to the cells 

stimulated with 50µM amyloid-β alone. The gasdermin D inhibitors, necrosulfonamide, caused the 

biggest drop. The AUC data, however, revealed that these reductions were not statistically 

significant.  
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Figure 5.8 Cell death associated protein Inhibitors do not alter Amyloid β-induced PI uptake in 

BV2 microglia (a) Mean PI uptake in BV2 microglia cells in response to 50µM amyloidβ ± 

Necrostatin 10µM, MCC950 10µM, Ac-YVAD-cmk 10µM and Necrosulfonamide 20µM, Cat811 

14µM (b) PI uptake (AUC 0-360mins) (mean +SEM, n=3) * indicates significance compared to 

control (P<0.05) using a one-way ANOVA with Dunnett's post hoc test. 

Figure 5.9 Cell death associated protein Inhibitors do not alter Amyloid β-induced YO-PRO 

uptake in BV2 microglia (a) Mean YO-PRO uptake in BV2 microglia cells in response to 50µM 

amyloidβ ± Necrostatin 10µM, MCC950 10µM, Ac-YVAD-cmk 10µM and Necrosulfonamide 

20µM, Cat811 14µM (b) YO-PRO uptake (AUC 0-360mins) (mean +SEM, n=2) * indicates 

significance compared to control (P<0.05) using a one-way ANOVA with Dunnett's post hoc 

test. 
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5.2.3 Oxidative stress causes cell death, dye uptake and morphological changes in BV2 Microglia 

The next condition investigated that microglia are likely to experience in the nervous system was 

oxidative stress. The oxidising agent H2O2 was used as the oxidative stress. 

 First cell death (LDH) and viability assays (MTS) were performed to investigate the effect of 

oxidative stress on both the WT BV2 and the P2X7K/O variant BV2 cells. The cells were stimulated 

with a range of H
2
O

2
 concentrations (100µM-5mM) for 12 hours after which the level of cell death 

and cell viability was measured and the morphology of the cells observed. All concentrations of 

H2O2 caused an increase in cell death for both the WT BV2 and the P2X7K/O variant BV2 cells 

when compared to the relevant controls (Fig 5.10a).  

In the comparison between the WT BV2 and the P2X7K/O variant BV2 cells there was a slight 

increase in LDH release at the higher concentrations that stimulated the P2X7K/O variant BV2 

cells (3mM and 5mM H2O2) but this increase is not statistically significant when compared with 

the WT BV2 cells. The cell viability assay (Fig 5.10b) showed that all concentrations caused a large 

reduction in viability. There was no difference between the stimulated WT BV2 cells and 

stimulated P2X7K/O variant BV2 cells. 

 

 

 

Figure 5.10 Oxidative stress causes cell death and loss of cell viability in BV2 microglia 

(a) Mean % LDH release after 12 Hours in BV2 and P2X7K/O BV2 microglial cells in 

response to increasing concentrations of H
2
O

2
 (0-5mM) (n=3) (b) Mean % Viability 

release after 12 Hours in BV2 and P2X7K/O
 
BV2 microglial cells in response to increasing 

concentrations of H
2
O

2
 (0-5mM) (n=3) * Indicates significance compared to control 

(P<0.05) using one-way ANOVA with Dunnett's post hoc test. 
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The cells were imaged at the 12 hour time point (Fig 5.11). Firstly, the control is what would be 

expected, the plate looks fully covered, packed with cells and no spaces between them. Moving up 

to the 300µM H2O2 stimulated cells, there appears to be more gaps between the cells and some of 

the cells have a more myeloid shape. This is even more apparent in the cells stimulated with 

500µM and 1mM H2O2, which have a drastically reduced cell presence and all the cells that are left 

are in a myeloid configuration. For the highest concentrations, 3mM and 5mM H2O2, there are 

more cells visible when compared to the other stimulated cells but compared to the control these 

cells are clearly shrunken and not viable. 
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H2O2 

Figure 5.11 Oxidative stress causes cell morphology changes in BV2 microglia Effect of a range 

concentrations of H2O2 (0-5mM) on BV2 cells after 12 hours. Inset shows representative cell 

morphology at 12 hours (5x digital zoom) 

100µm 
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Next, cell death and viability change in response to 1mM H2O2 was measured in the presence and 

absence of the inhibitors of cell death pathways (Fig 5.12). First, levels of cell death (Fig 5.12a), 

showed a statistically significant increase in LDH release after stimulation with 1mM H2O2, as seen 

before in the previous LDH release data (Fig 5.10a). The only inhibitor that caused a notable 

decrease was the NLRP3 antagonist, MCC950, however this was not statistically significant. The 

viability data (Fig 5.12b), showed the expected statistically significant drop in viability after 

stimulation with 1mM H2O2. In this case no effect could be seen with any of the inhibitors.  
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Figure 5.12 Cell death associated protein Inhibitors do not alter Oxidative stress-induced cell 

death and loss of cell viability in BV2 microglia (a)) Mean % LDH release after 12 Hours in BV2 

microglial in response to 1mM H
2
O

2
 (n=3) ± Necrostatin 10µM, MCC950 10µM, Ac-YVAD-cmk 

10µM and Necrosulfonamide 20µM, Cat811 14µM (b) Mean % Viability release after 12 Hours in 

BV2 microglial cells in response to 1mM H
2
O

2
 (n=3) ± Necrostatin 10µM, MCC950 10µM, Ac-

YVAD-cmk 10µM and Necrosulfonamide 20µM, Cat811 14µM * Indicates significance compared 

to control (P<0.05) using one-way ANOVA with Dunnett's post hoc test. 

Figure 5.13 Oxidative stress causes YO-PRO uptake in BV2 microglia (a) Mean YO-PRO uptake in BV2 

macrophage cells in response to increasing concentrations of H
2
O

2 
(0-5mM) (b) YO-PRO uptake (AUC 

0-360mins) (mean +SEM, n=4) * indicates significance compared to control (P<0.05) using a one-way 

ANOVA with Dunnett's post hoc test. 
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The cell permeability was then investigated using dye uptake experiments. The cells were 

stimulated with a range of H
2
O

2
 concentrations (100µM-5mM) over the course of 6 hours while in 

the presence of either YO-PRO (Fig 5.13) or PI (Fig 5.14). The YO-PRO uptake data (Fig 5.13a) 

showed that for the lowest concentration (100µM H2O2) the uptake seen was similar with that 

seen in the control. H2O2 at 300µM, 500µM and 1mM, uptake of YO-PRO was measured from 

around the 4 hour timepoint. For the highest concentrations (3mM H2O2) uptake occurred earlier 

starting at around the 3 hour time point. At 5mM H2O2, the uptake starts extremely early, 

compared to the other concentrations, occurring at around the 1 hour timepoint. The maximum 

uptake increased with concentration of H2O2 which is reflected in the AUC data (Fig 5.13b).  

 

The PI uptake (Fig 5.14a) when stimulated with the H2O2 concentrations (100µM-5mM) showed 

the same trends as that seen in the YO-PRO uptake experiment, although timepoints were later. 

The AUC data (Fig5.14b) showed statistically significant increases at 3mM and 5mM H2O2 

concentrations when compared to the control. The P2X7K/O variant BV2 cells uptake showed very 

similar PI uptake to the WT BV2 cells (Fig 5.15a-c) 

Figure 5.14 Oxidative stress causes PI uptake in BV2 microglia (a) Mean PI uptake in BV2 microglia 

cells in response to increasing concentrations of H
2
O

2 
(0-5mM) (b) PI uptake (AUC 0-360mins) (mean 

+SEM, n=4) * indicates significance compared to control (P<0.05) using a one-way ANOVA with 

Dunnett's post hoc test. 
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Figure 5.15 Exposure of BV2 and the P2X7K/O BV2 microglial cells to Oxidative stress causes PI uptake (a) Mean 

PI uptake in BV2 microglial cells in response to increasing concentrations of H
2
O

2
 (0-5mM) (n=3) (b) Mean PI 

uptake in P2X7K/O BV2 microglial cells in response to increasing concentrations of H
2
O

2
 (0-5mM) (n=3) (c) PI (AUC 

0-220 Mins) (Mean+SEN; n=3) * Indicates significance (P<0.05) using two-way ANOVA with Sidak’s post hoc test. 
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PI and YO-PRO uptake were also measured in response to 1mM H2O2 and the cell death pathways 

inhibitors. The PI uptake (Fig 5.16a) showed that the inhibitors necrostatin, Ac-YVAD-cmk and 

CAT811 caused no change in the uptake of PI with 1mM H2O2. However, the cells incubated with 

necrosulfonamide and the MCC950 saw a noticeable, but not significant reduction in the PI uptake 

when compared to the 1mM H2O2 stimulated cells. This was further explored by looking at PI 

influx at specific time points. At around the 5 hour mark, 2 time points (290- and 295-minute) for 

the cells stimulated with 1mM H2O2 ±20µM necrosulfonamide, showed a significant decrease in PI 

influx (Fig 5.16b) despite the overall AUC graphs showing no statistical significance across the 

entire 6 hour time course.  

Using YO-PRO  (Fig 5.17a) none of the inhibitors had any significant effect when compared to 1mM 

H2O2 alone. Necrosulfonamide caused a slight reduction in the dye uptake, but this wasn’t 

significant. The same trend was seen when AUC (Fig 5.17b) was measured.   
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Figure 5.16 Cell death associated protein Inhibitors do not alter Oxidative stress-induced PI uptake 

in BV2 microglia (a) Mean PI uptake in BV2 microglia cells in response to 1mM H
2
O

2
 ± Necrostatin 

10µM, MCC950 10µM, Ac-YVAD-cmk 10µM and Necrosulfonamide 20µM, Cat811 14µM (b) PI uptake 

(AUC 0-360mins) (mean +SEM, n=3) * indicates significance compared to control (P<0.05) using a 

one-way ANOVA with Dunnett's post hoc test. 
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Figure 5.17 Cell death associated protein Inhibitors do not alter Oxidative stress-induced YOPRO 

uptake in BV2 microglia  (a) Mean YO-PRO uptake in BV2 macrophage cells in response to 1mM H
2
O

2
 

± Necrostatin 10µM, MCC950 10µM, Ac-YVAD-cmk 10µM and Necrosulfonamide 20µM, Cat811 

14µM (b) PI uptake (AUC 0-360mins) (mean +SEM, n=2)  
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5.2.2 Acidic pH causes cell death and morphological changes in BV2 Microglia 

To further investigate the effects of conditions that microglia are likely to experience in the 

nervous system, the BV2 cells were subjected to a broad range of pH values (pH 5.0-9.0) to 

investigate the effect this has on levels of cell death, viability and cell morphology. The use of 

inhibitors was not able to be implemented, as pH can impact the ability of inhibitors to bind to 

their targets (Milne, 1965). 

The extremes of the pH spectrum caused a higher level of cell death(Fig 5.18a), with pH 5.0-6.0 

and pH8.5-9.0 all causing an increased cell death in both the BV2 WT and the P2X7K/O variant BV2 

cells compared to the control (pH7.3). The acidic side of the scale (pH5.0) caused the highest 

increase in cell death although the increase in level of cell death was only statistically significant in 

the P2X7K/O variant BV2 cells. Cell viability (Fig 5.18b) at basic pHs (pH8.0-9.0) showed similar 

levels of cell viability compared to the control. The acidic pHs (pH5.0-7.0) revealed a large 

statistically significant drop in cell viability in both WT BV2 cells and P2X7K/O variant BV2 cells 

when compared to the control. When comparing the WT BV2 cells and stimulated P2X7K/O 

variant BV2 cells the results are consistent with the changes seen in the cell death results, in that 

cell viability decreased, but no changes were significant. 

 

 

Figure 5.18 Acidic pH causes cell death and loss of cell viability in BV2 microglia (a) 

Mean % LDH release after 12 Hours in BV2 and P2X7K/O BV2 microglial cells in response 

to a range of pH values (5.0-9.0) (n=3) (b) Mean % Viability release after 12 Hours in BV2 

and P2X7K/O
 
BV2 microglial cells in response to a range of pH values (5.0-9.0) (n=3) * 

Indicates significance compared to control (P<0.05) using one-way ANOVA with 

Dunnett's post hoc test. 
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As expected from the cell death and viability data, more acidic conditions caused a reduction in 

the number of cells, and the remaining cells appeared rounded in shape (Fig 5.19). In more alkali 

conditions, however, there appeared to be an increase in cell number. An increase in cell number 

was supported by the cell viability data, but no changes were significant. However, increased cell 

death was also suggested by the LDH release data, which could suggest increased cell turnover. 

Interestingly there appears to be clustering in the cells at alkaline pH (Fig 5.19) 
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Figure 5.19 Acidic and alkali pH causes cell morphology changes in BV2 microglia 

Effect of a range of pH values (5.0-9.0) on BV2 cells after 12 hours. Inset shows 

representative cell morphology at 12 hours (5x digital zoom) 
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5.2.5 Ischaemia causes cell death and morphological changes in BV2 Microglia 

The final pathophysiological stress was ischaemic conditions. To simulate ischaemia the cells 

underwent oxygen-glucose deprivation (OGD). The cells were incubated for 12 hours in a glucose-

free media in an atmosphere of 1% Oxygen and then the level of cell death was measured 

compared to cells in control conditions (Fig 5.20). Both P2X7K/O variant BV2 cells were used. The 

level of cell death for both the WT and the P2X7K/O variant BV2 cells that underwent OGD was 

much higher when compared to the relevant control, both reaching almost 100%. There was no 

difference between the levels of cell death when comparing between the WT and the P2X7K/O 

variant BV2 cells under OGD conditions. 

For this model the viability assay (MTS) was not used as this assay uses the mitochondria to 

process the dye as proof of the cells viability but OGD makes this assay redundant as the cells 

metabolic health would be substantially changed by the lack of both glucose and oxygen. 
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Figure 5.20 Ischaemia causes cell death in BV2 microglia Mean % LDH release after 12 

Hours in BV2 and P2X7K/O BV2 microglial cells in response oxygen/glucose deprivation 

(n=3) * Indicates significance compared to control (P<0.05) using one-way ANOVA with 

Dunnett's post hoc test. 
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OGD treatment on the BV2 cells caused a significant reduction in cell number and the cell 

morphology changed, with the cells appearing to reduce in size (Fig 5.21). However, given the cell 

death data, it was surprising that any cells were present at all, indicating that there could be 

increased turnover, rather than simply lysis of all the cells.  

In the presence of the various inhibitors linked to cell death (Fig 5.22), all the inhibitors used 

caused a slight drop in the level of cell death. A significant decrease of around 50% was seen 

when calpain was inhibited with CAT811. 
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Figure 5.22 Ischaemia-induced cell death in BV2 microglia is altered by inhibition of calpain 

Mean % LDH release after 12 Hours in BV2 and P2X7K/O BV2 microglial cells in response 

oxygen/glucose deprivation ± Necrostatin 10µM, MCC950 10µM, Ac-YVAD-cmk 10µM, 

Necrosulfonamide 20µM and Cat811 14µM (n=3) * Indicates significance compared to control 

(P<0.05) using one-way ANOVA with Dunnett's post hoc test. 
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Figure 5.21 Ischaemia causes cell morphology changes in BV2 microglia Effect in response 

oxygen/glucose deprivation on BV2 cells after 12 hours. Inset shows representative cell 
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5.2.6 Pathophysiological Stressors cause a range of changes in gene expression in BV2 microglia 

To further investigate the cell death process involved after BV2 cells were exposed to the 

pathophysiological insults (LPS, amyloid-β, oxidative stress, pH change, and ischaemia), the 

changes in mRNA expressions for different proteins of interest were measured. The proteins 

selected were the pyroptotically-linked NLRP3, caspase-1 and IL-1β, plus 3 members of the 

gasdermin family, gasdermin A3, D and E. Three members of the calpain family, calpain 1, 2 and 3 

were also investigated, as was P2X7. These proteins were chosen as they are linked to 

inflammatory processes following LPS stimulation, so could be easily compared with the 

inflammatory actions of the other stressors. Cells were incubated for 4 hours with the different 

insults and RT-qPCR was performed.  

The first of the insults investigated was 2µg/ml LPS (Fig 5.23). LPS is known to activate microglial 

cells and is also involved in processes connected to pyroptosis. One of the processes of pyroptosis 

that LPS is involved with is the upregulation of IL-1β, that fuels the inflammatory response created 

by LPS. As expected the mRNA level of IL-1β after LPS stimulation increases significantly (approx. 

x2500), NLRP3 expression also increased (x8), which again is to be expected. The level of 

gasdermin E mRNA expression has also increased but was not statistically significant. The mRNA 

levels of P2X7 and gasdermin D were both significantly reduced. Expression of the other genes 

remained unchanged. This gives a signature of gene expression changes which occur during 

“classic” activation of the BV2 cells. 

When incubated in 50µM amyloid-β (Fig 5.24), the relative changes in mRNA expression were the 

same as was seen for the cells stimulated with LPS. Specifically, there was an increase for IL-1β 

(x10), NLRP3 (x3), gasdermins A3 (x5) and E (x8), and a reduction was seen for gasdermin D and 

P2X7. However, none of these changes were significant.  

After incubation with 300µM H2O2 to act as a model of oxidative stress (Fig 5.25), there were 

increases in mRNA expression in IL-1β (x3), gasdermin E (x30), calpain 3 (x4), but these increases 

were not statistically significant. Only the reduction in P2X7 mRNA expression was significant.  

When incubated in an acidic pH of 5.5 (Fig 5.26) the levels of mRNA expression were the same as 

the changes seen in LPS stimulated cells, with IL-1β (x50), NLRP3 (x5) gasdermins A3 (x45) and E 

(x100), although only the upregulation of gasdermin E being significant. Downregulation was seen 

in gasdermin D and P2X7 mRNA expression. A difference between LPS and pH 5.5 was that a 

significant reduction in caspase 1 was observed.  

Finally, for cells that underwent OGD (Fig 5.27), increases were seen in P2X7 (x1.2 but significant), 

gasdermin E (x15) and gasdermin A3 (x10) and a decrease in caspase 1. The pattern seen here was 

very different to that of LPS treatment and the other pathophysiological stressors.  
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Figure 5.23 LPS causes changes in expression levels of mRNA in BV2 microglia Mean of the 

relative expression levels determined by qPCR on 10 selected genes following 4 hours of 

incubation in 2µg/ml LPS. Relative expression levels are calculated from Ct values according 

to the 2-ΔΔCt method. Actin was the reference gene for these qPCR experiments. * 

Indicates significance compared to control (P<0.05) using an unpaired t-test. 
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Figure 5.24 Amyloid-β causes changes in expression levels of mRNA in BV2 microglia 

Mean of the relative expression levels determined by qPCR on 10 selected genes 

following 4 hours of incubation in 50µM amyloid-β. Relative expression levels are 

calculated from Ct values according to the 2-ΔΔCt method. Actin was the reference 

gene for these qPCR experiments. * Indicates significance compared to control 

(P<0.05) using an unpaired t-test.  
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Figure 5.25 Oxidative Stress causes changes in expression levels of mRNA in BV2 microglia 

Mean of the relative expression levels determined by qPCR on 10 selected genes following 4 

hours of incubation in 500µM H
2
O

2
. Relative expression levels are calculated from Ct values 

according to the 2-ΔΔCt method. Actin was the reference gene for these qPCR experiments. * 

Indicates significance compared to control (P<0.05) using an unpaired t-test.  
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Figure 5.26 Acidic pH causes changes in expression levels of mRNA in BV2 microglia 

Mean of the relative expression levels determined by qPCR on 10 selected genes 

following 4 hours of pH 5.5 conditions. Relative expression levels are calculated from 

Ct values according to the 2-ΔΔCt method. Actin was the reference gene for these 

qPCR experiments. * Indicates significance compared to control (P<0.05) using an 

unpaired t-test. 
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Figure 5.27 Ischaemia causes changes in expression levels of mRNA in BV2 microglia 

Mean of the relative expression levels determined by qPCR on 10 selected genes 

following 4 hours of incubation in OGD conditions. Relative expression levels are 

calculated from Ct values according to the 2-ΔΔCt method. Actin was the reference 

gene for these qPCR experiments. * Indicates significance compared to control 

(P<0.05) using an unpaired t-test. 



125 
 

5.3 Discussion 

As microglia are the resident macrophages of the CNS and CNS infections are relatively rare, the 

use of LPS and other bacterial proteins in research, although widespread, seems a little out of 

place for the normal obstacles these immune cells encounter. Other pathophysiological insults are 

frequently occurring in the brain and other parts of the CNS in various conditions ranging from 

Alzheimer’s disease, glaucoma, stroke or other causes of ischaemia and even old age. These 

conditions have been shown to cause damage to cells in the local environment, specifically 

neuronal cells, which eventually leads to their deaths. 

Following on from investigations described in previous chapters, the aim of the research described 

in this chapter was to investigate the effects of these stressors on cell death/viability and 

membrane permeability as well as any involvement of P2X7 in these processes and the effects of 

inhibitors of the various mechanisms involved in cell death.  Activation of the BV2 cells by the 

various insults was also investigated using quantitative PCR to determine the expression of 

markers of microglial activation. 

The use of LPS has been widespread throughout research for activation of immune cells as a 

model for bacterial infection (Rathkey et al., 2018), so LPS was used as the basis for comparison 

with the other pathophysiological insults investigated. The cell death assays (LDH and MTS) 

showed that there is no significant effect on BV2 cells exposed to LPS, although there was a trend 

of increasing cell death as the LPS concentration increases. No obvious changes in cell morphology 

were observed when compared to the control. However, the qPCR data shows that the LPS has a 

large impact on the cells, as there is a statistically significant increase in mRNA expression for IL-1β 

and NLRP3, while it also causes a statistically significant decrease in the mRNA expression of P2X7 

and gasdermin D.  

Looking at both the results from the previous chapter and the results here it can be seen that LPS 

stimulations does not cause cell death in the microglia, as cell death and viability are unaffected, 

but stimulation does add to the inflammatory environment via activation of the inflammasome 

and processing of interleukins. This is backed up by many other studies which show that 

incubating BV2 cells in LPS does cause an increase in IL-1β production. One study, using an array of 

detection techniques including qPCR and an ELISA, revealed a large increase in IL-1β mRNA and 

the protein itself (Roosen et al., 2021). Another study that used qPCR showed a large increase in 

IL-1β mRNA that could be blocked by a chemical product from the ginseng root (Lee et al., 2013). 

As discussed previously, bacterial infections are not something that microglia frequently 

encounter, so the use of LPS stimulation reveals little in terms of real-world situations. It does 

however, give a pattern of changes that are characteristic of classic activation, that would 
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therefore indicate microglial cells are entering a pro-inflammatory state. This gave a benchmark to 

investigate other stressors that are common in the CNS, including the retina. 

The first of these stressors investigated was the Alzheimer’s linked protein amyloid-β. Evidence 

has shown the importance of microglia in Alzheimer’s disease (Cai et al., 2022). Fundamental to 

this understanding is that a previous Alzheimer’s model in mice that genetically lack microglia led 

to the mice exhibiting increased brain calcification, haemorrhages, and premature lethality (Kiani 

Shabestari et al., 2022). This, therefore, indicates the essential protective role of microglia. 

However, as has already been discussed, overactivation can lead to neuroinflammation with 

detrimental effects on neuronal survival and, therefore, neurodegenerative disease progression. 

Experimentally it has been shown that the neurotoxic section of amyloid-β is the 25-35 residues 

(Sato et al., 1995) which was used in all amyloid-β experiments in this chapter. The formation this 

polypeptide takes is not fully understood, although there is evidence that the conformation is that 

of a dimer or possible a trimer (Larini and Shea, 2012). Other studies have shown that there are 

multiple variations of structures that this form of amyloid-β takes, with any stock containing a mix 

of well organised dimers and unstructured dimers (Wei et al., 2010). Another study has shown 

that the conformation this form of amyloid-β adopts changes depending on different 

environments (Shanmugam and Polavarapu, 2004). Furthermore, this is dictated by the 

production, purification or isolation processes of the peptide, so confirmation is established 

before any experiment begins (Naldi et al., 2012). For the experiments performed in this chapter, 

the same stock of amyloid-β was used throughout and the same conditions maintained to reduce 

any variation that could be caused by these issues. It cannot be said, however, what conformation 

it is in, but experimental conditions were used to keep them to a minimum. 

The cell death assays showed that the highest concentration used caused a significant increase in 

BV2 cells death and a significant decrease in cell viability, with a trend of increasing cell death and 

decreasing cell viability as the concentration of amyloid-β increased. The P2X7 receptor does not 

appear to be involved in this cell death as the P2X7K/O variant of BV2 vells showed similar 

changes in cell death and cell viability. The cell death assays in the presence of the cell death 

linked inhibitors revealed that none used were able to reduce the cell death or increase viability, 

with most of them having a similar result in both assays to the stimulated alone. However, the 

calpain inhibitor, CAT811, caused a statistically significant increase in cell death and a visible 

decrease in viability when cells were incubated in it together with amyloid-β. This suggests that 

calpains may play a protective role in microglia confronted with amyloid-β and thus blocking 

calpain leads to increased cell death. Studies have found a link between amyloid-β and calpains 

including one study that showed, in a mouse model of Alzheimer’s disease that antagonists of the 

NMDA receptor reduced amyloid-β deposition by modulation of calpain-1 signalling and its role in 
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autophagy (Companys-Alemany et al., 2022). Another study showed that calpains play a role in 

the distribution of APP and inhibition of calpains led to an increase in the presence of both α- and 

β-amyloid cleavage (Mathews et al., 2002). Although these indicate a in vivo relationship between 

amyloid-β and calpain, they can’t explain how calpain is involved in microglial responses to 

amyloid-β pathology. This requires further investigation. 

Cell morphology tells an interesting story of the cells aggregating together as the concentration of 

amyloid-β increases. This could be caused by the microglia migrating to envelop the amyloid-β 

protein, and thus the higher the concentration of protein the more movement and aggregation. 

Evidence shows microglia gather around amyloid-β plaques to create a protective barrier, which is 

thought to compact the amyloid fibrils into a less toxic form, reducing axonal dystrophy (Condello 

et al., 2015). Other evidence shows that microglia promote the growth of plaques, specifically 

plaques with dense cores (Huang et al., 2021) and that this growth in plaque material is due to the 

microglia dying from uptake of amyloid-β (Baik et al., 2016). Again the actions of microglia are 

that of a double-edged sword, exhibiting both protective and destructive qualities. 

When looking at the dye uptake experiments,  the highest concentration (100µM amyloid-β) 

caused a rapid uptake of PI, which was less in the P2X7K/O variant BV2 cells. This is shown clearly 

in the AUC data, as the WT BV2 dye uptake is significantly different to control while the P2X7K/O 

variant BV2 cells uptake is not. Interestingly this difference is not seen in the YO-PRO uptake 

results with both cell types having similar dye uptake profiles. The P2X7 receptor may therefore 

be involved in increased cell permeability, as the large increase in PI uptake was reported, but 

further investigation is needed. For the dye uptake experiments in the presence of inhibitors, 

none caused any difference in the dye uptake profile or AUC, so it would appear that none of 

these targets play a role in the cell membrane disruption mechanism caused by amyloid-β. This 

includes calpain, as more cell death was seen with calpain inhibitor, increased cell permeability 

might have been expected. 

The effects of amyloid-β on gene expression show increases to NLRP3, IL-1β, calpain 3 and both 

gasdermin A3 and E but decreases in P2X7 and gasdermin D. None of these changes were 

statistically significant, but the trends would suggest that an inflammatory phenotype occurs in 

the BV2 cells after incubation in the amyloid-β. The qPCR profile that was close to that seen in the 

cells stimulated with LPS. Studies have shown previously that amyloid-β may activate NLRP3 in 

microglia (Jung et al., 2022), while other studies have shown evidence for this activation and also 

the possible presence of IL-1β protein (Halle et al., 2008). A recent study that also used the BV2 

cell line stimulated with amyloid-β showed evidence of activation of the NLRP3 inflammasome 

and also an increased secretion of IL-1β (Liu et al., 2020). These studies support the results found 
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in the qPCR data in this chapter as increases to NLRP3 and IL-1β could also point towards the 

activation of the inflammasome and the production and processing of IL-1β.  

Oxidative stress plays a role in a range of conditions, whilst also being an issue that arises from 

simply aging (Liguori et al., 2018). To recreate an environment that was high in ROS, a model using 

H2O2 was utilised. The cell death assays showed that all concentrations of H2O2 caused a significant 

increase in the levels of cell death and a significant drop in viability. This is in keeping with 

experiments looking at H2O2-induced cell death (Singh et al., 2007). The dye uptake experiments 

suggested a dose dependent effect, as the higher concentration of H2O2 led to earlier and larger 

changes to dye uptake for both PI and YO-PRO. Investigations into the possible pathways involved 

in the H2O2 mediated cell death and cell membrane disruption started by comparing WT BV2 and 

the P2X7K/O variant BV2 cells to see if P2X7 played any part in the mechanism. There was no 

difference between the WT BV2 cells and the P2X7K/O variant BV2 cells across either the dye 

uptake, levels of cell death or cell viability results, so P2X7 appears to have no role to play in this 

mechanism. Inhibitors of various cell death linked proteins were used to investigate the role that 

they may play in this mechanism. Previous research has suggested an apoptotic mechanism (Singh 

et al., 2007). None of the inhibitors caused a significant change in cell death and cell viability. The 

NLRP3 inhibitor, MCC950, caused a visible reduction in cell death but this was not significant. 

H2O2-induced dye uptake was reduced by necrosulfonamide, and this was statistically significant, 

suggesting a possible role for gasdermin D. These results could point to a possible pyroptotic 

pathway rather than the apoptotic mechanism proposed previously. 

The qPCR data for the microglia cells that were treated with 300µM H2O2 shows increases in 

mRNA expression of IL-1β, gasdermin E and calpain 3 and decreases in mRNA of P2X7 and caspase 

1. which was comparable to the results seen in the LPS stimulated cells. This suggests a possible 

similar mechanism to the LPS, of inflammation and activation of the cells, giving extra evidence for 

a possible pyroptotic mechanism. However, as well as the Singh et al paper (Singh et al., 2007) 

described, other studies using the BV2 cell line have found apoptotic markers after stimulation 

with H2O2 and blocking the apoptotic pathway protected the BV2 cells from cell death (Hou et al., 

2005, Ren et al., 2018). Two studies that exposed porcine retinal tissue to H2O2 saw an increase in 

apoptotic RGCs and an increased presence of microglia (Hurst et al., 2017, Mueller-Buehl et al., 

2020), with one of these studies showing an increase in IL-1β mRNA expression, similar to the data 

found in qPCR experiments, and the other finding evidence of apoptosis. Another study that 

investigated the proteins effected by H2O2 exposure have shown that, again, apoptosis is the 

mechanism for cell death, but also that a Ca2+ influx and upregulation of calpains occurs, which is 

consistent with the increase in mRNA expression of calpain 3 (Ray et al., 2000). Finally another 

study found that a decrease in P2X7 expression was detected in astrocytes, thought to be caused 

by a H2O2 induced increase in intracellular zinc (Furuta et al., 2017), which again supports the 
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decrease in P2X7 mRNA expression seen in the qPCR data. In conclusion to this section the results 

suggest that H2O2 induces apoptosis, but there is also evidence around pro-inflammatory and a 

potential pyroptotic mechanism. It is not inconceivable that both are involved and could be 

concentration dependent.  

The next pathophysiological insult that was tested was a change in pH. For the BV2 cells that were 

exposed to the alkaline conditions, no negative impacts could be seen, with cell viability 

potentially increasing slightly. The cell morphology revealed healthy cells that compare to that of 

the control and indicated that the cell number may have increased. This could also explain the 

slight increase in cell viability and cell death. The BV2 cells that were exposed to the acidic 

conditions clearly underwent cell death, shown by the increase in levels of cell death, the drop in 

viability and the severe changes in cell morphology and reduction in cell number. There was little 

difference between the WT BV2 cells and the P2X7K/O variant BV2 cells for cell viability. Although, 

the levels of cell death showed differences between the cells, suggested that P2X7 might have a 

protective capability in this mechanism as the P2X7K/O variant BV2 cells consistently had higher 

levels of cell death compared to the WT BV2. However, the results for gene expression showed a 

significant reduction in P2X7 expression, is not consistent and no firm conclusion can be drawn. 

As the acidic conditions seem to cause the biggest insult to the cells and it has been suggested 

previously that in the brain following ischaemia during a stroke pH can drop to as low as pH6.5-6.0 

(Gebert et al., 1971, Nedergaard et al., 1991). These levels of pH change were sufficient to cause 

cell death in these experiments. Acidic conditions also induced an increase in IL-1β, all 3 calpains 

and gasdermin A3 and E mRNA. Caspase 1 and P2X7 mRNA levels were both significantly reduced. 

This gives a mixed picture as the first 3 proteins are more linked to pyroptosis while the calpains 

would be more suggestive of necrosis.  

In terms of the effects of pH on cell viability, previous research has shown that lowering of pH has 

a large impact in porcine nasal tissue, even when the conditions are only lowered to pH6.5. This 

had a more significant effect then when the same cells were incubated in IL-1β (Borrelli C, 2020). 

Other studies have also shown that a lower pH environment leads to an increased expression of 

IL-1β in human monocytes (Jancic et al., 2012). However in human macrophages, IL-1β production 

was negatively affected (Sušjan et al., 2020). A recent study that also used BV2 cells similarly 

found an increase in IL-1β after incubation in media that had an acidic pH (pH6.8) (Jang et al., 

2022).  Research into cell death when exposed to acidic conditions has returned a somewhat 

confused picture. One study that used Raji cells, a human lymphoblast-like cell line, proposed that 

the cells died via apoptosis due to the increased presence of Bax, cytochrome c and active caspase 

3 (Sharma et al., 2015). Another study that used mouse microvascular endothelial cell line 

suggested that both apoptosis and necroptosis could be occurring at an acidic pH level (Zhang et 
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al., 2017). Finally, there have been 2 separate studies that have shown necrosis to be the main 

cause of cell death in cells that underwent acidic conditions. The first study using rat prostate and 

mammary carcinoma cells found that due to acidosis both cell lines displayed G1 arrest and an 

increase in necrotic cell death (Rauschner et al., 2021) and the other study, using human colon 

carcinoma cells, predominantly underwent necrosis under pH6.5 conditions (Sharma et al., 2005). 

Looking at all this in the context of the results shown here in BV2 cells, it is clear that acidic 

conditions are causing cell death in the BV2 cells, and due to the inability to use inhibitors, it is 

difficult to point to a proposed cell death mechanism. However, the results from the levels of 

mRNA would suggest possibly a necrotic or pyroptotic form of cell death. Future experiments 

could utilise the use of siRNA to block cell death associated proteins to investigate the pathway 

involved. 

Lastly, a model for ischaemia (OGD) was used to replicate the loss of nutrients due to a lack of 

blood flow during events such as strokes and glaucoma. Starting with the cell death assays, a 

significant increase in cell death can be seen. There is no difference present between the WT BV2 

and the P2X7K/O variant BV2 cells meaning its unlikely P2X7 plays a role in this increase in cell 

death. When testing the antagonists used previously to see what effect they can have on levels of 

cell death, the only inhibitor that had a significant effect on the cells was the calpain inhibitor, 

CAT811. The qPCR results for cells that underwent OGD, show that there was a significant drop in 

the mRNA levels of caspase 1, similar to that seen in the cells exposed to pH5.5. There were very 

small increases in mRNA production for IL-1β and calpain 2, but large increases for both 

gasdermin A3 and E. Interesting as this insult is the only one that leads to an increase in P2X7 

expression although the fold change was very small. In fact all the others show a decrease in 

P2X7. These results would suggest a inflammatory pathway, but does not point to any specific 

form of cell death. The calpain inhibitor reducing cell death and a slight increase in calpain mRNA 

production would suggest a possible role of calpains in this process. Previous studies have shown 

a range of possible cell death mechanisms in different cell lines, but all have found a possible role 

for calpains. One study found that OGD in a RGC cell line was necroptotic in nature and there was 

an upregulation in calpain expression and a reduction in necroptosis could be seen when the 

calpains were inhibited (Chen et al., 2016). Another study found that astrocytes exposed to OGD 

induced two different cell death pathways, apoptosis or ischaemic necrosis, with the latter 

involving proteolysis of the cytoskeleton by calpains (Cao et al., 2010). A further study that looked 

at hippocampal slices that underwent OGD found that activation of calpains caused damage in the 

early stages (Grammer et al., 2008). Finally a study that used optic nerves and exposed them to 

OGD conditions, found that calpain inhibition was necessary but not sufficient to give protection 

to the cells (Stys and Jiang, 2002). This evidence, along with the results from this chapter, suggest 
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a key role for calpains in ischaemic cell death, which could be exploited as a possible therapeutic 

target following ischaemia.  

Although the results here start to investigate how pathophysiological stressors might impact 

microglia cells survival and activation. The experiments have not yielded conclusive data. 

Investigating all pathophysiological stressors with other cell death assays, such as TUNEL assay or 

caspase 3/7 assay could help identify the cell death mechanisms. Further use of western blots 

could be used to see if protein expression changes are the same as the gene expression from the 

relevant qPCR data, to see if any mRNA expression change resulted in protein expression changes 

While the transcriptomics analysis of the cells, using the RNA-seq protocol, could identify an even 

wider array of cell death associated proteins screened, again to help clarify cell death mechanism. 

It would also have been interesting to compare changes seen with the pathophysiological 

stressors with those seen with ATP. This would have allowed to tie the entire project together and 

would possibly help to add another piece of evidence into what form of cell death is occurring 

within the ATP stimulated microglia.  

The pathophysiological stressors used in this chapter, all caused cell death in the BV2 cell line 

showing the damage that these stressors cause to microglia in the CNS. The overall results for 

each of the stressors did not identify any specific pathway for this cell death, however, when 

looking at the profile of genes expressed, and comparing to LPS, the stresses were certainly 

causing expression changes in genes associated with classic LPS-activation.  Microglia could be 

therefore activated as a result of the pathophysiological changes.  More research should be 

conducted looking at this and change the reliance on using LPS as a model to allow greater 

physiological relevance.  
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Chapter 6 

General Discussion 

The aims of this research were to firstly look at the effects of ATP stimulation on microglia, such as 

cell membrane disruption and cell death, and to see if the pathway behind these changes could be 

characterised using pharmacological inhibitors. The second aim of this research was to compare 

this cell death pathway with that of the cell death mechanism seen in macrophages. The final aim 

was to explore the effects of other pathophysiological stressors on microglia and to see if this 

could be characterised using pharmacological inhibitors. Over the course of this research all aims 

were met and the hypothesis, that BV2 microglia cell death would be pyroptotic in nature was 

disproved. As firstly the work carried out in this study has shown that pyroptosis is not the form of 

death activated within these BV2 microglia cells when the P2X7 receptor is stimulated by ATP. 

None of the inhibitors of proteins linked with pyroptosis caused any alteration in dye uptake, 

morphological changes or cell death. This was further reinforced by the results in J774 

macrophages, which used the same techniques and inhibitors and showed that these cells, also of 

mouse origin, did undergo pyroptosis after P2X7 activation. The majority of research looking at 

pyroptosis in immune cells focuses on macrophage cells (Ma et al., 2021), with the assumption 

made that all immune cells are as readily able to perform this mechanism of cell death. However, 

the results shown here would suggest that this is not the case. Therefore the mechanism of death 

in microglia when stimulated with ATP is occurring through a different mechanism, that needs 

further study to clarify the exact pathway that is happening as this was not determined by the 

research presented here. Other results, in this research, revealed from work in the J774 

macrophages, showed that LPS was not needed for the activation of the pyroptotic pathway, with 

ATP stimulation alone being enough. As most research looking at activation and pyroptosis uses 

LPS, this could be an important point for research on diseases that involve immune cell activation, 

but do not involve bacterial infection. The use of pathophysiological stressors showed that they all 

caused differing effects on the BV2 microglia, which can be classed as forms of activation with 

comparable phenotypic profiles.  

A limitation of the work carried out in this study, and all research that uses non-human models, is 

mouse and human biology differs greatly. In the case of cell death proteins alone, humans have 

caspase 4/5, while caspase 11 is the mouse ortholog. Another example, is that in humans there is 

only one type of gasdermin A, where in mice there is gasdermin A1, A2 and A3. It isn’t known how 

such differences would affect the processes but it seems unlikely that they will be identical and it 

should not be assumed that they are. A further study using animal models, may help to elucidate 

more details about this process in mice so the significance of the different isoforms can be 

investigated, but it will not be the full picture. A use of a human model may be a better option but 
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whether it is the use of an ex vivo intact human tissue model or isolation of microglia, this comes 

with challenges of its own including the ethical and legal complications of this option. There are 

also logistical problems, such as obtaining the tissue, which could lead to limited scalability of the 

experiments, transporting and storage of the tissue. Next to consider would be how 

representative the tissue is in practice, such as the heterogeneity of the tissue, the lack of full 

recapitulation of complex tissue architecture and microenvironment, and whether donor 

characteristics need to be considered, such as age, disease state and lifestyle factors. Techniques 

involving isolation and culture of the cells also require the use of serum to continue to maintain 

the cells during the experiments, which as mentioned previously creates its own problems, 

especially in immune cells. 

It could be questioned as to whether blocking microglial cell death would be an effective 

treatment for neurodegenerative conditions including glaucoma. The cell death of RGCs is the 

cause of reduction in visual field and the progression of glaucoma (Weinreb et al., 2014). The main 

role of microglia in neurodegenerative conditions such as glaucoma and Alzheimer’s disease is 

protective to begin with (Ahmad and Subramani, 2022, Long et al., 2022), such as clearing 

amyloid-β deposits or removing dying RGCs, however following excessive stimulation the microglia 

create the inflammatory environment that leads to the progression of these neurodegenerative 

conditions (Ahmad and Subramani, 2022, Long et al., 2022).  

Therefore a better option may be to try and push the microglia into a “resolving” state (M2), 

releasing anti-inflammatory, wound healing and restorative cytokines such as IL-4 and IL-13, rather 

than pro-inflammatory cytokines seen in M1 (Colton, 2009, Ponomarev et al., 2007). Another 

option would be to change the cell death microglia undergo from one of the inflammatory 

pathways, such as pyroptosis or necroptosis, to an inflammatory silent pathway such as apoptosis 

(Pandian and Kanneganti, 2022).  

With all the results discussed previously it is fair to say that cell death is extremely complicated. 

This is highlighted by the extensive cross talk seen between the different programmed cell death 

pathways, specifically apoptosis, necroptosis and pyroptosis (Kesavardhana et al., 2020). There 

have been shown to be many examples of this cross talk (Pandian and Kanneganti, 2022). Caspase 

1 is thought to be able to cleave and activate caspase 7 after LPS and ATP treatment (Lamkanfi et 

al., 2008) and also initiate apoptosis through mitochondrial damage through the activation of 

gasdermin D (Rogers et al., 2019). Caspase 8, which has many roles in apoptosis, is required to be 

inhibited for the stabilisation of the necroptosome (Fritsch et al., 2019). It has also been found to 

be able to prime and activate the inflammasome and also cleave and activate caspase 1 (Gurung 

et al., 2014). Furthermore, following priming with LPS and nigericin stimulation in caspase 1 

deficient cells, caspase 8 has been found to associate with ASC in the inflammasome to induce cell 
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death (Sagulenko et al., 2013) and multiple studies have found that under different infection 

conditions caspase 8 can cleave and activate gasdermin D (Demarco et al., 2020, Orning et al., 

2018, Sarhan et al., 2018). Caspase 3 has been found to cleave gasdermin E in response to TNF-α, 

drugs used in chemotherapy and iron induced ROS (Rogers et al., 2017, Wang et al., 2017, Zhou et 

al., 2018) and the necroptosis linked protein MLKL has been found to activate the NLRP3 

inflammasome, due to its ability to cause cell membrane disruption (Conos et al., 2017, Gutierrez 

et al., 2017).  

The presence of this extensive cross talk and the studies into it, led to a new perspective on cell 

death pathways. This new concept of cell death was called PANoptosis (Pandian and Kanneganti, 

2022). PANoptosis is a unique innate immune inflammatory cell death pathway regulated by the 

PANoptosome which is assembled by various components from a variety of cell death pathways 

(Pandian and Kanneganti, 2022). The PANoptosome, much like the inflammasome, is thought to 

consist of sensors, such as AIM2, NLRP3 or Z-confirmation nucleic acid binding protein 1 (ZBP1), 

adaptors such as ASC or FADD and effectors which include RIPK1, RIPK3, caspase 1, caspase 8 

(Pandian and Kanneganti, 2022). It has been suggested that different PANoptosomes form in 

response to different insults (Pandian and Kanneganti, 2022). In a disease model for bone 

inflammation in mice, deletion of a single cell death associated protein was not sufficient to 

rescue the mice and needed the combined deletion of NLRP3 or caspase 1 along with caspase 8 

and RIPK3 before protection was seen (Gurung et al., 2016, Lukens et al., 2014). A key 

investigation method for PANoptosis is the use of influenza A virus (IAV) DNA (Pandian and 

Kanneganti, 2022). IAV has been shown to activate pyroptotic, apoptotic and necroptotic proteins.  

An important element of PANoptosis is thought to be ZBP1 (Hao et al., 2022). Deletion of cell 

death proteins individually did not protect the cell against IAV induced cell death but deletion of 

ZBP1 did, however, protect the cell (Christgen et al., 2020, Kuriakose et al., 2016, Zheng et al., 

2020). ZBP1 was originally found to be an important innate immune sensor activated by pathogen 

responses such as NF-κB signalling (Rebsamen et al., 2009, Takaoka et al., 2007). However, later it 

was proposed to have an important role in the induction of PANoptosis (Upton et al., 2012). It has 

been shown previously that ZBP1 can also be activated by the presence of mitochondrial DNA 

(mtDNA) (Szczesny et al., 2018).  

In the experiments presented in this thesis ATP mediated cell membrane disruption and cell death 

could not be blocked by any one inhibitor of cell death pathways. It could be possible that a 

PANoptotic pathway is occurring via the P2X7 receptor in BV2 cell upon stimulation with high 

levels of ATP. It is interesting that this is not true for every cell upon ATP stimulation, as shown in 

the J774 macrophage cells in Chapter 4, and the ability to block cell membrane disruption and cell 

death using pyroptotic inhibitors. However, it is difficult to say whether the J774s had undergone 
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cell death by looking at the cell morphology, also the LDH release showed that not all the 

pyroptotic inhibitors were able to stop this. It could be therefore that ATP-induced cell death 

involves multiple options for crosstalk within the cell death pathways. One possible mechanism 

though which this crosstalk could act involves the relationship between P2X7 and mitochondria. 

The link between P2X7 stimulation and mitochondria has been suggested to be positive following 

basal ATP release (Di Virgilio et al., 2009). This leads to a tonically P2X7 stimulated intracellular 

Ca2+ concentration which allows higher levels of metabolism that facilitates cell survival and 

growth. Excessive stimulation, however, leads to an uncontrolled Ca2+ influx in both the cytoplasm 

and the mitochondria which causes cell death (Di Virgilio et al., 2009). Continued stimulation and 

activation of the P2X7 receptor has previously been found to increase mitochondrial Ca2+ 

concentration, disrupt the mitochondrial membrane potential and cause mitochondrial 

fragmentation (Adinolfi et al., 2005). It is interesting to speculate here that this could possibly 

provide a link between P2X7 and PANoptosis (Fig 6.1). Excessive P2X7 stimulation leads to an 

influx in Ca2+, which overloads the mitochondria leading to mitochondrial fragmentation. This 

mitochondrial fragmentation then leads to mtDNA release into the cytoplasm. The mtDNA is 

detected by ZBP1 which becomes activated. Activated ZBP1 would then recruit the proteins 

needed for the PANoptosome, which would then lead to either a pyroptotic, necroptotic or 

apoptotic cell death pathway leading to cell death. 

To investigate whether this mechanism is occurring, in the context of the research in this study, it 

would be interesting to look at the gene expression of ZBP1 to see if its expression was altered, to 

investigate this further the use of either an inhibitor or a siRNA to block ZBP1 activation could be 

performed. This could be done while measuring cell death or cell membrane disruption to see if 

any changes occur. Inspiration could be taken from the studies mentioned previously and block 

multiple cell death associated proteins all at once. Using inhibitors in this instance may not be 

beneficial as this may lead to cell toxicity, so again siRNA may be the better option. Another 

investigative avenue that could be looked at, are assays that involve mitochondrial mechanisms. 

Assays that could be used include measuring MitoSOX or dihydroethidium (DHE) fluorescent 

probes which measure mitochondrial ROS production, while another fluorescent based technique, 

such as MitoTracker, can be used to measure mitochondrial outer membrane permeability. Finally 

mitochondrial swelling could be assessed using techniques such as flow cytometry or electron 

microscopy to measure changes in mitochondrial size and morphology. 
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It may be very difficult to block cell death totally, if a cell wants to die, it is going to die. Therefore, 

it may be the aim to try and move the pathway from an inflammatory mechanism of cell death, 

like pyroptosis and necroptosis, into a less inflammatory mechanism like apoptosis. This would 

help to avoid the inflammatory environment that leads to the progression of so many 

neurodegenerative conditions, which could either reduce the rate of decline or stop the decline 

altogether. More research to look at the option of guiding cells into a more peaceful cell death 

could help to find novel ways to treat neurodegenerative diseases. However, cells are still dying 

and defining the mechanisms and pathways involved in this complicated process is an important 

step to understanding these types of disease. 

 

 

 

 

 

Figure 6.1 Proposed Mechanism for ATP Mediated PANoptosis P2X7 is activated by ATP, which 
causes an increase in intracellular Ca2+. This causes mitochondria disruption, leading to 
mitochondrial fragmentation and release of mtDNA into the cytoplasm. This is detected by ZBP1, 
which forms the PANoptosome which then activates either the pyroptosis, necroptosis or 
apoptosis pathways. Created with BioRender.com 
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