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Abstract 

Astrocytes are glial cells within the brain responsible for maintaining healthy brain 

function. They also have the ability to react to harmful stimuli by changing into a 

reactive phenotype in order to protect the brain alongside microglia. Extracellular 

vesicles (EVs) are released from all cell types within the central nervous system (CNS) 

and are thought to represent the phenotype of the cell at the time of release. 

Therefore astrocyte-derived EVs (ADEVs) were hypothesised to change to represent 

the reactive state of the astrocytes, making them useful tools to monitor brain 

health. The aim of this thesis was to better understand ADEVs from both quiescent 

and reactive astrocytes, as well as how they may change in disease. 

Characterisation of serum-free and serum-grown human primary astrocytes was 

completed through morphological analysis as well as RNA- sequencing and mass 

spectrometry analysis using a multi-omics approach, which found large differences in 

gene expression despite few differences in protein expression. Serum-free 

characterisation identified a quiescent phenotype which contrasted with serum-

grown cultures which mimicked a reactive phenotype. ADEVs were then isolated 

using ultrafiltration of conditioned media followed by size exclusion chromatography 

(SEC). Serum-grown ADEVs were identified as smaller using nanoparticle tracking 

analysis (NTA) yet displayed a similar morphology to serum-free ADEVs. Mass 

spectrometry produced a detailed ADEV dataset for both models for future 

investigation. Tissue-derived EVs (BDEVs) were also isolated from frontal lobe tissue 

ƻŦ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ό!5ύ ŀƴŘ ŀƳȅƻǘǊƻǇƘƛŎ ƭŀǘŜǊŀƭ ǎŎƭŜǊƻǎƛǎ ό![{ύ ǇŀǘƛŜƴǘǎ ŀǎ ǿŜƭƭ ŀǎ 

age and sex-matched controls to investigate how EVs are altered in disease. Mass 

spectrometry was completed on the BDEVs producing a second dataset that was 

compared to the ADEVs. Finally, ADEV functionality was explored by treating 

quiescent, serum-free astrocytes with reactive, serum-grown ADEVs and exploring 

gene expression changes. ATP concentrations within cells were also explored to 

investigate whether EVs had the potential for glycolytic activity, however, glycolysis 

was not discovered during this work.  

In conclusion, serum elicits a reactive response in quiescent, serum-free astrocytes 

leading to morphological and transcriptional changes. These changes are reflected in 

the astrocyte secretome and their ADEVs suggesting astrocyte health can be 

monitored using ADEVs. Protein datasets were produced for ADEVs and BDEVs for 

future comparisons creating a foundation for future ADEV and BDEV research using 

the models characterised in this work.  
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Chapter 1: Introduction  

1.1 Astrocytes: key players in the mammalian brain 
Astrocytes are a type of glial cell within the central nervous system (CNS) which 

support neurons and ensure healthy brain function. Astrocytes form a large 

proportion of the CNS (20-40%) and perform numerous roles including metabolic 

support for neurons, ion buffering, neurotransmitter recycling, maintaining the 

blood-brain barrier (BBB) and participating in the brain immune response (Figure 1-1; 

Khakh and Sofroniew, 2015). In fact, new roles are still being discovered 

demonstrating the need for continued research into the functions of healthy 

astrocytes (Delepine et al., 2023). Whilst studied as a homogenous group, the term 

ΨŀǎǘǊƻŎȅǘŜΩ ŜƴŎƻƳǇŀǎǎŜǎ ŀ ƘŜǘŜǊƻƎŜƴƻǳǎ ǇƻǇǳƭŀǘƛƻƴ ƻŦ ŎŜƭƭǎΣ ǿƘƛŎƘ ŀǊŜ ǎǇŜŎƛŀƭƛǎŜŘ 

for particular aspects of astrocyte function (Zhang and Barres, 2010; Pestana et al., 

2020).  

There is increasing evidence suggesting that astrocytes play an active role in 

neurodegenerative disease, and not only because they fail to support neurons. 

Neurons are often the focus of neurodegeneration research as they are the most 

vulnerable brain cell, and also display the clearest pathology. However, evidence 

indicates astrocytes have a role in the spread of disease, as well as exacerbating 

disease through the secretion of toxic compounds leading to neuronal death (Gu et 

al., 2010; Liddelow et al., 2017; Silverman et al., 2019). In this thesis, we seek to 

understand the importance of astrocyte communication through secretion of 

extracellular vesicles (EVs) and how this process may be altered in 

neurodegeneration.  

Astrocytes were initially characterised by their typical stellate morphology, but were 

later found to be heterogenous in nature reflecting their varied functions within the 

CNS. Kimelberg details well-established criteria for defining astrocytes, which covers 

their wide array of functions and abilities (Kimelberg, 2010). In brief, astrocytes are 

non-excitable cells containing the intermediate filament, glial fibrillary acidic protein 

(GFAP), ŀƴŘ ƎƭȅŎƻƎŜƴ ƎǊŀƴǳƭŜǎΦ ¢ƘŜȅ ǳǇǘŀƪŜ ǎȅƴŀǇǘƛŎŀƭƭȅ ǊŜƭŜŀǎŜŘ ƎƭǳǘŀƳŀǘŜ ŀƴŘ ʴ-

aminobutyric acid (GABA) through astrocyte-specific transporters and are connected 

to other astrocytes through connexin gap junctions (Kimelberg, 2010). Astrocytes 

have many long processes, some of which surround blood vessels and others around 

ƴŜǳǊƻƴŀƭ ǎȅƴŀǇǎŜǎΦ ²Ƙƛƭǎǘ ǘƘƛǎ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ŜƴŎƻƳǇŀǎǎŜǎ ŀ ΨƎŜƴŜǊŀƭΩ ŀǎǘǊƻŎȅǘic 

phenotype, there are different sub-types of astrocytes based upon their morphology 

and neuroanatomical positioning, with varied functionality and specialist purpose 

(Vasile et al., 2017). Throughout this thesis, the astrocytes described will refer to this 

general description of an astrocyte rather than any specialised sub-types of 

astrocytes.  
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1.1.1 Astrocyte functions 

1.1.1.1 Potassium buffering 

Astrocytes provide ion homeostasis for neurons to maintain membrane potential, 

allowing neuronal activity to occur (Figure 1-1A). Astrocytes do this through 

potassium ion (K+) buffering (Somjen, 1979; Müller and Somjen, 2000; Bellot-Saez et 

al., 2017). During neuronal activation, sodium ions (Na+) flood into the cell causing an 

increase in membrane potential. This results in a positive membrane potential to 

open voltage-gated K+ channels, allowing K+ to diffuse out of the neuron into the 

extracellular space, repolarising the membrane potential of neurons. To rebalance 

A B 

C D 

Ion homeostasis Neurovascular coupling 

Neurotransmitter 

recycling 

Synaptic 

regulation 

Figure 1-1 - The major functions of astrocytes. Astrocytes perform an array of functions within the CNS, 
particularly using their many end-feet processes that are characteristic of astrocytes and give the astrocyte 
ǘƘŜƛǊ ΨǎǘŀǊ-ƭƛƪŜΩ ŀǇǇŜŀǊŀƴŎŜΦ (A) During neuronal activity, astrocytes are responsible for ion homeostasis by 
dispersing potassium concentrations in the extracellular space as well as (B) providing metabolic support due 
to their proximity to blood vessels, with their end-feet involved in maintaining the BBB. (C) Astrocytes can also 
regulate synaptic activity by clearing and recycling glutamate and GABA to be transported to the neuron safely 
as glutamine. (D) They also release gliotransmitters in response to neuronal activity which alters the response 
of the neurons. Image created by the author through BioRender.com. 



~ 25 ~ 
 

the ion concentration and maintain the resting potential, Na+/K+-ATPase pumps 

actively transport K+ into both neurons and astrocytes. The active removal of K+ from 

the extracellular space explains how extracellular K+ concentration only increases by 

<1 mM despite the flood of ions diffusing out of the neuron during neuronal activity 

(Somjen, 1979). 

Astrocytes are the key mediators of K+ clearance from the extracellular space with 

two clearance mechanisms described ς net K+ uptake and K+ spatial buffering (see 

review: Bellot-Saez et al., 2017). Net K+ uptake utilises two protein transporters to 

actively transport K+ into the cell in exchange for other ions - Na+/K+-ATPase and 

Na+/K+/Cl- cotransporter (Larsen et al., 2016). In contrast, K+ spatial buffering utilises 

connexin gap junctions formed between astrocytes to move K+ from areas of high 

extracellular concentration to areas of low concentration using changes in 

membrane potential that occur through depolarisation, dispersing the change in 

concentration and minimising impact (Orkand et al., 1966; Bellot-Saez et al., 2017). 

Gap junctions allow the spread of membrane depolarisation through the astrocyte 

syncytium to maintain a negative membrane potential at areas of high extracellular 

K+ whilst increasing K+ outflux at areas where the equilibrium potential of K+ remains 

more negative (low extracellular K+ concentration) than the astrocyte membrane 

potential (Ma et al., 2016). 

 

1.1.1.2 Neurovascular coupling and metabolic demand 

Astrocytes are found in close proximity to blood vessels and ensheath most of the 

blood vessel with their processes (end-feet) allowing them to regulate cerebral blood 

flow, maintain the BBB and transport nutrients to neurons (Abbott et al., 2006; 

Attwell et al., 2010; Mathiisen et al., 2010; Lia et al., 2023; Figure 1-1B). Astrocytes 

can regulate the constriction and dilation of adjacent blood vessels upon neuronal 

activity to ensure neurons within areas of high activity receive enough nutrients 

(Macvicar and Newman, 2015; Nortley and Attwell, 2017). 

The BBB tightly regulates the interaction between neural cells and the blood to 

create the perfect environment. The BBB is composed of (i) endothelial cells, that 

form the walls of the blood vessels which are held together by tight junctions, (ii) 

Mural cells including vascular smooth muscle cells on large vessels and pericytes, 

which incompletely cover small vessels and are embedded in the vascular basement 

membrane, and (iii) astrocytic end-feet (Abbott et al., 2006; Daneman and Prat, 

2015). The BBB restricts ionic substances and molecules through endothelial tight 

junctions as well as using specific ion transporters, often preventing drugs from 

accessing the brain (Wong et al., 2013; Daneman and Prat, 2015). Astrocytic end-feet 

participate in BBB homeostasis by regulating water and ion concentration using high 

concentrations of receptors on their end-feet such as aquaporin 4 (AQP4) and 

potassium channels (Abbott et al., 2006). Astrocytes can also regulate and maintain 

the BBB through the release of molecules such as basic fibroblast growth factor (FGF) 

and glial derived-neurotrophic factor (GDNF) which has been shown to induce a BBB 

phenotype in endothelial cells in vivo (Abbott, 2002). 

Given their close proximity with blood vessels, astrocytes are ideally situated to take 

up glucose from the blood through surface glucose transporters (e.g., GLUT1-4) for 
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immediate use but also for long-term storage as glycogen (Figure 1-2; Maher, 1995). 

Astrocytes are the only cells within the adult brain with the ability to convert glucose 

into glycogen for storage, which can then be converted to lactate when needed as an 

energy substrate for neurons (Brown and Ransom, 2007). The lactate shuttle 

hypothesis was formulated to explain astrocytic involvement in neuronal energy 

supply and has received both support and criticism since its creation (Pellerin and 

Magistretti, 1994; Tang, 2018; Calì et al., 2019). This hypothesis describes how 

neuronal activity triggers astrocyte glycolysis, through the release of glutamate by 

neurons and subsequent metabolism by astrocytes, which in turn causes astrocytes 

to release excess lactate for neurons during high neuronal activity (Pellerin et al., 

2007). 

 

Figure 1-2 - The lactate shuttle hypothesis (taken from Deitmer et al., 2017). Astrocytes are 
hypothesised to support neurons through the delivery of lactate during high neuronal activity. Astrocytes 
are found in close proximity to blood vessels where they can uptake glucose through GLUT1 
transporters. Neurons can also directly take up glucose from blood vessels through GLUT3 receptors. 
Astrocytes can convert the glucose to glycogen for storage or it can be metabolised to lactate through 
glycolysis. Lactate can then be transported via monocarboxylate transporters (MCT) to the neuron where 
it can used as oxidative substrate for energy metabolism. When there is high neuronal activity, more 
glutamate will be released which is taken up and metabolised by astrocytes leading to more lactate 
production and release.  

 

1.1.1.3 Neurotransmitter recycling 

After neurotransmitter release, it is important to clear the synaptic cleft to prevent 

prolonged stimulation and to recycle valuable resources. The glutamate/GABA-

glutamine cycle demonstrates clear metabolic compartmentalisation in the brain 

with cell-specific elements of this cycle found in astrocytes and neurons, highlighting 

the effective communication that occurs between these cells (Rae et al., 2003; 

Andersen and Schousboe, 2022, 2023; Figure 1-1C). 

 glycolysis 
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Astrocytes are responsible for clearing the majority of excitatory glutamate and 

inhibitory GABA neurotransmitters after neuronal activation and metabolising these 

molecules back to their precursor, glutamine (Figure 1-3; Schousboe, 2019). 

Astrocytes take up the majority of the glutamate through astrocyte-specific 

excitatory amino acid transporters (EAATs), EAAT1 and EAAT2 with neurons also 

taking up some glutamate through EAAT3 to a lesser extent (Schousboe et al., 2004). 

Astrocytes can convert glutamate to glutamine through astrocyte-specific glutamine 

synthetase (GS) before releasing back into the extracellular space to be taken up by 

neurons (Norenberg and Martinez-Hernandez, 1979). To convert GABA into 

glutamine, GABA enters the tricarboxylic acid (TCA) cycle in the astrocytes where it is 

converted into succinate before conversion to glutamate (Bak et al., 2006). This 

molecule of glutamate is then processed in the same pathway as extracellular 

glutamate.  

 

After glutamine is taken up by the neurons, it can be converted back to glutamate 

through phosphate-activated glutaminase (PAG; Akiyama et al., 1990). Whilst this 

process is thought to mostly occur in neurons, PAG has been identified in astrocytes 

suggesting they can also perform this process (Kvamme et al., 2001, 2008). 

Astrocytes also can generate glutamate through the TCA cycle using pyruvate 

carboxylase (PC) unlike neurons suggesting a role in replenishing gliotransmitter 

stores (Shank et al., 1985). Glutamate can then be further converted into GABA 

through glutamate decarboxylase (GAD; Ueno, 2000). During this cycle, ammonia is 

Figure 1-3 ς Glutamate/GABA recycling. Astrocytes are responsible for clearing the synaptic cleft of 
neurotransmitters and recycling them for future use by neurons. Glutamate is an excitatory 
neurotransmitter which can cause hyperexcitability if allowed to reach high concentrations. Astrocytes 
actively take up glutamate through EAATs before converting the glutamate into its precursor, glutamine. 
This occurs through the enzyme glutamine synthetase (GS) using ammonia (NH3). Glutamine is then 
transported back to neurons where it is converted back to glutamate through phosphate-activated 
glutaminase (PAG). This reaction creates ammonia which is transported back to adjacent astrocytes for 
use in the conversion of glutamate to glutamine. The glutamate can then be packaged into vesicles by 
neurons for release upon depolarisation. GABA is also recycled in this pathway but requires extra steps 
to convert GABA to glutamate through the astrocyte TCA cycle and to convert glutamate into GABA 
through glutamate decarboxylase (GAD) in neurons. Images created by the author through 
BioRender.com. 
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created in the neurons through the conversion of glutamine to glutamate and 

required in astrocytes for the reverse reaction providing ammonia homeostasis, 

adding a second homeostatic aspect to the glutamate/GABA-glutamine cycle whilst 

preventing a toxic accumulation of ammonia (Waagepetersen et al., 2002). However, 

how this transfer occurs is not fully understood. As well as clearing the synaptic cleft 

after neuronal activity, astrocytes can also modify neuronal signalling using 

gliotransmitters (glia-based neurotransmitters). 

 

1.1.1.4 The tripartite synapse and gliotransmission 

Alongside recycling neurotransmittersΣ ŀǎǘǊƻŎȅǘŜǎ ŦƻǊƳ ǘƘŜ ΨǘǊƛǇŀǊǘƛǘŜ ǎȅƴŀǇǎŜΩ ǿƛǘƘ 

neurons to participate in synaptic communication between adjacent neurons 

(Araque et al., 1999; Figure 1-1D). Astrocyte processes surround the pre-synaptic and 

post-synaptic terminals of neurons and actively participate in synaptic transmission. 

Neurotransmitters (e.g., glutamate), released by neurons during neuronal activation, 

bind to receptors on the astrocyte cell surface to trigger a transient surge in 

intracellular calcium in proportion to the intensity of neuronal activity, which can 

propagate between astrocytes through connexin gap junctions (Cornell-Bell et al., 

1990; Charles et al., 1991). This initiates ΨƎƭƛƻtransmitterΩ release from the astrocyte 

to regulate the synaptic activity (Halassa et al., 2007; Bazargani and Attwell, 2016). 

Whilst this simplifies the tripartite synapse to one unit, a single astrocyte is 

estimated to form connections with over 100,000 synapses as well as forming gap 

junctions with adjacent astrocytes (Giaume and Venance, 1998; Bushong et al., 

2002). Calcium waves can propagate to many adjacent astrocytes; therefore a single 

signal can activate many cells (Goldberg et al., 2010).  

 

1.1.2 Astrocyte response to injury: the reactive astrocyte 
The activities above describe basic astrocyte functions which occur in healthy, 

quiescent astrocytes. However, these same functions are altered or compromised 

under physiological stress or pathological conditions. Astrocytes have the ability to 

change phenotype and become reactive in response to injury or disease. These 

reactive astrocytes display hypertrophy, proliferate, and undergo transcriptional, 

proteomic, metabolic and morphological changes (Pekny and Pekna, 2014; Escartin 

et al., 2019, 2021). Whilst neglecting the quiescent functions described above, 

reactive astrocytes develop new abilities, allowing them to play an important role in 

the immune system of the brain. Although reactive astrocytes are important for 

healthy brain function, this phenotype also has harmful consequences with chronic 

activation associated with neurodegeneration, and therefore it has been a focus of 

intensive research (Chun and Lee, 2018; Escartin et al., 2007, 2006; Liddelow and 

Sofroniew, 2019; Pekny et al., 2016; Ponath et al., 2018; Yamanaka and Komine, 

2018). 

 

1.1.2.1 Terminology 

Due to their similar involvement in the immune system, reactive astrocyte 

phenotypes have been described based upon microglial/macrophage nomenclature 
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(Liddelow and Barres, 2017; Liddelow et al., 2017). Microglial nomenclature 

describes ΨaмΩ ƳƛŎǊƻƎƭƛŀ, associated with a pro-inflammatory response, and ΨaнΩ 

microglia which are associated with an anti-inflammatory response (Tang and Le, 

2016). Whilst there is controversy about the appropriateness of this nomenclature, it 

is still often used to describe microglial phenotypic states and has formed the basis 

for astrocyte nomenclature (Cherry et al., 2014).  

Much like microglia, astrocytes activate upon detection of harmful stimuli/tissue 

damage. Two reactive phenotypes were originally described by Liddelow and Barres, 

(2017) ς inflammatory Ψ!мΩ ŀƴŘ anti-inflammatory Ψ!нΩ ŀǎǘǊƻŎȅǘŜǎ, as an attempt to 

explain the range of responses astrocytes can produce (Figure 1-4). Different stimuli 

can elicit these phenotypes, with inflammation and toxic insult preferentially 

activating A1 astrocytes, and ischemia preferentially activating A2 astrocytes 

(Zamanian et al., 2012). Whilst this terminology is still popular, astrocyte reactivity is 

better described as a spectrum between these two opposing phenotypes with both 

phenotypes observed in healthy responses (Anderson et al., 2014). 

 

1.1.2.2 Acquired functions 

Reactive astrocytes have both beneficial and detrimental functions which have been 

tentatively assigned to A1/A2 astrocytes based upon their distinct gene expression 

¶ Release inflammatory 

molecules 

¶ Loss of quiescent functions 

¶ Destruction of synapses 

¶ Release anti-inflammatory 

molecules 

¶ Release trophic factors 

¶ Phagocytosis of 

pathogens/cell debris 

¶ Synapse repair 

¶ Glial scar formation 

¶ K+ buffering 

¶ Synaptic regulation and 

maintenance 

¶ Neurovascular coupling 

¶ BBB maintenance 

¶ Neurotransmitter recycling 

Figure 1-4 - Reactive astrocyte phenotypes. Astrocytes change phenotype upon interaction with harmful 
stimuli either in the form of pathogens or molecules released from injured/dying cells. An A1 phenotype is 
associated with inflammation or toxic insult and is primarily described with detrimental functions. The A2 
phenotype is associated with ischemia and is described with more beneficial functions. It is unclear whether 
these phenotypes represent all reactive phenotypes or whether there are other unknown phenotypes which 
have not been identified at present. It is argued that these phenotypes represent the extremes of a reactive 
spectrum with single astrocytes displaying aspects of both A1 and A2 phenotypes. A third distinct disease 
phenotype has been described in the context of !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ǎǳƎƎŜǎǘƛƴƎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ a chronic, 
disease-associated phenotype. Image was created by the author through BioRender.com. 
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(Figure 1-4; Liddelow and Barres, 2017). However, individual astrocytes can perform 

both beneficial and detrimental functions. A1 astrocytes are often described with 

detrimental functions through the release of inflammatory molecules and the 

destruction of synapses. A1 astrocytes can be activated by M1 microglia, which 

causes a loss of basic astrocyte functions and leads to the production of an 

inflammatory secretome released into the local environment, exacerbating 

inflammation. By preventing A1 activation, neurons have been protected from cell 

death demonstrating the destructive nature of this phenotype (Yun et al., 2018). 

However, this destructive nature is needed when dealing with invading pathogens to 

prevent damage in the brain. Inflammation is a key response of the immune system 

and therefore, despite the perceived detrimental functions attributed to A1 

astrocytes, they are necessary for a healthy immune response.  

!н ŀǎǘǊƻŎȅǘŜǎ ƻƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ΨƘŜŀƭƛƴƎΩ ŦǳƴŎǘƛƻƴǎ ǿƛǘƘ ǊŜƭŜŀǎŜ 

of anti-inflammatory molecules and neurotrophic factors to promote neuronal 

survival and synapse repair. These astrocytes have also been shown to phagocytose 

cell debris after ischemia alongside microglia (Morizawa et al., 2017). Whilst this 

ǇƘŜƴƻǘȅǇŜ ƛǎ ǎŜŜƴ ŀǎ ΨprotectiveΩΣ ǘƘŜ Ǝƭƛŀƭ ǎŎŀǊ ǘƘŀǘ ƛǎ ŦƻǊƳŜŘ ǳǇƻƴ ƴŜǊǾŜ ŘŀƳŀƎŜ 

prevents nerve repair and regeneration (Bradbury and Burnside, 2019). But by 

producing this scar, the damaged tissue is isolated from healthy tissue and prevents 

any further damage. Extensive research is still needed to fully understand the 

reactive astrocyte and how this can be better manipulated to help treat disease and 

injury. For instance, it is unclear if other reactive phenotypes exist and how they act 

in different situations.  

 

1.1.2.3 Disease phenotypes 

To better understand astrocyte reactivity, a clear differentiation should be made 

between healthy, reactive astrocytes and those seen in pathology (Escartin et al., 

2021). ! ǘƘƛǊŘ ǊŜŀŎǘƛǾŜ ǇƘŜƴƻǘȅǇŜ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ƛƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ό!5ύ 

that have a distinct gene expression from both A1 and A2 astrocytes, described as a 

disease-associated astrocyte (DAA; Habib et al., 2020). Disease-associated microglia 

(DAM) have also been described, further demonstrating a similarity between 

microglia and astrocyte phenotypes (Keren-Shaul et al., 2017; Deczkowska et al., 

2018). Astrocytes in disease have been shown to produce a toxic secretome that 

leads to the death of neurons; however, research is still ongoing to identify the exact 

cause(s) of this toxicity (Liddelow et al., 2017; Guttenplan et al., 2021; Kushwaha et 

al., 2021; Arredondo et al., 2022). Together, these results highlight the lack of 

knowledge surrounding different reactive astrocytic phenotypes. Due to the difficulty 

in separating astrocytic phenotypes, research often does not distinguish between 

reactive astrocyte phenotypes. If it does, it Ƙŀǎ ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ Ψ!мκƛƴŦƭŀƳƳŀǘƻǊȅ 

ŀǎǘǊƻŎȅǘŜΩ ŘǳŜ ǘƻ ǘƘŜ ǇŜǊŎŜƛǾŜŘ ƴŜƎŀǘƛǾŜ ŜŦŦŜŎǘǎ ƛǘ ǇǊƻŘǳŎŜǎ ŀƴŘ ƛǘǎ ǇǊŜǎŜƴŎŜ ƛƴ 

neurological disease. A prominent, recent publication has suggested a global term 

ŦƻǊ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ǊŜŀŎǘƛǾƛǘȅ ǘƻ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ΨŀǎǘǊƻŎȅǘŜ ŀŎǘƛǾŀǘƛƻƴΩΣ ǿƛǘƘ ŘƛǎŜŀǎŜ 

ŀǎǎƻŎƛŀǘŜŘ ǊŜŀŎǘƛǾƛǘȅ ǘƻ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ ΨǊŜŀŎǘƛǾŜ ŀǎǘǊƻŎȅǘŜΩ (Escartin et al., 2021). 

But for these terms to be used, a clearer distinction between physiological reactivity 

and disease needs to be established. For simplicity, in this work, reactive astrocytes 

will refer to a general, reactive phenotype that describes any changes from the 
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quiescent, homeostatic phenotype. This is because it is unclear whether the 

reactivity observed better models pathological or physiological reactivity. 

 

1.1.3 Astrocyte models 
The lack of knowledge surrounding the different astrocytic phenotypes is largely due 

to the difficulty in modelling reactive and quiescent astrocytes. Most astrocyte 

research generally takes place in vitro with the addition of foetal bovine serum (FBS) 

to support growth and proliferation of the astrocytes. However, with the addition of 

FBS, the astrocytes appear to change to a more reactive phenotype (increased GFAP 

and hypertrophy) rather than acting as ŀ ΨƴƻǊƳŀƭ, healthyΩ ŀǎǘǊƻŎȅǘŜ (Prah et al., 

2019). New methods are being published to grow astrocytes without FBS to produce 

a more realistic, quiescent astrocyte model in vitro, but to truly advance astrocyte 

research, a more established, universally accepted model needs to be adopted 

(Zhang et al., 2016; Liddelow et al., 2017; Prah et al., 2019).  

 

1.1.3.1 Issues with rodent models 

Rodent models are often used to investigate astrocyte function in vivo to overcome 

some of the issues with in vitro modelling and to allow better manipulation. 

However, human astrocytes are far more complex than rodent astrocytes and vary in 

their functional ability (Oberheim et al., 2009; Zhang et al., 2016). Particular sub-

types of astrocytes have been described that are unique to primate brains such as 

interlaminar and polarized astrocytes which cannot be modelled by rodent models 

(Colombo et al., 1995; Colombo and Reisin, 2004; Oberheim et al., 2006). But even 

those astrocytes that are shared between rodents and humans vary drastically with 

human protoplasmic astrocytes being 2.6-fold larger in diameter with 10-fold more 

GFAP+ processes (Oberheim et al., 2006). As well as unique sub-types, human 

astrocytes also have a greater capacity for glutamine synthesis with a unique 

enzyme, GDH2, identified that is not present in rodents (Andersen and Schousboe, 

2023). Inducing expression of GDH2 in mice elevates glutamate uptake and oxidation 

capacity in astrocytes (Nissen et al., 2017). By transplanting human glial progenitor 

cells into rodent brains and allowing human astrocytes to mature and integrate with 

rodent astrocytes, the rodents displayed improved synaptic transmission and 

performed better than their littermates in behavioural tests (Han et al., 2013). By 

using rodent models, a level of human complexity is ignored and therefore results 

are less relatable. Many diseases also cannot be replicated in rodents, so treatments 

developed in rodent models often do not translate well in clinical trials (Pound and 

Ritskes-Hoitinga, 2018). With new technologies emerging, research should move 

towards human in vitro models which can still be manipulated but are far more 

relevant to human disease. 

 

1.1.3.2 Current human models 

Post-mortem human brain tissue can be used to investigate disease pathology and to 

better understand the origin of proteins of interest in brain cells. However, access to 

human tissue is limited due to the inaccessibility of the brain and within the available 
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tissue, there are shortages of healthy tissue with many donations often displaying 

age-related or neurodegenerative disease pathology, preventing the study of 

healthy, quiescent astrocytes. Nevertheless, imaging techniques have enabled the 

visualisation of reactive astrocytes in living subjects using compounds such as TSPO, 

but this approach is very expensive and is not specific to astrocytes όhΩ.ǊƛŜƴ Ŝǘ ŀƭΦΣ 

2014; Jamadar et al., 2020; Pannell et al., 2020).  

Induced pluripotent stem cells (iPSCs) have provided neuroscience research with a 

new in vitro model which better represents human astrocytes in both health and 

disease (Figure 1-5). iPSCs can be generated from human somatic cells to produce 

embryonic-like stem cells that can differentiate into any cell type, including neurons 

and astrocytes (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 

2007; Karumbayaram et al., 2009; TCW et al., 2017; Solomon et al., 2021). More 

importantly, somatic cells can be taken from patients with disease and 

reprogrammed into neural cells while retaining the genome of the person and 

features of the disease (Dimos et al., 2008; Park et al., 2008; Ebert et al., 2009; 

Juopperi et al., 2012). Whilst this is revolutionising in vitro modelling of disease, it 

also has huge potential in drug discovery and treatment of disease through 

personalised medicine (Shi et al., 2017). Given that iPSCs are generated from the 

ǇŀǘƛŜƴǘΩǎ ƻǿƴ ŎŜƭƭǎΣ ǘƘŜǊŜ ƛǎ ƴƻ ƛƳƳǳƴŜ ǊŜƧŜŎǘƛƻƴ ƻŦ ǘƘŜ ŎŜƭƭǎ ǿƘŜƴ ǳǎŜŘ ƛƴ 

transplantation (Wernig et al., 2008; Oki et al., 2012). In fact, a number of clinical 

studies are investigating the use of iPSC-derived cells in transplantation to replace 

cells lost due to disease or injury (Barker et al., 2017; Forostyak et al., 2020; Sugai et 

al., 2021; Miura et al., 2022) .   

 

 

An issue with iPSC models is that they are expensive and time-consuming, and there 

are still questions regarding the accuracy of the model compared to in vivo models. 

This method produces foetal phenotypes due to the conversion back to stem cells 

ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǘŜŎƘƴƛǉǳŜǎ ŀǊŜ ƴŜŜŘŜŘ ǘƻ ΨŀƎŜΩ ǘƘŜǎŜ ŎŜƭƭǎ ǘƻ ǎǘǳŘȅ ǘƘŜ ŀƎŜƛƴƎ ŎŜƭƭǎ 

seen in neurodegenerative disease (Doss and Sachinidis, 2019). In vitro cultures also 

often only use one or two cell types and therefore do not fully encompass the 

Figure 1-5 - The creation of iPSC-derived astrocytes. A skin biopsy can be taken from a subject to 
harvest fibroblast cells. These cells are then reprogrammed to produce iPSCs which can differentiate 
into any cell type in the body. iPSCs can then be differentiated into induced neural stem cells (iNSCs) 
which can produce neuronal and glial cell types. Cells can be maintained as iPSCs or iNSCs providing a 
stock solution of cells which can then be differentiated a final time to produce the cell of interest. These 
cells maintain the genotype of the subject and therefore are a valuable resource in investigating 
inherited disease and designing personal medicine for patients. Image created by the author through 
BioRender.com. 
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complexity of cell-cell interactions. Attempts have been made to better model age-

related disease using organoids made up of a variety of different cell types (Chen et 

al., 2021; Szebényi et al., 2021). One study has used human serum on iPSC-derived 

AD organoids to model BBB dysfunction resulting in enhanced levels of A ̡and 

phosphorylated tau (Chen et al., 2021). By using multiple cell types, models become 

more relevant, and the importance of cell-cell communication can be investigated. 

 

1.1.4 The importance of modelling astrocyte communication 
Many astrocyte functions rely on communication between astrocytes, and with other 

cell types such as neurons and microglia. For example, astrocytes communicate with 

microglia to survey the local environment, forming the immune response of the 

brain. Activated microglia have been shown to induce a neurotoxic phenotype in 

astrocytes by secreting inflammatory cytokines such as interleukins and complement 

factors (Liddelow et al., 2017; Joshi et al., 2019). In particular, IL-1 Σh ¢bCʰ ŀƴŘ /мǉ 

have been shown to produce a reactive, inflammatory phenotype with this method 

now commonly used for generating reactive astrocytes in vitro (Liddelow et al., 2017; 

Clarke et al., 2018; Barbar et al., 2020; Leng et al., 2022). In addition to secreted 

proteins, recent advances in extracellular vesicle research have shown that EVs are 

key players in cell-to-cell communication and likely perform a key role in astrocyte 

communication ό¸ƻǳ Ŝǘ ŀƭΦΣ нлнлΤ tƛǾƻǊƛǹƴŀǎ ŀƴŘ ±ŜǊƪƘǊŀǘǎƪȅΣ нлнмύ .  

 

1.2 Extracellular vesicles 
1.2.1 What are extracellular vesicles? 
The international society of Extracellular vesicles (ISEV) define EVs as a heterogenous 

population of non-replicating molecules delimited by a lipid bilayer, that are released 

naturally from cells (Théry et al., 2018). They contain proteins, RNAs, and metabolite 

cargo which can be taken up by recipient cells, exerting their effect within the 

recipient cell as a form of intercellular communication. Two key sub-types (exosomes 

and microvesicles) have been defined based upon their origin and release 

mechanism. However, in practice, it is difficult to distinguish between them due to a 

lack of specific markers for each group. Other criteria such as physical properties 

(size), biochemical composition (presence of particular markers) or cell of origin (e.g., 

astrocyte-derived EVs) are therefore advised to describe EVs in research where it is 

not possible to identify how the EVs were released.   

 

1.2.1.1 Exosomes 

Exosomes are defined as EVs with an endosomal origin and range between 30 ς 200 

nm in diameter (Pegtel and Gould, 2019; Kalluri and LeBleu, 2020; Krylova and Feng, 

2023). Vesicles are formed through the inward budding of the endosomal membrane 

with the endosome forming a multivesicular body (MVB). This fuses either with 

lysosomes for degradation, or with the plasma membrane to secrete their contents 

of exosomes into the extracellular space (Figure 1-6). Due to their origin, exosomes 

are thought to be more homologous than other EV types and carry endosomal 

proteins such as ALIX and a variety of tetraspanins (Kalluri and LeBleu, 2020). 
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However, current issues with separation techniques make studying exosomes in 

isolation very difficult, even with more specific markers. 

 

 

Whilst the exact mechanism of exosome formation and release is not fully 

understood, endosomal sorting complex required for transports (ESCRTs) are 

thought to be involved alongside other associated proteins such as ALIX and syntenin 

(Baietti et al., 2012; Colombo et al., 2013; Choi et al., 2015; Xie et al., 2022). ESCRT-

independent mechanisms also exist, with depletion of ESCRT machinery not entirely 

preventing exosome formation (Stuffers et al., 2009; Colombo et al., 2013; Kenific et 

al., 2021; Wei et al., 2021). Evidence highlights the importance of ceramide in the 

vesicle budding process. Neutral sphingomyelinase II (nSMase2) converts 

sphingomyelin into ceramide, with ceramide thought to create inward membrane 

curvature through its cone-like structure to form the vesicles in the MVB (Trajkovic et 

al., 2008). Raft microdomains found in lipid membranes, are enriched in lipids such 

as sphingomyelin and ceramide with inhibition of nSMase2 leading to a reduction in 

exosome release (Trajkovic et al., 2008; Elsherbini et al., 2021; Crivelli et al., 2022). 

Interestingly, altered ceramide has been associated with brain dysfunction (Fan et 

al., 2021; Kurzawa-Akanbi et al., 2021; Fonseca-Ferrer et al., 2022). Rab GTPase 

proteins, such as RAB11 and RAB35, regulate vesicular trafficking in the cell and have 

been associated with MVB biogenesis and fusion with the cell membrane (Ostrowski 

et al., 2010; Blanc and Vidal, 2018; Wei et al., 2021). 

Figure 1-6 - Exosome biogenesis and release. Exosomes are formed through the inward budding of the 
endosome creating a multivesicular body (MVB). The MVB can either fuse with lysosomes and be 
degraded and then recycled (autophagy), or it can fuse with the plasma membrane and release the 
vesicles into the extracellular space. Cargo appears to be selectively loaded into these exosomes during 
exosome formation, but the exact mechanisms of cargo loading are not fully understood. Exosomes 
cargo contains proteins, metabolites and various forms of RNA surrounded by a lipid bilayer. Image 
created by the author through BioRender.com 
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It is likely there are multiple mechanisms for exosome formation based upon the role 

of the individual MVB due to the heterogenous population of exosomes that is 

created. Whilst there is still limited understanding of exosome mechanics, there is 

even less understanding about the mechanism of release for the other key EV sub-

type: the microvesicle.  

 

1.2.1.2 Microvesicles 

Microvesicles (also known as ectosomes or microparticles) are larger EVs ranging 

between 150 ς 1000 nm in diameter which arise directly from the budding of the 

plasma membrane into the extracellular space ό{ŜŘƎǿƛŎƪ ŀƴŘ 5Ω{ƻǳȊŀ-Schorey, 

2018; Clancy et al., 2021). Whilst released under normal conditions, microvesicles 

are also released upon stimulation or physical stress (Cocucci et al., 2007; Turola et 

al., 2012). An example of this is that astrocyte-derived ATP can stimulate 

microvesicle release in microglia, not only demonstrating communication between 

different cells but also how astrocyte reactivity can cause changes in adjacent cells 

(Bianco et al., 2005). 

Like exosomes, ESCRTs and ceramide have been implicated in microvesicle formation 

suggesting a common mechanism between the two vesicle sub-types (Cocucci and 

aŜƭŘƻƭŜǎƛΣ нлмрΤ {ŜŘƎǿƛŎƪ ŀƴŘ 5Ω{ƻǳȊŀ-Schorey, 2018). However other proteins 

have been indicated as key proteins in microvesicle shedding such as RhoA and ARF6 

(Muralidharan-/ƘŀǊƛ Ŝǘ ŀƭΦΣ нллфΤ [ƛ Ŝǘ ŀƭΦΣ нлмнΤ {ŜŘƎǿƛŎƪ ŀƴŘ 5Ω{ƻǳȊŀ-Schorey, 

2018). Cholesterol depletion reduces microvesicle formation suggesting cholesterol-

rich lipid rafts are involved in microvesicle shedding (Del Conde et al., 2005).   

 

1.2.2 EVs in intercellular communication 
When first discovered, EVs were initially thought to be cellular artefacts or part of 

ǘƘŜ ŎŜƭƭΩǎ ǿŀǎǘŜ ŘƛǎǇƻǎŀƭ ƳŜŎƘŀƴƛǎƳ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǿŜǊŜ ƭŀǊƎŜƭȅ ƛƎƴƻǊŜŘΦ IƻǿŜǾŜǊΣ 

after the discovery of their role in intercellular communication, a surge of research 

has moved these nanoparticles into the forefront of biological research, especially in 

the neuroscience field (Couch et al., 2021). Due to the nature of working across a 

range of disciplines and with such a range of techniques, the EV community has 

produced a set of guidelines to improve the quality of the work produced in the field 

and to better standardise protocols. These are known as the MISEV guidelines which 

are based upon the overall consensus from researchers in the field which are 

updated every four years to encompass advances in research (Théry et al., 2018). 

Alongside these guidelines, other tools such as EVTRACK (online scoring/checklist for 

publications) have been produced to improve the quality of research in the 

community (Van Deun et al., 2017). 

Vesiclepedia and Exocarta are two databases that have been created to catalogue EV 

cargo based upon their parent cell type (Kalra et al., 2012; Simpson et al., 2012; 

Pathan et al., 2019). Both resources have great value with Exocarta focusing on cargo 

reported from exosome studies, and Vesiclepedia encompassing all types of EV 

cargo. One major issue with these databases at present is a lack of results for all cell 
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types with no detailed database for astrocytes or neuronal cells. By identifying cell-

specific cargo, a range of diagnostic possibilities arise.  

With EVs involved in cell-cell communication and responsible for non-cell 

autonomous control of cell fate, there must be mechanisms for selecting specific 

cargo to be loaded in EVs. If there was non-selective cargo loading, it would be 

expected that EVs perfectly reflect the composition of the cell, however this is not 

the case with certain cargo being enriched in EVs compared to the cell (Chen et al., 

нлнмΤ 5ƛȄǎƻƴ Ŝǘ ŀƭΦΣ нлноΤ WƻǾƛőƛŏ ŀƴŘ DƛǘƭŜǊΣ нлмтΤ bƻƭǘŜΩ¢ IƻŜƴ Ŝǘ ŀƭΦΣ нлмнύ. Similar 

loading mechanisms have been described for EVs and autophagy suggesting the 

pathways are closely related (Leidal and Debnath, 2021). 

 

1.2.3 Are exosomes a form of secretory autophagy?  
Autophagy has originally been considered as a waste-disposal pathway in cells to 

remove damaged proteins/organelles and to recycle nutrients at times of cellular-

starvation (Rabinowitz and White, 2010). Selective autophagy requires cargo to be 

ubiquitinated before being sequestered into the autophagosome through autophagy 

adaptor proteins such as p62 and NBR1 which then interact with LC3 to connect 

cargo with the emerging autophagosome (Figure 1-7; Lamark et al., 2009; Pankiv et 

al., 2007). The autophagosome will then fuse to lysosomes for degradation and the 

components recycled. It is thought a similar process occurs in the formation of 

exosomesΣ ŘŜǎŎǊƛōŜŘ ŀǎ Ψ{ŜŎǊŜǘƻǊȅ ŀǳǘƻǇƘŀƎȅΩ ƛƴ ǿƘƛŎƘ ƛƴǎǘŜŀŘ ƻŦ ŦǳǎƛƴƎ ǿƛǘƘ ǘƘŜ 

lysosome, the vesicles can fuse with MVBs to form exosomes upon secretion 

(Baixauli et al., 2014; Ponpuak et al., 2015; Buratta et al., 2020; Solvik et al., 2022). It 

appears a fine balance between traditional autophagy and exosome generation 

exists to provide homeostasis within the cell. When conditions stimulate increased 

autophagy, exosome release is inhibited with MVBs being targeted for lysosome 

recycling rather than excretion (Fader et al., 2008; Leidal et al., 2020; Solvik et al., 

2022). In fact, the reverse has also been demonstrated in pathology where 

autophagy inhibition led ǘƻ ǘƘŜ ƛƴŎǊŜŀǎŜ ƻŦ ǇŀǘƘƻƭƻƎƛŎŀƭ ʰ-synuclein secretion in EVs 

(Minakaki et al., 2018).  
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1.2.3.1 Protein loading 

Similar selective protein loading mechanisms further highlight the similarity between 

traditional autophagy and exosome release. ESCRTs are responsible for transporting 

ubiquitinated proteins into vesicles which either go on to fuse with lysosomes or to 

be released as EVs (Villarroya-Beltri et al., 2014). Through ubiquitination, specific 

proteins can be selected and transported into the vesicle. Secretory autophagy 

begins to explain the presence of potentially pathological protein aggregates in EVs 

such as TDP-поΣ ʰ-synuclein and prions (Lööv et al., 2016; Liu et al., 2017; Sproviero 

et al., 2018). These proteins would likely be targeted for degradation due to their 

tendency to aggregate but instead are released in EVs. Why the cell would want to 

release proteins destined for degradation remains a mystery with this mechanism 

potentially causing the spread of neurological disease. ESCRT-independent 

mechanisms have also been described for protein cargo loading through tetraspanins 

and lipid-dependent mechanisms which likely reflects the heterogeneity of proteins 

within EVs (Villarroya-Beltri et al., 2014). 

 

Figure 1-7 - Secretory autophagy. Secretory autophagy shares a common pathway with traditional, 
selective autophagy. LC3 is activated through the interaction with phosphatidylethanolamine and binds 
with a developing phagophore. Autophagy adapter proteins then sequester ubiquitinated cargo into the 
phagophore by binding to LC3. Recent evidence suggests that RNA can be loaded into autophagosomes 
in the same way as ubiquitinated proteins with RNA-binding proteins acting as adaptors (Leidal et al., 
2020). Once the phagophore has matured into an autophagosome, it can then fuse with a lysosome and 
be degraded (selective autophagy). However, the autophagosome can instead fuse with the MVB and 
secrete its content as exosomes (secretory autophagy). Secretory autophagy is also thought to involve 
microvesicles as well, however the mechanism is less understood. By inhibiting either selective or 
secretory autophagy, the opposing pathway is increased. 
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1.2.3.2 RNA loading 

The joint autophagy and EV loading mechanisms are also evident when considering 

RNA loading. Within extracellular vesicles, protein-coding messenger RNAs (mRNAs) 

are found alongside many types of non-coding RNAs such as micro RNAs (miRNAs) 

and transfer RNAs (tRNAs; Blandford et al., 2018; Kim et al., 2017; Mesquita-Ribeiro 

et al., 2021; Valadi et al., 2007). MiRNAs target mRNAs for cleavage or translational 

repression inhibiting the translation of the targeted mRNA (Huntzinger and 

Izaurralde, 2011). Therefore, an increase in miRNA expression would lead to a 

decrease in protein expression in the recipient cell. A single miRNA can target many 

different mRNAs and a single mRNA can be repressed by multiple different miRNAs. 

MiRNAs are protected from degradation by the cell through binding with RNA 

binding proteins (RBPs) or being sequestered into EVs and have been shown to exert 

their effect in recipient cells making these molecules an intriguing target for 

biomarkers and treatments (Mittelbrunn et al., 2011; Lafourcade et al., 2016; Luarte 

et al., 2017; Varcianna et al., 2019). 

A role for LC3 machinery in selectively loading RBPs and small non-coding RNA into 

EVs has been explored (Leidal et al., 2020). Certain RBPs such as hnRNPA2B1, 

SYNCRIP and FUS has been shown to select miRNAs for EV loading (Villarroya-Beltri 

et al., 2013; Santangelo et al., 2016; Garcia-Martin et al., 2021). In particular, it 

appears that certain sequences in the miRNAs leads to the preferred selection or 

retention of the RNA by the cell for secretion in extracellular vesicles (Garcia-Martin 

et al., 2021). More research needs to be completed to understand this mechanism 

for miRNA selection and what these sequences are in order for EVs to be 

manipulated to deliver therapeutic miRNAs.  

RBPs and RNA metabolism proteins are enriched in EVs indicating EVs as key 

transport mechanisms for RNAs between cells. Whilst it is clear that miRNAs are 

commonly present in EVs, it is debated how many miRNA molecules are present in a 

single vesicle and whether they are found in every EV or in RNA-specific EVs 

(Chevillet et al., 2014; Li et al., 2014). It is suggested there may be less than one 

miRNA per vesicle with estimates ranging from one miRNA in every ten EVs to one in 

every 120 EVs (Janas et al., 2015). Current methods are not sensitive enough to 

examine the contents of a single EV, so it is difficult to understand whether all EVs 

carry RNA cargo or whether there are subsets of EVs that preferentially carry RNA 

cargo.  

 

1.2.3.3 Metabolites in EVs 

A metabolite is considered any biologically relevant molecule smaller than 2 kDa so 

this term encompasses a wide range of molecules involved in most cellular 

processes. Despite this, less is known about metabolites in EVs compared to protein 

and RNA cargo, but some studies have begun to investigate their purpose and 

potential use in diagnostics (Huang-Doran et al., 2017; Puhka et al., 2017; Harmati et 

al., 2021). EVs have been shown to carry metabolic enzymes and may produce 

metabolites such as ATP whilst acting as independent units (Iraci et al., 2017; Göran 

Ronquist and Ronquist, 2019). If shown to act as metabolically active units, it would 

suggest a more important role for EVs rather than simply acting as an intercellular 

delivery system. 
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Far more research needs to be conducted before we can begin to elucidate the role 

of metabolites in EVs and to what extent EVs can act as independent, functional 

units. It is clear that EVs are not simply cellular waste and instead, contain varied 

cargo that is used in intercellular communication. With future advances in 

methodology, the cargo of these EVs can be manipulated and utilised to mediate 

intercellular communication to benefit patients. This is important for 

neurodegenerative disease due to the inaccessibility of the brain which at present 

results in a lack of treatments and diagnostic tests. 

 

1.2.4 Difficulties with EV research 
Whilst MISEV guidelines have helped establish more common methodologies 

regarding EV research, there is still a huge amount of variation in the isolation of EVs 

resulting in differences in EV sample compositions (Palviainen et al., 2019; Brennan 

et al., 2020; Dudzik et al., 2021; Nigro et al., 2021; Wallis et al., 2021). This ultimately 

effects cargo analysis and therefore it is difficult to collate work from different 

research groups. This has limited EV cargo research but with improved techniques 

and clearer publication of methodology (EV-TRACK), there is hope for more 

reproducible results that can be used for biomarker identification.  

 

1.2.5 Future applications: Why the interest in EVs? 

1.2.5.1 Biomarker potential 

One of the most intriguing aspects of EVs is they are thought to reflect the state of 

the cell at the time of release and change their cargo in response to stress and 

disease (de Jong et al., 2012). It is incredibly difficult to monitor the state of the brain 

at a cellular level in living humans and therefore EV cargo provides a valuable insight. 

EVs contain cell-specific molecules which allows the isolation of specific cell-derived 

EVs from biological fluid such as cerebral spinal fluid (CSF) and blood plasma 

(Mustapic et al., 2017; Willis et al., 2017; Eren et al., 2022). EVs have also been 

shown to cross the BBB allowing CNS-derived EVs to be found in the blood as well as 

in the CSF (Goetzl et al., 2016, 2019; Dickens et al., 2017; Nogueras-Ortiz et al., 

2020). By identifying disease molecules within EVs from specific cells, there is the 

potential to use EVs as a biomarker for neurodegeneration and as a marker of 

general brain health without invasive techniques. Diagnostic tests for 

neurodegenerative disease are currently lacking in living patients. Many disease 

diagnoses rely on excluding other measurable criteria and then predicting the most 

likely form of the disease from symptom/disease progression. The exclusion of other 

diseases can take a long time and patients often cannot start treatment until 

diagnosed. For many with neurodegeneration, these early stages of disease are 

precious with cognitive and physical deterioration progressing quickly. 

 

1.2.5.2 Potential treatments 

With much more research into the uptake mechanism of these EVs, it may be 

possible to manipulate EVs from an individual to deliver therapeutic drugs or use 

naturally-derived EVs that have therapeutic effects such as mesenchymal stem cell-
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derived EVs (Chulpanova et al., 2018; Agrahari et al., 2019; Baek et al., 2019; Hou et 

al., 2021; Soares Martins et al., 2021). If taken from patients, the advantage of using 

EVs is that they can be utilised to deliver treatment without eliciting an immune 

response against the host. For neurological treatments, an even greater advantage is 

the potential to deliver drugs non-invasively across the BBB which is currently very 

difficult. If it is possible to target a specific cell type with the EVs, it would also reduce 

side effects. Far more research needs to be conducted before either diagnostics or 

treatments can be designed but with this potential recognised, there is much hope 

across biological and medical research for these nanoparticles. 

 

1.3 Astrocyte-derived extracellular vesicles 
The rest of this chapter will begin to explore the current knowledge of ADEVs and 

how ADEV cargo changes in neurodegenerative disease. As previously discussed, 

astrocytes change phenotype in response to harmful stimuli or disease and therefore 

it is expected this will be reflected in ADEVs. Neurodegenerative disease research has 

often taken a very neuronal-centric view but in recent years, the role of astrocytes in 

disease has become apparent (Liddelow and Sofroniew, 2019; Acioglu et al., 2021; 

Lee et al., 2022; Brandebura et al., 2023). What is becoming clear is that the 

astrocytic role in disease often includes abnormal secretions from reactive astrocyte. 

At present, there is no detailed description of ADEV contents on EV databases with 

no description found on Exocarta and only 1 protein (Nkpd1) identified in the 

Vesiclepedia database. This is not due to a lack of research with many studies 

undertaking proteomic and transcriptomic analysis in various astrocyte models 

(Dickens et al., 2017; Willis et al., 2017; Chaudhuri et al., 2018, 2020; You et al., 

2020). What is lacking is a detailed group analysis of this data which can be used as a 

reference for further studies. Common astrocyte markers, GFAP and GLAST (known 

as EAAT1 in humans), are found within ADEVs and have been utilised to isolate 

ADEVs in biological fluid (Goetzl et al., 2016; Willis et al., 2017; Winston et al., 2019). 

GFAP is an intermediate filament found in the cytoplasm of astrocytes and is 

commonly used to assess astrocyte morphology and reactivity. However, whilst 

GFAP is described as an astrocytic marker, it is present in other cell types such as 

radial glial cells and does not encompass all astrocytes (Casper and McCarthy, 2006; 

Jurga et al., 2021). With GFAP expression increasing in disease due to the induction 

of reactive astrocytes, an increase in GFAP expression in ADEVs may be a useful 

marker of disease if used in a panel of other disease-associated markers. By 

completing a detailed analysis of quiescent and reactive astrocytes and their ADEVs, 

more astrocyte-specific or astrocyte-enriched markers can be identified which will 

allow better isolation of ADEVs in biological fluids for diagnostics (Table 1-1). 
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Table 1-1 - Common astrocyte markers. A list of common astrocyte markers and the issues with each of 
these markers (Garwood et al., 2017; Preston et al., 2019; Escartin et al., 2021; Jurga et al., 2021). Many 
of these markers are either found in other cell types or do not stain all astrocytes due to their 
heterogeneity. GFAP is the most used astrocyte marker however this also does not stain all astrocytes. 
CD49f is a newly identified marker of both quiescent and reactive astrocytes however it has not yet been 
thoroughly tested by other research groups and is found in endothelial cells (Barbar et al., 2020). All of 
these markers have been detected in EVs except AQP4 suggesting their potential as ADEV markers 
(Vesiclepedia database). *AQP4 may be present in ADEVs because astrocytes have not yet been profiled 
in the Vesiclepedia database and AQP4 is astrocyte specific.  

Astrocyte marker Function of molecule Problems with marker 

GFAP Intermediate filament ¶ Does not stain all astrocytes and can 
vary throughout the brain 

¶ Stains other cells such as radial glia 

{мллʲ Calcium, copper and 
zinc-binding protein 

¶ Not specific to astrocytes (NG2 cells, 
neurons, neonatal oligodendrocytes) 

¶ Does not label all astrocytes 

ALDH1L1 Enzyme in folate 
metabolism 

¶ Labels more astrocytes than GFAP but 
also oligodendrocytes and radial glia 

EAAT1/2 
(Rodents: GLUT1/ GLAST) 

Glutamate transporters ¶ Not specific to astrocytes (all CNS cells 
at low levels) 

Glutamine synthetase 
(GS) 

Enzyme in glutamate 
cycle 

¶ Not specific to astrocytes (Found in the 
liver, lungs and adipose tissue) 

CD44 Hyaluronic acid 
receptor and adhesion 
molecule 

¶ Stains processes but not much 
cytoplasm 

NDRG2 Tumour suppressor ¶ Downregulated in reactive astrocytes 

¶ Varies in expression with anatomical 
localisation 

CD49f An integrin ¶ Newly identified marker so it has not 
been rigorously tested 

¶ Also found endothelial cells 

AQP4* Water channel ¶ Astrocyte-specific but preferentially 
stains processes that are in contact with 
blood vessel 

Connexin 30/43 Gap junctions ¶ Cx30 is only in grey matter astrocytes 

¶ Cx43 also seen in endothelial and 
ependymal cells 

Vimentin Intermediate filament ¶ Not specific to astrocytes (Bergmann 
glia, radial glia and ependymal cells) 

 

1.3.1 Functionality of ADEVs 
Whilst ADEVs may be important in disease and therefore research has primarily 

focused on this, it is also important to understand their role in the healthy brain and 

how they are used to influence functional changes in adjacent cells. Without an 

understanding of healthy ADEVs, it is difficult to identify exact changes in 

pathological ADEVs. This is an area of research which needs to be explored as current 

knowledge is limited. 

 

1.3.1.1 The effect of ADEVs on neurons 

Astrocytes are known for their supportive and neuroprotective effects on neurons, 

especially in oxidative stress (Fujita et al., 2009; Pitt et al., 2017; Teh et al., 2017). 

This is reflected in ADEVs, with trophic factors found within the EVs such as 

Apolipoprotein D (APOD) and insulin-like growth factor 1 (IGF1) which protect 

neurons under stress (Ranjit et al., 2018; Pascua-Maestro et al., 2019; Zhang et al., 
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2021). Prion proteins have been suggested as critical for neuroprotection by 

astrocytes in oxidative stress (Bertuchi et al., 2012; Guitart et al., 2015, 2016; Kabani 

et al., 2020). Prions in ADEVs released during oxidative stress are taken up by 

neurons, facilitating astrocytic neuroprotection for the neuron (Guitart et al., 2016). 

ADEVs have even been shown to contain glutamate transporters which suggests they 

may partake in glutamate clearance (Gosselin et al., 2013). Whilst protecting neurons 

under stress is a key function for astrocytes, ADEVs can also promote synapse 

formation and neurite growth (Patel and Weaver, 2021; Sun et al., 2022).   

 

1.3.1.2 The effect of ADEVs on glia 

ADEVs can also influence other cell types in the CNS such as microglia and 

oligodendrocytes. ADEVs from young, healthy astrocytes induce the maturation of 

oligodendrocyte progenitor cells (OPCs) into oligodendrocytes with this ability 

diminishing with age and during inflammation (Willis et al., 2020). Oligodendrocytes 

are vital for efficient neuronal transmission because they increase the conduction 

rate of neuronal activity by insulating the neuronal axon with myelin (Goldman and 

Kuypers, 2015).  

Astrocytes also work closely with microglia to form the immune system of the brain 

and often form positive feedback loops when harmful stimuli are detected. Microglia 

are ǘƘŜ /b{Ωǎ ǊŜǎƛŘŜƴǘ ƳŀŎǊƻǇƘŀƎŜ ŀƴŘ ŀǊŜ essential for protecting the brain against 

invading pathogens and damage with an ability to phagocytose. Once activated 

themselves, microglia release factors such as TNFh and IL1̡  to activate astrocyte 

reactivity, however, this communication is bidirectional with ADEVs also effecting 

microglia (Bianco et al., 2005; Pascual et al., 2012; Liddelow et al., 2017; Joshi et al., 

2019). ADEVs have been shown to modulate microglial activation by activating Toll-

like receptor 7 (TLR7) after treatment with morphine leading to a reduction of 

microglial phagocytosis (Hu et al., 2018).   

 

1.3.2 ADEVs from reactive astrocytes 
Far more research has been conducted on ADEVs in disease and the changes that 

occur within ADEV cargo upon astrocyte activation. ADEV composition changes in 

reactive astrocytes so ADEV contents reflect the current state of the cell at the point 

of release (Chaudhuri et al., 2018, 2020; You et al., 2020). Reactive ADEVs have been 

shown to cross the BBB to activate a peripheral immune response and promote 

leukocyte migration to the brain (Dickens et al., 2017). With reactive astrocytes 

present in neurodegenerative disease and the ability of ADEVs to cross into the 

blood, a change in ADEV cargo could be utilised to detect neurodegeneration 

through a non-invasive blood test. With more detailed analysis, it may even be 

possible to detect disease-specific cargo within the ADEVs to diagnose specific 

neurodegenerative disease. 

Astrocytes incubated with pro-inflammatory molecules (e.g., IL-мʲύ ǊŜŎŀǇƛǘǳƭŀǘŜ ǘƘŜ 

astrocyte reaction to an inflammatory environment. These pro-inflammatory 

molecules are primarily produced by microglia when exposed to an inflammatory 

stimuli/environment and is commonly used as an inducer of the reactive astrocyte 
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phenotype. Dr You and colleagues demonstrated the loss of normal astrocyte 

function in a pro-inflammatory environment with clear changes to the cargo of 

ADEVs from these cells leading to negative consequences in the recipient neurons 

(You et al., 2020). Reactive ADEVs were more readily taken up by neurons compared 

to control ADEVs and an enrichment in proteins involved in the signalling of 

pathogenic molecules were found. This would suggest that reactive ADEVs would 

influence neurons to a greater extent in pathological conditions and would provide 

the ideal vehicle to transmit pathology. In fact, IL-мʲ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ŜƴƘŀƴŎŜ 9± 

release as well as alter cargo in other studies with different models (Dickens et al., 

2017; Chaudhuri et al., 2018, 2020). Changes in ADEV cargo is not limited to a pro-

inflammatory environment with EV cargo composition also effected by anti-

inflammatory stimuli such as interleukin-10 (IL-10; Chaudhuri et al., 2020). 

One difficulty with astrocyte models is to produce a control, quiescent phenotype 

with current models displaying some levels of reactivity even in controls. There is 

also no current standard to categorise phenotypes with many studies deciding 

phenotype based on morphology, levels of GFAP expression (present in all 

phenotypes but increased in a reactive phenotype), perceived functions and gene 

expression if completed. Markers for the individual phenotypes are desperately 

needed. With astrocytes often grown in FBS, researchers may be altering the ADEV 

cargo towards a reactive phenotype and therefore may miss changes between 

quiescent ADEVs and reactive ADEVs. This needs to be explored further to determine 

if there are differences between ADEVs when parent cells are cultured in FBS and 

those cultured in serum-free conditions. By completing a comprehensive basis for 

healthy astrocyte phenotypes and their ADEVs, changes in disease can be more easily 

distinguished.  

 

1.3.3 ADEVs in disease 
Reactive astrocytes and inflammation are found in neurological disease and 

therefore the changes described above, would also be expected in 

neurodegenerative disease models. EVs have a role in neurodegenerative disease, 

however the extent of their role is only beginning to be explored (Hill, 2019; Yuan et 

al., 2020). Many neurodegenerative diseases display characteristic protein pathology 

with protein aggregates found in and around neurons, leading to cell death. 

Interestingly, these protein aggregates such as beta-ŀƳȅƭƻƛŘ ό!ʲ1-42ύΣ ʰ-synuclein, 

TDP-43, SOD1 and prions, have all been discovered in neuronal and ADEVs. This 

suggests EVs are involved in disease transmission within the brain with a suggestion 

ǘƘŀǘ ǘƘŜǎŜ ǇǊƻǘŜƛƴ ŀƎƎǊŜƎŀǘŜǎ ŀǊŜ ΨƛƴŦŜŎǘƛƻǳǎΩ ƛƴ a similar way as the prion protein. 

 

1.3.3.1 Prion diseases 

Creutzfeldt-Jakob disease (CJD) is the most common human form of a group of 

conditions known as transmissible spongiform encephalopathies (TSEs) or prion 

diseases (Chen and Dong, 2016). Whilst CJD can arise sporadically or be inherited, 

TSEs are also infectious diseases that can be spread through the digestion or 

transplantation of infected nervous tissue either from the same species (human ς> 

human; Kuru) or between species (cattle ς> human; variant CJD). The transmissible 
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nature of this rare neurodegenerative disease has interested many biologists due to 

the potential commonality for the transmission mechanism in other diseases. 

Prion proteins were the first infectious proteins identified that could cause protein 

misfolding in healthy proteins upon interaction with an infected protein, described as 

ΨǇǊƛƻƴ ǘƘŜƻǊȅΩ (Prusiner, 1982; Aguzzi and Weissmann, 1997). Prion theory describes 

the existence of two forms of the prion protein, the normal cellular form (PrPc) and 

the protease-resistant form (PrPsc), where interaction of PrPc with PrPsc leads to a 

conformational change in the PrPc to form PrPsc (Figure 1-8). The infectious PrPsc is 

ƳƻǊŜ ǇǊƻƴŜ ǘƻ ŀƎƎǊŜƎŀǘƛƻƴ ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜŘ ǎǘŀōƛƭƛǘȅ ŦǊƻƳ ʲ-sheets, leading to the 

formation of amyloid plaques, resulting in cell death and neurodegeneration (Pan et 

al., 1993). More recently, prion proteins have been identified in EVs suggesting a 

mechanism of disease spread between cells via EV cargo (Fevrier et al., 2004; Saá et 

al., 2014; Liu et al., 2017). Prion theory and the involvement of EVs in disease 

transmission is now being investigated in other, non-infectious neurodegenerative 

diseases that have characteristic protein aggregates (Grad et al., 2014; Stopschinski 

and Diamond, 2017; Takashima et al., 2021; Gosset et al., 2022). 

 

Figure 1-8 - Prion theory. Prion theory explains the conversion of healthy proteins into misfolded, 
pathological proteins that cause disease. Prions can exist in two forms ς the normal cellular protein 
(light green; PrPC) and the protease resistant form (dark green; PrPsc) which is responsible for the 
disease. Interaction with PrPsc can cause a conformational change in the PrPC to transform into PrPsc. 
This molecule can then go onto to alter other healthy PrPC leading to an increase in toxic PrPsc and a 
decrease in healthy proteins. The toxic PrPsc ƛǎ ƳƻǊŜ ǎǘŀōƭŜ ŘǳŜ ǘƻ ƳƻǊŜ ʲ-pleated sheets and cannot be 
broken down by proteases, leading to aggregation of the proteins. These aggregations form amyloid 
plaques which lead to neuronal death. With prions detected within EVs, it is hypothesised that mutated 
proteins can spread between cells causing widespread disease within the brain. It is hypothesised that 
this mechanism is not unique to prion proteins and may occur in other diseases such as ALS (Grad et al., 
2014; Stopschinski and Diamond, 2017). 

Prion-infected astrocytes have been shown to be toxic to neurons through non-cell 

autonomous mechanisms with infected astrocytes demonstrating a pro-

inflammatory, neurotoxic phenotype (Kushwaha et al., 2021). In this study, astrocyte 

conditioned medium from infected astrocytes caused a detrimental effect on 

neuronal survivability and impaired synapse integrity. Further work should 

investigate the role of EVs directly in this toxicity given the presence of the infected 

prion protein in ADEVs. Whilst research has generally focused on the role of 

infectious prions in disease, new work is beginning to establish the role of healthy, 

cellular prion protein in the brain (Guitart et al., 2015, 2016; Wulf et al., 2017; 

Brenna et al., 2020). One study has shown prion proteins and their receptor to be 

involved in the movement of ADEVs along the neuronal surface to reach preferential 

interaction sites ό5Ω!ǊǊƛƎƻ Ŝǘ ŀƭΦΣ нлнмύ. With other neurodegenerative diseases being 

more prevalent, more research has been done on the role of ADEVs in disease.  
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1.3.3.2 !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ 

AD is the most common neurodegenerative disease in the world and the leading 

cause of dementia όbƛǳ Ŝǘ ŀƭΦΣ нлмтΤ !ƭȊƘŜƛƳŜǊΩǎ !ǎǎƻŎƛŀǘƛƻƴΣ нлмуΤ {ŎƘŜƭǘŜƴǎ Ŝǘ ŀƭΦΣ 

2021). Two altered proteins have been identified as the cause of protein pathology in 

AD - ƘȅǇŜǊǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ǘŀǳ ǇǊƻǘŜƛƴ ŀƴŘ !ʲ1-42, leading to neurofibrillary tangles 

and amyloid plaque deposits throughout the brain (Ballatore et al., 2007; Ittner and 

Götz, 2011; Selkoe and Hardy, 2016). Much like the prion protein, these proteins 

have been identified within EVs suggesting EVs as a mechanism of disease spread 

(Rajendran et al., 2006; Saman et al., 2012; Wang et al., 2017; Sardar Sinha et al., 

2018; Ruan et al., 2021; Fowler et al., 2023). 

Reactive astrocytes have been shown to be important contributors in AD with both 

beneficial and detrimental functions (Garwood et al., 2017; Chun and Lee, 2018; 

Nanclares et al., 2021). In particular, reactive astrocytes have been shown to migrate 

ǘƻǿŀǊŘǎ !ʲ1-42 ŘŜǇƻǎƛǘǎ ŀƴŘ ŘŜƎǊŀŘŜ ǘƻȄƛŎ !ʲ1-42, removing it from the extracellular 

space (Wyss-Coray et al., 2003). It has been suggested that there is a failure of this 

ŘŜƎǊŀŘŀǘƛƻƴ ƛƴ !5Σ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ǘƻȄƛŎ !ʲ1-42 (Mawuenyega et al., 

2010; Wildsmith et al., 2013)Φ ! ŦŀƛƭǳǊŜ ǘƻ ŎƭŜŀǊ !ʲ1-42 through autophagy leads to the 

ǊŜƭŜŀǎŜ ƻŦ !ʲ1-42 within ADEVs, enhancing disease transmission and causing neuronal 

cell death (Dinkins et al., 2014; Söllvander et al., 2016; Beretta et al., 2020). As well 

ŀǎ ǘƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ ǘƻȄƛŎ !5 ǇǊƻǘŜƛƴǎΣ !ʲ1-42 production machinery is enriched in 

ADEVs from AD patients compared to controls and neuron-derived EVs (Goetzl et al., 

нлмсΤ bƛƪƛǘƛŘƻǳ Ŝǘ ŀƭΦΣ нлмтΤ tŞǊŜȊπDƻƴȊłƭŜȊ Ŝǘ ŀƭΦΣ нлнлύ. In fact, astrocytes 

stimulated with IL-1  ̡actively encourage A̡1-42 production in neurons through the 

delivery of the protein CK1 in their extracellular vesicles (Li et al., 2020). This suggests 

a possible mechanism where reactive astrocytes are involved in the very early stages 

of AD where they can cause a positive feedback loop (A1̡-42 causes neuronal death 

and a reactive response in astrocytes, leading to release of inflammatory ADEVs and 

increasing A̡1-42 production in neurons). Inflammatory compliment proteins have 

been identified within ADEVs in AD indicating a harmful inflammatory phenotype of 

the reactive astrocytes, resulting in more neuroinflammation (Goetzl et al., 2018; 

Winston et al., 2019). These changes in ADEV cargo when released from an 

inflammatory astrocyte implies a detrimental role for astrocytes and their EVs in AD. 

However, ablation of reactive astrocytes has been shown to exacerbate pathology 

demonstrating the complex role of reactive astrocytes in AD (Katsouri et al., 2020). 

 

1.3.3.3 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ 

tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ όt5ύ ƛǎ ŀ ǇǊƻƎǊŜǎǎƛǾŜ ƳƻǘƻǊ ŘƛǎƻǊŘŜǊ ŎŀǳǎŜŘ ōȅ ǘƘŜ ŘŜŀǘƘ ƻŦ 

dopaminergic neurons in the substantia nigra. This death can be associated with 

ŀōƴƻǊƳŀƭ ƳƛǎŦƻƭŘƛƴƎ ŀƴŘ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ʰ-synuclein, found within Lewy-bodies in PD 

(Baba et al., 1998; Ingelsson, 2016). A-synuclein has been identified within EVs and 

has been shown to be readily taken-up by neurons resulting in neuronal death 

(Emmanouilidou et al., 2010; Danzer et al., 2012; Gustafsson et al., 2018; Guo et al., 

2020; Stuendl et al., 2021)Φ 5ȅǎŦǳƴŎǘƛƻƴŀƭ ŀǳǘƻǇƘŀƎȅ ƛǎ ƛƳǇƭƛŎŀǘŜŘ ƛƴ tŀǊƪƛƴǎƻƴΩǎ 

disease with many causal genes involved in the autophagy pathway (Michiorri et al., 

2010; Schöndorf et al., 2014; Karabiyik et al., 2017; Pitcairn et al., 2019). With the 

connection between autophagy and EV secretion becoming clearer, it is no surprise 
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ǘƘŀǘ ƛƴƘƛōƛǘƛƻƴ ƻŦ ŀǳǘƻǇƘŀƎȅ ƭŜŀŘǎ ǘƻ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ǊŜƭŜŀǎŜ ƻŦ ʰ-synuclein in EVs. This 

would explain how dysfunctional autophagy can lead to the spread of 

neurodegenerative disease (Poehler et al., 2014; Minakaki et al., 2018). By inhibiting 

EV release, it is possible to reduce -hsynuclein pathology (Zhu et al., 2021). 

Understanding and eliminating disease spread is particularly important in PD due to 

excitement around potential stem cell replacement therapies with the use of tissue 

transplantation currently in clinical trials for the disease. Foetal or iPSC neurons have 

been transplanted into PD patients in the hope of replacing the lost dopaminergic 

neurons; increasing patient survival and relieving symptoms (Barker et al., 2017; 

Sonntag et al., 2018). Studies have also begun to attempt conversion of astrocytes 

into neurons to replace neuronal death in PD (Wei and Shetty, 2021). However, 

disease pathology has been observed in the grafted neurons demonstrating host-

graft disease transmission (Kordower et al., 2008; Li et al., 2008). A likely pathway for 

this is EV transmission from the diseased host cells.  

Whilst PD may appear to only affect a select group of dopaminergic neurons, 

astrocytes have been implicated in the disease with many causal genes associated 

with PD affecting key astrocyte functions (Booth et al., 2017). PARK7, a PD causal 

gene encoding DJ-1, causes alterations in lipid-raft endocytosis, impaired glutamate 

uptake through altered EAAT2 expression, an altered neuroinflammatory response 

and reduced neuroprotective properties (Mullett et al., 2013; Ashley et al., 2016; Kim 

et al., 2016). Another common PD causal gene, LRRK2, has been shown to reduce h-

synuclein clearance by astrocytes, leading to accumulation of the protein (Streubel-

Gallasch et al., 2021). Similarly in other neurodegenerative diseases, reactive 

astrocytes are present in PD leading to neuroinflammation and directly causing 

neuronal death (Koprich et al., 2008; Gu et al., 2010; Yun et al., 2018). Whilst little 

research has taken place on ADEVs in PD, reactive ADEVs have been shown to 

enhance the vulnerability of dopaminergic neurons to toxins through miR-34a (Mao 

et al., 2015). However, ADEVs also appear to have neuroprotective properties but 

the protection varies depending on the brain region where the astrocytes were 

derived (Leggio et al., 2022). With limited understanding into the contribution of 

astrocytes in PD, it is clear more research needs to be conducted to find out about 

the role of reactive astrocytes and ADEVs in PD.    

 

1.3.3.4 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is also a progressive motor disorder which is 

caused by the death of motor neurons leading to paralysis and eventually death, 

often within 3 years of diagnosis. Many altered proteins have been identified in ALS 

and the specific pathology is reflected by the genetics of the patient (Blokhuis et al., 

2013). For example, SOD1 mutations which account for 15-20% of familial ALS cases 

and 5% of sporadic ALS cases, demonstrate mutant SOD1 protein but not TDP-43 

aggregation, which is characteristic in other forms of ALS (Rosen et al., 1993; 

Mackenzie et al., 2007; Tan et al., 2007). C9orf72 repeat expansion mutations are the 

most common genetic cause of ALS (20-25%) and cause the production of different 

dipeptide repeat proteins and as well as TDP-43 pathology (DeJesus-Hernandez et 

al., 2011; Renton et al., 2011). 
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Many ALS-associated proteins have been identified in EVs and are transferred 

between cells causing pathology in recipient cells (Grad et al., 2014; Ding et al., 2015; 

Silverman et al., 2016, 2019; Westergard et al., 2016; Sproviero et al., 2018). 

Autophagy dysfunction has been strongly implicated as a disease mechanism in ALS 

with common genetic mutations often occurring in autophagy-related proteins 

(Wong and Holzbaur, 2014; Goode et al., 2016; Sullivan et al., 2016; Oakes et al., 

2017; Rudnick et al., 2017). With so many autophagy related genes effected in ALS 

and the abundance of protein pathology found within EVs, it is likely ALS is caused by 

a defect in this combined mechanism. 

Whilst motor neurons are the most affected cell type in ALS, the importance of 

astrocytes in the disease is becoming clearer (Yamanaka et al., 2008; Yamanaka and 

Komine, 2018). ALS astrocytes are toxic to motor neurons and responsible for 

neuronal death and not simply due to a loss of support, but also by secreting toxic 

factors (Marchetto et al., 2008; Haidet-Phillips et al., 2011; Liddelow et al., 2017; 

Madill et al., 2017; Tripathi et al., 2017; Zhao et al., 2020; Guttenplan et al., 2021; 

Arredondo et al., 2022). Interestingly, this toxicity also has an effect on wild-type 

motor neurons demonstrating the direct toxicity of the ALS astrocyte (Nagai et al., 

2007; Fritz et al., 2013; Rojas et al., 2014; Kia et al., 2018; Birger et al., 2019). In fact, 

the knock-out of reactive-inducing factors such as TNFh in astrocytes slows disease 

progression in ALS mouse models, highlighting reactive astrocytes as a potential 

target for new treatments (Guttenplan et al., 2020). Whilst many of these studies 

demonstrate the toxic effects of ALS astrocyte conditioned media, it is important to 

identify these toxic factors and whether they are found within ADEVs, or if they are 

secreted freely into the external environment. One study demonstrated that ADEVs 

caused toxicity, even when trophic factors are added suggesting the toxicity is found 

within EVs (Varcianna et al., 2019). This study then found miRNA changes in ALS 

ADEVs highlighting possible causes of the toxicity in motor neurons. Whilst the exact 

cause of the toxicity remains a focus in ALS research, ADEVs have also been 

implicated in the spread of disease by transmission of the protein aggregates (Basso 

et al., 2013; Silverman et al., 2019). With improved isolation and analysis techniques 

within the EV field, the role of ADEVs in ALS will become more apparent. 

 

1.4 Aims of the PhD 
The overall aim of this thesis is to establish a human serum-free astrocyte culture 

that maintains primary astrocytes in a quiescent state to study the morphology, 

function and protein cargoes of ADEVs. By thoroughly characterising healthy human 

astrocytes and their vesicles, we can establish a baseline that can be used to 

investigate changes in disease. To do this, a reproducible model of healthy, quiescent 

astrocytes needs to be developed that can be easily replicated by other groups. A 

complimentary reactive model also needs to be thoroughly characterised to better 

model general disease. Then their EVs can be characterised to identify changes 

between the quiescent and reactive astrocytes that can be further investigated as to 

their potential to be biomarkers for human disease. Finally, it is still unclear whether 

ǘƘŜǎŜ ǾŜǎƛŎƭŜǎ ŀǊŜ ǎƛƳǇƭȅ ΨǇŀŎƪŀƎŜǎΩ ƻǊ ǿƘŜǘƘŜǊ ǘƘŜȅ ƘŀǾŜ ŦǳƴŎǘƛƻƴŀƭ ǊƻƭŜǎ ǘƘŀǘ ƘŀǾŜ 

not been uncovered. This thesis aims to address these issues by fully characterising 

both quiescent, serum-free human primary astrocytes and those grown in serum to 
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produce a reactive model. Their extracellular vesicles will then be isolated and 

compared to identify any changes in the reactive phenotype. Then they will be used 

to assess any functionality that they may possess based upon the detailed 

characterisation.  

 

1.4.1 To create physiologically relevant models of astrocytes 
To date, there is no standard model of astrocytes and in particular, no real consensus 

on how to generate reactive astrocytes. Here human primary astrocytes (SC1800) 

will be utilised with different culture conditions to create reproducible, quiescent 

and reactive astrocytes. The use of serum in culture will be thoroughly investigated 

to determine whether this is a relevant model for reactive astrocytes. A multi-omic 

approach (RNA-SEQ and mass spectrometry) will be used to fully investigate any 

changes observed between the models to determine if this model can be used as a 

general model of disease.  

 

1.4.2 To characterise ADEVs from serum-free (quiescent) and serum-

cultured (reactive) astrocytes 
EVs will be isolated from the models characterised above using ultrafiltration and 

size-exclusion chromatography. ADEVs will be characterised using nanoparticle 

tracking analysis (NTA), transmission electron microscopy (TEM) and mass 

spectrometry to create a detailed picture of EVs released from quiescent and 

reactive astrocytes. This data will be compared to extracellular vesicles derived from 

healthy and diseased human brain tissue to attribute any changes in reactive ADEVs 

to CNS pathology.  

 

1.4.3 To investigate functionality of ADEVs 
Once thoroughly characterised, ADEVs can then be investigated for any possible 

functionality. Any proteins that could highlight EV functionality will be further 

investigated using novel techniques that have not previously been used for EV work. 

The effect of adding ADEVs to cells will be measured to determine whether they 

have the ability to elicit a change in astrocyte phenotype and whether this could be a 

method of cell co-ordination in the immune response of the brain.  
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Chapter 2:  Materials and methods 

Chemicals were purchased from Merck Sigma-Aldrich, UK unless otherwise stated. 

2.1 Cell culture 
All cell culture work was completed under aseptic conditions in a cell culture hood, 

and cells were incubated at 37 °C in 5% CO2 until needed. 

 

2.1.1 Cell models 
Human primary astrocytes (SC1800s) were purchased from ScienCell (cat# 1800; 

distributed by Caltag Medsystems, UK) and kept frozen in liquid nitrogen upon 

arrival. SC1800s were isolated by ScienCell from human cerebral cortex and 

cryopreserved before delivery.  

Rat primary cortical astrocytes were used to compare with human astrocytes. After 

isolation from neonatal pups (postnatal 1-2 days; Serres et al, unpublished protocol), 

rat primary astrocytes were thawed from liquid nitrogen and cultured in the same 

way as the human SC1800 astrocytes. 

Neuro2A (N2A) cells were purchased from ATCC (UK) and used to measure glycolysis 

due to their high production of EVs compared to the human primary astrocytes (see 

section 5.9.1.2). 

 

2.1.2 Media compositions 
A variety of media were trialled to determine the best astrocyte media to grow 

serum-free astrocytes (Table 2-1, see section 3.2.1 for results). After deciding on the 

best serum-free medium, astrocytes were either cultured in astrocyte medium for 

serum-cultured astrocytes, or G5 serum-free medium for serum-free astrocytes (for 

G5 composition, see Supplementary figure 1). N2A cells were grown in Dulbecco's 

Modified Eagle medium (DMEM) using 10% FBS. Due to the presence of EVs in FBS, 

FBS-free media was required for experiments involving EV collection and therefore, 

FBS-free astrocyte medium and FBS-free DMEM medium were used when required 

for serum-cultured astrocytes and N2A cells respectively. All FBS used within this 

work was purchased from ScienCell. 
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Table 2-1 - Media compositions used for cell culture. *Later experiments moved to Advanced DMEM 
due to supply issues. FBS = Foetal bovine serum, AGS = astrocyte growth serum, Pen/Strep = Penicillin 
and Streptomycin, HB-EGF = Heparin-binding EGF-like growth factor.  

Media type Components 

Astrocyte medium Astrocyte medium, 1% Pen/Strep, 1% AGS, 2% FBS 

FBS-Free astrocyte 
medium (AGS AM) 

Astrocyte medium, 1% Pen/Strep, 1% AGS 

DMEM medium DMEM with Glutamax, 1% Pen/Strep, 10% FBS 

FBS-Free DMEM medium DMEM with Glutamax, 1% Pen/Strep 

G5 serum-free medium 
(DMEM G5) 

DMEM/F12*, 1% Pen/Strep, 1% G5 supplement, 1% 
L-glutamine 

Neurobasal serum-free 
medium (NB-27) 

(50% Neurobasal media, 50% DMEM/F12), 1% 
Pen/Step, 2% B27 supplement, 1% L-glutamine, 
0.025% HB-EGF  

B27 serum-free medium 
(DMEM B27) 

DMEM/F12, 1% Pen/Strep, 2% B27 supplement, 1% L-
glutamine, 0.025% HB-EGF 

DMEM AGS medium DMEM/F12, 1% Pen/Strep, 1% AGS, 1% L-glutamine 

B27 + G5 serum-free 
medium (DMEM B27 G5) 

DMEM/F12, 1% Pen/Strep, 1% G5 supplement, 2% 
B27 supplement, 1% L-glutamine 

 

2.1.3 Cell maintenance 

2.1.3.1 Passaging cells 

When cells grew above 70% confluency, media was removed, and the cells washed in 

5ǳƭōŜŎŎƻΩǎ thosphate buffered saline (PBS) without calcium chloride and magnesium 

chloride. Trypsin/EDTA was added to the cells and incubated at 37 °C for 5 min to 

detach cells. Trypsin/EDTA was quenched in media containing FBS. Cells were either 

counted and seeded for experiments (see section 2.1.4) or were split into an 

appropriate number of flasks for further culturing depending on proliferation rate of 

the cells. Astrocytes grown in serum-free media did not require subculturing due to a 

lack of proliferation without FBS.  

To begin SC1800 culture from the original ScienCell vial, astrocytes were seeded onto 

2x T75 flasks in astrocyte medium and left to proliferate until above 70% confluency. 

Cells were then passaged once at a ratio of 1:6 into 12x T75 flasks, and again 

cultured until above 70% confluency. Cells were then cryopreserved at a ratio of 1 

T75 flask to 2 cryovials as described in section 2.1.5 for future use. 

 

2.1.3.2 Cell maintenance 

Serum-cultured cells were passaged regularly so media changes were not required 

for cell maintenance. However, due to a lack of proliferation, serum-free astrocytes 

were not passaged and instead maintained for a minimum of 7 days to allow 

processes to develop and to collect enough media for EV isolation. During this time, 

serum-free media was changed every 3 - 4 days to ensure healthy growth. For all 

experiments, serum-cultured astrocytes were maintained in FBS for a minimum of 5 

days before use to ensure a chronic phenotype. Serum-free astrocytes were cultured 

for a minimum of 5 days before use to ensure the astrocytes had settled into culture 

and did not present with a reactive phenotype.  
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2.1.3.3 Coating 

For early experiments, coating was completed to increase cell adhesion to cell 

culture surfaces as advised by ScienCell (USA). Poly-L-Lysine was used at 0.01% and 

left for a minimum of 1 h at 37 °C to coat plates before excess was washed away with 

PBS. Coating was found to be unnecessary during optimisation, so was not 

completed for experiments completed after serum-free optimisation (section 3.2). 

This also helped in reducing variation between plates.  

 

2.1.4 Seeding densities 
To ensure the same number of cells were seeded for each experiment, a 1:1 ratio of 

cell solution and trypan blue solution were mixed and added to a dual-chamber cell 

counting slide (Bio-Rad, UK). The number of cells was then calculated using a TC 20 

automated cell counter (Bio-Rad, UK) to ensure consistency in plating. 

Serum-free astrocytes were initially seeded into a 6-well plate from each frozen vial 

of serum-cultured astrocytes (frozen at passage 2) with a cell density of 100,000 ς 

150,000 cells/well. Due to a lack of proliferation, no further passaging was required. 

When serum-free astrocytes were needed for immunocytochemistry (section 2.2.1), 

cells were seeded directly onto 13 mm glass coverslips at a density of 10,000 

cells/coverslip from the frozen vial. 

 

2.1.5 Cryostorage of cells 
All cells used in this work were cryopreserved in 900 µl FBS and 100 µl dimethyl 

sulphoxide (DMSO) using a Mr Frostyϰ Freezing Container (Nalgene, UK) at -80 °C for 

no more than a week before cryopreservation in liquid nitrogen. Cells were carefully 

rethawed in warm water (~37 °C) and immediately placed into appropriate media. If 

cells were used for serum-based culture, the cells were plated immediately in the 

correct culture media. For cells used in serum-free experiments, the cells were 

centrifuged at 300 g for 5 min with 5 ml of DMEM to pellet the cells before removing 

the supernatant. The cells were then resuspended in the correct culture media and 

plated. To ensure residual FBS and DMSO were fully removed from the cells, a media 

change was completed after 24 hrs for all cell conditions.  

 

2.1.6 Brightfield microscopy 
Live cell imaging was performed using an inverted microscope (AXIO Vert A.1, Zeiss 

microscopy) with a 10x lens (Zeiss microscopy) to assess cell morphology. 

Morphology measurements were initially attempted using the simple neurite tracer 

(SNT) plug-in but due to issues with the contrast of brightfield microscopy was not 

suitable. Instead, area and perimeter of the cells were measured by manually tracing 

the cells in at least 5 images per replicate. Then an area/perimeter ratio was 

calculated to account for variations in process length.  
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2.1.7 Cytokines 
An inflammatory cytokine cocktail containing TNFh, IL1h  and C1q was made based 

upon findings published in (Liddelow et al., 2017). Human cytokines TNFh  and IL1h  

were purchased from Peprotech (UK) and human C1q from Merck Sigma-Aldrich 

(UK). TNFh and IL1h  were reconstituted using 5% Trehalose to create stock solutions 

of 100 µg/ml (IL1h ) and 500 µg/ml (TNFh ). C1q did not require reconstitution and 

arrived at a concentration of 1.1 mg/ml. TNFh  was used at a final concentration of 30 

ng/ml, IL1h  at 3 ng/ml and C1q at 400 ng/ml.  

 

2.2 Immunofluorescence  
2.2.1 Immunocytochemistry (ICC) 

2.2.1.1 Staining 

13 mm coverslips were autoclaved and stored in sterile conditions before use. 

Coverslips were added to a 24-well plate before cells were seeded at a low density of 

approximately 10,000-15,000 cells per coverslip (see 2.1.4). Cells were incubated for 

at least 24 hrs in standard cell culture conditions to allow cells to adhere. Cells were 

then washed in PBS before being fixed in 4% Paraformaldehyde (PFA) for 10 min. 3x 

5 min PBS washes were used to remove remaining PFA before 0.1% Triton-x100 was 

added to permeabilise the cells for 10 min. This was followed by 3x 5 min washes 

with PBS. Non-specific binding was blocked using 1% bovine serum albumin (BSA) in 

PBS for 1 h at room temperature. Primary antibodies were diluted to the appropriate 

concentration in 1% BSA (see Table 2-2) and incubated with the cells overnight at 4 

°C. The next day, cells were washed 3x for 5 min in PBS to remove any unbound 

antibody before the cells were incubated with secondary antibody diluted in 1% BSA 

(1:500 dilution) for 45 min at room temperature, protected from light. Cells were 

washed 3x for 5 min in PBS to remove unbound secondary antibody. The coverslips 

were mounted onto glass microscope slides with 4 µl of VectorShield mounting 

media (Vector laboratories, UK) and left to dry before imaging. For most 

experiments, the mounting media contained п Σс-diamidino-2-phenylindole (DAPI). 

However, when DAPI was not required, a VectorShield mounting media which did 

not contain DAPI (Vector laboratories, UK) was used. The slides were stored at 4 °C 

until imaged. 

 

2.2.1.2 Antibodies 

Some experiments used phalloidin conjugated to Rhodamine to stain for F-actin 

filament, which was added at the secondary antibody stage. Anti-S100̡  was already 

diluted to an unknown concentration when purchased so for S100̡ staining, no 

dilution in 1% BSA was needed. Any antibody co-staining with S100̡ was added to 

the S100̡  ǎƻƭǳǘƛƻƴ ŘƛǊŜŎǘƭȅΦ 
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2.2.2 Immunohistochemistry 

2.2.2.1 Slide preparation 

6 µm thick paraffin-embedded sections mounted on gelatin-coated glass slides were 

used to stain adult human brain tissue, whilst 10-20 µm thick frozen sections were 

used to stain adult female rat brain tissue (tissue from 6-12 week old BD-IX rats). 

.ƻǘƘ ǘƛǎǎǳŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ 5Ǌ {ŜǊǊŜǎΩ ƭŀōΦ  

 

2.2.2.2 Fluorescence staining 

Paraffin-embedded slides were baked at 60 °C for at least 30 min to increase 

adherence to the gelatin-coated glass slides and prevent the tissue lifting. The 

sections were then rehydrated in xylene for 10 min followed by 3x 10 min washes of 

decreasing concentrations of ethanol (100%, 90% then 75%). Then the sections were 

washed in ddH2O for 10 min followed by 5 min in PBS. Frozen tissue was left to thaw 

at room temperature for 20 min before a 5 min wash in PBS. No rehydration was 

needed.  

For antigen retrieval, slides were submerged in citrate buffer (section 0) and heated 

in the microwave for 2x 5 min at 750 W. The slides were cooled for 20 min on ice 

before they were washed in PBS for 5 min. The slides were quenched using 0.3% 

hydrogen peroxide in PBS for 20 min. The slides were washed in PBS followed by 

PBS-tween (0.05%) and another PBS wash, each time for 5 min. The tissue was 

blocked in TNB blocking buffer (section 0) for 1 h at room temperature before the 

slides were washed for 5 min in PBS. Primary antibody was made up to the 

appropriate dilution in TNB buffer before incubating with the tissue overnight at 4 °C 

(Table 2-3).  

The next day, the slides were warmed to room temperature for 30 min before 3x 5 

min washes in PBS. The slides were incubated with appropriate secondary antibody 

Table 2-2 - Antibodies and their dilutions used for immunocytochemistry. Antibodies were diluted in 1% 
BSA with the exception of anti-S100̡  which was purchased in a ready-to-use form. When co-staining 
with anti-S100̡ , other antibodies were diluted in this solution. 

Antibody Dilution Primary/Secondary Species Details 

Anti-GFAP  1:500 Primary Rabbit Dako (ZO334) 

Anti-GFAP 1:500 Primary Mouse Abcam (ab4648) 

Anti-S100̡  N/A Primary Rabbit Dako (GA504) 

Anti-rabbit Alexa 
Fluor 488 

1:500 Secondary Goat Invitrogen 
(A11008) 

Anti-rabbit Alexa 
Fluor 568 

1:500 Secondary Goat Invitrogen 
(A11011) 

Anti-mouse Alexa 
Fluor 488 

1:500 Secondary Goat Invitrogen 
(A11001) 

Anti-mouse Alexa 
Fluor 568 

1:500 Secondary Donkey Invitrogen 
(A10037) 

Rhodamine 
Phalloidin (TRITC) 

1:500 Both N/A Invitrogen 
(R415) 
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(made in TNB buffer, 1:200 dilution) for 1 h at room temperature, protected from 

light. The slides were washed twice in PBS before they were cover-slipped using 4 µl 

of Vectorshield mounting media with DAPI (Vector Laboratories, UK).  

 

Table 2-3 - Antibodies used in immunohistochemistry with the dilutions used. Antibodies were diluted 
in TNB buffer with the exception of anti-S100̡  which was purchased in a ready-to-use form. When co-
staining with anti-S100̡ , other antibodies were diluted in this solution. 

Antibody Dilution Primary/Secondary Species Details 

Anti-GFAP 1:500 Primary Rabbit Dako (ZO334) 

Anti-GFAP 1:500 Primary Mouse Abcam (ab4648) 

Anti-S100̡  N/A Primary Rabbit Dako (GA504) 

Alexa Fluor 488 Anti-
mouse 

1:200 Secondary Goat Invitrogen 
(A11001) 

Alexa Fluor 488 Anti-
rabbit 

1:200 Secondary Goat Invitrogen 
(A11008) 

Alexa Fluor 568 Anti-
rabbit 

1:200 Secondary Goat Invitrogen 
(A11011) 

 

2.2.2.3 Buffers 

Citrate buffer: 2.94 g of trisodium citrate was dissolved in 1 L of ddH2O and adjusted 

to pH 6.0. Tween20 was then added to reach a 0.05% concentration. 

TNB Blocking reagent: 0.5% TSA blocking reagent (Perkin Elmer, FP1012) was added 

to TNB buffer (0.1 M Tris-HCl, 0.15 M NaCl, pH 7.5) and heated gradually to 55 °C 

until dissolved. The solution was then cooled to room temperature before use or 

stored at -20 °C for long term storage. 

 

2.2.3 Imaging and analysis 
Immunofluorescent images were acquired using an inverted confocal microscope 

equipped with a Camera Axiocam 305 monodigital (Axio Vert A1, Zeiss microscopy). 

Detection ranges were set to eliminate crosstalk between fluorophores: 385-425 nm 

for DAPI, 469-514 nm for Alexa Fluor 488 and 555-632 nm for Alexa Fluor 568. 

 

All image analysis was completed using FIJI software (Image J). Images for each 

channel of the same section/cell were merged to produce a colour composite image, 

and a scale bar was added, if necessary, at this stage. To calculate protein expression 

(i.e for GFAP, S100̡ and EAAT2), multiple measurements of the fluorescent signal 

outside of the cell (i.e., background signal) and within the cells were taken and 

averaged for each image. Cell measurements were normalised to background signal 

and for each condition, multiple images were used. The area of the nucleus was 

measured by manually drawing around the nucleus (detected using DAPI). For IHC 

slides, a confocal laser scanning microscope (LSM880, Zeiss microscopy) was used for 

Z-stack imaging of the brain tissue. The same process as above was applied to form 

composite images. Scale bars were added using FIJI software. 
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2.3 Gene expression measurements 
2.3.1 RNA extraction 
Cells were seeded at high density (100,000-200,000 cells per well of a 6-well plate or 

500,000 cells per 10 cm diameter dish) and incubated in cell culture conditions. At 

the end of the experiment, media was removed and 1 ml of TRIzol® reagent was 

added per condition and left for 5 min before the cells were scraped with a sterile 

cell-scraper and put into an Eppendorf (for a 6-well plate, 2 wells were combined per 

condition). 200 µl of chloroform was added before centrifugation at 12,000 x g for 15 

min at 4 °C. The top aqueous phase was carefully removed and added to 500 µl of 

isopropanol before incubation at room temperature for 10 min to precipitate RNA. 

The solution was then centrifuged at 12,000 x g for 15 min at 4 °C to pellet RNA. The 

supernatant was removed and 800 µl of 70% ethanol was added before 

centrifugation at 12,000 x g for 5 min at 4 °C. All ethanol was removed, and the pellet 

left to partially dry. Once colourless, the RNA pellet was dissolved in a minimum of 

10 µl of RNAse-free water (Invitrogen, UK). To identify the concentration and purity 

of the sample, the sample was analysed using the 2000c UV/IV Spectrophotometer 

(Nanodrop; ThermoFisher scientific, UK) before storage at -80 °C or used 

immediately to synthesise complementary DNA (cDNA). 

 

2.3.2 cDNA synthesis by reverse transcription 
Each RNA sample was diluted to 2 µg in 11.375 µl of RNAse-free water, and 0.625 µl 

of random hexamers (Qiagen, UK) with 1 µl of 10 mM deoxynucleoside triphosphate 

mix (dNTP; Promega, UK) was added to each sample before heating at 65 °C for 5 

min. The samples were then cooled. To each sample, 4 µl of 5x first strand buffer, 1 

µl of 0.1 M dithiothreitol (DTT), 1 µl of RNAseOUT® recombinant RNAse inhibitor and 

1 µl of Superscript III reverse transcriptase, was added (all from ThermoFisher, UK). 

The samples were then heated to 25 °C for 5 min, 50 °C for 60 min followed by 70 °C 

for 15 min in a 96-well thermal cycler (Sensoquest, UK). The samples were diluted 

1:10 in RNAse-free water and aliquoted before being analysed on the Nanodrop 

2000c. cDNA was stored at -20 °C until needed. 

 

2.3.3 Real-time quantitative polymerase chain reaction (RT-qPCR) 
All samples were plated in duplicate with the results averaged between two wells. 

For each gene of interest, a master mix was created based upon the number of 

samples (Table 2-4). 16 µl of master mix was added to 4 µl of sample cDNA per well 

in a MicroAmp® Fast 96-well reaction plate (Applied Biosystems, UK). The plate was 

then sealed using PCR sealing foil and centrifuged at 1500 x g for 1 min to remove 

bubbles.  

Table 2-4 - qPCR master mix for one sample 

Master mix component Per sample 

Forward primer (10 µM) 1 µl 

Reverse primer (10 µM) 1 µl 

RNase-free water 4 µl 

SYBR Green qPCR master mix power up (Applied Biosystemsϰ, UK) 10 µl 
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Most RT-qPCR experiments were run on a StepOne Real time PCR system (Applied 

Biosystems, UK) using the standard SYBR green power up protocol: 

 

Stage 1: Initial increase to 95 °C (10 min) 

Stage 2: 40 cycles of (95 °C for 15 s, 60 °C for 20 s, 72 °C for 35 s) 

Stage 3: Melt curve creation 

Later experiments (section 5.8.1) were measured on the QuantStudio5 

(ThermoFisher scientific, UK) using the Fast SYBR green power up protocol:  

Stage 1: Initial increase to 95 °C (2 min) 

Stage 2: 40 cycles of (95 °C for 15 s, 60 °C for 20 s, 72 °C for 35 s) 

Stage 3: Melt curve creation 

 

2.3.3.1 Analysis  

Results were either analysed using the StepOne software v2.3 (Applied biosystems) 

or QuantStudio design and analysis software (ThermoFisher, UK). Melting point 

curves were created to confirm the absence of primer dimers and ensure the results 

collected were due to the presence of target mRNA in the sample. Data was analysed 

by the 2-(ɲɲCt) method (Livak and Schmittgen, 2001; see equation below). Ct values 

were normalised to suitable housekeeping genes and a fold change was calculated 

for each sample compared to the untreated or earliest timepoint. 

2-ɲɲCt, ǿƘŜǊŜ ɲɲCt = ɲCt (target sample) ς ɲCt (reference sample) 

 

2.3.3.2 Design of primers 

Genes of interest were chosen, and primers designed for these gene products before 

they were synthesised by Sigma-Aldrich (see Table 2-5). Where possible, primer 

sequences were used from original peer-reviewed papers. Other primer sequences 

were used from previous successful in-house RT-qPCR. If primer sequences were not 

available from either source, primers were designed using Primer-BLAST. The primers 

were designed to span exon-exon junctions to avoid amplifying genomic DNA and 

tested to check specificity. To initially test the functionality of the primers, serial 

dilutions of a single sample underwent RT-qPCR (see above). A 4-fold serial dilution 

was completed with a final dilution of 1:1024. Once plotted on a graph (Ct vs 

dilution), the R2 value was calculated, and the primer was deemed successful if R2 > 

0.9 and slope > -3.3.  
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2.3.4 RNA sequencing 

2.3.4.1 Sample preparation 

RNA was harvested as described in section 2.3.1. For improved accuracy of the purity 

and concentration of the RNA, samples were assigned RNA integrity numbers (RIN) 

using the Agilent technologies TapeStation as a stringent indicator of RNA quality 

(University of Nottingham, Deep-Seq). Samples were prepared to ensure >500 ng of 

RNA was sent to Novogene for mRNA analysis (Figure 2-1). During mRNA analysis, an 

RNA library is constructed before sequencing the samples. Then bioinformatic 

analysis can take place.  

 

2.3.4.2 Analysis 

Once sequenced, the data was mapped to the reference genome (Homo sapiens) 

before gene expression quantification was completed to obtain FPKM values 

(Fragment Per Kilobase per Million mapped fragments; completed by Novogene). To 

complete a principal component analysis (PCA) which determines the similarity 

between samples, FPKM values were log transformed with a threshold of -15 applied 

before normalisation to the median, ensuring compatibility between groups. Then 

transformed zFPKM values were calculated from the normalised data using a 

threshold of zFPKM > -3 to select expressed genes only (Hart et al., 2013). The 16830 

most expressed genes were used to run the PCA using SIMCA v.18 (Satorius stedim 

Data analysis, Sweden). zFPKM data was mean-centred before PCA analysis. Partial 

least squares discriminant analysis (PLS-DA) was also completed using the mean-

Gene of interest CƻǊǿŀǊŘ ǇǊƛƳŜǊ όрΩ-Ҕ оΩύ wŜǾŜǊǎŜ ǇǊƛƳŜǊ όрΩ-Ҕ оΩύ 

18s CGCGGTTCTATTTTGTTGGT AGTCGGCATCGTTTATGGTC 

B2M AAGTGGGATCGAGACATGTAAG GGAATTCATCCAATCCAAATGCG 

Caspase-1 TTTCCGCAAGGTTCGATTTTCA GGCATCTGCGCTCTACCATC 

CD49F CTCCTGTCCCGGCTCG CCCCACGAGCAACAGCC 

EAAT2 CAGGGAAAGCAACTCTAATC CAAGGTTCTTCCTCAACA 

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC 

GFAP GTGGTGAAGACCGTGGAGAT GTCCTGCCTCACATCACATC 

GS GGAGGATCCCCGCTGGTC CAAATGTTGCTTCCCCCTTA 

IL10  GACTTTAAGGGTTACCTGGGTTG GACTTTAAGGGTTACCTGGGTTG 

IL1̡  AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA 

NDRG2 GAGATATGCTCTTAACCACCCG GCTGCCCAATCCATCCAA 

S100̡  ATGTCTGAGCTGGAGAAGGC TTCAAAGAACTGGAGAAGGC 

SOCS3 ATCCTGGTGACATGCTCCTC  CAAATGTTGCTTCCCCCTTA  

TNFh  GACAAGCCTGTAGCCCATGT TCTCAGCTCCACGCCATT 

Vimentin TGTCCAAATCGATGTGGATGTTTC TTGTACCATTCTTCTGCCTCCTG 

-̡Actin ATTGGCAATGAGCGGTTC GGATGCCACAGGACTCCA 

Table 2-5 - Forward and reverse primer sequences used for RT-qPCR.  

Figure 2-1 - mRNA sequencing pipeline completed by Novogene (Image created by Novogene). 
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centred zFPKM values to reveal which genes were responsible for the differences 

observed between conditions. 

Differential expression analysis was completed by calculating the log2 (fold change) 

between the average of each condition (serum-cultured vs serum-free). Multiple t-

test analysis was used to calculate a p-value for each gene and corrected using a two-

stage step-up method to obtain false discovery rate values due to the high volume of 

genes identified in the samples (Benjamini et al., 2006). A false discovery rate <1% 

and a fold change >2 was used to identify differentially expressed genes. For 

pathway analysis, ClusterProfiler software was utilised for KEGG enrichment analysis.  

 

2.4 Protein expression measurements 
2.4.1 Cell lysis 
Cells were harvested once above 70% confluency unless otherwise stated. Early LC-

MS/MS experiments used urea buffer to lyse the cells (Table 2-6). Prior to cell 

harvesting, 10 µl of 0.1 M DTT, 1 µl protease inhibitor (P8340) and 1 µl phosphatase 

inhibitor cocktails (P0044) were added to 1 ml aliquots of urea lysis buffer (Table 2-

6). Cell media was removed, and the cells washed in cold PBS before they were 

harvested in 60 µl urea lysis buffer using a cell scraper. The cell lysate solution was 

broken down by passing through a 25-gauge needle for a minimum of 10 passes 

before centrifuging for 10 min at 10,000 x g at 4 °C. The supernatant was collected 

for downstream processing. 

 

Table 2-6 - Urea lysis buffer recipe. HCl = hydrochloric acid, SDS = sodium dodecyl sulphate. 

Component of urea lysis buffer Final concentration 

Glycerol 10% 

1 M Tris-HCl, pH 6.8 10 mM 

10% SDS 0.1% 

8 M urea solution 6.28 M 
 

The majority of experiments used RIPA buffer (Table 2-7) to harvest cell lysates 

instead of Urea buffer. Cell media was removed, and the cells washed with cold PBS. 

The cells were then harvested in ice-cold PBS using a cell scraper and the solution 

centrifuged at 4000 rpm at 4 °C for 10 min to pellet the cells. The supernatant was 

removed, and the pellet resuspended in RIPA buffer with 0.1% protease and 0.1% 

phosphatase inhibitors. The cells in RIPA buffer were then sonicated for 20 s and 

then centrifuged at 13,000 rpm for 15 min at 4 °C. The supernatant was collected 

and used for downstream processing. 

Table 2-7 - RIPA lysis buffer recipe. EDTA = Ethylenediamine tetra-acetic acid, SDS = sodium dodecyl 
sulphate 

RIPA buffer component Final concentration 

5 M NaCl 150 mM 

0.5 M EDTA (pH 8.0) 5 mM 

1 M Tris (pH 8.0) 50 mM 

NP40 1% 

10% Sodium deoxycholate 0.5% 

10% SDS 0.1% 
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2.4.2 Protein quantification  
Protein quantification was completed using either a Bradford assay in earlier 

experiments (with Urea buffer) or a bicinchoninic acid (BCA) assay in later 

experiments (with RIPA buffer).  

 

2.4.2.1 Bradford assay 

Protein standards were made using BSA with 10% Urea buffer (Table 2-6) diluted in 

ddH2O (1:2 serial dilution, 4000 - 15 µg/ml). 10% Urea buffer was used as a blank 

measurement. Samples were also diluted 10-fold in ddH2O. 10 µl of each 

standard/sample were plated in triplicate in a clear 96 well plate and 250 µl Bradford 

reagent was added. The plate was incubated at room temperature for 10 min before 

protein absorbance was measured using a MultiSkan FC microplate 

spectrophotometer (ThermoFisher, UK) at 595 nm absorbance.  

 

2.4.2.2 BCA assay 

Protein standards were made up using BSA in 10% RIPA buffer (Table 2-7) diluted in 

ddH2O (1:2 serial dilution, 2000 - 15 µg/ml) with 10% RIPA buffer used as a blank 

measurement. Samples were also diluted 10-fold in ddH2O and 25 µl of 

sample/standard plated in triplicate in a clear 96-well plate. The Pierce® BCA protein 

assay (ThermoFisher, UK) mixture was created by adding 200 µl buffer A to 4 µl 

buffer B per well (e.g., for five wells, 1000 µl buffer A was mixed with 20 µl buffer B), 

before 200 µl of the BCA mixture was added to each well. The plate was incubated at 

37 °C for 30 min before protein absorbance was read on the SPECTROstar Nano 

microplate spectrophotometer (BMG Labtech, UK) at 562 nm. 

 

2.4.2.3 Analysis 

The average absorbance of each standard was plotted on a graph to create a 

standard curve (Figure 2-2). Protein concentration in unknown samples (µg/ml) were 

calculated using a simple linear regression equation. The final concentration was 

multiplied by the dilution factor (1:10). The corresponding amount of protein was 

then calculated to load 20 µg of protein for immunoblotting and 5 µg for mass 

spectrometry, respectively. 
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Figure 2-2 - Example standard curve created 
using BCA standards to calculate unknown 
protein concentrations of samples. Known 
protein standards were plotted alongside 
absorbance. Unknown sample concentrations 
were calculated using the simple linear 
regression equation calculated from the 
standards. The R-squared value demonstrates 
how well the equation fits to the known 
standards.   
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2.4.3 Immunoblotting  

2.4.3.1 Cytokine array 

Cytokines were measured using the Proteome profiler Human XL cytokine array kit 

(ARY022BΤ wƴ5 ǎȅǎǘŜƳǎΣ ¦Yύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ 

nitrocellulose membranes containing 105 different capture antibodies were blocked 

in array buffer 6 for 1 h at room temperature. 1.5 ml of astrocyte conditioned media 

(both serum-free and serum-cultured) were incubated with the membranes 

overnight at 4 °C. The membranes were then washed 3x in 1x wash buffer for 10 min 

each. Detection antibody cocktail was incubated with the membranes for 1 h at 

room temperature. The membranes were then washed again 3x in 1x wash buffer for 

10 min each. Streptavidin-HRP was then incubated with the membrane for 30 min at 

room temperature. The membrane was washed 3x in 1x wash buffer for 10 min each. 

Enhanced chemiluminescence (ECL) reagents (Perkin Elmer, UK) were added to the 

membrane for 1 min before being exposed to Amersham Hyperfilm® ECL (Scientific 

laboratory supplies, UK). Different exposure times were completed to avoid 

overexposure (ranging from 30 s ς 10 min).  

The mean intensity of each dot was measured using FIJI software and an average 

calculated for each cytokine. The dots were then traced back to the original map of 

cytokines to identify the cytokine of interest. Due to most cytokines only being 

present in one of the samples, statistics were not completed.  

2.4.3.2 SDS-PAGE 

After the protein concentrations were calculated (section 2.4.2), the appropriate 

amount of gel application buffer (GAB; 0.15 M Tris, 8 M Urea, 2.5% SDS (w/v), 20% 

Glycerol (v/v), 10% 2-mercaptoethanol (v/v), 3% DTT (w/v) and 0.1% Bromophenol 

blue (w/v)) was added to 20 µg of cell lysate to achieve a 1:2 ratio for sample to GAB. 

For purified EV samples, protein concentration was not detectable with protein 

assays, so samples were concentrated using ultrafiltration (see section 2.5.4.1) and 

45 µl of concentrate was mixed with 15 µl GAB. Samples were then heated to 95 °C 

for 5 min to lyse the EVs and denature proteins.  

5-20% gradient acrylamide SDS-PAGE gels were used for all SDS-PAGE gels (see Table 

2-8). Equal amounts of the 5% and 20% solution were combined in a gradient mixer 

and poured into a glass cassette (1 mm thickness). The gel was left to set before 

stacking solution was poured on top and a 14-well comb added to create wells for 

the samples. Alongside the protein samples, 3 µl of BLUeye prestained protein ladder 

(MERCK, Sigma Aldrich, UK) was also added as a protein molecular weight marker. 

The gels were run in 1x Electrode buffer (25 mM Tris, 187 mM Glycine, 0.1% SDS 

(w/v)) at 45 mA per gel and 500 V until the samples had migrated to the bottom of 

the gel.  
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Table 2-8 - Gradient gel composition for SDS-PAGE. Gradient gels were made using a 5% and a 20% 
acrylamide solution to ensure better separation of proteins. Stacking solution was added to the top of 
the gels to create the wells needed to load each sample and ensure proteins entered the resolving gel at 
the same time. APS = Ammonium persulfate, TEMED = Tetramethylethylenediamine, Buffer A (1.1 M 
Tris, 0.1% (w/v) SDS, 30% (w/v) glycerol, pH 8.8), Buffer B (1.1 M Tris, 0.1% (w/v) SDS, pH 8.8), Stacking 
buffer (0.14 M Tris, 0.1% (w/v) SDS, pH 6.8). 

Components 5% 20% Stacking solution 

Buffer A - 3.33 ml - 

Buffer B 3.33 ml - - 

Stacking buffer - - 5 ml 

ddH2O 5 ml - - 

30% Acrylamide-bisacrylamide 1.67 ml 6.67 ml 1 ml 

10% SDS 100 µl 100 µl - 

10% APS 100 µl 100 µl 100 µl 

TEMED 10 µl 10 µl 10 µl 

 

2.4.3.3 Western blotting 

Once SDS-PAGE was complete, the gel was sandwiched between filter paper and a 

nitrocellulose membrane (AmershamTM Protran® western blotting membrane, 0.45 

µm pore). Then the gel was placed into a transfer tank containing 1x Transfer buffer 

(25 mM Tris, 192 mM glycine and 20% (v/v) methanol) and transferred overnight at 

40 mA and 500 V. The next day, the membrane was washed 3x in Tris-buffered saline 

(TBS; 20 mM Tris, 150 mM NaCl, pH 7.5) with 0.05% Tween (TBS-T) before blocking in 

5% milk-TBS-T (5% Marvel milk powder in TBS-T) for 1 h at room temperature. The 

membrane was then incubated with primary antibody diluted in 5% milk-TBS-T 

overnight at 4°C (Table 2-9). The membrane was washed a further 3x in TBS-T before 

incubation with secondary antibody diluted in 5% milk-TBS-T for 1 hr. 
 

Table 2-9 - Antibodies used in immunoblotting. All antibodies were made up in 5% milk-TBS-T. Primary 
antibodies are represented by a 1, and secondary antibodies by a 2. 

 

2.4.3.4 Enhanced chemiluminescence (ECL) 

The nitrocellulose membrane described above (section 2.4.3.3) was washed 3x in 

TBS-T before incubation in ECL solution for 30 s and then was protected from light. 

Amersham Hyperfilm® ECL film was placed on the membrane and exposed for an 

Antibody Dilution MW 1° or 2° Species Details 

Anti-FLOT-1 1:1000 49kDa 1 Mouse BDSciences (AB_398139) 

Anti-ALIX 1:1000 80, 
100kDa 

1 Rabbit Abcam (ab186429) 

Anti-GFAP 1:10000 50kDa 1 Mouse Abcam (ab4648) 

Anti-Calnexin 1:1000 90kDa 1 Goat SICGEN (AB3747-200) 

Anti-EAAT2 1:500 62kDa 1 Mouse Santa Cruz 
biotechnologies (365634) 

Anti-mouse 
HRP 

1:3000 - 2 Rabbit Dako (PO260) 

Anti-rabbit 
HRP 

1:3000 - 2 Swine Dako (PO399) 

Anti-Goat HRP 1:5000 - 2 Rabbit Sigma (A5420) 
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appropriate time to capture protein signal from the ECL. In most experiments, a 

range of exposure times were completed to ensure the best image. The film was 

then placed into Ilford PQ universal (Ilford photos, UK) until the signal was observed 

before washing with water and fixing in Ilford Hypam fixer (Ilford photos, UK).  

 

2.4.4 Mass spectrometry 

2.4.4.1 LC-MS/MS 

Protein samples were run into an SDS-PAGE gel so they could migrate through the 

stacking gel and reach approximately 1 cm into the resolving gel (section 2.4.3.2). 

The gel was then stopped and stained with Coomassie dye (50% methanol (v/v), 20% 

glacial acetic acid (v/v), 1.12% Coomassie Brilliant Blue (w/v)) for 1.5 h to visualise 

the proteins before incubation with destain solution (10% methanol (v/v), 10% 

glacial acetic acid (v/v)) overnight to remove excess staining. Once the gel was de-

stained, a scalpel blade was used to cut around the protein band. These gel samples 

were then sent to the Cambridge Proteomics Centre for a 1 h LC-MS/MS mass 

spectrometry run. For cell lysate samples, 20 µg of protein were sent for analysis. EV 

fraction 2 was sent for analysis as this fraction showed the highest protein content 

through western blotting. Due to the low amount of protein present in EV samples, 

the protein concentration was not possible to identify through standard 

BCA/Bradford assays. 

 

2.4.4.2 Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH) 

5 µg of cell lysate samples were stored in RIPA lysis buffer after BCA protein 

quantification (section 2.4.2.2). For purified EV samples, the content of all EV-

enriched fractions were pooled and concentrated (section 2.5.4.1). Samples were 

delivered to Dr. Clare Coveney at Nottingham Trent University for LC-MS/MS 

followed by SWATH analysis.  

To digest the proteins for mass spectrometry, samples underwent S-trapϰ Micro spin 

column digestion. Due to the EV samples having a starting volume higher than the 

required volume (25 µl) for S-trapϰ digestion, EV samples were dried at 60 °C in a 

vacuum concentrator (Eppendorfϰ concentrator plus). All samples were then made 

up to a final volume of 25 µl in 5% SDS lysis buffer (SDS/100 mM triethylammonium 

bicarbonate (TEAB) pH 7.55). Samples were then reduced using 1 µl of DTT and 

incubated for 20 min at 56 °C in a shaking thermomixer. Samples were then cooled 

before 2 µl of 0.5 M iodoacetamide was added to alkylate cysteines. The samples 

were then incubated for 15 min at room temperature, protected from light. 12% 

phosphoric acid was added at a 1:10 ratio for a final concentration of 1.2% 

phosphoric acid to alter the pH for protein trapping.  

185 µl of S-Trap buffer (90% aqueous methanol and 100 mM TEAB, adjusted to pH 

7.1) was added to the acidified samples and mixed before the solution was 

transferred to a 1.7 ml tube containing an S-Trap micro column. The column was 

then centrifuged at 4000 x g until all solution had passed through the column. 

Protein was trapped within the protein-trapping matrix of the S-Trap spin column. 

Captured protein was washed by adding 150 µl S-Trap buffer and the centrifuge 

repeated. Three washes were completed on the samples before the column was 

transferred to a clean 1.7 ml Eppendorfϰ protein lo-bind sample tube for digestion.  
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Digestion buffer was prepared by adding 50 mM TEAB at pH 7.5-8.0 to 20 µg of 

trypsin/EDTA. 25 µl of digestion buffer containing protease (trypsin/EDTA) at a 1:10 

ratio was added to the top of the micro column to digest the trapped protein for 1.5 

h at 47 °C. The resulting peptides were eluted by centrifugation at 4000 x g with 40 µl 

of 50 mM TEAB and then 0.2% aqueous formic acid. Hydrophobic peptides were 

recovered by centrifuging with 35 µl of 50% acetonitrile containing 0.2% formic acid. 

The peptide elutions were pooled before drying at 60 °C in a vacuum concentrator. 

The dried samples were then resuspended in 5% acetonitrile acid with 0.2% formic 

acid. For EV and 5 µg cell lysates, samples were resuspended in 30 µl of solution 

before 2 µl was injected into the SCIEX TripleTOF® 6600 mass spectrometer for 

SWATH analysis. 

 

2.4.4.3 Proteomic analysis 

For LC-MS/MS analysis, samples were compared using the presence/absence of 

proteins in the samples. Proteins required a minimum of 2 peptides with a peptide 

threshold of over 95% to be identified with a protein threshold of over 99%. Proteins 

were identified using the Uniprot database and the proteins analysed using Scaffold 

4 (proteome software) and Microsoft Excel. As a more stringent analysis, proteins 

had to be present in at least two of the three samples to be confirmed as present 

during the specific mass spectrometry run, with protein showing Bos Taurus origin 

omitted due to contamination from FBS. This was to reduce type 1 errors.  

For SWATH datasets, data was normalised by overlaying overall traces as well as the 

initial normalisation of using 5µg. The relative abundance of protein across samples 

was calculated, providing a quantitative approach to measure protein expression. To 

process the data, peptide hits which were attributed to more than one protein (E.g. 

ΨtaaмΤtaaнΩ may share identical peptides) were removed because it was unclear 

which protein the values are attributed to.  

To generate a PCA to determine the similarity between samples, protein values were 

log transformed with a threshold of -15 applied before normalisation to the median, 

ensuring compatibility between groups. The PCA was completed using SIMCA v.18 

(Satorius stedim Data analysis, Sweden). Protein values were mean-centred before 

PCAs were completed. PLS-DA was not required for any proteomic analysis due to a 

lack of separation seen in the PCAs. 

The biological repeats for two conditions after initial processing (e.g., Serum ADEVs 

vs serum-free ADEVs) were entered into an excel file and uploaded to StatsPro 

software (https://www.omicsolution.com/wukong/StatsPro/). Different values were 

trialled for the missing values as well as the coefficient of variance to best identify 

significant values (see sections 4.4.4 and 5.5.3). A linear model for microarray data 

(Limma) test was completed to calculate the p-values for any differentially expressed 

proteins between samples (Ritchie et al., 2015). A Benjamini-Hochberg procedure 

was applied to calculate the adjusted p-values due to the number of proteins 

analysed, in order to reduce type 1 errors. The P-value was set at 0.05 with a log2FC 

of > ±0.3 for significant differentially expressed proteins (all completed in StatsPro 

software).  

https://www.omicsolution.com/wukong/StatsPro/
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STRING analysis was completed on specific protein groups during both qualitative 

and quantitative analysis to identify a list of enriched KEGG pathways as well as any 

GO pathways and localisation. 

 

2.5 Extracellular vesicle isolation 
2.5.1 Isolation from tissue 
Frozen human frontal lobe samples were obtained from both approved Bristol Brain 

bank (AD tissue; SWDBB 0029) and Oxford Brain bank (ALS tissue; OBB634). Control 

tissue was age and sex-matched to each disease tissue cohort (see Supplementary 

table 3-6 for sample details).  

Brain tissue was finely sliced using a sterile scalpel blade and added to 75 U/ml 

collagenase-3 (Worthington biochemical corporation, supplied through Lorne 

laboratories, UK) in HibernateTM-E buffer (Gibco, UK) at a ratio of 800 µl per 100 mg 

tissue (Figure 2-3A). The solution was incubated at 37 °C for 15 min (mouse tissue) or 

20 min (human tissue). Samples were then immediately incubated on ice, and 

PhosStopTM and cOmpleteTM protease inhibitor (Roche, UK) was added for a 1x 

concentration. The samples were then centrifuged at 300 x g for 10 min at 4 °C to 

pellet the tissue. The supernatant was collected and further centrifuged at 2000 x g 

for 15 min at 4 °C. The supernatant was slowly filtered through a 0.22 µm filter and 

centrifuged for a final time at 10,000 x g for 30 min at 4 °C. The supernatant was 

concentrated using 3k MWCO concentrators (ThermoFisher Scientific, UK) to 500 µl 

for size exclusion chromatography (SEC; see section 2.5.4). 
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2.5.2 Media collection for EV isolation 

2.5.2.1 Serum-cultured cells 

Cells were initially cultured in FBS-containing media for 24 h and then washed in PBS. 

Cells were then cultured in FBS-free astrocyte media for a further 72 h (SC1800 

astrocytes) or FBS-free DMEM media for 24 h (N2A cells). At this time point, the 

conditioned media was collected and centrifuged at 300 x g for 5 min to remove cell 

debris. The media was stored at 4 °C if used within 5 days or frozen at -80 °C for 

future use. For SC1800 cells, four T75 flasks were required to collect enough media 

for a successful EV isolation (Figure 2-3B). For N2A cells, only one T75 flask was 

required.  

 

2.5.2.2 Serum-free cells 

For serum-free cultures, conditioned media was collected when the media was 

refreshed as part of cell maintenance (every 3 - 4 days) and centrifuged at 300 x g for 

5 min to remove cell debris. The media was then stored at -80 °C until enough media 

was collected for isolation (>40 ml). Generally, each 6-well plate of serum-free cells 

were cultured for two weeks so 4x media collections could take place to ensure 

collection of over 40 ml (Figure 2-3B).  

 

2.5.3 Ultrafiltration  
To concentrate the >40 ml conditioned media for use in SEC (section 2.5.4), the 

media was centrifuged in a 10 kDa MWCO protein concentrator (ThermoFisher 

Scientific) at 3600 x g until 500 µl of concentrated media remained (Figure 2-3). 

Media flow-through was also collected for immunoblotting of ADEVs.  

Figure 2-3 - Graphical representation of extracellular vesicle isolation from (A) tissue and (B) cell 
culture. Extracellular vesicles were isolated using ultrafiltration followed by size exclusion 
chromatography (SEC) using qEV original columns (Izon, France). Image was created by the user 
through BioRender.com. 
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2.5.4 Size exclusion chromatography 
SEC was completed using qEVoriginal 70 nm columns (IZON, France) in the 

automated fraction collector (IZON, France; Figure 2-3). The column was initially 

washed with 17 ml of PBS (>2 column volumes) before addition of the 500 µl 

concentrated media. Fractions were then ŎƻƭƭŜŎǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

guidance (Table 2-10). The column was then washed with 0.5 M sodium hydroxide 

(NaOH) and PBS between samples. Each column was used for a maximum of five 

samples. Fractions were stored at 4 °C for up to a week or were frozen at -80 °C for 

future use.  

Table 2-10 ς Description of fractions collected using qEVoriginal 70 nm columns. *Later gen 2 columns 
recommended 2.9 ml void across 3 fractions and to collect 400 µl per fraction due to the improved resin. 

Fraction number Quantity per fraction Total volume Classification 

1-3 1 ml* 3 ml* Void (PBS) 

4-6 500 µl* 1.5 ml* EV-enriched 

7-9 1 ml 3 ml* Protein 

 

2.5.4.1 Further ultrafiltration  

The concentration of EVs after SEC was often too low for downstream processes 

such as immunoblotting or mass spectrometry, so EV fractions were concentrated 

10-fold using Vivaspin500, 3 kDa MWCO concentrators (Merck, UK).  

 

2.6 Extracellular vesicle characterisation 
2.6.1 Transmission electron microscopy (TEM) 

2.6.1.1 Fixation and creation of grids 

EV-enriched fractions were fixed in 3% glutaraldehyde in 0.1 M Cacodylate buffer for 

30 min in a 1:1 ratio. The fixed EV solution was then added onto copper carbon-

coated, 200-mesh electron microscopy grids (EM resolutions, UK) for 30 min to allow 

the EVs to settle. Samples were washed twice in MilliQ water before staining with 2% 

Uranyl acetate for a further 30 min. The grids were then left to dry before imaging 

using Tecnai biotwin T12 electron microscope.  

 

2.6.2 Zetaview® (Nanoparticle tracking analysis) 
Before each use, the Zetaview® (Analytik, UK) was calibrated using polystyrene beads 

of known size and concentration. Samples were then diluted appropriately based on 

predicted EV concentration (for SC1800 samples, 1:50 - 1:100, for N2A, 1:500 - 

1:1000 and for tissue, 1:1000 - 1:2000). The samples were injected into the 

Zetaview® where the software was programmed to image 11 positions using the 488 

nm laser set to scatter. Two cycles were completed for each measurement to 

improve accuracy of measurements, and two technical replicates were completed 

per sample. 
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2.6.2.1 Analysis 

The size of the particles was analysed during measurements as well as the 

concentration of particles in the sample. To combine the size distribution of each 

repeat, raw values for each technical repeat were averaged within each sample. To 

calculate the size distribution for the whole sample, values were added together 

from each of the three EV-enriched fractions to produce a cumulative size 

distribution. 

 

2.6.3 Direct stochastic optical reconstruction microscopy (dSTORM) 

2.6.3.1 Sample processing 

Vybrantϰ DiD cell-labelling solution (ThermoFisher scientific, UK) was required for d-

STORM imaging to stain phospholipids in the EV membrane, with wash steps 

required to remove any unbound dye. For this reason, 1 mM dye was added to the 

500 µl concentrate obtained after ultrafiltration (section 2.5.3) during EV isolation to 

create a final 5 µM solution. The concentrate was incubated for 15 min at 37 °C to 

allow the dye to bind to the EV membrane. The concentrate was then used for SEC as 

normal (section 2.5.4). Once the EVs were isolated, 15 µl were added inside a Secure-

Sealϰ 13 mm spacer (0.12 mm depth; ThermoFisher Scientific, UK) attached to a 

glass microscope slide. A coverslip was then placed on top to seal the chamber and 

the sample imaged immediately.  

 

2.6.3.2 Measurements 

Imaging was completed on the Zeiss ElyraPS1 super resolution microscope using an 

-hPlan Apo 100×/1.46 oil immersion objective in TIRF (Total internal reflection 

microscopy) mode. Zeissϰ Immersolϰ 518F immersion oil (Zeiss Microscopy) was 

used to allow imaging at high magnification. LP655 filter and TIRF were used to 

visualise the EVs with automatic focusing maintaining the desired focus throughout 

the experiment. Both the 405 nm and 642 nm lasers were used to illuminate the 

Vybrantϰ DiD dye bound to the EVs. 405 nm power remained at 1% throughout the 

experiment. A widefield image was taken using 16 averaging at 0.5% 642 laser power 

in TIRF mode to produce an overview of the field before STORM imaging began. For 

the dSTORM experiment, laser power was then increased to 25%, recording 5000 

frames with 25 ms exposure and 200 gain.  

Initial image processing was completed using the photoactivated localisation 

microscopy (PALM) module of the Zeiss Zen Black software, as described previously 

(Nizamudeen et al., 2018). Briefly, the images were set to account for overlap of 

particles followed by application of model-based drift correction to account for 

particle movement during the experiment. Outliers were set as <5 hits within 300 nm 

radius and then removed to exclude background artifacts (particles should have 

more than 5 hits within a very small radius). The experiment was then converted to 

an image to allow analysis in FIJI software (5000 frames converted into one image).  
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2.6.3.3 Analysis 

A previously developed ImageJ macro was adjusted to analyse the vesicles in the 

dSTORM files after processing in Zen black software (Supplementary figure 1; 

Nizamudeen et al., 2018). Within the macro, a gaussian blur filter was set to 3 in 

order to smooth the edges of the vesicle, the scale was set to 5 nm per pixel, and the 

threshold set to Li white (default method) to distinguish vesicles from the 

background. The macro then analysed the particles to generate the size (width and 

height) and general shape of the vesicles (e.g. area, circularity, perimeter). The 

results were then exported to a text file which could be processed further in 

Microsoft Excel.  

From the results produced by the ImageJ macro, median size and the size 

distribution can be generated from each image. Particles with a circularity of less 

than 0.5 are unlikely to be EVs so were removed from the analysis. The 

concentration of the particles was calculated by dividing the area of the spacer by 

the area of the image to produce the multiplication factor for the spacer. This 

multiplication factor was then multiplied by the number of particles found in the 

images to calculate the number of EVs in the 15 µl. This value was then used to 

estimate the number of particles per ml. Fraction EV2 was used in dSTORM analysis 

as this fraction was expected to have the highest EV concentration.   

 

2.7 Functional studies 
2.7.1 Metabolic assays 

2.7.1.1 ATP assay 

The luminescent ATP detection kit (ab113849; Abcam, UK) was used to measure ATP 

concentrations in cell lysates and extracellular vesicles. The assay was completed 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ŜȄŎŜǇǘƛƻƴ ǘƘŀǘ млл µl EV or cell 

lysate samples were added to wells during the assay instead of cultured cells. ATP 

standards were made in PBS to produce a standard concentration gradient between 

0.01 nM and 10 µM. PBS was used as a blank. 50 µl of detergent was added to 100 µl 

of sample in each well and the plate shaken on an orbital shaker at 700 rpm for 5 min 

to lyse the samples. 50 µl of substrate solution was then added and the plate shaken 

for a further 5 min. The plate was then protected from light for 10 min before 

reading on a GloMax® Navigator microplate luminometer (Promega, UK). 

Analysis was completed using the same methodology as section 2.4.2.3 with a 

standard curve generated from the ATP standards (see Figure 2-2 for an example). 

This was then used to calculate the concentration of ATP based upon the 

luminescence values. All values were normalised to a PBS blank control. For ADEVs, 

all EV fractions were combined and concentrated to 400 µl (amount required for 

assay). For N2A EVs, EV fractions were combined but not diluted due to the higher 

concentration of EVs within the samples. Cell lysate samples were used at a 

concentration of 50 µg/ml. 
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2.7.1.2 Measuring glycolytic energy production 

Glycolytic substrates were reconstituted using ddH2O to create stock solutions of 50 

mM glucose, 50 mM 2-Deoxy-D-glucose (2-DG), 10 mM ATP, 10 mM ADP and 20 mM 

NAD+. Substrates were then diluted appropriately to achieve a final concentration of 

500 µM glucose or 2-DG, 10 µM ATP and ADP and 2 mM NAD+. NAD+ was added to all 

samples, and PBS used for inorganic phosphate presence in samples. Substrates were 

added to EV samples on ice to prevent enzymatic reaction whilst preparing the 

samples. The samples were then plated and measured using the luminescent ATP 

detection kit (Abcam; section 2.7.1.1).  

 

2.8 EVs for treatment 
After Zetaview® analysis (section 2.6.2), ADEV fractions isolated from serum-cultured 

astrocytes were combined before treating serum-free astrocytes for 72 h (for 

concentrations used, see Table 5-11). Brightfield imaging was completed throughout 

at 90 min and 3, 6, 24, 48 and 72 h. The treated astrocytes were harvested for RNA 

extraction after 72 h and gene expression quantified using RT-qPCR (section 2.3).  

 

2.9 Statistical analysis 
All statistical analysis was completed using GraphPad prism 10 software unless 

otherwise stated. A normality test was used to determine whether data was drawn 

from a normally distributed population. Data were then analysed using student t-

tests when two variables were compared, or ANOVAs when three or more variables 

were compared. When analysing large datasets such as the RNA sequencing or 

proteomic data, adjusted p-values were calculated using an appropriate test 

(described in analysis) to reduce type 1 errors. ROUT outlier analysis was used to 

identify potential outliers. Statistical significance was set as P <0.05 (identified as * 

on graphs). Asterisks show the level of significance identified by the statistical tests 

with P<0.01 (**), P<0.001 (***) and P<0.0001 (****). Power calculations were 

determined using GPower 3.1 software. Mean values and standard deviations from a 

minimum of 3 repeats were used to calculate the number of repeats needed for 

statistical significance. 
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Chapter 3: Developing an accessible 

serum-free culture of human 

primary astrocytes 

 

3.1 Introduction 
3.1.1 Importance of in vitro models of human astrocytes 
The importance of physiologically relevant mammalian cell culture approaches, 

including for cells of the nervous systems such as astrocytes, cannot be overstated, 

with such cellular models underpinning basic research into disease mechanisms as 

well as drug discovery programmes. Cell models permit pharmacological and genetic 

manipulation of candidate biochemical pathways more easily than in vivo animal 

models and allow drug screening and disease biomarker identification. 

Notably, up to 50% of potential new drug therapies fail due to a lack of efficacy when 

moving into Phase 1 clinical trials, despite positive results in preclinical testing using 

animal models (Sun et al., 2022). Improving in vitro cellular models at the start of 

translational pipelines is one potential route to better clinical outcomes. 

 

3.1.2 Limitations of commonly used astrocyte culture models 
Currently in vitro astrocyte culture models often rely on primary cells extracted from 

rodents, in part due to the accessibility of genetically modified animals used to 

model human disease. However, rodent astrocytes are less complex than human 

astrocytes (see section 1.1.3.1) and therefore these cells are likely missing relevant 

human/primate features (Oberheim et al., 2006, 2009). Although postmortem 

human tissue may be available as a source of primary astrocytes in some instances, 

accessibility is limited and certainly for adult tissue, lack of proliferative ability makes 

cell expansion a challenge.  

Cancer and transformed cells have been used in vitro as a model of astrocytes (e.g. 

C6 and SVGA cells to mimic rat and human astrocytes, respectively) but these cells 

often lack key characteristics of astrocytes (e.g. GFAP expression) and do not behave 

like healthy astrocytes (e.g. showing reduced cellular communication and glutamate 

uptake; Galland et al., 2019). IPSC reprogramming has allowed the differentiation of 

human skin cells into cells of the CNS including astrocytes, leading to more relevant 

human models, but this approach is expensive and time-consuming (section 1.1.3.2). 

There can also be significant variations between different iPSC-derived cell lines, 

resulting in studies requiring multiple lines and appropriate controls to ensure 

reproducible phenotypes are observed.  

As an alternative, primary human astrocytes from foetal tissue can be obtained, 

which are more physiologically relevant than age-matched rodent cells, and do not 

require the time or expense of human iPSC cultures. Such cells are commercially 

available, and although they represent foetal astrocytes and therefore aging-related 
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changes cannot be easily modelled, present as an accessible alternative to primary 

rodent astrocytes or human iPSC-derived astrocytes that allow fundamental 

processes to be interrogated. Further, as they can be induced from quiescent to 

reactive phenotypes in vitro using a variety of stimuli, they can be used to study 

pathological processes regardless of genetic influence. Human primary astrocytes are 

the main in vitro cellular culture system used in this thesis to investigate healthy 

human astrocytes, astrocyte reactivity, and ultimately astrocyte-derived extracellular 

vesicles (ADEVs).  

 

3.1.3 The impact of serum on astrocyte culture 
Mammalian cells are routinely cultured in the presence of serum (e.g. FBS) to 

stimulate proliferation and support growth. In the case of human iPSC-derived 

astrocytes, serum is commonly added to culture medium to promote differentiation 

of the iPSCs (TCW et al., 2017; Soubannier et al., 2020; Leng et al., 2022; Stoklund 

Dittlau et al., 2023). However, the use of serum for long-term culture of astrocytes 

presents caveats, given that it can have pronounced impact on cellular phenotype 

and pathology. Astrocytes help to form the blood-brain barrier (BBB) which prevents 

serum proteins from entering the brain. Astrocytes filter important molecules from 

the blood, such as glucose, and help maintain the appropriate environment for brain 

function. When the BBB is damaged due to disease or injury, serum proteins may 

enter the brain environment and disrupt normal functions, promoting a reactive 

astrocyte phenotype (Michinaga and Koyama, 2019; Heithoff et al., 2021; Kim et al., 

2022). In fact, histological markers of serum proteins, iron, and erythrocyte 

extravasation, have been used to detect increased permeability of the BBB in the 

postmortem tissue of !ƭȊƘŜƛƳŜǊΩǎ όAD) and PŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ όt5ύ patients (Gray 

and Woulfe, 2015). Therefore, the inclusion of serum as a component of in vitro 

astrocyte culture medium may be effectively mimicking a diseased or injured brain 

environment, rather than quiescent astrocyte biology.  

In response to serum exposure in vivo, quiescent astrocytes will react by assuming a 

reactive phenotype (see section 1.1.2) to minimise damage to the rest of the brain. It 

is reasonable to assume that the use of serum in astrocyte culture in vitro will 

recapitulate astrocyte reactivity in the brain, seen in response to trauma or disease 

when the BBB is leaking. Previous studies using cultured primary rodent astrocytes 

have begun to investigate the effects of FBS, with serum-free cultures displaying 

more efficient energy metabolism, lower GFAP expression and comparable cellular 

morphology to in vivo astrocytes when compared to astrocytes grown in 10% FBS, 

which appeared to display a more reactive phenotype (Prah et al., 2019). However 

more work needs to be done to thoroughly investigate the effect of FBS in astrocytes 

and in particular, knowledge gaps remain related to its impact on human primary 

astrocyte culture. 

FBS is the most common form of growth supplement used in mammalian cell culture, 

which is obtained from the blood of foetal bovines, containing a wide variety of 

growth factors, hormones, amino acids and vitamin. Due to the nature of FBS 

collection, there may be geographical and seasonal variations between batches, and 

it can be contaminated with endotoxins such as lipopolysaccharide (LPS) which will 

alter the growth of cultured cells (Kirikae et al., 1997; Gstraunthaler et al., 2013). 
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With such a range of components, it can be difficult to replace FBS for more 

controlled, synthetic supplements that will equally support the growth of cells. 

However, with more defined supplements, cultures should be less variable and more 

reproducible leading to better overall scientific practice. 

Of particular interest for EV research, a focus of this thesis, FBS contains endogenous 

EVs which can contaminate cellular-derived EV preparations when used as a culture 

medium supplement. Where FBS is essential to culture particular cell types, groups 

have attempted to deplete EVs from FBS through ultracentrifugation (Kornilov et al., 

2018). However, studies have shown that EV contaminants can persist even after 

depletion (Aswad et al., 2016; Lehrich et al., 2018). Lehrich et al (2018) reported 

reduced proliferation and viability in rodent primary astrocytes cultured with EV-

depleted FBS, further emphasising the need for serum-free cultures rather than 

using EV-depleted serum when investigating ADEVs. 

 

3.1.4 Established serum-free models for astrocyte culture 
Despite many studies continuing to report astrocyte culture including FBS, more 

recent work has begun to move towards serum-free cultures, particularly for primary 

astrocytes. The application of FGF has had some success in maintaining quiescent 

astrocytes in serum-free culture, with FGF thought to cause astrocyte maturation 

and increased glutamate clearance (Roybon et al., 2013; Prah et al., 2019; Savchenko 

et al., 2019). FGF has also been shown to increase the expression and release of 

trophic factors enhancing survival for both neurones and astrocytes. Other groups 

have used similar medium compositions with minor differences to culture serum-

free astrocytes, such as the combination of DMEM and Neurobasal medium 

alongside supplements such as EGF (epidermal growth factor; Foo et al., 2011; Jia et 

al., 2018; Prah et al., 2019; Barbar et al., 2020). Serum-free supplements such as N2 

and B27 are commercially available which are intended to replace FBS with key 

growth factors required for cell growth. G5 supplement has been described as an 

astrocyte growth supplement with EGF and FGF forming key components of the 

supplement. We reason that by creating a standardised simple, inexpensive, serum-

free medium that consistently maintains quiescent human astrocytes, there can be a 

marked improvement in the quality of astrocyte research.   

 

3.1.5 Aims of this chapter 
This chapter aims to optimise methods for the serum-free culture of commercially 

available human primary astrocytes and compare their molecular and cellular 

phenotypes with FBS-cultured equivalents, allowing mechanisms of astrocyte 

activation to be interrogated in vitro. Morphological analysis of both serum-free and 

serum-cultured human astrocytes will be complemented with gene and protein 

expression analyses, alongside ICC, immunoblotting and RT-qPCR methods. Further 

morphological comparisons will be made with rodent primary astrocytes cultured in 

the same serum-free conditions. Establishing a standardised serum-free culture 

method of human primary astrocytes is essential for subsequent studies of astrocyte 

EV biology (Chapter 5). 
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3.2 Developing serum-free conditions for human 

primary astrocyte culture 
3.2.1 Testing serum-free media compositions 
To ultimately investigate the effect of serum (FBS) on human astrocytes and their 

EVs, quiescent astrocyte cultures were required as a baseline condition. Based on 

manual literature searches of publications describing serum-free astrocyte cultures, 

five commonly used culture medium compositions were trialled on human primary 

astrocytes to establish which components were essential to maintain a quiescent 

phenotype (SC1800 cells; see Table 2-1-1 for medium compositions, repeated below 

with the five serum-free medium highlighted in red). Initially, all astrocytes were 

cultured on poly-L-lysine (PLL) coated plates as suggested by ScienCell, the 

commercial supplier of the human foetal astrocytes. Morphological analysis of 

astrocytes was performed using brightfield microscopy (10x magnification) after 1 

and 4 weeks in culture after thawing (Figure 3-1, columns 1 and 2). Visual inspection 

was used to identify differences in morphology during these initial analyses, however 

subsequent quantitative morphological analysis was completed after optimisation 

stages of culture were complete (see section 3.3.2). 

Table 3-1 (repeated) - Media compositions used for cell culture. FBS = Foetal bovine serum, AGS = 
astrocyte growth serum, Pen/Strep = Penicillin and Streptomycin, HB-EGF = Heparin-binding EGF-like 
growth factor. Medium highlighted in blue were used for serum-free optimisation experiments. For G5 
composition, see Supplementary figure 1) 

Media type Components 

Astrocyte medium Astrocyte medium, 1% Pen/Strep, 1% AGS, 2% FBS 

FBS-Free astrocyte 
medium (AGS AM) 

Astrocyte medium, 1% Pen/Strep, 1% AGS 

DMEM medium DMEM with Glutamax, 1% Pen/Strep, 10% FBS 

FBS-Free DMEM medium DMEM with Glutamax, 1% Pen/Strep 

G5 serum-free medium 
(DMEM G5) 

DMEM/F12*, 1% Pen/Strep, 1% G5 supplement, 1% 
L-glutamine 

Neurobasal serum-free 
medium (NB-27) 

(50% Neurobasal media, 50% DMEM/F12), 1% 
Pen/Step, 2% B27 supplement, 1% L-glutamine, 
0.025% HB-EGF  

B27 serum-free medium 
(DMEM B27) 

DMEM/F12, 1% Pen/Strep, 2% B27 supplement, 1% 
L-glutamine, 0.025% HB-EGF 

DMEM AGS medium DMEM/F12, 1% Pen/Strep, 1% AGS, 1% L-glutamine 

B27 + G5 serum-free 
medium (DMEM B27 G5) 

DMEM/F12, 1% Pen/Strep, 1% G5 supplement, 2% 
B27 supplement, 1% L-glutamine 

 

From visual inspection, serum-free astrocytes did not obviously proliferate as a 

similar number of cells were present over a 4-week period in all media tested. Thus, 

these cells did not require passaging throughout. Likewise, astrocyte morphology 

remained consistent across the five different serum-free media conditions with small 

cell bodies and long thin processes typically observed, resembling descriptions of 

quiescent astrocyte morphology (Figure 3-1). An initial test was performed to 

determine whether the serum-free astrocyte cultures retained the ability to react to 

stimuli such as FBS. After four weeks of culture, serum-free astrocytes were 

subsequently treated with 2% FBS for 24 hours, with any visible changes in 
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Figure 3-1 ς IǳƳŀƴ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎ ǎƘƻǿ ŀ ΨǉǳƛŜǎŎŜƴǘΩ ƳƻǊǇƘƻƭƻƎȅ ǿƘŜƴ ŎǳƭǘǳǊŜŘ ƛƴ different 
serum-free media and change morphology in response to FBS treatment. Visual inspection of 
{/мулл ƘǳƳŀƴ ŀǎǘǊƻŎȅǘŜǎ ƛƴŘƛŎŀǘŜ ŀ ǎƛƳƛƭŀǊ ΨǉǳƛŜǎŎŜƴǘΩ ƳƻǊǇƘƻƭƻƎȅ όƳǳƭǘƛǇƭŜΣ ƭƻƴƎ ǇǊƻŎŜǎǎŜǎ ŀƴŘ 
small cell bodies) after 1 and 4 weeks regardless of the serum-free media composition used. 
Changes in morphology were observed when week 4 serum-free astrocytes were subsequently 
treated with 2% FBS for 24 h resulting in a more reactive phenotype (hypertrophic cell bodies, 
smaller processes; black arrows). Images were taken at 10x magnification whilst cells remained in 
culture. The five astrocyte cultures were generated using the same original vial of astrocytes on a 
single occasion, however three conditions (DMEM G5, DMEM B27 and DMEM B27 G5) were 
completed a second time to confirm reproducibility (data not shown). Scale bar represents 100 µm. 
Media compositions used to culture the astrocytes are described in Table 2-1-1 (reproduced in text 
above).  
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morphology taken as indication of ability to become reactive. Clear morphological 

changes for all serum-free media were observed after FBS treatment (Figure 3-1; 

arrows). Cell bodies became hypertrophic with shorter processes which is previously 

described in reactivity morphology (Escartin et al., 2021). This observation supported 

further quantitative investigation into the effect of serum on astrocyte phenotypes 

(section 3.3.2). 

The DMEM medium with G5 supplement (DMEM G5) was judged to provide the 

optimum condition for quiescent astrocyte culture with high viability (few dead cells 

floating in medium) and no signs of reactive morphology (Figure 3-1, second row). 

DMEM G5, DMEM B27 and DMEM B27 G5 conditions were all trialled a second time 

to ensure reproducibility of observations (not shown). As noted earlier, in DMEM G5 

medium quiescent astrocytes retained the ability to react to FBS by changing to a 

reactive morphology. There was no noticeable difference in astrocyte phenotypes 

with the addition of B27 supplement to the DMEM medium containing G5 

supplement (DMEM B27 G5). Therefore, due to G5 supplement being designed for 

astrocyte culture (unlike B27, a neuronal based supplement), and G5 supplement 

having a published composition (unlike AGS; astrocyte growth supplement, supplied 

by ScienCell), we opted to use G5 serum-free medium (DMEM G5) for the routine 

culture of serum-free astrocytes for the duration of the project (see Supplementary 

figure 1 for G5 composition).  

 

3.3 The effects of serum on cultured human primary 

astrocytes 
3.3.1 Morphology changes when human astrocytes are cultured in FBS 
After establishing the preferred condition for serum-free astrocyte culture (i.e. 

DMEM G5 mediumύΣ ƘǳƳŀƴ ŀǎǘǊƻŎȅǘŜǎ ǿŜǊŜ ŀƭǎƻ ŎǳƭǘǳǊŜŘ ǳǎƛƴƎ ǘƘŜ ǎǳǇǇƭƛŜǊǎΩ 

recommended astrocyte medium that includes FBS (astrocyte medium 

supplemented with 2% FBS and 1% AGS). Both serum-free and serum-cultured 

astrocytes were compared at passage 3 (P3), where the latter had been exposed to 

FBS throughout the astrocyte culture (minimum culture time was 5 days). This is the 

only passage number available for serum-free cultured astrocytes due to their lack of 

proliferation and having been cryopreserved at passage 2, were therefore revived 

(and remained) at passage 3. Consistent with observations in Figure 3-1, visual 

inspection of brightfield images revealed a clear difference in the morphology of the 

astrocytes when cultured with ǘƘŜ ǎǳǇǇƭƛŜǊǎΩ ǊŜŎƻƳƳŜƴŘŜŘ ƳŜŘƛǳƳ ŎƻƴǘŀƛƴƛƴƎ C.{. 

Serum-cultured astrocytes showed hypertrophic cell bodies and less defined 

processes compared to the serum-free astrocytes (Figure 3-2). This morphology is 

typically associated with a reactive phenotype supporting the hypothesis that FBS is 

inducing reactivity (Escartin et al., 2021). In contrast to serum-free astrocytes, 

serum-cultured cells rapidly proliferated with two passages per week required. 

Cellular proliferation is known to be a feature of reactive astrocytes (Sofroniew and 

Vinters, 2010).  



~ 76 ~ 
 

3.3.2 Quantification of astrocyte reactive morphology 
Whilst subjective visual assessments indicated clear morphological differences 

between serum-free and serum-cultured astrocytes, a quantitative approach was 

required to independently compare morphologies. Previous analyses of rodent 

ŀǎǘǊƻŎȅǘŜ ƳƻǊǇƘƻƭƻƎȅ ƘŀǾŜ ǳǎŜŘ ǘƘŜ ΨǎƛƳǇƭŜ ƴŜǳǊƛǘŜ ǘǊŀŎŜǊΩ ǇƭǳƎ-in (SNT) in ImageJ 

software (Tavares et al., 2017; Prah et al., 2019). This was initially attempted on the 

brightfield images taken to assess human astrocyte morphology in this study. 

However, this was not successful due to a lack of contrast between the background 

and the cells. The use of this software was only suitable for fluorescent images where 

the cells are stained sufficiently so that the processes and cytoplasm of the cell are 

visible, as well as the nucleus.  

To test the SNT plug-in, ICC images of serum-free and serum-cultured astrocytes 

stained for GFAP and Phalloidin (F-actin label) were analysed using the SNT plug-in 

(see Figure 3-3A for an example of serum-cultured astrocytes). The plug-in allows 

semi-automatic tracing of the cells which partially traces cells but does not 

accurately trace the complete cell outline (Figure 3-3B). As a test of the accuracy of 

this tracing, the tracings were then used to recreate the original cell morphology 

using the fill function at a value of 0.03 (Figure 3-3C). The reconstruction showed a 

similar morphology to the original cell suggesting these tracings might be suitable to 

measure astrocyte morphology. The region of interest (the cell outline) was then 

used to measure the cell area and perimeter of the astrocytes which was then 

compared to manual tracing of the cell. Whilst perimeter was similar in both analyses 

(SNT = 1233 vs Manual = 1209), area was not correctly calculated by the software 

(SNT = 216 vs Manual = 3200). Therefore, the plug-in was not deemed suitable for 

the analysis of astrocyte morphology in this study, even with GFAP staining. 

 

Figure 3-2 ς Qualitative analysis of human primary astrocytes cultured with and without serum show 
distinct morphological differences typically associated with reactive and non-reactive phenotypes, 
respectively. (A) Serum-free astrocytes have smaller, less hypertrophic cell bodies with more distinct 
processes compared to (B) serum-cultured astrocytes. Astrocyte morphology was compared at passage 
3 (P3) to avoid any changes due to cellular-ageing in proliferative serum-cultured astrocytes. This was 
the only passage available for serum-free cultures due to a lack of proliferation, and therefore these 
cells were seeded at passage 3. Serum-free astrocytes are maintained in DMEM G5 medium whilst 
ǎŜǊǳƳ ŎǳƭǘǳǊŜǎ ŀǊŜ ƳŀƛƴǘŀƛƴŜŘ ƛƴ ǘƘŜ ǎǳǇǇƭƛŜǊΩǎ ǊŜŎƻƳƳŜƴŘŜŘ ŀǎǘǊƻŎȅǘŜ ƳŜŘƛǳƳ όŀǎǘǊƻŎȅǘŜ ƳŜŘƛǳƳ 
supplemented with 2% FBS, 1% AGS and 1% Pen/Strep). Image taken at 10x magnification with scale bar 
representing 100 µm. 
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Figure 3-3 ς Human primary aǎǘǊƻŎȅǘŜ ƳƻǊǇƘƻƭƻƎȅ ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ ǘƘŜ Ψ{ƛƳǇƭŜ ƴŜǳǊƛǘŜ ǘǊŀŎŜǊΩ ǇƭǳƎ-in. 
(A) Representative ICC image of serum-cultured, human primary astrocytes used for analysis which have 
been stained using anti-GFAP (green) and Phalloidin (red). (B) Screenshot of the SNT plug-in after semi-
automatic tracing of the astrocytes (shown in purple). (C) Reconstruction of an astrocyte using the semi-
automatic tracing to show the similarity between the tracing and the original cell. (D) Measurements 
taken in FIJI of the astrocyte selected in C after SNT semi-automatic tracing and after manual tracing of 
the cells. Whilst perimeter measurements are similar, cell area was not correctly calculated by the SNT 
plug-in. SNT plug-in was run using FIJI software. /Ŝƭƭǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘ ƛƴ ǘƘŜ ǎǳǇǇƭƛŜǊΩǎ ǊŜŎƻƳƳŜƴŘŜŘ 
astrocyte medium (astrocyte medium supplemented with 2% FBS and 1% AGS). 

 

Instead, the area and perimeter of the cells were measured using the freehand 

selection tool in ImageJ using brightfield images. The ratio between cell area and 

perimeter was calculated to account for the diversity in astrocyte morphology that is 

seen in culture and reduce the effect that long processes would have on the area of 

the cell (i.e. hypertrophy measurements focus on change in soma size). Therefore, 

this ratio better recapitulates any increase in volume of the cell body due to 

reactivity.  

A significant increase in the area/perimeter ratio was found in serum-cultured 

astrocytes indicating cell hypertrophy in serum conditions compared to serum-free 

astrocytes (P = 0.0007; N = 3; Figure 3-4C). This result supports the preliminary 

qualitative analysis of cell morphology above (section 3.3.1). In addition to cell 

hypertrophy, the area of the nuclei in the cells was also analysed using DAPI staining 

as this commonly increases during cellular maturation or senescence (Zhao and 

Darzynkiewicz, 2013). A significant increase in nuclear size was observed after 

culture in serum compared to serum-free cultures (P = 0.011; N = 3; Figure 3-4, D-F). 
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C 

D 
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Figure 3-4 - Quantitative analysis of human primary astrocytes cultured with or without serum shows 
significant morphological differences. (A-B) Representative brightfield images of (A) serum-free and (B) 
serum-cultured astrocytes (in 2% FBS) previously depicted in Figure 3.2. (C) The area/  perimeter ratio of 
astrocytes was used to measure cellular hypertrophy which indicated a significant increase in the size of 
the astrocytes (P = 0.0007; Serum-free = 3.29 ± 0.22 vs Serum-cultured = 8.38 ± 0.91). (D-F) Nuclear size 
increases in (E) serum-cultured astrocytes compared to (D) serum-free astrocytes (P = 0.011; Serum-free 
= 3448 ± 130 vs Serum-cultured = 2021 ± 531). Astrocytes were imaged whilst in culture at passage 3 for 
serum-free (seeded directly at passage 3) and passage 3-4 for serum-cultured astrocytes at either 10x 
magnification (A-B) or 40x magnification (D-E). Scale bar represents (A) 100 µm or (D) 50 µm. Statistical 
significance was calculated using an unpaired t-test. Error bars represent mean and standard deviation. 
a.u = arbitrary units. Area/perimeter ratios were calculated using a minimum of 20 cells measured per 
replicate with nuclei measurements using at least 70 cells per replicate, N = 3. 

 

3.3.3 Serum exposure causes an irreversible morphological change in 

cultured human primary astrocytes 
With clear morphological differences established between the serum-free and 

serum-cultured human astrocytes (Figure 3-4), the models allowed us to investigate 

the reversibility of reactivity caused by serum exposure. Healthy reactive responses 

should be transient and allow astrocytes to resume homeostatic functions once the 

detected threat/damage has been dealt with. To determine whether serum exposure 

was associated with a permanent morphological change, serum-cultured astrocytes 

were placed into serum-free media for up to 5 days. Brightfield imaging was 

completed at day 1 and day 4/5 to compare cellular morphology (Figure 3-5). An 

increase in area/perimeter ratio was found in day 4/5 measurements compared to 

day 1 measurements (P = 0.011; Day 1 = 6.17 ± 1.24 vs Day 4/5 = 7.47 ± 1.19; N = 3). 

This is likely due to the cells having more time to spread onto the cell culture flask 

after initial plating and therefore increase in size. The similarity in area/perimeter 

ratio to previous serum-cultured astrocytes suggests an irreversible morphological 

change in astrocytes after serum exposure (Day 4/5 mean = 7.48 ± 1.20 vs previous 

serum-culture = 8.38 ± 0.91; section 3.3.2). Notably, we had previously 
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demonstrated that astrocyte reactivity could be prevented by freezing cells at low 

passage number (P2) and thawing in serum-free media (see Figure 3-1). In the rest of 

the thesis, we therefore decided to only culture serum-free astrocytes directly from 

cryopreserved vials. This experimental procedure allowed the maintenance of the 

quiescent serum-free phenotype in human astrocytes.  

 

 
  

 

 

 

 

 

 

 

 

3.3.4 Comparison of in vitro and ex vivo human and rat primary  astrocyte 

morphologies 
To further explore the relevance of cultured in vitro astrocyte morphologies to 

astrocyte cells in tissue, serum-free and serum-cultured human primary astrocytes 

were stained for GFAP and compared to cortical human brain tissue sections also 

stained for GFAP, a well-characterised astrocyte marker (Figure 3-6A-C). GFAP 

expression in the cultured astrocytes showed similar morphology to those observed 

previously during brightfield imaging (see Figure 3-2), with small cell bodies and long 

processes observed in the serum-free astrocytes, and hypertrophic cell bodies in the 

serum-cultured astrocytes (more detailed GFAP analysis in section 3.4.2). Astrocytes 

stained using anti-GFAP antibody within human tissue typically showed a similar 

morphology to in vitro serum-free astrocytes with long, thin processes and smaller 

cell bodies (Figure 3-6C, white arrows).   

Figure 3-5 ς Morphological changes in serum-cultured human primary astrocytes are irreversible. (A 
and B) Serum-cultured astrocytes were subsequently cultured in serum-free media for up to 5 days with 
no visible change in morphology suggesting an irreversible change in the astrocyte phenotype after the 
addition of 2% FBS. (C) Morphological analysis found an increased area/perimeter ratio in day 4/5 
measurements compared to day 1 measurements which was similar to previous serum-culture analysis 
(P = 0.011; Day 1 mean = 6.17 ± 1.25 vs Day 4/5 mean = 7.48 ± 1.20, previous serum-culture mean = 8.38 
± 0.91; N=3). Due to experimental constraints, imaging was completed on either day 4 or day 5 for 
quantification (pooled as day 4/5). Representative brightfield image depicted in (B) represents cell 
morphology at day 5. Scale bar represents 100 µm with brightfield images taken at 10x magnification. 
Error bars represent mean and standard deviation with statistical analysis performed using a paired t-
test (repeated measures).  

A 

B 

C 



~ 80 ~ 
 

 

To compare the morphologies of rodent and human astrocytes, cultured rat primary 

astrocytes and adult female rat brain tissue (6-12 week old BD-IX rats) were also 

stained for GFAP (Figure 3-6, D-F). Briefly, rat primary astrocytes were cultured for 

one week using the same medium as the human primary astrocytes (in either serum-

free or 2% FBS-containing astrocyte medium for a minimum of 3 days) before 

staining for GFAP, alongside healthy rat brain tissue. The morphology of primary rat 

astrocytes cultured in serum-free conditions was less comparable to astrocytes 

observed in rat tissue (Figure 3-6D and E). Rat astrocytes cultured without serum 

showed some reactive morphology, likely due to poor viability after the re-thawing 

process resulting in a low-density culture (Figure 3-6D). Rat primary astrocytes had a 

better recovery in the FBS-containing medium and showed some signs of 

proliferation however, there was still poor viability. Of the surviving rat primary 

astrocytes, cell morphology was similar to that of the serum-cultured human 

astrocytes. Due to the lack of viability in the primary rat cultures, it was difficult to 

quantify morphology in the same way as the human primary astrocytes.  

 

Figure 3-6 ς Comparison of both human and rat GFAP expression between serum-free and serum-
cultured primary astrocytes and ex vivo tissue. Serum-free astrocytes showed quiescent-like features in 
both (A) human and (D) rat in vitro cultures. Serum caused changes in both (B) human and (E) rat 
astrocytes with changes in morphology more evident in human astrocytes. Differences in size and 
morphology are observed between (C) human and (F) rat astrocytes in tissue. Human tissue images were 
taken at 40x magnification, rat tissue images taken at 63x magnification, and all in vitro images were 
taken using 20x magnification. Scale bar on tissue images represent 50 ˃ Ƴ όC and F) and scale bar on 
ICC images represent 100 ˃ Ƴ όA-B, D-E). White arrows highlight astrocytes identified within human brain 
tissue. 
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3.4 Stability of serum-cultured human primary 

astrocytes over time 
3.4.1 Astrocyte morphology changes with increasing passage number in 

serum-cultures 
Unlike immortalised cell lines, primary cells are known to have a finite culture period 

and therefore it is important to define the useable age limit of the serum-cultured 

human primary astrocytes before the cells begin to change phenotype. To investigate 

the effect of passage number on the growth of serum-cultured astrocytes, astrocytes 

were imaged using brightfield microscopy after each passage until passage 12 (not 

shown) where there was visible reduced cell viability (Figure 3-7). In early passage 

numbers, cell bodies were small and mostly uniform in size with a fibroblastic 

morphology (Figure 3-7, A and B). With increasing passages, cell bodies became 

increasingly larger with a more varied morphology (Figure 3-7, C-E). Visual inspection 

of cell proliferation rate indicated this declined after passage 7, with cells reaching 

70% confluency after ~7 days instead of 4 days from passage 7. This led to more 

available space in the cell culture flask and this may have contributed to the 

increased size of the cells. In comparison, serum-free astrocytes were not found to 

proliferate and so did not require passaging, even after 4 weeks of culture 

(equivalent time point for serum-culture would be passage 9 based upon 2 passages 

per week). Unlike serum-cultured astrocytes, no clear change in morphology was 

evident in the serum-free cells over that time frame (Figure 3-7F).   

 

 

 

 

For quantitative analysis of astrocyte morphology, data for similar passage numbers 

were grouped to increase sample size (from N=2 to N=4). Quantitative analysis 

revealed an increase in the area/perimeter ratio with increasing passage, confirming 

cellular hypertrophy increases with passage (e.g. P1/2/3 vs P10/11, P = 0.0022; N = 3-

4; Figure 3-8A). Nuclear area also showed an increasing trend with passage number 

Figure 3-7 ς The morphology of serum-cultured human primary astrocytes changes between P1 and P9 
in comparison to serum-free astrocytes which remain the same after 4 weeks in culture. (A-E) 
Morphological differences were observed in serum-cultured astrocytes (in 2% FBS and 1% AGS) as they 
become larger and have a more varied morphology in later passages. (F) In comparison to serum-free 
astrocytes, no morphological difference was found after 4 weeks in culture (equivilent to passage 9; image 
repeated from Figure 3-1) Images were taken at 10x magnification and scale bar represents 100 µm. 
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but due to a limited sample size, statistical analysis was not completed (Figure 3-8B). 

For experimental reasons, nuclear area could not be completed for P10/11.  

 

3.4.2 GFAP expression reduces in serum-cultured human primary 

astrocytes with increasing passage number 
GFAP expression is the most widely used marker of astrocytes and has been 

consistently shown to increase in reactive astrocytes (Escartin et al., 2021; Jurga et 

al., 2021). GFAP is an intermediate filament protein that is found throughout the 

cytoplasm of astrocytes and therefore, is integral to the morphology of the 

astrocytes. With morphological changes observed with increasing passage number in 

serum-cultured astrocytes (section 3.4.1), we anticipated that GFAP expression may 

also change in the serum-cultured astrocytes. Therefore, GFAP expression was 

examined using ICC in serum-cultured astrocytes and compared across passage 

numbers (Figure 3-9).  

The morphological changes observed over different passages in the serum-cultured 

astrocytes using GFAP staining matched those observed previously through 

brightfield imaging (see Figure 3-7), with hypertrophic bodies and shorter processes 

(Figure 3.9A). This was more evident in later passages with GFAP staining revealing 

astrocytes typically have only one or two main processes creating a bipolar-shaped 

morphology. GFAP expression also decreased with passage number with a significant 

reduction in expression in later passages (5.6-fold reduction between P2/3 vs 

P10/11/12, P = 0.037; N = 2-3; Figure 3-9B). Visual analysis noted that until passage 

6, there was very little GFAP staining in the nucleus and high expression in the 

cytoplasm of the cells. However, in later passages, nuclear staining of GFAP was 

more evident than cytoplasmic staining despite no increase in GFAP expression in the 

nucleus (Figure 3-9A; nuclear GFAP intensity remained between 20,000 and 30,000 

a.u regardless of passage number, data not shown). Therefore, an increase in the 

Figure 3-8 - Serum-cultured human primary astrocytes have increased hypertrophy with increasing 
passage number. (A) A significant increase in hypertrophy was observed as passage number increased 
(P1/2/3 vs P10/11, P = 0.0022; N=3-4). (B) An increasing trend was observed in nuclear area as 
passage number increased, however was found not to be significant (P2/3 vs P8/9, P = 0.18; N=2). 
Statistical analysis was completed using One-ǿŀȅ !bh±!ǎ ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴΩǎ 
test. Error bars show mean and standard deviation. 
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nuclear/cytoplasmic ratio of GFAP was observed with passage number (P2/3 vs 

P10/11/12, P = 0.006; N = 2-3; Figure 3-9C).  

 

Interestingly, astrocytes displayed a mix of both early (more processes and smaller 

cell bodies alongside high cytoplasmic GFAP expression) and late (fewer processes 

and bipolar morphology, reduced cytoplasmic GFAP staining) passage phenotypes at 

passage 7 suggesting key physiological changes are occurring within the cells around 

this passage number (Figure 3.9A). Given these changes matched the time point of 

changes observed in nuclear size and cell area (see previous Figure 3-8), it was 

decided that serum-cultured astrocytes in future experiments would be used until 

passage 7 to better match the physiological status of serum-free cultures and avoid 

phenotypic changes. This agreed with previous work where SC1800 human primary 

astrocytes were also used until passage 7 (Baxter et al., 2021).  

 

P2 

Figure 3-9 - GFAP expression reduces in serum-cultured human primary astrocytes with increasing 
passage number. (A) GFAP staining of human primary astrocytes cultured in 2% FBS from P2 to P10 
displays a changing phenotype with fewer processes and a bipolar morphology observed in later 
passages. (B) A significant decrease in GFAP expression in the cytoplasm was observed at later 
passages compared to early passages (P2/3 vs P10/11/12 P = 0.037). Large variability was observed 
at passage 6 and 7 due to the presence of both early (more processes and smaller cell bodies) and 
late (fewer processes and bipolar morphology) phenotypes. (A and C) Despite nuclear staining 
appearing brighter in later passages (P8+), there was no change in nuclear expression of GFAP (data 
not shown) resulting in a significant difference in the nuclear/cytoplasmic ratio of GFAP expression in 
later passages (P2/3 vs P10/11/12 P = 0.0062). Significant differences were calculated using a one-
way ANOVA followed by ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴΩǎ ǘŜǎǘ όbҐн-3). Images were taken at 20x 
magnification. Scale bar represents 100µm. Error bars represent mean and standard deviation. 
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3.5 Expression of astrocyte markers in serum-free and 

serum-cultured human primary astrocytes 
3.5.1 GFAP expression is lower in serum-cultured human primary 

astrocytes compared to serum-free astrocytes 
As noted previously, GFAP is the most widely used astrocyte marker and is 

ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ΨƎƻƭŘ ǎǘŀƴŘŀǊŘΩ ŦƻǊ ŀǎǘǊƻŎȅǘŜ ǎǘŀƛƴƛƴƎ (Jurga et al., 2021). In addition, 

increased GFAP expression is often associated with astrocyte reactivity in response 

to brain disease or injury (Hol and Pekny, 2015). Therefore, GFAP expression was 

investigated using a variety of techniques in serum-free and serum-cultured 

astrocytes. GFAP staining was evident in serum-free and serum-cultured astrocytes 

using ICC, particularly at low passage number in the serum-cultured astrocytes, with 

staining observed throughout the cytoplasm and absent in the nucleus (Figure 3-10A 

and B).  

GFAP gene expression was compared between serum-free and serum-cultured 

astrocytes using RT-qPCR (Figure 3-10C). Ct values were normalised using the mean 

of three housekeeping genes (GAPDH, B2M and -̡actin; Supplementary figure 2). 

Fold change was calculated against the serum-free condition to investigate GFAP 

expression change caused by serum. GFAP gene expression was found to significantly 

decrease in serum-cultured astrocytes compared to serum-free astrocytes (SF mean 

= 1.16 ± 0.70 vs SC = 0.08 ± 0.08, P = 0.0093, N = 5; Figure 3-10C). This is 

contradictory to previous published work with GFAP commonly shown to increase 

with reactivity (Prah et al., 2019).  

With many post-translational regulatory processes occurring within cells, RNA 

expression may not always correlate with protein expression. Therefore, western 

blotting was also completed to compare GFAP protein expression in the serum-free 

and serum-cultured astrocytes (Figure 3-10D and E). GAPDH expression was used as 

a housekeeping protein to normalise the data. Overall GFAP expression was 

significantly higher in serum-free astrocytes compared to serum-cultured astrocytes 

despite serum-free astrocytes displaying quiescent morphology (SF mean = 129.1 ± 

7.0 vs SC = 69.7 ± 18.6, P = 0.007; Figure 3-10D). This was consistent with the GFAP 

gene expression found in the astrocytes indicating GFAP expression decreases when 

astrocytes are cultured in serum. This may indicate that GFAP is not a reliable marker 

of reactivity after long-term (chronic) exposure to FBS in these human astrocyte 

cultures.  
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Figure 3-10 - GFAP expression is lower in serum-cultured human primary astrocytes compared to 
serum-free astrocytes. (A and B) Representative ICC images of serum-free and serum-cultured 
astrocytes taken from Figure 3.4 (images shown at passage 2). (C) RT-qPCR analysis found a significant 
decrease in GFAP expression in serum-cultured astrocytes compared to serum-free astrocytes (SF mean = 
1.16 ± 0.70 vs SC = 0.08 ± 0.08, P = 0.0093; N = 5). (D and E) Western blotting found 2-fold higher GFAP 
expression in serum-free astrocytes compared to serum-cultured astrocytes after normalisation to 
GAPDH expression (SF = 129.1 ± 7.0 vs SC = 69.7 ± 18.6, P = 0.007; N = 3). Statistical analysis was 
completed using unpaired t-tests, data represents mean and standard deviation (only upper bar present 
on RT-qPCR due to lower range falling below 0). Images were taken of human primary astrocytes at 
passage 2 at 20x magnification with scale bars representing 50 µm.  

While GFAP is well established as an astrocyte marker, there are astrocyte 

populations in the healthy brain that do not express GFAP at detectable levels (Walz 

and Lang, 1998; Cahoy et al., 2008). Further, inspection of the GFAP-stained ICC 

images indicated variable expression of GFAP across populations of serum-free and 

serum cultured astrocytes (Figure 3-11). From a simple subjective classification of 

GFAP-positive cells (clear GFAP staining) compared to total numbers of cells (co-

staining with F-actin label phalloidin), a significant, 6-fold decrease in the percentage 

of GFAP+ cells was identified in serum-cultured astrocytes compared to serum-free 

astrocytes (SF mean = 49.5% ± 11.3 vs SC = 8.3% ± 2.1, P=0.0004; N = 4; Figure 3-

11E). In fact, the percentage of GFAP+ cells was surprisingly low in the serum-

cultured cells with an average of only 8% of cells showing GFAP expression compared 

to ~50% in the serum-free astrocytes. This would suggest the increase in GFAP 

expression in serum-free human primary astrocytes could be due to an increase in 

the number of GFAP-positive astrocytes within the cultures.  
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Figure 3-11 ς The percentage of GFAP-positive cells is higher in serum-free human primary astrocytes 
compared to serum-cultures. (A-D) Representative ICC images of serum-free and serum-cultured human 
astrocytes stained with anti-GFAP, phalloidin and DAPI. White arrows highlight GFAP-negative cells (A 
and B). The percentage of GFAP-negative cells were counted using Phalloidin to distinguish cells. (E) An 
unpaired t-test showed a significant decrease in the percentage of GFAP-positive cells when astrocytes 
were cultured in serum compared to serum-free astrocytes (SF mean = 49.5% ± 11.3 vs SC = 8.3% ± 2.1, P 
= 0.0004; N=4). Images were taken at 20x magnification with the scale bar representing 100 µm. Error 
bars represent mean and standard deviation. 

 

3.5.2 3ρππɼ ÅØÐÒÅÓÓÉÏÎ ÉÎ ÓÅÒÕÍ-free and serum-cultured human 

primary astrocytes  
S100̡  ƛǎ ŀ ōǊŀƛƴ-specific calcium binding protein, often elevated in 

neurodegeneration and brain injury, that is also commonly used as a marker of 

astrocytes (Rothermundt et al., 2003)Φ aǳŎƘ ƭƛƪŜ DC!tΣ {мллʲ expression is often 

associated with reactive astrocytes, but is typically expressed in different populations 

of astrocytes (e.g. some GFAP-ƴŜƎŀǘƛǾŜ ŀǎǘǊƻŎȅǘŜǎ ŜȄǇǊŜǎǎ {мллʲ; Steiner et al., 

2007). To compare {мллʲ protein expression in our human primary astrocyte 

cultures to GFAP expression, serum-free and serum-cultured astrocytes were co-

stained with anti-{мллʲ ŀƴŘ ŀƴǘƛ-GFAP antibodies (Figure 3-12, A-FύΦ {мллʲ protein 

expression displayed different localisation within the cell compared to GFAP, with 

highest expression found in the nucleus. The majority of cells exhibited both GFAP 

ŀƴŘ {мллʲ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ōƻǘƘ ǎŜǊǳƳ-free and serum-cultured astrocytes, but low 

ƭŜǾŜƭǎ ƻŦ {мллʲ ŜȄǇǊŜǎǎƛƻƴ ǿere also observed in GFAP-negative cells (Figure 3-12E 

and F, white arrows).  
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Figure 3-12 - S100̡  and GFAP co-expression in serum-free and serum-cultured human primary 
astrocytes. (A-F) Representative images of serum-free and serum-cultured human primary astrocytes 
shows GFAP and S100̡ expression overlaps. Whilst GFAP was limited to cytoplasmic staining in early 
passages (before P7), {мллʲ was expressed throughout the cell, with much higher expression in the 
nucleus than in the cytoplasm. Some serum-free ŀǎǘǊƻŎȅǘŜǎ ŀƭǎƻ ŘƛǎǇƭŀȅ ƭƻǿ ƭŜǾŜƭǎ ƻŦ {мллʲ expression 
despite no GFAP expression (white arrows; E). (G) S100̡ protein expression measured using ICC staining 
showed a decreasing trend in serum-cultured astrocytes compared to the serum-free condition, however 
it was not statistically significant (SF mean = 529.6 ± 523.4 vs SC = 63.0 ± 52.1, P = 0.126; N = 4). (H) RT-
qPCR analysis found a significant decrease in S100̡ gene expression in serum-cultured cells compared to 
serum-free astrocytes (SF mean = 1.01 ± 0.18 vs SC = 0.08 ± 0.08, P < 0.0001; N=5). Statistical analysis 
was completed using unpaired t-tests with error bars representing mean and standard deviation. Images 
were taken at 20x magnification with scale bar representing 100 µm. 

¦ƴƭƛƪŜ DC!t ǇǊƻǘŜƛƴ ŀƴŀƭȅǎƛǎΣ ƛƳƳǳƴƻōƭƻǘǘƛƴƎ ǿŀǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǳǎƛƴƎ ǘƘŜ {мллʲ 

antibody due to the antibody being pre-diluted by the supplier to be optimal for 

immunofluorescence. Therefore, to investigate changes in {мллʲ ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ 

between serum-free and serum-ŎǳƭǘǳǊŜŘ ƘǳƳŀƴ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎΣ {мллʲ ǎǘŀƛƴƛƴƎ 

intensity was measured through ICC (Figure 3-12G). Efforts were made to reduce bias 

by selecting areas for {мллʲ analysis whilst viewing anti-EAAT2 co-staining in a 

different channel (i.e. ǿƘŜƴ {мллʲ ǎǘŀƛƴƛƴƎ ǿŀǎ ƴƻǘ ǾƛǎƛōƭŜ). {мллʲ ǇǊƻǘŜƛƴ 

expression showed a decreasing trend in serum-cultured astrocytes compared to 

serum-free astrocytes, however it was found to not be statistically significant (SF 

mean = 529.6 ± 523.4 vs SC = 63.0 ± 52.1, P = 0.126; N = 4). This is likely due to the 

variability observed between replicates in the serum-free condition. To investigate 

{мллʲ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴΣ RT-qPCR analysis was completed on the serum-free and 

serum-cultured astrocytes (Figure 3-12H).  A ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ {мллʲ RNA 

expression was identified in serum-cultured astrocytes compared to serum-free 
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cultures supporting the decreasing trend observed in S100̡  protein expression (SF 

mean = 1.01 ± 0.18 vs SC = 0.08 ± 0.08, P < 0.0001; N = 5). 

 

3.5.3 EAAT2 expression in serum-free and serum-cultured human 

primary  astrocytes 
A marker of astrocyte function is the glutamate transporter EAAT2 (GLT-1 in rodents) 

which is responsible for 90% of synaptic glutamate clearance (Lehre and Danbolt, 

1998). Loss of EAAT2 is often observed in reactivity and neurodegenerative disease 

leading to reduced glutamate uptake and excitotoxicity (Pajarillo et al., 2019). To 

investigate whether our serum-cultured astrocytes may have reduced glutamate 

uptake compared to the serum-free astrocytes, EAAT2 expression was analysed using 

ICC, RT-qPCR and immunoblotting. ICC analysis identified EAAT2 expression 

throughout the cell in both serum-free and serum-cultured astrocytes, with low 

expression in the nuclei (Figure 3-13, A and B). Interestingly, RT-qPCR analysis found 

a significant decrease in EAAT2 gene expression in serum-cultured astrocytes 

compared to serum-free astrocytes (SF mean = 1.10 ± 0.61 vs SC = 0.008 ± 0.009, P = 

0.033; N = 5 Figure 3-13C). However, whilst a difference was observed when 

comparing gene expression, there was no difference in the protein expression of 

EAAT2 between serum-free and serum-cultured astrocytes after immunoblotting (SF 

mean = 73.8 ± 5.1 vs SC = 79.2 ± 12.1, P = 0.52; Figure 3-13, D and E).  

Figure 3-13 - EAAT2 expression in serum-free and serum-cultured human primary astrocytes. EAAT2 
was detected in both serum-free and serum-cultured astrocytes using (A-B) ICC, (C) RT-qPCR and (D and 
E) immunoblotting. (C) A significant decrease in EAAT2 gene expression was found in serum-cultured 
cells compared to serum-free astrocytes (SF mean = 1.08 ± 0.4 vs SC = 0.008 ± 0.007, P = 0.0006; N = 5). 
(D and E) No difference was observed during western blotting between the conditions after 
normalisation to GAPDH (SF mean = 73.8 ± 5.1 vs SC = 79.2 ± 12.1, P = 0.52). Statistical analysis was 
completed using unpaired t-tests with error bars representing the mean and standard deviation. 
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3.6 Other markers of astrocyte reactivity 
The expression of GFAP, S100̡ and EAAT2 were investigated in the human primary 

astrocytes in detail because they are commonly used to characterise astrocyte 

phenotypes. However, as previously discussed (see section 1.3), there are no optimal 

astrocyte markers for reactive or quiescent states so there is a need to explore 

multiple markers when understanding astrocyte phenotypes (Escartin et al., 2021; 

Jurga et al., 2021). RT-qPCR analysis was completed on more novel astrocyte markers 

in the serum-free and serum-cultured human primary astrocytes. NDRG2 expression, 

a marker for mature non-reactive astrocytes, ITGA6 (CD49f), a proposed marker of 

astrocytes regardless of phenotype, and two interleukins IL10 and IL1̡ , both of 

which are released during inflammation, were chosen to investigate astrocyte 

reactivity (Flügge et al., 2014; Barbar et al., 2020). Three housekeeping genes were 

used for normalisation after finding no difference in their expression between 

conditions, GAPDH, B2M and ̡-actin (Supplementary figure 2).  

No significant expression differences were found in any of the genes of interest, 

however a decreasing trend was observed in NDRG2 expression in serum-cultured 

compared to serum-free astrocytes (P = 0.0905; N = 5; Figure 3-14). An increasing 

trend was observed in the expression of IL-10 and IL1-  ̡in the serum-cultured 

astrocytes compared to the serum-free astrocytes, however this was not statistically 

significant (IL-10, P = 0.19; IL1- ,̡ P = 0.25; N = 5). This would suggest that the 

astrocytes in our model have a mixed inflammatory response (both anti-

inflammatory and inflammatory cytokines) in response to serum.  

 

 

Figure 3-14 ς Gene expression comparisons 
between serum-free and serum-cultured 
human primary astrocytes. No significant 
differences were identified after RT-qPCR 
analysis of (A) NDRG2, (B) CD49f, (C) IL-10 and 
(D) IL1-  ̡after normalisation to three 
ƘƻǳǎŜƪŜŜǇƛƴƎ ƎŜƴŜǎΣ D!t5IΣ .нa ŀƴŘ ʲ-
actin. Error bars represent mean and upper 
standard deviation with statistical testing 
completed using unpaired t-tests (N=5). Fold 
changes were calculated based upon the mean 
Ct values for serum-free astrocytes.  
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3.7 Reactivity of serum-free human primary astrocytes 

in response to different stimuli 
3.7.1 Changes in morphology of serum-free human primary astrocytes 

after acute (24 h) cytokine or FBS treatment  
A key aspect of quiescent astrocytes is their ability to react to harmful stimuli, 

resulting in a phenotypic change in the cells (termed reactivity). With the serum-free 

human primary astrocytes potentially showing a quiescent phenotype, it was 

hypothesised that the astrocytes would change phenotype to better resemble the 

serum-ŎǳƭǘǳǊŜŘΣ ΨǊŜŀŎǘƛǾŜΩ human primary astrocytes when treated with a 

combination of cytokines (IL1h, TNFh  and C1q) previously shown to induce 

inflammatory reactivity in other studies (Liddelow et al., 2017; Barbar et al., 2020). 

Serum-free human primary astrocytes were cultured for a minimum of 14 days 

before the cells were treated for 24 h with either the cytokine cocktail (IL1h at 3 

ng/ml, TNFh at 30 ng/ml and C1q at 400 ng/ml) or 2% FBS, to determine if short-

term exposure of serum could induce the same inflammatory reactivity as long-term 

chronic culture (serum-cultured astrocytes, see sections 3.3 and 3.5). 

Reactive morphology was observed in the majority of astrocytes within the 2% FBS 

treated condition using both brightfield microscopy (live cell imaging) and 

fluorescent microscopy after ICC staining with anti-GFAP antibody (Figure 3-15, A-F). 

Astrocytes that were treated with 2% FBS had a significantly higher area/perimeter 

ratio than untreated cells, indicative of hypertrophic cell bodies, which better 

resembled serum-cultured astrocyte morphology (Untreated mean = 3.62 ± 1.15 vs 

FBS = 5.24 ± 0.61, P = 0.017; N = 6; Figure 3-15G). Astrocytes treated with the 

cytokine cocktail had a more subtle morphological change than the 2% FBS treated 

condition with only an increasing trend observed in area/perimeter ratio (Untreated 

mean = 3.62 ± 1.16 vs Cytokine = 4.70 ± 2.08, P = 0.28; N = 6).  

With a decrease in GFAP expression previously observed in serum-cultured human 

primary astrocytes (see section 3.5.1), GFAP expression was analysed in the serum-

free astrocytes treated with either the cytokine cocktail or 2% FBS for 24 h to 

determine whether their GFAP expression was more comparable to serum-free or 

serum-cultured human primary astrocytes. No difference was found in GFAP 

expression in either of the treated conditions compared to the untreated control, 

suggesting they are more similar to serum-free astrocytes after a 24 h treatment 

(Figure 3-15H-I). Measurements were normalised to the untreated control for each 

replicate in an effort to reduce the variation between replicates.  
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Figure 3-15 ς Serum-free human primary astrocytes display changes in morphology but not GFAP 
expression after treatment with either a cytokine cocktail or 2% FBS for 24 h. (A-C) Representative 
brightfield images of serum-free human primary astrocytes after 24 h treatment with either a cytokine 
cocktail previously shown to elicit an inflammatory phenotype (IL1h , TNFh  and C1q), or 2% FBS. (D-F) 
Representative images of serum-free astrocytes stained with anti-GFAP antibody to measure GFAP 
expression after 24 h cytokine or 2% FBS treatment. (G) A significant increase in the area/perimeter ratio 
was observed in serum-free astrocytes treated with 2% FBS (Untreated mean = 3.62 ± 1.16 vs FBS = 5.24 
± 0.61, P = 0.004, N = 6). No significant increase was observed when astrocytes were treated with 
cytokines, however an increasing trend is observed (Untreated mean = 3.62 ± 1.16 vs Cytokine = 4.70 ± 
2.08, P = 0.167, N = 6). No difference in GFAP expression was observed when (H) defining the percentage 
of GFAP positive cells, nor (I) the intensity of GFAP expression in the cells (N = 5). Due to high variability 
between biological replicates, GFAP expression was normalised to the untreated control in each replicate 
(H-I). Scale bars represent 100 µm, with brightfield images taken at 10x magnification (A-C) and 
fluorescent images taken at 20x magnification (D-F). Data represents mean and standard deviation with 
one way ANOVA tests used to calculate statistical significance (G-I).  

 

To determine whether the 24 h cytokine or 2% FBS treated serum-free astrocytes 

had a reactive transcriptome, gene expression of astrocyte markers (GFAP, S100̡ , 

EAAT2, CD49f and NDRG2) and inflammatory markers (IL1- ,̡ IL10 and TNFh) were 

investigated using RT-qPCR. As above, serum-free astrocytes were treated for 24 h 

with either the cytokine cocktail or 2% FBS before RNA was isolated from the cells 
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and processed for RT-qPCR. Three housekeeper genes were selected (GAPDH, actin 

and B2M) for normalisation. 

To determine whether the housekeeping genes were suitable for normalisation, the 

Ct values were compared across conditions to identify any changes in the genes 

induced by the cytokine or FBS treatments (Figure 3-16). Both GAPDH and Actin 

expression remained consistent across the conditions with a difference of <1.5 

cycles. On the other hand, B2M expression was found to vary by >3 cycles between 

the untreated condition and the cytokine condition (difference = 3.57) and was 

found to be significantly different (P = 0.006; N = 8). Therefore, only GAPDH and actin 

expression were used to normalise the genes of interest. The difference between the 

untreated and 2% FBS treated condition was found to be <1 cycle suggesting B2M 

can be used in future RT-qPCR when cytokine treatment is not used.  

 

Figure 3-16 - Raw Ct values of GAPDH, Actin and B2M to determine suitability as housekeeping genes 
for RT-qPCR of human primary astrocytes treated for 24 h with cytokines or 2% FBS. Ct values of (A) 
GAPDH, (B) Actin and (C) B2M were compared across untreated, cytokine and 2% FBS treated conditions 
to determine whether their expression remain consistent. GAPDH and Actin both have < 2 cycle variation 
across all three conditions (GAPDH = 1.24, Actin = 1.23), but B2M had a difference of > 2 cycles when 
comparing untreated and cytokine-treated astrocytes suggesting it is not suitable as a housekeeping 
gene (B2M = 3.57, P = 0.006). Statistical analysis was completed using a One-way ANOVA followed by a 
¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴΩǎ ǘŜǎǘ. Error bars represent mean and standard deviation with annotations 
displaying the mean value (N = 8).  

After normalisation to the mean of the two suitable housekeeping genes, GAPDH 

and Actin, a fold change was calculated using the mean of the untreated condition 

for each gene of interest (Figure 3-17). No significant differences were identified in 

any of the astrocyte markers suggesting 24 h is not sufficient for transcriptional 

changes to have occurred, to compliment those observed in serum-cultured human 

primary astrocytes (see section 3.5). On the other hand, pro-inflammatory markers 

IL1-  ̡and TNFh expression were found to significantly increase after cytokine 

treatment compared to the untreated control, supporting previous studies that show 

the cytokine cocktail induces an inflammatory response in the astrocytes (IL1-  ̡P = 

0.008; TNFh P = 0.0095; Liddelow et al., 2017; Barbar et al., 2020; Guttenplan et al., 

2020). No difference between the untreated and FBS-treated astrocytes were found 

in these markers. No change in expression was observed in the anti-inflammatory 

marker IL10.  
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Figure 3-17 - RT-qPCR analysis of astrocyte markers and inflammatory cytokines in serum-free 
astrocytes treated with either 2% FBS or cytokines for 24 h. Genes of interest were normalised to 
housekeeping genes GAPDH and Actin, and then a fold change calculated using the mean of the 
untreated (serum-free) condition. (A-E) No significant differences were found in any of the astrocyte 
markers after statistical analysis. Pro-inflammatory markers (F) IL1-  ̡and (G) TNFh  were found to 
significantly increase in the cytokine treated condition but not the FBS treated condition (IL1-  ̡untreated 
vs cytokine, P = 0.0081; TNFh untreated vs cytokine, P = 0.0095). (H) No difference was found in the anti-
inflammatory marker IL10. Statistical analysis was carried out using a One-way ANOVA followed by 
¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ όFor A, D-H, N=8; For B and C, N = 3). Outliers were removed using 
Rh¦¢Ωǎ ƳŜǘƘƻŘ όv Ґ м҈ύΦ Data represents mean and upper standard deviation with annotations 
depicting the mean value.  
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3.7.2 Serum concentration affects reactive human primary astrocyte 

morphology  
The results so far suggest that 2% FBS induces changes in the phenotype of human 

primary astrocytes that recapitulate pro-inflammatory reactivity. With 10% FBS also 

commonly used for astrocyte in vitro cultures, we examined whether these 

phenotypic changes were dose dependent. Serum-free human primary astrocytes 

were treated with either 2% or 10% FBS for 24 h with morphological changes 

assessed using brightfield imaging and ICC.  

Distinct morphological changes were evident in the brightfield images taken 24 h 

after FBS treatments (Figure 3-18). Reactive phenotypes were seen in both of the FBS 

treated conditions, with astrocytes having hypertrophic bodies (measured by the 

area/perimeter ratio). A significant difference in the area/perimeter ratio can be 

seen in astrocytes treated with 2% FBS (Untreated mean = 3.15 ± 0.44 vs 2% = 5.07 ± 

0.23, P = 0.0004) and 10% FBS (Untreated mean = 3.15 ± 0.44 vs 10% = 5.89 ± 0.30, P 

< 0.0001) compared to the untreated control. A significant increase in hypertrophy 

can be seen in the 10% FBS treatment compared to the 2% treatment (P = 0.025) 

suggesting FBS-induced reactivity is dose-dependent.  
 

  

Figure 3-18 ς 24 h treatment with higher concentrations of FBS (10%) cause a greater morphological 
change in serum-free human primary astrocytes than 2% FBS. (A-C) Representative brightfield images 
of serum-free human primary astrocytes after treatment for 24 h with either 2% FBS or 10% FBS. (D-F) 
Serum-free astrocytes stained with anti-GFAP antibody and phalloidin after 24 h treatment with either 
2% or 10% FBS. (G) Morphology analysis using brightfield images shows a significant increase in the 
area/perimeter ratio after 24 h treatment with 2% FBS (Untreated mean = 3.15 ± 0.44 vs 2% = 5.07 ± 
0.23, P = 0.0004) and 10% FBS (Untreated mean = 3.15 ± 0.44 vs 10% = 5.89 ± 0.30, P < 0.0001). A 
significant difference between 2% and 10% FBS treatments indicates a dose-response to FBS (P = 0.025). 
Significance was calculated using a one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴΩǎ ǘŜǎǘ. 
Error bars represent mean and standard deviation (N = 4). Scale bars represent 100 µm with brightfield 
images taken at 10x magnification and fluorescent images taken at 20x magnification.  
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3.7.3 Serum concentration does not affect the expression of astrocyte 

markers  
With morphological changes observed in serum-free human primary astrocytes after 

treatment with 2% and 10% FBS for 24 hr, it was hypothesised that 10% FBS 

treatment may elicit a transcriptional change in the astrocytes to replicate the 

changes observed when astrocytes are cultured in serum (see section 3.5). Astrocyte 

markers GFAP and S100̡ were selected due to the previous changes observed in 

serum-cultured astrocytes compared to serum-free astrocytes. A more novel 

astrocyte marker, CD49f, was also measured to investigate its suitability as a marker 

of astrocytes. Expression of inflammatory cytokines IL1̡  and TNFh  ǿŜǊŜ also 

investigated alongside caspase-1 expression which matures pro-inflammatory L[мʲ 

(Molla et al., 2020).  

The Ct values of GAPDH, B2M and 18s were initially compared to determine their 

suitability as housekeeping genes for the current experiment (Figure 3-19). Both 

GAPDH and B2M were identified as reliable housekeeping genes with the difference 

between the untreated and FBS-treated conditions being < 2 Ct values (GAPDH = 

1.86, B2M = 0.35). On the other hand, 18s was found to have high variation between 

replicates and the difference between the conditions was > 2 Ct values (2.48). 

Therefore, 18s was deemed not to be a reliable housekeeping gene and was 

excluded from analysis. Instead, the mean of GAPDH and B2M was used to normalise 

genes of interest.  

 

 

Figure 3-19 ς Raw Ct values of GAPDH, B2M and 18s to determine suitability as housekeeping genes 
for RT-qPCR of human primary astrocytes treated for 24 h with 2% or 10% FBS.  Ct values of (A) GAPDH 
and (B) B2M did not vary between conditions (difference is < 2 Ct values) and therefore could be used for 
normalisation of the genes of interest. (C) 18s varied between conditions with a difference of 2.48 
between the untreated (serum-free) and 10% FBS condition. There was also higher variation between 
the replicates compared to the other housekeeping genes. Error bars show mean and standard deviation 
with annotations displaying the mean Ct value (N = 5). 

With two reliable housekeeping genes identified, RT-qPCR was completed for the 

remaining genes of interest with fold change calculated using the mean of the 

untreated condition (i.e. serum-free astrocytes; Figure 3-20).  No significant 

differences were identified in any of the genes of interest, likely due to the variability 

between replicates. The variability can be clearly seen within the untreated condition 
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for each gene, which would be expected to closely centre around 1 (baseline fold 

change for untreated conditions, dotted line).  

 

 

3.7.4 Cytokines produced by astrocytes change in the presence of serum 
The analysis so far suggests exogenous serum causes a reactive phenotype in human 

primary astrocytes with serum-free cultures maintaining a quiescent phenotype. 

With a change in phenotype observed, changes in the secretome of the serum-free 

and serum-cultured astrocytes were predicted, given the astrocyte secretome has a 

critical role in the communication between cells in the CNS. A cytokine array 

containing antibodies for a range of growth factors, pro-inflammatory and anti-

inflammatory cytokines was completed using conditioned media from both serum-

free and serum-cultured human primary astrocytes. Serum-cultured astrocytes were 

incubated in FBS-free astrocyte medium for 72 h to remove any potential 

Figure 3-20 ς No transcriptional differences in astrocyte markers and pro-inflammatory cytokines in 
serum-free human primary astrocytes after treatment with either 2% or 10% FBS for 24 h. (A) GFAP 
expression shows a decreasing trend after treatment with 10% FBS but due to high variation between 
biological repeats, this difference was not significant (P = 0.336). (B) S100̡  expression shows a 
decreasing trend but was not significant (2% P = 0.718; 10% P = 0.748). No significant differences were 
found in (C) CD49f, (D) IL1-ʲΣ ό9ύ ¢bCʰ or (F) Caspase-1. Normalisation was completed using the mean of 
the untreated condition for each gene of interest. Statistical analysis was completed using a mixed 
effects analysis ŦƻƭƭƻǿŜŘ ōȅ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴΩǎ ǘŜǎǘ (N=6). Annotation displays mean value 
and error bars represent mean and upper standard deviation. 

A B C 

D E F 
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contamination from the FBS itself. Figure 3-5 had previously showed incubation with 

serum-free media did not alter the phenotype of the serum-cultured astrocytes over 

this time frame. 

Serum-free astrocyte conditioned medium had more cytokines present (23/105) 

than the serum-cultured astrocyte conditioned medium (7/105; Figure 3-21). Four 

cytokines were found in both conditions with SERPIN-E1 having a similar expression 

in both. IGFBP2 and Osteopontin had higher expression levels in the serum-free 

astrocyte conditioned media, whilst MCP-1 had a higher level of expression in the 

serum-cultured conditioned media. MCP-1 is an inflammatory cytokine which 

enhances the expression of other inflammatory factors and attracts inflammatory 

cells (Singh et al., 2021). Chitinase-3 like-1 is also highly expressed in the serum-

cultured astrocytes with no expression observed in the serum-free astrocytes. This 

cytokine is primarily expressed by astrocytes and is increased in the neurotoxic 

reactive phenotype seen in inflammation and disease (Connolly et al., 2023; Song et 

al., 2024).  

 

Figure 3-21 - Serum-free astrocytes have a more diverse secretome than serum-cultured astrocytes. (A) 
Serum-free astrocytes have more cytokines present in their conditioned media with 23/105 secretory 
proteins detected compared to (B) serum-cultured astrocytes which only detected 7/105. (C) Reference spots 
were used as a control. (D) Values represent mean intensity across duplicates for each cytokine (N = 1). Four 
proteins were detected in both conditions (IGFBP2, MCP-1, Osteopontin and SERPIN-E1) with SERPIN-E1 
having similar expression across both conditions. IGFBP2 and Osteopontin had higher expression in the 
serum-free astrocyte conditioned medium, but MCP-1 was more highly expressed in the serum-cultured 
conditioned medium. Immunoblotting was captured with a 10 min exposure using enhanced ECL. 

A 

B 

C 
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3.8 Discussion 
3.8.1 Summary 
In this chapter, serum-free culture of human primary astrocytes was characterised 

and found to recapitulate quiescent in vivo phenotypic traits when assessing 

morphology and their molecular and genetic phenotype. Using this model, the effect 

of serum on human primary astrocytes was also investigated with a distinct, reactive 

phenotype observed after culture in serum, with reduced expression of key astrocyte 

genes. During optimisation of the serum-cultured model, the effect of passage 

number on the morphology and transcriptome was also investigated with a distinct 

change in phenotype observed after passage 7. Therefore, all future work completed 

using the serum-cultured human primary astrocytes should be completed before 

passage 7 (ideally between passages 3-6) as a better comparator to the serum-free 

astrocyte cultures. 

With the serum-free human primary astrocytes displaying quiescent features, their 

ability to react to stimuli, including FBS, was investigated. Astrocytes showed 

reactive phenotypes upon cytokine and FBS treatments and were also shown to have 

a dose-dependent response to FBS. Interestingly, the acute response of serum 

(serum-free astrocytes treated with FBS for 24 hr) differed to the chronic response 

(serum-cultured astrocytes) suggesting different mechanisms are occurring and 

potentially recapitulate a healthy reactive response (acute) compared to a 

pathological response (chronic). In the serum-cultured astrocytes, an increase in 

nuclear size and a reduction of astrocyte protein and gene expression (i.e. GFAP and 

S100̡ ) suggests a potentially mature or senescent phenotype. 

Finally, the effect of serum on the secretome of the astrocytes was explored using a 

cytokine array. Much like the muted expression of astrocyte genes in serum-cultured 

astrocytes, fewer cytokines were detected in serum-cultured astrocyte conditioned 

medium. Whilst more cytokines would be expected to be released from reactive 

astrocytes due to their role in inflammation, many of the cytokines detected in 

serum-free astrocytes were found to be important growth factors and cytokines 

involved in homeostatic processes. Of those highly expressed in the serum-cultured 

astrocytes, MCP1 and chitinase-3 like-1 are potent inflammatory cytokines 

suggesting serum does cause a reactive, inflammatory phenotype.  

 

3.8.2 Optimisation of a suitable serum-free medium for quiescent human 

primary astrocyte culture 
In this work, serum-free medium has been confirmed to be able to maintain the 

human primary astrocytes in a quiescent, resting state in line with previous studies 

of serum-free rodent primary astrocyte cultures (Foo et al., 2011; Zhang et al., 2016; 

Prah et al., 2019). Our findings indicate that serum-free human primary astrocytes 

closely resemble the morphology of in vivo human astrocytes with long thin 

processes and a small cell body. This morphology was observed in all of the serum-

free media compositions tested with the best condition found to be DMEM medium 

with G5 supplement. A limitation of this work is the lack of quantitative comparisons 

completed at this early optimisation stage. Whilst it is unlikely that morphological 

analysis would have shown a difference between serum-free media conditions which 
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was not observed through visual inspection, viability assays such as resazurin or MTT 

could have been completed to produce a quantitative comparison of astrocyte 

viability. Alongside the quiescent morphology and good viability observed in the 

DMEM G5 medium, G5 supplement was also chosen due to its astrocyte-focused 

composition. G5 supplement composition is clearly documented unlike supplements 

such as AGS or B27 supplement, making the supplement ideal for future analysis 

involving conditioned media and the ADEVs. Addition of other molecules could have 

been trialled, however the aim for this work was to optimise a simple, reproducible 

human astrocyte culture which was successful without the addition of further 

molecules.  

 

3.8.3 Morphological analysis identifies distinct phenotypes in serum-free 

and serum-cultured human primary astrocytes 
In contrast to serum-free human primary astrocyte cultures, serum-cultured 

astrocytes display a fibroblastic morphology with observable hypertrophy that has 

also been shown in other studies such as Prah et al (2019) using rodent cells, as well 

as enlarged nuclei. Morphological analysis was completed to quantify the 

hypertrophy, however with such a large difference in overall morphology observed 

between serum-free and serum-cultured astrocytes, the correct analysis needed to 

be identified to show the true difference in hypertrophy between the conditions. In 

Prah et al (2019), where a similar comparison was completed, cell area and the 

number of processes were analysed using a SNT plug-in. Whilst attempts were made 

to replicate this in the current work, morphology analysis was completed using 

brightfield images to avoid issues with ICC staining such as ensuring the entirety of 

the cell is stained, or artifacts caused by the ICC process (the fine processes observed 

in serum-free astrocytes were often damaged/folded during ICC). For example, GFAP 

stains the cell body and larger processes but often does not stain fine processes, and 

as shown in this work, GFAP is not highly expressed in all astrocytes. However, using 

brightfield images, the plug-in did not always detect the entirety of the cell or their 

processes due to a lack of contrast with the background.  

There is also an issue with defining astrocyte processes. In particular, the serum-

cultured astrocytes often had a bipolar morphology but it is not always clear where a 

process begins in order to start the measurements. In Prah et al (2019), the 

measurement started from the nuclei, however with serum-cultured astrocytes 

having a hypertrophic cell body, the actual processes of the astrocytes would in fact 

be much shorter than described using this method. For this reason, alongside the 

issues with measuring brightfield images using plug-ins, number or length of 

processes were not measured in the current study. Future work could attempt to 

measure differences in processes using live cell staining (such as membrane dyes), 

which would avoid any damage caused by the ICC process and allow automation of 

the measurement by plug-ins such as SNT.  

Instead, cell area and perimeter were measured by manually tracing the astrocytes in 

FIJI software. Given the diversity in astrocyte morphology and the length of some 

astrocyte processes, particularly in the serum-free astrocyte cultures, the 

area/perimeter ratio was thought to be the most suitable measurement. This would 
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account for an increase in area caused by long processes, and therefore the 

measurement would better reflect cellular hypertrophy, rather than overall cell size. 

This measurement also confirmed the observations seen during visual inspection and 

therefore was used for the remainder of the work completed.  

 

3.8.4 Serum causes changes in proliferation and nuclear size of human 

primary astrocytes 
Serum-free human primary astrocytes displayed no proliferation throughout their 

culture with passaging not required. This supports observations made in vivo with 

mature astrocytes found not to proliferate unless in a reactive state (Colodner et al., 

2005; Sofroniew and Vinters, 2010). Other studies have found that HB-EGF promotes 

astrocyte proliferation, but this was not found in this study when included in the NB 

and DMEM B27 cultures during serum-free optimisation (Foo et al., 2011; 

Puschmann et al., 2014; Prah et al., 2019). This may be due to the low concentration 

used in these media, and HB-EGF was not tested in the DMEM G5 media. Further 

work could investigate whether HB-EGF would encourage proliferation, however 

with mature astrocytes having limited proliferation abilities, the serum-free model 

used in this study is more representative of in vivo astrocytes.  

On the other hand, serum-cultured astrocytes readily proliferated, particularly at low 

passages reminiscent of reactive astrocytes. The proliferation rate slowed with 

increasing passage number alongside other differences such as increasing nuclear 

size and reduced GFAP expression. Nuclear size is often used as a measure of 

senescence or maturation so alongside the reduced proliferation, we may suggest 

that either the increasing passage number or prolonged exposure to FBS causes a 

senescent phenotype in the later passages (Mitsui and Schneider, 1976; Heckenbach 

et al., 2022; Huang et al., 2022). Cellular senescence in the serum-cultured astrocytes 

was not explored further in this work, however investigation into senescent markers 

could be completed in the future. Instead, serum-cultured astrocytes were limited to 

passage 7 to avoid the senescent phenotype which complements other studies that 

have used the same human primary astrocytes (Baxter et al., 2021).  

 

3.8.5 Cytokine treatment did not elicit a clear reactive response in 

serum-free human primary astrocytes 
A cytokine cocktail of TNFh, IL1h  and C1q is commonly used to induce an 

inflammatory reactive phenotype in astrocytes (Liddelow et al., 2017; Guttenplan et 

al., 2020; Ziff et al., 2022). In this work, a morphology change was not observed 

when serum-free human primary astrocytes were treated with the cytokines for 24 

hours, in contrast to treatment with 2% FBS. On the other hand, significant increases 

in the gene expression of IL1̡  and TNFh were observed after cytokine treatment 

suggesting cytokines may cause a reactive phenotype in the astrocytes. The inclusion 

of the cytokine treatment in this work was to compare the serum phenotype to a 

well-documented ΨA1Ω phenotype (Zamanian et al., 2012; Liddelow et al., 2017). A 

higher concentration of cytokines may elicit a stronger response leading to 

morphological changes as well as greater transcriptional changes, but this was 

beyond the scope of this work. Future work could the effect of hypoxia treatment on 
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human primary astrocytes which has previously been established as inducing ŀƴ Ψ!нΩ 

protective phenotype (Zamanian et al., 2012).  

 

3.8.6 Serum-free human primary astrocytes have a dose-dependent 

response to FBS 
Whilst 2% FBS was used throughout this work for serum-cultured astrocyte culture 

due to this concentration being recommended by the supplier of the astrocytes, 24 h 

treatment with 10% FBS was shown to induce a more reactive phenotype than 2% 

treatment, indicating a dose-dependent increase. This has implications for studies 

that use high concentrations of FBS for astrocyte culture such as 10% or 15% FBS 

concentrations (for example, 10% FBS was used within Prah et al (2019)). Lower 

concentrations of FBS were not tested in the current work but it would be interesting 

to determine at what concentration reactivity is observed.  

Interestingly, serum-free astrocytes treated with 2% FBS had a different 

transcriptional response than serum-cultured astrocytes despite the concentration of 

FBS remaining the same. This would suggest there is an acute and chronic response 

to serum which may reflect a healthy reactive response (treated) and a pathological 

response (cultured). Whilst not completed in the work, omics analysis of both FBS-

treated and serum-cultured human primary astrocytes in comparison to the serum-

free astrocytes would highlight how different these phenotypes are, but also allow a 

better comparison to disease-associated astrocytes.   

 

3.8.7 Transcriptional differences between serum-free and serum-

cultured human primary astrocytes 
Surprisingly, when human primary astrocytes were cultured in 2% FBS (serum-

cultured), GFAP expression was significantly lower than serum-free astrocytes when 

comparing both protein and RNA expression, in contrast with previous work 

comparing serum-free and serum-cultured rodent primary astrocytes (Roybon et al., 

2013; Prah et al., 2019). GFAP is considered the gold-standard astrocyte marker and 

is well documented to increase in reactive astrocytes (Jurga et al., 2021; Kim et al., 

2023). However, GFAP is not exclusive to astrocyte reactivity with higher 

concentrations identified in particular regions of the brain as well as during 

development (Roybon et al., 2013; Escartin et al., 2019, 2021). In fact, repetitive 

trauma was shown to decrease GFAP expression in mouse brains (Escartin et al., 

2019). 

GFAP expression is also not found in all astrocytes, with distinct populations 

expressing other markers such as S100 ̡(Walz and Lang, 1998; Jurga et al., 2021). 

Here we show that only 50% of serum-free and 10% of serum-cultured human 

primary astrocytes express high levels of GFAP. This difference in GFAP-positive 

populations may begin to explain the increased expression of GFAP in serum-free 

astrocytes as it may suggest higher GFAP expression is due to more GFAP-positive 

cells instead of individual astrocytes expressing more GFAP. This also shows the 

necessity of using multiple markers to assess astrocyte phenotypes instead of 

focusing solely on GFAP expression (Escartin et al., 2021; Jurga et al., 2021).  
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Notably, the expression of other well-known astrocytic genes (such as {мллʲ ŀƴŘ 

EAAT2) were at least five-fold higher in serum-free human primary astrocytes 

compared to serum-cultured astrocytes. This may suggest that serum-cultured 

astrocytes preferentially focus on the production of proteins involved in cellular 

proliferation instead of more specific astrocyte markers. In contrast, when serum-

free human primary astrocytes were treated with 2% FBS for 24 hours, GFAP was 

shown to increase, supporting evidence that GFAP expression increases in reactivity. 

This highlights the importance of understanding acute and chronic reactivity in 

astrocytes.  

 

3.8.8 Overall limitations of the work 
One of the greatest challenges with in vitro astrocyte culture is their immaturity with 

most models using embryonic and immature astrocytes. The human primary 

astrocytes used in this work are of foetal origin and therefore will likely behave 

differently to mature astrocytes. Neurodegenerative disease occurs in the ageing 

brain with age being the highest risk factor for spontaneous neurodegenerative 

disease. Therefore, using immature models does not accurately represent these aged 

astrocytes. Studies are working to induce a more mature phenotype but there is 

currently no widely used method to age these cells (Roybon et al., 2013; Savchenko 

et al., 2019; Hergenreder et al., 2024). To overcome this issue, any findings should be 

confirmed in in vivo models or in aged human tissue postmortem.  

Another issue that was identified throughout this work was the reproducibility 

between replicates, particularly in RT-qPCR data. Large variation was observed in 

many of the studies, likely masking differences identified between conditions. To 

overcome this, the sample sizes of the studies were increased to reduce type 1 and 

type 2 errors. Another way to overcome this was to undertake similar experiments 

using different techniques to ensure consistency. For example, ICC staining allows 

semi-quantitative measurement of protein expression but can be subject to bias and 

issues with technical variation. Therefore, western blotting was also completed 

where possible to confirm any differences in protein expression. Both RNA and 

protein expression were measured which also validated any findings, however it is 

important to note that many post-translational modifications and pathways occur, 

meaning RNA expression does not always match protein expression (Morris and 

Mattick, 2014; Wang et al., 2014). This was observed in this study when measuring 

EAAT2 expression, indicating the importance of a multi approach analysis.  

The cytokine array completed at the end of this chapter suffers from low sample size 

with only one replicate completed due to cost issues. Instead, this experiment was 

completed as a preliminary, exploratory analysis of astrocyte secretion with future 

work aiming to further investigate astrocyte secretions (ADEVs were the focus of the 

current thesis but many other proteins/RNA are secreted alongside).  

 

3.8.9 Conclusions 
Serum causes a reactive phenotype in human primary astrocytes which supports 

previous findings found in rat primary astrocytes (Prah et al., 2019). This chapter 
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details a serum-free human astrocyte culture which can survive for up to 4 weeks, 

and that displays many features of quiescent astrocytes with the ability to react to 

inflammatory stimuli. Whilst serum-free astrocytes are more difficult to work with 

due to a lack of proliferation, future work needs to move towards serum-free 

cultures when studying quiescent astrocyte function due to the permanent reactive 

changes induced by serum. Instead, this work has demonstrated a use for serum 

cultures when studying reŀŎǘƛǾŜ ƻǊ ΨŘƛǎŜŀǎŜŘΩ ŀǎǘǊƻŎȅǘŜǎΦ  

The next chapter of this work continues to profile the serum-free and serum-

cultured astrocytes but instead focuses on larger scale, unbiased omics analysis using 

RNA-sequencing and mass spectrometry. This will allow the identification of 

differentially expressed genes/proteins as well as differences in cellular pathways.  
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Chapter 4: Effects of serum exposure 

on the transcriptome and proteome 

of human primary astrocytes 

4.1 Introduction 
4.1.1 The importance of multi-omics analysis 
The aim of the previous thesis chapter was to characterise the phenotypes of 

commercially available human primary astrocytes when cultured in both serum-free 

and serum-containing media, to establish a model of serum-induced reactivity. 

However, the molecular characterisation was completed using a candidate approach 

where genes and proteins of interest were selected based upon previous literature, 

such as GFAP and EAAT2. This approach is very useful when investigating specific 

pathways or targets within cells, but this only visualises changes in a few select 

genes/proteins and therefore does not provide detailed information on the overall 

molecular phenotype of astrocytes. Immunoblotting and ICC also rely on the 

availability of suitable antibodies, and only permit relative quantification of protein 

expression, so it is difficult to reliably compare expression between different 

proteins. Whilst several markers were explored in the previous chapter, it is 

unrealistic to investigate a large number of targets using these methods and 

therefore different methods must be applied to analyse the totality of genes and 

proteins within the human primary astrocytes. 

In order to investigate changes in whole cellular pathways as well as quantify 

differences in gene and protein expression amongst many targets, omics-based 

analysis is required. As shown in the previous chapter, it is important to compare 

both gene and protein expression as not all changes in gene expression will correlate 

with protein expression due to post-transcriptional regulatory mechanisms such as 

nonsense-mediated decay (Greenbaum et al., 2003). For global gene expression 

analysis, RNA-sequencing was performed to identify changes in the transcriptome of 

serum-cultured astrocytes compared to the serum-free astrocytes. In parallel, 

protein mass spectrometry was then used to characterise protein expression in both 

serum-free and serum-cultured astrocytes.  

 

4.1.2 RNA-sequencing 
RNA-sequencing uses high-throughput, next-generation sequencing methods to 

provide quantitative snapshot of the cell transcriptome (Wang et al., 2009; Kukurba 

and Montgomery, 2015). Providing quantification of the mRNAs identified within the 

astrocyte ΨRNAƻƳŜΩ, assumptions can be made as to which pathways are enriched 

within the cells and thus enables the characterisation of the molecular phenotype in 

human primary astrocytes. As well as providing details of mRNA transcripts, RNA-

sequencing can also be applied to investigate small RNA such as miRNAs, tRNAs and 

ribosomal profiling (Holley and Topkara, 2011; Abbott et al., 2014). In this work, only 

mRNA was investigated with the analysis focused on protein-coding genes by using 
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polyA selection to enrich for mRNA. PolyA selection enriches mRNAs as well as non-

coding RNAs that have polyA tails whilst reducing ribosomal RNAs (80% of total RNA) 

and pre-mRNAs in the sample (Chen et al., 2020).  

 

4.1.3 Mass spectrometry 
Liquid chromatography with tandem mass spectrometry (LC-MS/MS) allows the 

unbiased identification of large numbers of proteins within a sample, here providing 

a detailed picture of the astrocyte proteome, without the need to rely on antibody 

quality or target selection. Unlike RNA sequencing, quantification is traditionally 

more challenging with mass spectrometry due to a variety of factors. In order to 

detect proteins using mass spectrometry, proteins are fragmented into smaller, 

more manageable peptides before sequence detection which are then used to 

identify the original protein. This fragmentation process will not be the same for 

each protein with some proteins producing far more peptide fragments than others, 

which could easily be interpreted as more abundant than proteins with fewer 

fragments. On the other hand, some forms of mass spectrometry analysis, such as 

sequential window acquisition of theoretical mass (SWATH), have been developed in 

recent years to make relative quantification between samples possible.  

In this work, two forms of protein mass spectrometry (conventional LC-MS/MS and 

SWATH-MS) will be completed to identify differences in the proteomes of serum-free 

and serum-cultured human primary astrocytes. Both forms of mass spectrometry use 

label-free, data-independent acquisition methods to produce a catalogue of proteins 

detected in the samples. Other data-dependent forms of mass spectrometry can be 

completed but require a list of targets to identify and quantify. 

Conventional LC-MS/MS uses fragmentation (tryptic digestion and then physical 

fragmentation of peptides in a collisions cell) to identify peptide sequences of 

proteins within a sample, which can then be mapped to specific parent proteins. 

However, between runs, the analysis may dedicate different time windows to 

peptide sequencing, resulting in data that is at best only semi-quantitative. In 

contrast, SWATH-MS uses analysis windows of a fixed size to identify all peptides 

within frame and will spend the same time identifying each peptide within the 

window. This improves the accuracy and reproducibility of the analysis compared to 

conventional LC-MS/MS. This method also allows relative quantification between 

samples as all peptides are documented equally during analysis. However, due to the 

method of fragmentation, it is difficult to compare expression of different proteins, 

as some proteins will more easily fragment than others, leading to increased 

detection.  

 

4.1.4 Aims of the chapter 
This chapter aims to further characterise the phenotype of serum-free and serum-

cultured human primary astrocytes using an unbiased multi-omics approach. 

Transcriptomic data will be collected using RNA-sequencing, and proteomic data 

collected using two types of mass spectrometry analysis (conventional LC-MS/MS 

and SWATH-MS). Comparisons will be made to previously published ΨƻƳƛŎǎΩ datasets 
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of quiescent and reactive astrocytes to determine the validity of these findings. Only 

once the astrocyte models are fully characterised can their ADEVs be investigated 

and compared to these whole cell references (see chapter 5). 

 

4.2 RNA-sequencing analysis of serum-free and serum-

cultured human primary astrocytes 
With transcriptional changes in candidate genes observed between serum-free and 

serum-cultured human primary astrocytes using RT-qPCR in the previous chapter, it 

was predicted that broader transcriptional changes would be observed, potentially 

distinguishing the astrocytes into quiescent and reactive phenotypes. Therefore, RNA 

was isolated from four biological replicates of both serum-free and serum-cultured 

human primary astrocytes before RNA sequencing was completed by Novogene (UK) 

to identify changes in the protein-coding transcriptome (mRNA). Briefly, data was 

mapped to the reference genome (Homo sapiens) and gene expression quantified to 

obtain FPKM values for each gene identified (see section 2.3.4 for more detail of RNA 

sequencing analysis).  

 

4.2.1 Overall distribution of the samples 
A principal component analysis (PCA) was first completed on the zFPKM values from 

the RNA sequencing data obtained from four biological replicates of serum-free and 

serum-cultured human primary astrocytes to determine the similarity between 

samples. A clear distinction was identified between the serum-free and serum-

cultured astrocytes with 85.1% of the variation described by the first principal 

component (PC1; Figure 4-1). The four biological replicates from each condition were 

tightly clustered showing little variation between the samples. A small variation from 

the main clusters was seen in sample 8 and sample 1 for the serum-free and serum-

cultured astrocytes respectively, however this difference is exaggerated by the PCA, 

with only 6.1% of the variation described by this principal component (PC2). 

Therefore, we can conclude that major differences in the transcriptome are observed 

when human primary astrocytes are cultured in serum compared to serum-free 

culture.  
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Figure 4-1 - Principal component analysis shows clear separation in mRNA expression between serum-
free and serum-cultured astrocyte replicates. PCA shows a distinct difference between the 
transcriptomes of serum-free (blue) and serum-cultured astrocytes (green) with 85.1% of variation 
described by this principal component (PC1). Only 6.1% of the variation was described by the second 
principal component which accounts for variations between the biological replicates. Biological 
replicates were tightly clustered within each condition (N=4).  

To identify which genes were most responsible for this difference between serum-

free and serum-cultured astrocytes, a partial least squares discriminant analysis (PLS-

DA) was completed. Of the top 20 genes identified during this analysis, SRGN, KRT19, 

GPRC5A, IGFBP1, MMP, TRPC6 and DSP were highly expressed in serum-cultured 

astrocytes and CHL1, DPYSL5, GRIK3, A2M, PMP2, LMO, C1orf61, MLC1, {мллʲΣ 

SORCS1, PTPRZ1, SPARCL1 and ATP1B2 were more highly expressed in serum-free 

astrocytes (Figure 4-2). Interestingly, the observation for S100̡  supports RT-qPCR 

data obtained in chapter 3 where a significant difference in S100̡  gene expression 

was found between serum-free and serum-cultured astrocytes (see Figure 3-12G). 

 

Figure 4-2 ς Partial least squares discriminant analysis identified the 20 most influential genes on the 
separation of serum-free and serum-cultured astrocyte transcriptomes. Of the 20 genes identified, 13 
genes were found to be highly expressed in the serum-free astrocytes and 7 identified as highly 
expressed in serum-cultured astrocytes. Red indicates high expression and blue, low expression in each 
of the biological repeats (SC = serum-cultured, SF = serum-free; N=4). Both samples and genes were 
clustered based on similarity using hierarchical clustering. 
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Due to the polyA enrichment completed during the RNA sequencing, the majority of 

RNA detected was identified as corresponding to protein-coding genes. These 

protein-coding genes were then filtered to identify RNA that was present in multiple 

biological replicates to increase confidence in the mRNA that was detected for each 

condition (Figure 4-3). The majority of RNA detected was identified in all 4 replicates 

(> 80%) suggesting high similarity between the replicates. Only protein-coding RNAs 

identified in at least 2 replicates (i.e. 50% of replicates) were included in downstream 

analysis. 

After removal of mRNA which were not detected in 2 or more of the biological 

replicates, 11,273 protein-coding genes were identified in the serum-free astrocytes 

and 10,107 protein-coding genes identified in the serum-cultured astrocytes (Figure 

4-4). Of these genes, 9630 were identified in both conditions (82% of total genes) 

suggesting similar mRNAs are expressed in the astrocytes, with differences between 

conditions likely due to differential expression of these genes. Of those exclusively 

identified in each condition, 1643 unique mRNA were exclusively identified in the 

serum-free astrocytes and 477 identified in the serum-cultured astrocytes. 

 

Figure 4-4 - The majority of protein-
coding mRNAs were identified in both 
serum-free and serum-cultured 
astrocytes. A total of 11,750 protein-
coding mRNAs were identified in the 
RNA-sequencing of the astrocytes with 
the majority identified in both conditions 
(9630, 82%). 1643 mRNAs were 
identified exclusively in the serum-free 
astrocytes and 477 genes exclusively in 
the serum-cultured astrocytes.  

 

 

Figure 4-3 - The majority of protein-coding mRNAs were identified in all 4 replicates of serum-free 
and serum-cultured human primary astrocytes. Protein-coding mRNA was filtered based upon the 
number of biological replicates that each mRNA was identified in. The majority of mRNA was 
identified in all 4 replicates with less than 20% of the data found in 3 replicates or less. More unique 
mRNAs were identified in the serum-free condition, with 7.35% of total mRNA detected not being 
identified in any of the serum-cultured samples. Percentages were calculated using the total number 
of RNA detected across both serum-free and serum-cultured conditions.  
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4.2.2 Differentially expressed genes in serum-free and serum-cultured 

human primary astrocytes 
Whilst the analysis of exclusively detected mRNAs can identify key genes involved in 

each astrocyte phenotype, this mostly describes genes that are expressed at low 

levels (low readcounts). It is more likely that transcriptional changes between 

phenotypes will occur through the upregulation or downregulation of genes, rather 

than cells expressing ΨnewΩ mRNA. To investigate differential expression across both 

astrocyte conditions, statistical analysis was completed on the protein-coding RNAs 

identified within the samples. Genes with җ 2-fold increase in either condition were 

identified as differentially expressed. Due to the high number of differentially 

expressed genes across the conditions, a false discovery rate (FDR; q value) was 

calculated to reduce the number of false positives.  

Using a cut-off of < 1% FDR, 6134 genes were identified as differentially expressed, 

with 3602 found to be more expressed in the serum-free astrocytes and 2532 found 

to more expressed in the serum-cultured astrocytes (Figure 4-5, A and B). This means 

more genes were downregulated in serum-cultured astrocytes. Interestingly, AQP4, a 

homeostatic gene in astrocytes, was found to be very highly expressed in serum-free 

astrocytes compared to serum-cultured, with the gene found to be the 5th most 

differentially expressed gene in serum-free astrocytes (Figure 4-5C).   
   

Figure 4-5 - Differential expression of protein-coding genes in serum-free and serum-cultured 
astrocytes. (A) Number of genes significantly upregulated in serum-free and serum-cultured astrocytes 
with a fold change җ2. (B) Volcano plot of all protein-coding genes identified in at least 2/4 biological 
repeats of both conditions. Genes found within the red region are significantly upregulated in serum-
cultured astrocytes and genes found within the green region are significantly upregulated in serum-free 
astrocytes. (C) The 10 most differentially expressed genes that are upregulated in serum-free astrocytes. 
(D) The 10 most differentially expressed genes that are upregulated in serum-cultured astrocytes. Values 
within the SF (serum-free) and SC (serum-cultured) columns represent average zFKPM values from the 
four biological replicates. Significance was calculated using multiple t tests and corrected for by a two-
step approach (Q value; Benjamini et al., 2006). 
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Other common astrocyte markers (listed in Table 1-1) were highlighted in the RNA 

sequencing data, in order to probe changes between human primary astrocyte 

phenotypes. This also allowed validation of the findings by RT-qPCR completed 

during Chapter 3 (see sections 3.5 and 3.6). The majority of astrocyte markers were 

found to be upregulated in serum-free astrocytes compared to serum-cultured 

astrocytes with only CD44 and VIM remaining consistent between conditions, further 

supporting evidence of a global reduction in astrocyte markers in the serum-cultured 

astrocytes after 2 weeks in serum culture (Table 4-1). Only CXN-43 (a gap junction 

protein) was found to increase in serum-cultured astrocytes potentially suggesting 

increased adherence between cells. These findings were also compared to RT-qPCR 

data published by Prah et al. (2019) comparing serum-free and serum-cultured (10% 

FBS) rodent primary astrocytes. Most astrocyte markers followed the same trend as 

those measured in the Prah study with the exception of GFAP and AQP4 (shown by 

red arrows in Table 4-1, direction of arrows indicates the direction of expression 

described if cultured in serum). The RNA-sequencing also matched our previous RT-

qPCR data described in chapter 3 (sections 3.5 and 3.6), however with a greater 

difference observed between conditions during the RNA sequencing. This may be 

due to the lower variability between biological replicates in the RNA sequencing 

compared to the RT-qPCR.   

Inflammatory markers were also analysed based upon the RT-qPCR data of the Prah 

study as well as our own. IL1-  ̡and IL-6 were found to be significantly upregulated in 

serum-cultured astrocytes suggesting they have a more inflammatory-reactive like 

phenotype, confirming RT-qPCR evidence (Table 4-1). TNFh  and LCN2 were not 

identified in the RNA-sequencing analysis and IL10 was only found in serum-free 

astrocytes at a low expression.  
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Table 4-1 - Expression of astrocyte and inflammatory markers in serum-free and serum-cultured 
astrocytes in comparison to RT-qPCR data from Prah et al. (2019) and RT-qPCR analysis completed in 
Chapter 3. Of the astrocyte markers described in Table 1-1, the majority were upregulated in serum-free 
astrocytes with only CD44 and VIM remaining consistent between conditions. Of those measured in Prah 
et al (2019), most follow the same trend (green arrows) with the exception of GFAP and AQP4 (Red 
arrows). Inflammatory markers IL1-  ̡and IL-6 were found to be upregulated in the serum-cultured 
astrocytes suggesting an inflammatory phenotype, which matched findings within the Prah study. RT-
qPCR results completed in chapter 3 were confirmed by the RNA-sequencing analysis with significance 
found to be higher in RNA-sequencing than in RT-qPCR. Direction of arrows indicates the direction of 
expression change identified after culture in serum within the Prah study and our previous RT-qPCR data. 

 
 

4.2.3 Pathway analysis of differentially expressed genes in serum-free 

and serum-cultured human primary astrocytes 
With differentially expressed genes identified, pathway analysis was completed to 

identify the biological pathways of human primary astrocytes that were impacted 

following chronic serum exposure. Pathway analysis was completed using the Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) database. A total of 23 pathways were 

significantly upregulated in serum-free astrocytes compared to serum-cultured 

astrocytes including key homeostatic functions such as calcium signalling, axon 

guidance and, synaptic pathways (i.e. GABAergic, glutamatergic and cholinergic) 

suggesting key functions associated with quiescent astrocytes are reduced in after 

culture in serum (Figure 4-6A). There was also an increase in specific metabolic 

pathways such as alanine, aspartate and glutamate metabolism in serum-free 

quiescent astrocytes. Alanine is involved in ammonia detoxification produced during 

the glutamate/glutamine recycling process and therefore is vital for homeostatic 

functions in astrocytes (Dadsetan et al., 2013; Voss et al., 2021).  
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In contrast, 46 pathways were significantly upregulated in serum-cultured astrocytes 

(Figure 4-6B). Protein production and processing pathways were upregulated such as 

ribosome pathways, protein processing in the endoplasmic reticulum, and the 

proteasome pathway. There was also an increase in a range of metabolic pathways 

such as oxidative phosphorylation, the TCA cycle, purine, pyrimidine and carbon 

metabolism. A range of disease pathways were also up-regulated such as HIV 

ƛƴŦŜŎǘƛƻƴΣ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜ. 

Reactive astrocyte phenotypes are observed within these diseases suggesting the 

current astrocytes may replicate this reactive phenotype after serum culture. As well 

as disease pathways, TNF and NF- Bˁ signalling were increased suggesting the serum 

elicits an inflammatory phenotype. Cellular senescence was significantly upregulated 

supporting nuclear size increases compared to serum-free astrocytes observed 

during passaging (see Figure 3-4).  

 

4.2.4 Comparison of serum-free and serum-cultured astrocyte 

phenotypes to ÐÕÂÌÉÓÈÅÄ Ȭ!ρȭ ÁÎÄ Ȭ!ςȭ astrocyte phenotypes 
A simplified explanation of astrocyte reactivity was proposed by Liddelow et al. 

(2017) to describe the range of opposing functions observed in astrocytes (see 

section 1.1.2.1 for more details). Ψ!мΩ ŀǎǘǊƻŎȅǘŜǎ ŀǊŜ ŘŜǎŎǊƛōŜŘ ŀǎ having an 

inflammatory phenotype ŀƴŘ Ψ!нΩ ŀǎǘǊƻŎȅǘŜǎ are described with anti-inflammatory 

functions. To identify whether the serum-cultured astrocytes better resemble the 

Ψ!мΩ ƻǊ Ψ!нΩ phenotype, a set of 38 reactive markers commonly used to describe 

astrocyte reactivity were assessed (Figure 4-7). Pan-reactive genes are genes that are 

identified in reactive astrocytes regardless of phenotype and include common 

astrocyte markers such as GFAP and Vimentin (Vim). The majority of these markers 

showed similar expression between the serum-free and serum-cultured astrocytes 

with the exception of GFAP and CP which were highly upregulated in serum-free 

astrocytes (Figure 4-7A). STEAP4, CXCL10 and SERPINA3 were also more highly 

expressed in the serum-free astrocytes however these genes were not highly 

Figure 4-6 ς KEGG pathway analysis of serum-free and serum-cultured human primary astrocytes 
suggests pathway differences in quiescent and reactive phenotypes, respectively. (A) Serum-free 
astrocytes were found to have 23 significantly upregulated pathways, with many pathways involved in 
homeostatic functions or synapse-related functions, suggestive of a quiescent phenotype. (B) Serum-
cultured astrocytes were found to have 46 significantly upregulated pathways including a range of 
neurodegenerative diseases, protein-processing pathways and inflammatory pathways, suggestive of a 
reactive phenotype. Pathways relevant to astrocyte biology were categorised (see key) to allow easier 
visualisation of upregulated pathways. 
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expressed in either astrocyte cultures. Five other markers, including S1PR3 and 

HSPB1 were more highly expressed in the serum-cultured astrocytes suggesting a 

more reactive phenotype compared to the serum-free astrocytes.  

hŦ ǘƘŜ мо Ψ!мΩ ƛƴŦƭŀƳƳŀǘƻǊȅ ƎŜƴŜǎΣ с ǿŜǊŜ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ƘƛƎƘŜǊ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ǘƘŜ 

serum-cultured astrocytes compared to the serum-free astrocytes (Figure 4-7B). In 

contrast, only 3 genes had higher expression in the serum-free astrocytes, further 

confirming the more reactive phenotype of the serum-cultured astrocytes. The 

greatest difference between serum-free and serum-cultured astrocytes was 

observed in the !н ǊŜŀŎǘƛǾŜ ƳŀǊƪŜǊǎ ǿƛǘƘ Ƴŀƴȅ ƻŦ ǘƘŜ Ψ!нΩ ƳŀǊƪŜǊǎ ŦƻǳƴŘ ǘƻ ōŜ ƳƻǊŜ 

highly expressed in serum-cultured astrocytes (Figure 4-7C). In contrast to previous 

work using cytokine treatments or hypoxia models, the serum-cultured astrocytes 

had high expression of both A1 and A2 astrocyte markers suggesting a more complex 

reactive phenotype than other astrocyte models using cytokines to initiate 

inflammation, or hypoxia to stimulate an A2 response (Zamanian et al., 2012; 

Liddelow et al., 2017a; Sancho et al., 2022; Ziff et al., 2022). This is more similar to a 

disease phenotype where both inflammatory and anti-inflammatory responses are 

observed simultaneously (Ziff et al., 2022). In summary, serum-cultured astrocytes 

display a combination of characteristic A1 and A2 reactive transcriptomes in 

comparison to serum-free astrocytes suggesting FBS elicits a complex reactive 

phenotype, which is similar to the complex reactive response observed in disease.  
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Figure 4-7 - Serum-cultured astrocyte transcriptome resembles both Ψ!мΩ ŀƴŘ Ψ!нΩ ǊŜŀŎǘƛǾŜ ŀǎǘǊƻŎȅǘŜ 
phenotypes defined by Liddelow et al (2017). (A) Many of the pan-reactive genes have similar 
expression across both astrocyte cultures (e.g. TIMP1 and VIM) or were lowly expressed in the astrocyte 
cultures (e.g. STEAP4 and SERPINA3). The majority of (B) A1 and (C) A2 reactive astrocyte markers were 
upregulated in serum-cultured astrocytes suggesting the serum-cultured astrocytes have a reactive 
phenotype compared to the serum-free astrocytes. Green indicates an upregulation in serum-cultured 
astrocytes. Red indicates an upregulation in serum-free astrocytes. Numbers for serum-free (SF) and 
serum-cultured (SC) astrocytes indicate average zFKPM values. These were then log2 transformed to 
calculate log2 fold changes in comparison to the serum-free astrocytes. 

 

4.3 Proteomic analysis by LC-MS/MS analysis 
It is clear from the RNA sequencing analysis that the serum-free and serum-cultured 

astrocyte transcriptomes vary considerably, which is solely due to differences 

imparted by culture medium composition (given the cells originate from the same 

vial). Whilst changes in RNA expression do not always result in a corresponding 

proteomic change, differences in the proteomes of the serum-free and serum-

cultured astrocytes would be expected given the magnitude of difference observed 

in the transcriptomes. Therefore, LC-MS/MS was completed on 20 µg of protein from 

whole-cell lysates of serum-free and serum-cultured human primary astrocytes.  

 

A B 

C 
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4.3.1 Protein identification in serum-free and serum-cultured human 

primary astrocyte whole-cell lysates 
LC-MS/MS was completed by the Cambridge Centre for Proteomics (Cambridge, UK) 

to produce a list of proteins detected within each astrocyte sample. For 

identification, proteins were required to have a minimum of two peptides with a 

peptide threshold of over 95% as well as a protein threshold of >99% for 

identification. Manual filtering of the data for common contaminants (i.e. keratin, 

albumin) was completed, as well as for bovine proteins that were identified due to 

the presence of serum in the serum-cultured astrocyte medium.  

Proteins were then filtered to identify those present in multiple biological replicates 

in order to increase confidence in the proteins that were detected for each condition 

(Figure 4-8). More ΨmissingΩ values were identified in the proteomic LC-MS/MS 

replicates compared to the RNA-sequencing replicates with only ~60% of serum-free 

and ~20% of serum-cultured astrocyte proteins identified in all three replicates, 

reflecting the stochastic nature of proteomic analysis. The serum-free astrocyte 

replicates had less variation between samples than the serum-cultured astrocytes, 

with serum-cultured astrocytes having far fewer proteins identified in two or more 

replicates. This is most likely due to technical variation between samples with serum-

cultured astrocyte samples analysed in different mass spectrometry runs (i.e. on 

different occasions), unlike the serum-free astrocytes which were analysed in the 

same mass spectrometry run. Due to the nature of detection of mass spectrometry 

(proteins are fragmented before identification), proteins are more likely to be mis-

identified than in other methods such as RNA-sequencing. Therefore, it is important 

to include proteins found in multiple samples to increase the confidence that a 

protein has been genuinely identified. Therefore, only proteins identified in two or 

three replicates were included in downstream analysis. 

 

Figure 4-8 - More proteins were identified in all three replicates from the proteomic analysis of serum-
free astrocytes compared to the serum-cultured astrocytes. High variation between the biological 
replicates is evident with a large proportion of the total proteins identified, not found in all 3 replicates 
(>40% found in 2 or less replicates of serum-free astrocytes; > 80% found in 2 or less replicates of serum-
cultured astrocytes). The serum-free astrocyte replicates have less variation than the serum-cultured 
astrocytes with 3-fold more proteins identified in all 3 replicates compared to the serum-cultured 
astrocytes. 0 replicates represent proteins that were only identified in the opposite condition (i.e. a 
protein identified in serum-free replicates, but not serum-cultured replicates would be identified as 0 in 
the serum-cultured condition). Percentages were calculated using the total number of proteins detected 
across both serum-free and serum-cultured conditions. 
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After removal of proteins detected in only one replicate for each condition, there 

was a significant difference in the number of unique proteins identified in serum-free 

and serum-cultured astrocytes with serum-free astrocytes found to have almost 2-

fold more proteins (Figure 4-9A; P = 0.049; N= 3). This difference is likely a result of 

the variation seen between samples with more proteins excluded in the serum-

cultured astrocytes due to their presence in only one replicate. A total of 1161 

proteins were identified across both astrocyte cell lysates with 581 proteins common 

to both conditions (50%), with 543 proteins unique to serum-free astrocytes and 37 

unique to serum-cultured astrocytes (Figure 4-9B). These proteins presumably 

represent a subsample of the most highly expressed astrocyte proteins, which likely 

contains tens of thousands of proteins in its entirety.  

 

 

 

 

 

 

 

 

Figure 4-9 - Proteins identified in serum-free and serum-cultured astrocytes by LC-MS/MS. (A) 
Significantly more individual proteins were identified in each biological replicate of serum-free astrocytes 
compared to serum-cultured astrocytes (P=0.049). Statistical analysis was completed using an unpaired 
t-test with error bars representing mean and standard deviation (N=3). (B) A total of 1161 proteins were 
identified after manual filtering with 581 proteins found in both conditions (50%).  

 

4.3.2 Pathway analysis of human primary astrocyte proteomes 
With a list of proteins identified for each condition (serum-free and serum-cultured 

astrocytes), KEGG pathway analysis was completed for both conditions. For the 

serum-free astrocytes, 134 enriched pathways were identified compared to 80 

enriched pathways in the serum-cultured astrocytes. Of these enriched pathways, 76 

were found in both conditions indicating a similar proteome between the cells, in 

contrast to the findings from RNA-sequencing. Notably, the 11 most enriched 

pathways at the proteome level were the same in both conditions (Supplementary 

figure 3).  

 

4.3.3 Limitations of LC-MS/MS analysis 
One issue with analysis of proteomic data of this type was the lack of quantitative 

values for each of the proteins identified (LC-MS/MS favours protein identification 

over quantification). By only investigating the simple presence or absence of a 

protein, changes in protein expression will be overlooked. Likewise, proteome 

coverage can be relatively low using LC-MS/MS with only a small percentage of the 

overall predicted proteome detected (~20,000 proteins predicted in cells). In this 

case, only ~1000 proteins were confidently detected and therefore changes in less 

A B 



~ 117 ~ 
 

abundant proteins would likely be missed. High variation was seen between 

replicates when comparing the number of detected proteins, particularly in the 

serum-cultured samples which may have been due to the samples being analysed at 

different times resulting in technical variations affecting the results. Whilst the LC-

MS/MS data provides an initial glimpse into the proteomes of the astrocytes, a more 

detailed, quantitative analysis was required to better compare the proteomes of the 

astrocytes cultured with and without serum. 

 

4.4 Sequential Window Acquisition of all Theoretical 

Mass Spectra (SWATH-MS) 
SWATH-MS is a more powerful, data independent acquisition method of mass 

spectrometry which generates relative, quantitative values for detected proteins 

with deeper proteome coverage. To improve upon the LC-MS/MS analysis, 5 µg of 

protein from whole-cell lysates of serum-free and serum-cultured human primary 

astrocytes were analysed using SWATH-MS at Nottingham Trent University (NTU, 

Van Geest Cancer Research Centre), with all biological repeats analysed at the same 

time to reduce technical variation.  

 

4.4.1 SWATH analysis pipeline 
Whilst more detailed descriptions of the methodology are available in the methods 

(see sections 2.4.4.2 and 2.4.4.3), Figure 4-10 shows an outline of the processing that 

was completed to analyse the SWATH-MS data. In brief, peptide hits were mapped 

to known proteins using the SwissProt database for identification. Whilst cell lysate 

samples were initially normalised by loading the same amount of protein (5 µg) for 

analysis, a further normalisation step was completed by normalising the overall 

traces between samples. This produces a list of proteins and their relative abundance 

in each sample. Peptide sequences can match multiple proteins (often closely related 

proteins) so some protein hits may be identified as two or more potential proteins, 

for example ΨtaaмΥtaaнΩΦ As these hits could not be confidently attributed to a 

specific protein, they were removed from the analysis.  

After PCA and missing data analysis, proteins that were only present in one biological 

replicate were removed as well as common contaminants including keratin and 

albumin, in the same way as the conventional LC-MS/MS analysis. Once a list of 

proteins for each condition were identified, KEGG pathway analysis was completed. 

The list was also compared to online databases of particular protein groups such as 

metabolic proteins and RNA-binding proteins to determine whether there is an 

enrichment in certain groups of proteins. Unlike the LC-MS/MS analysis, quantitative 

analysis between samples was possible. Limma analysis was completed on proteins 

that were identified in two or three replicates for both conditions, identifying 

differentially expressed proteins between the serum-free and serum-cultured 

astrocytes. KEGG pathway analysis was then completed on these differentially 

expressed proteins to determine any changes in whole molecular pathways. 
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Figure 4-10 - Analysis pipeline completed to analyse the SWATH-MS data from human primary 
astrocytes. 

 

4.4.2 Measuring similarity between the proteomic samples 
A PCA was completed on the relative abundance of each protein detected in the 

three replicates of serum-free astrocytes and serum-cultured astrocytes to 

determine the similarity between samples (completed prior to removal of 

contaminants and missing replicates but after removal of peptides linked to more 

than one protein; Figure 4-10). A small distinction was identified between serum-free 

and serum-cultured astrocytes with 37.1% of the data described by the first principal 

component (PC1; Figure 4-11). The second principal component shows a difference 

in one of the FBS replicates with PC2 accounting for 27.6% of the separation. The 

replicates are not as tightly clustered as the RNA-SEQ analysis with replicates 

showing a substantial amount of variation between samples. This suggests more 

replicates would be required for a more confident characterisation of the proteomes 

between samples. Due to a lack of clear separation between the conditions, a PLS-DA 

would not be predictive for each condition and was therefore not completed.  
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Figure 4-11 - Principal component analysis of proteins identified in serum-free and serum-cultured 
astrocytes. PCA shows some separation between the proteomes of serum-free (blue) and serum-cultured 
astrocytes (green), however the difference is not as distinct as the PCA of the transcriptomes. PC1 
accounts for 37.1% of the difference between groups and PC2 accounts for 27.6% (total data described = 
64.7%). Proteins and their relative abundance were used to identify overall similarities and differences 
between replicates as well as between serum-cultured and serum-free human primary astrocytes.  

The number of missing values were also investigated to determine the similarity 

between replicates as well as to determine the number of proteins to be included for 

further analysis. The serum-cultured replicates were similar with the majority of 

proteins identified in all three biological replicates (~84%), and very few proteins 

found in only replicate (1%; Figure 4-12). In contrast, there was high variation in the 

serum-free astrocyte replicates with the majority of proteins identified in only 1, or 2 

replicates. As with the previous LC-MS/MS analysis, further analysis was completed 

on the proteins that were identified in two or more biological replicates for serum-

free and serum-cultured astrocytes. 

Figure 4-12 - More proteins were identified in all three biological replicates in the proteomic analysis 
of serum-cultured astrocytes compared to the serum-free astrocytes. High variation between the 
biological replicates is evident in the serum-free astrocytes with a large proportion of the total proteins 
identified, not identified in all three replicates (>80% found in two or less replicates of serum-free 
astrocytes). In contrast, the serum-cultured astrocyte replicates were very similar with the majority of 
proteins identified in all three biological replicates (84%). 0 replicates represent proteins that were only 
identified in the opposing condition (i.e. a protein identified in serum-free replicates, but not serum-
cultured replicates would be identified as 0 in the serum-cultured condition).  Percentages were 
calculated using the total number of proteins detected across both serum-free and serum-cultured 
conditions.   
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When comparing the number of proteins identified in the serum-free and serum-

cultured human primary astrocytes, far more proteins were identified in the serum-

cultured astrocytes with little variation in the number of proteins between biological 

replicates (Figure 4-13A). In contrast, a large difference was observed in the number 

of proteins identified in each of the biological repeats for the serum-free condition, 

ranging from 462 proteins to 4077 proteins. This difference is likely due to an issue 

with sample preparation and suggests further work should include more than three 

biological replicates with an effort to have similar numbers of proteins 

identifications.  

 

 

 

 

 

 

 

Figure 4-13 ς Many unique proteins were identified in serum-free and serum-cultured astrocytes 
through SWATH analysis. (A) Number of unique proteins identified in each of the biological repeats. 
Error bars represent mean ± standard deviation (N=3). (B) The majority of proteins (55.6%) were 
identified in both serum-free and serum-cultured astrocytes with few unique proteins identified in 
serum-free astrocytes. For inclusion, protein identification must be in at least 2 replicates of the same 
condition. 

To generate a list of proteins for each condition for qualitative analysis, proteins that 

were only present in one biological repeat were removed, leaving a total of 4376 

proteins that were identified in җ2 biological repeats (Figure 4-13B). The majority of 

proteins were identified in serum-cultured astrocytes with only 43 proteins found to 

be unique to serum-free astrocytes. In contrast, 55.8% of all proteins were identified 

in both conditions with 1900 proteins found to be unique to serum-cultured 

astrocytes. This is most likely due to the large difference in protein identification 

numbers between serum-free and serum-cultured astrocytes.  

 

4.4.3 Qualitative analysis of serum-free and serum-cultured astrocyte 

proteomes 
Whilst SWATH analysis allows for quantitative analysis, it is still important to 

compare the presence and absence of proteins between samples with subsequent 

quantitative analysis only taking into account proteins identified in both conditions. 

KEGG pathway analysis was completed on the proteins that were identified 

exclusively in either the serum-free or serum-cultured astrocytes to identify 

pathways that may be remodelled upon serum exposure. No KEGG pathways were 

significantly enriched in the serum-free astrocytes, and this is likely due to the small 

number of proteins that were analysed (only 43 uniquely identified proteins). In 

contrast, 34 KEGG pathways were significantly enriched in the serum-cultured 

A B 
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astrocyte uniquely identified proteins, including 13 of those identified though LC-

MS/MS such as ΨRibosomeΩ ŀƴŘ Ψ!ƳȅƻǘǊƻǇƘƛŎ ƭŀǘŜǊŀƭ ǎŎƭŜǊƻǎƛǎΩ (Figure 4-14).  

 

Figure 4-14 ς The top 15 enriched KEGG 
pathways identified in uniquely identified 
proteins in serum-cultured astrocytes after 
SWATH analysis. A total of 34 enriched 
pathways were identified with 13 pathways 
also identified in the LC-MS/MS analysis of 
the complete serum-cultured proteome.  

 

 

 

 

 

 

 

4.4.4 Differentially expressed proteins 
Thus far, qualitative analysis of the astrocyte proteome has not been able to analyse 

expression differences in proteins identified in both serum-free and serum-cultured 

astrocytes. Unlike the previous LC-MS/MS analysis, relative abundance (across 

samples) of each identified protein was measured by SWATH-MS spectral counting, 

allowing a quantitative comparison. To identify differentially expressed proteins, 

spectral counts (post-normalisation) of each identified protein were input into 

StatsPro software to calculate a fold change between conditions and an adjusted 

significance (Padj). Two methods of adjusting the stringency of the analysis are by 

altering the allowance for missing values (NA value) or by altering the coefficient of 

variation (CV) threshold. The NA value is the number of missing values allowed 

across replicates for protein inclusion. For example, to include proteins found in җ2/3 

replicates per condition (accounting for the stochastic nature of proteomics), less 

than 33.3% of the replicates can be missing values (therefore NA value = 0.34, 

rounded to 0.4 for analysis). By reducing the NA value, less proteins will be included 

and therefore the analysis will be more stringent. The CV value will exclude proteins 

that have a variance of more than the set criteria. A CV value of 0.5 will only include 

proteins that have a variance below 50% across all replicates.  

To identify the most appropriate criteria to analyse whole-cell lysate samples, a 

range of NA and CV values were empirically tested (Table 4-2). Two NA values were 

trialled, with 0.4 including proteins found in җ2 replicates and 0.2 including proteins 

found in all 3 biological replicates. Three different CV values were trialled 

representing 30%, 50% and 100% variance criteria with a value of 1 including all 

proteins despite the variance observed between replicates. The P-adjusted value was 

calculated during a Limma analysis using the Benjamini-Hochberg procedure which 

accounts for the number of proteins analysed to reduce false positives. By increasing 
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the number of proteins analysed, the threshold for the adjusted P-value increases 

and therefore likely results in false-negatives.  

 

Table 4-2 - Differentially expressed proteins in serum-free and serum-cultured astrocytes identified 
using Limma analysis with different NA and CV criteria. To determine the most appropriate criteria for 
the proteomic analysis, different NA (missing values) and CV (variance) values were trialled on the 
samples. The NA value is based upon the number of replicates where the protein was present (0.4 = 2/3 
samples, 0.2 = 3/3 samples). The CV value is the threshold for the coefficient of variation. Any proteins 
above this level of variation between replicates were removed from the analysis (e.g. 0.3 = only proteins 
with <30% variance). P-values were calculated using a Limma test with P-values adjusted using the 
Benjamini-Hochberg procedure. Green highlight indicates the criteria selected for further analysis. 

NA (Missing 
values) 

CV 
(Variance) 

Total 
Proteins 

P<0.05 Padj<0.05 

0.4 0.3 1082 178 26 

0.4 0.5 1760 272 0 

0.4 1 2387 268 0 

0.2 0.3 50 18 18 

0.2 0.5 126 27 15 

0.2 1 300 31 0 

 

It was determined that a NA value of 0.4 (i.e. җ2 replicates required) and a variance 

of 0.3 (variance of Җ30% across biological replicates) was most suitable for whole-cell 

lysate comparisons (Table 4-2, green highlight). This allowed a large proportion of 

the proteins detected to be included in the analysis but was strict enough to yield 

differentially expressed proteins. In total, 26 proteins had a P-adjusted value below 

0.05, and of these proteins, all 26 were also found to have a fold change above ± 1.5 

(common criteria for proteomic analysis; Figure 4-15; proteins listed in more detail in 

section 4.5).  

 

To determine whether these proteins were related, KEGG pathway analysis was 

completed on the 20 proteins upregulated in serum-free astrocytes (highlighted in 

red in Figure 4-15), revealing an enrichment in glutathione metabolism (RRM2B, 

GCLM and GSTM2; FDR = 0.008). Glutathione metabolism is a homeostatic function 

of astrocytes to prevent toxicity in both neighbouring astrocytes and neurones from 

reactive oxygen species (ROS) and oxidative stress, as well as supplying neurones 

with cysteine which is required for neuronal glutathione metabolism (Dringen et al., 

2015). Therefore, this pathway would be expected in homeostatic, quiescent 

astrocytes. No enrichment was found between the 6 proteins upregulated in the 

serum-cultured astrocytes (highlighted in green in Figure 4-15; proteins listed in 

more detail in section 4.5) but this is likely due to the low number of proteins 

analysed. 
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Figure 4-15 ς 26 differentially expressed 
proteins were identified between serum-free 
and serum-cultured astrocytes. 26 
differentially expressed proteins were 
identified using a Limma analysis with 20 
upregulated in serum-free astrocytes, and 6 
upregulated in serum-cultured astrocytes. 
Proteins highlighted in red are upregulated in 
serum-free astrocytes and those highlighted in 
green are upregulated in serum-cultured 
astrocytes. Criteria for significance was a P-
adjusted value of 0.05 (-Log10 = 1.30) and a 
fold change of more than ±1.5 (Log2 = 0.58).  

 

 

4.4.5 Comparison of conventional LC-MS/MS and SWATH-MS to describe 

the astrocyte proteome 
The main difference between both mass spectrometry analyses is the quantitative 

potential of the SWATH analysis. Whilst qualitative analysis produces an overview of 

the proteins in the sample, it is difficult to identify enrichment between samples 

without measuring protein abundance. The differentially expressed genes identified 

within section 4.4.4 would simply appear as present in both samples in qualitative 

analysis, but SWATH analysis also identifies expression differences within the 

samples.  

More proteins were identified during the SWATH analysis across both conditions 

with SWATH analysis identifying >2-fold more protein in the serum-free astrocytes 

and 7-fold more in the serum-cultured astrocytes than conventional LC-MS/MS 

(Table 4-3). This is likely due to improved sample preparation and all samples being 

analysed at the same time with SWATH analysis (completed later in the project), in 

contrast to the LC-MS/MS. There was high similarity between the mass spec 

techniques with >85% of the proteins identified by conventional LC-MS/MS also 

identified within the SWATH analysis. With more proteins consistently identified in 

the samples, SWATH analysis provides deeper proteome coverage whilst using less 

sample than conventional LC-MS/MS.  

 

Table 4-3 ς High similarity in the proteins identified by LC-MS/MS and SWATH analysis after manual 
filtering. More proteins were identified by SWATH analysis than by LC-MS/MS, particularly in the serum-
cultured condition. The proteins identified were very similar with >85% of LC-MS/MS proteins also 
identified in the SWATH analysis. Number of proteins were calculated after manual filtering for proteins 
identified in two or more biological replicates as well as filtering for common contaminants.  

 LC-MS/MS SWATH Similarity 

Serum-free 1124 2476 85.5% 

Serum-cultured 618 4333 94.0% 
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4.5 Comparison of RNA sequencing and Mass 

spectrometry techniques to describe astrocyte 

phenotype  
Both RNA sequencing and mass spectrometry are very powerful techniques for 

producing a non-targeted characterisation of RNA and protein expression, 

respectively. It is difficult to directly compare the expression of the two Ψomics 

techniques given that not all protein-coding RNA will be directly translated into 

protein, with post-transcriptional regulation tightly controlling gene expression. 

However, general trends in expression should be similar between RNA and protein.  

RNA sequencing provided a very detailed characterisation of the mRNA expression in 

the astrocytes with over 15,000 protein-coding RNAs detected in at least 2 of the 

biological replicates for both serum-free and serum-cultured human primary 

astrocytes (Table 4-4). On the other hand, far fewer targets were identified in 

SWATH-MS with only 2476 proteins detected in serum-free astrocytes and 4333 

proteins detected in the serum-cultured astrocytes. Despite far fewer unique 

identifiers, there was high similarity between the proteins identified and the 

corresponding mRNA (>95% of SWATH proteins also identified as mRNA).  

Table 4-4 ς High similarity between protein-coding RNA and corresponding protein identified during 
RNA sequencing and SWATH mass spectrometry, respectively. Far more unique mRNA was detected 
during RNA sequencing with more than 15,000 protein coding genes identified in each of the conditions. 
The majority of proteins identified in SWATH-MS were also detected as mRNA in RNA sequencing (>95% 
of proteins).  

 RNA-SEQ SWATH % SWATH proteins identified 
as mRNA in RNA sequencing 

Serum-free 17,052 2476 96.5% 

Serum-cultured 15,531 4333 97.5% 

 

With the majority of the proteins identified in both RNA sequencing (as mRNA) and 

SWATH-MS, the 26 differentially expressed proteins identified during SWATH-MS 

analysis were compared against the RNA sequencing analysis to compare overall 

expression trends between serum-free and serum-cultured astrocytes. Of the 26 

proteins, 23 were identified in the RNA sequencing analysis with 15 also found to be 

differentially expressed in the RNA sequencing (Log2(FC)>1 and Q value below 0.05; 

Table 4-5). Only 3 proteins were amongst the top 20 differentially expressed mRNA 

(SPTBN1, DSP and JUP) with most of the other differentially expressed proteins found 

to be much lower ranking in the differentially expressed mRNA. The direction of 

change was also compared to determine whether the differences between serum-

free and serum-cultured astrocytes were consistent. Of the 23 proteins identified as 

mRNA in the RNA sequencing analysis, 18 followed the same trend (i.e both 

upregulated or both downregulated; highlighted in green) with 9 of these also 

differentially expressed in both analyses. Of the 6 proteins that did not follow the 

same trend (highlighted in orange), DSP had the greatest difference with a 7.8-fold 

increase identified in serum-cultured astrocytes identified in the RNA sequencing 

analysis, in contrast to a 1.8-fold decrease found in SWATH analysis.  
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Table 4-5 - Comparison of differentially expressed proteins identified in SWATH analysis, with the 
corresponding mRNA identified in RNA sequencing analysis. The majority of the 26 differentially 
expressed proteins identified during SWATH analysis were also identified as mRNA during RNA 
sequencing analysis (23/26). However, only 3 of these were identified within the top 20 most 
differentially expressed genes with the majority being much lower ranked in the RNA sequencing 
analysis. Of the 23 proteins also identified in the RNA sequencing, 18 were found to follow a similar 
trend between serum-free and serum-cultured astrocytes (highlighted in green; those that did not are 
highlighted in orange). Numbers written in italics identifies non-significant results in the RNA sequencing 
analysis (Log2(FC) <1 or Q value >0.05 were not significant). Both Padj and Q value represent adjusted P 
values, however, were calculated using different techniques. Positive log2(FC) values represent an 
upregulation in serum-cultured astrocytes, and a negative log2(FC) represents a downregulation in 
serum-cultured astrocytes.  

 

4.6 Discussion 
4.6.1 Summary 
This chapter aimed to produce an unbiased multi-omics analysis for both serum-free 

and serum-cultured human primary astrocytes to complement the targeted 

characterisation of astrocyte phenotype completed in chapter 3. RNA sequencing 

produced a thorough characterisation of the protein-coding genes within the 

astrocytes, and whilst there was a large number of overlapping genes, the 

transcriptomes of the astrocytes were shown to be distinctly different after culture 

with and without serum. A total of 6134 genes were shown to be differentially 

expressed between the astrocytes, with expression of known astrocyte markers 

matching previous RT-qPCR characterisation by Prah et al. (2019; with the exception 

of GFAP and AQP4 expression) as well as the RT-qPCR analysis completed in Chapter 

3. Pathway analysis of the astrocytes at the mRNA level suggests the serum-free 

astrocytes have a more quiescent phenotype with homeostatic pathways 

upregulated such as axon guidance, and synapse-associated pathways such as the 

glutamatergic and GABAergic synapses. Serum-cultured astrocytes had an 
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upregulation in ribosomal pathways as well as inflammatory pathways such as the 

TNF and the NF- Bˁ signalling pathways.  

Two types of mass spectrometry were completed to understand the proteome of the 

serum-free and serum-cultured human primary astrocytes which were traditional LC-

MS/MS and SWATH analysis. Traditional LC-MS/MS only allowed qualitative data 

analysis with only a small number of proteins identified (~600 ς 1200 proteins). 

SWATH analysis produced a more comprehensive proteome (~2500 ς 4400 proteins) 

and also measured relative abundance so quantitative comparisons could be made 

between samples. Therefore, for future work, SWATH analysis should be prioritised 

for proteomic research where possible.  

Despite a more detailed proteome analysis, relatively few differences were identified 

between the serum-free and serum-cultured astrocytes when comparing the 

proteome, with only 23 differentially expressed proteins identified. In comparison to 

the RNA sequencing analysis, SWATH-MS analysis was far less detailed, but this 

partially reflects differences between RNA and protein expression in cells as well as 

difference sensitivities between the techniques. Overall, the majority of protein 

identified using SWATH analysis was also found within the RNA sequencing as mRNA 

(>95%) suggesting the techniques are complimentary when investigating astrocyte 

phenotype. The combination of these comparisons highlights the value of a multi-

omics approach compared to use of a single technique to fully appreciate the 

differences between conditions. Whilst RNA sequencing shows a very detailed 

transcriptome, not all of these mRNA will be translated into protein and therefore 

may not accurately reflect the proteome of the cells.  

 

4.6.2 Consistency between biological replicates 
The RNA-sequencing analysis provided an in-depth characterisation of the astrocyte 

protein-coding transcriptome. The data was very consistent amongst samples with 

tight clustering observed in the PCA analysis in both the serum-free and serum-

cultured replicates, with a clear distinction between the conditions. Two samples 

(one serum-free and one serum-cultured) appear to be more variable than the other 

samples in the PCA, however this is due to the nature of PCAs with differences often 

exaggerated by the principal components. 85% of the data was described by the first 

component which clearly distinguishes the conditions (see Figure 4-1). Therefore, the 

second principal component has sought to identify any further differences which 

only accounts for 6.1% of the data. However, by plotting onto a 2D graph, the 

principal components appear to have the same weight and therefore the two 

samples appear to be different from the other replicates. 

The tight clustering of the RNA-sequencing replicates is in contrast to the SWATH 

analysis where there was high variation between replicates, with the serum-free 

replicates ranging from 462 - 4077 proteins identified per sample. There was a much 

smaller difference between the serum-cultured replicates, which led to ~2-fold more 

proteins found in two or three replicates for the serum-cultured condition (SF = 2476 

vs SC = 4333). A similar variation was observed within the LC-MS/MS analysis with 

only 618 proteins identified in two or three replicates of the serum-cultured 

condition compared to 1124 proteins in the serum-free condition.  
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Initially, this was thought to be due to technical variation in the LC-MS/MS analysis 

because the serum-cultured samples were not analysed at the same time. However, 

efforts were made to avoid this technical variation in the SWATH analysis with all 

samples analysed at the same time. Instead, this variation likely results from the 

mass spectrometry preparation and methodology itself. To overcome this issue, 

more replicates should be completed for future mass spectrometry so outliers can be 

identified, and more proteins will be included in the final analysis (i.e. present in 

more than one replicate). For RNA sequencing, four replicates appear to be an 

appropriate number of samples to distinguish conditions and confidently identifies a 

large population of mRNA within the samples.  

 

4.6.3 RNA sequencing analysis 
In the RNA sequencing analysis, there was a high number of differentially expressed 

protein-coding genes despite using the adjusted P-value (Q value) to reduce the 

number of false positives (6134 differentially expressed genes). This high number 

may indicate that the thresholds for significance were too lenient, leading to true 

differences being masked between the astrocytes by false positives. In the current 

work, genes were identified as significantly different if they had a Q value <0.05 and 

a fold change above 2. This threshold was recommended by Novogene for their RNA 

sequencing analysis but with such a small variance between samples, a stricter 

threshold may be more suitable for this data. In contrast, different threshold criteria 

were trialled when analysing the SWATH data which showed the importance of 

fitting the threshold to the data.  

The differences observed between conditions are supported by previous research 

with the same differences observed through RT-qPCR (Chapter 3) and similar 

differences found in Prah et al. (2019). The exceptions were GFAP and AQP4 where 

the opposite trend was observed in their analysis. As discussed in Chapter 3, GFAP 

expression was unexpectantly higher in serum-free astrocytes compared to serum-

cultured astrocytes. However, almost all general astrocyte markers investigated were 

found to have higher expression in the serum-free astrocytes, which supports the 

theory that serum-cultured astrocytes may be focused on producing proteins 

required for proliferation and reactivity instead. In contrast, when investigating 

genes associated with different types of reactivity (inflammatory and anti-

inflammatory), serum-cultured astrocytes were found to have higher expression of 

both A1 and A2 reactive markers suggesting a complex reactive response similar to 

that observed in disease (Ziff et al., 2022). This shows that FBS culture elicits a 

reactive phenotype that can be used to model the complex, reactive response often 

seen in disease.  

Whilst the RNA-sequencing has produced a thorough analysis of protein-coding 

genes expressed in the astrocytes, other forms of RNA have important roles within 

the cells which were not analysed. For example, miRNAs tightly control protein 

expression by binding to mRNA, leading to a reduction in protein expression. MiRNAs 

have been shown to be dysregulated in neurodegenerative disease and therefore, an 

RNA sequencing which focused on small RNAs, such as miRNAs, would be useful in 
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further characterising the astrocytes (Goodall et al., 2013; Lafourcade et al., 2016; 

Bai et al., 2021; Marton et al., 2023).  

 

4.6.4 Conventional LC-MS/MS vs SWATH analysis when comparing the 

proteome of serum-free and serum-cultured astrocytes 
Two types of LC-MS/MS were completed during this work on the serum-free and 

serum-cultured human primary astrocytes. The conventional LC-MS/MS only allowed 

qualitative analysis of the astrocyte proteomes, unlike SWATH-MS analysis which 

determined relative abundance between the samples, allowing quantitative 

comparisons between conditions. Qualitative analysis is important when comparing 

the conditions as this likely shows the greatest difference between cells, where 

expression is very different between conditions (i.e. presence vs absence). 

Quantitative analysis identifies changes in protein expression, but proteins must be 

expressed in both conditions and variance must be below the threshold selected. It is 

also difficult to compare the abundance of different proteins with mass spectrometry 

analysis so quantitative comparisons are only possible between samples, rather than 

between proteins. This is because the protein values are normalised, so they are 

relative between samples for each protein rather than their relation to other 

proteins. Also to be identified, the proteins are fragmented to produce different 

peptide fragments that can be detected. Fragments that are unique to a particular 

protein can then be used to identify the presence of that protein. However, based 

upon the protein sequence, proteins will fragment differently with some proteins 

fragmenting more than others. Because of this fragmentation approach, it is difficult 

to establish that a particular protein is more abundant than another. 

It is therefore important to compare both presence and absence (qualitative), as well 

as differentially expressed proteins (quantitative). Interestingly, despite different 

samples being analysed using the two techniques, a similar proteome was identified 

in both analyses showing a consistency between the mass spectrometry analyses. 

Due to the consistency between techniques, the increased number of proteins 

identified and the quantitative nature of SWATH analysis, SWATH analysis will be 

used for future proteomic analysis instead of conventional LC-MS/MS.  

 

4.6.5 Importance of a multi-omics analysis 
RNA sequencing analysis may appear to provide a more thorough understanding of 

the astrocyte phenotypes, with >3.5-fold more protein-coding genes identified 

compared to proteins identified in SWATH analysis, and many more differentially 

expressed genes identified between conditions. However, it is important to consider 

both the transcriptome and the proteome when completing a thorough 

characterisation, as many regulatory processes occur between the transcription of 

the mRNA and the translation into protein, such as miRNA binding leading to mRNA 

degradation.   

Alternatively, other less-used types of Ψomics analysis exist that could be used to 

characterise the astrocytes such as metabolomics (analysis of metabolites) or 

lipidomics (analysis of lipids). In the RNA sequencing pathway analysis, metabolic 
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pathways were differentially expressed between the astrocytes suggesting 

differences would be identified between the conditions in metabolomic analysis. 

Lipidomics would also be particularly interesting when comparing the astrocytes and 

their EVs, with EVs being lipid membrane-bound particles. Characterising astrocyte-

derived EVs (ADEVs) will be the main focus of chapter 5 of this thesis with a 

particular focus on using SWATH-MS to identify protein cargo within the ADEVs.  

 

4.6.6 Other limitations of the work within this chapter 
As described previously, an increase in the sample size would benefit the current 

analysis, leading to more confident conclusions from the data. However, it would 

also be beneficial to include other conditions that were trialled in the previous 

chapter. For example, analysis of the cytokine-treated astrocytes would allow a 

direct comparison between previous RNA sequencing work completed by other 

groups on primary astrocytes (Liddelow et al., 2017; Barbar et al., 2020; Hasel et al., 

2021; Ziff et al., 2022). This would also allow a better comparison of the FBS and 

cytokine treatments to determine how similar the reactive phenotypes are between 

the two types of treatments. Acute and chronic treatments could also be compared if 

FBS-treated astrocytes were also analysed because in the previous chapter, 

differences were observed between serum-cultured and FBS-treated astrocytes. 

Whilst these conditions would yield interesting comparisons in astrocyte reactive 

phenotypes, the current work was limited in funding and therefore was only able to 

focus on a comparison between serum-free and serum-cultured astrocytes with a 

limited sample size. 

 

4.6.7 Conclusions 
In this chapter, an unbiased characterisation of the astrocyte transcriptome and 

proteome was completed to investigate the effect of serum on human primary 

astrocytes. In combination with the more targeted characterisation completed in 

chapter 3, we have demonstrated that human primary astrocytes have a quiescent 

phenotype in serum-free culture, which changes to a reactive-like phenotype upon 

exposure to serum. With quiescent and reactive astrocyte cultures established, their 

EVs can be explored to investigate differences between reactive and quiescent 

ADEVs. These ADEVs will also be compared to brain-derived EVs (BDEVs) from both 

healthy and diseased brain tissue to determine their relevance to endogenous 

human EVs as well as disease EVs, and whether ADEVs can be used as a unique 

measure of brain health. 
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Chapter 5:  Investigating the 

characteristics and functions of 

human astrocyte-derived 

extracellular vesicles 

5.1 Introduction 
5.1.1 The importance of understanding extracellular vesicles 
The previous results chapters have shown the effect of serum on human primary 

astrocyte phenotypes, with FBS exposure rapidly causing changes that resembles 

reactive remodelling. The cytokine assay in Chapter 3 has also revealed that serum 

exposure can cause changes in the secretome of the astrocytes, with astrocytes 

cultured in serum releasing inflammatory cytokines (MCP-1 and Chitinase-3 like-1) 

and far fewer supportive growth factors (such as IGFBP2, FGF2 and GDF-15). The rest 

of this thesis will investigate in greater detail how reactivity changes the secretome 

of human primary astrocytes and in particular, their extracellular vesicles (EVs).  

EVs have been shown to elicit positive changes in neighbouring cells in many studies 

and therefore are being trialled as therapeutics (Duong et al., 2023). Both 

mesenchymal and neural stem-cell derived EVs have demonstrated beneficial effects 

when applied to the CNS, including enhanced tissue repair and prevention of 

neuronal death (Mahdavipour et al., 2020; Apodaca et al., 2021; Garcia-Contreras 

and Thakor, 2021). However, therapeutic effects have not only been observed using 

stem-cell derived EVs, but also with ADEVs (Ranjit et al., 2018; Leggio et al., 2022). 

!59±ǎ ŀǊŜ ƻŦ ǇŀǊǘƛŎǳƭŀǊ ƛƴǘŜǊŜǎǘ ŘǳŜ ǘƻ ǘƘŜ ŀǎǘǊƻŎȅǘŜΩǎ key roles in neuronal support 

and protection. ADEVs contain supportive molecules such as growth factors (FGFs or 

PDGFs) or neurotrophic factors (BDNF or CNTF) that will protect and promote 

neuronal survival (Linnerbauer and Rothhammer, 2020). Further research needs to 

be conducted on the potential therapeutic aspect of ADEVs on neighbouring cells to 

decide how best to utilise them as a therapeutic tool.  

As well as a potential therapeutic use, ADEVs may represent a unique window into 

understanding astrocyte phenotypes, and by identifying changes in reactive ADEV, 

they may present as unique markers of brain health which can be monitored within 

the blood circulation. Astrocyte reactivity is a good measure of brain health with 

reactivity observed in almost all neurodegeneration but is very difficult to quantify 

accurately with current technology in vivo (Pekny and Pekna, 2014; Escartin et al., 

2019; Brandebura et al., 2023). By measuring changes in reactive ADEVs within the 

blood or CSF, brain health could be monitored non-invasively, allowing earlier 

diagnosis of neurological disease and therefore administer preventative treatment 

earlier. For example, ŎƛǊŎǳƭŀǘƛƴƎ ΨŦǊŜŜΩ GFAP has been identified as upregulated in the 

plasma of dementia patients up to 10 years before diagnosis (Guo et al., 2024). 

We hypothesise that ADEV contents will reflect the phenotype of astrocytes at the 

time of release and therefore, there will be changes in the content of EVs released 
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between the reactive serum-cultured astrocytes, and the quiescent serum-free 

astrocytes. To investigate this, a thorough characterisation of ADEVs from both 

quiescent and reactive astrocytes needs to be performed. Any changes can then be 

confirmed in brain-derived EVs (BDEVs) from human neurodegenerative tissue (ALS 

and !ƭȊƘŜƛƳŜǊΩǎ disease) to determine whether findings from the human primary 

astrocytes can be translated.  

 

5.1.2 Current knowledge of ADEVs 
EV research is still a relatively new field of research so current knowledge on ADEVs 

is incomplete. However, within the past few years, there has been a flurry of interest 

focusing on the role of ADEVs in a range of diseases, as well as investigating the 

functional effects of ADEVs on other cell types (Goetzl et al., 2016; Patel and Weaver, 

2021; Sun et al., 2022; Varcianna et al., 2019; Winston et al., 2019). Many of these 

studies have caveats associated with other in vitro cell culture that have been 

highlighted previously in this thesis, with many studies utilising rodent cells and FBS 

for in vitro culture (Chaudhuri et al., 2020; Sun et al., 2022; You et al., 2020). To date, 

little is known about the cargo of human quiescent ADEVs which is needed as a 

baseline for studying changes induced upon reactive remodelling. 

There have been recent advances in understanding ADEVs in neurodegenerative 

diseases, with a focus on how ADEVs might facilitate the spread of these diseases in 

the brain. As described in section 1.3.3, many studies have shown that EVs facilitate 

the transport of pathological proteins to healthy cells (Grad et al., 2014; Westergard 

Ŝǘ ŀƭΦΣ нлмсΤ ²ŀƴƎ Ŝǘ ŀƭΦΣ нлмтΤ {ŀǊŘŀǊ {ƛƴƘŀ Ŝǘ ŀƭΦΣ нлмуΤ Dǳƻ Ŝǘ ŀƭΦΣ нлнлΤ tŞǊŜȊπ

González et al., 2020; Vandendriessche et al., 2020). It is still unclear why cells 

package pathological proteins into EVs and whether this is a net detrimental or 

protective mechanism. By preventing the release of EVs containing these 

pathological proteins, there may be greater neuronal loss due to the build-up of 

these toxic proteins within the cells. On the other hand, preventing EV release may 

also halt disease transmission between cells, slowing disease progression.  

As well as disease transmission, EVs could also be involved in the neurotoxic 

secretion by reactive astrocytes in ALS (Liddelow et al., 2017; Guttenplan et al., 2020; 

Kushwaha et al., 2021). Recent research has identified key components of this 

toxicity as the excessive release of inorganic polyphosphate (PolyP) and long-chain 

saturated lipids (Guttenplan et al., 2021; Arredondo et al., 2022). PolyP was found to 

be associated with vesicles that were secreted into the extracellular space (Angelova 

et al., 2018; Arredondo et al., 2022). With EVs formed using a lipid bilayer, these 

long-chain saturated lipids may also be present in the EV membranes and the lipid 

rafts found within EV membranes, suggesting EVs themselves (as opposed to just 

their cargo) may form a key component of this toxicity. ADEVs have also been linked 

to astrocyte toxicity through the transport of alternative miRNAs that are 

subsequently delivered to neurones (Varcianna et al., 2019). By investigating ADEVs 

from reactive astrocytes, other factors associated with this toxicity may be identified 

which would lead to the discovery of novel targets for therapeutic development. If 

EVs are involved in this toxicity, therapeutics could target EV released from reactive 

astrocytes to reduce toxicity and improve neuronal survival in disease.  
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5.1.3 A multi-targeted approach is required for the study of EVs 
One of the major challenges with EV research is their nanoparticle nature, which 

requires any measurements or analyses to be very sensitive. They are also released 

from cells alongside many other particles resulting in preparations with potential 

contaminants such as lipoproteins, free proteins or free RNA. To ensure any 

observed features or effects are due to EVs rather than these other co-isolates, 

extensive controls and characterisation are required. To maintain and improve the 

quality of EV research, MISEV guidelines were produced through the consensus of 

many researchers within the EV field (Lötvall et al., 2014; Théry et al., 2018; Welsh et 

al., 2024). These guidelines are updated regularly to encompass new knowledge and 

technologies that have been applied to EVs with the latest guidelines published 

earlier this year (Welsh et al., 2024).  

Current MISEV guidelines discuss eight main topics which are nomenclature, sample 

collection and pre-processing, EV separation and concentration, EV characterisation, 

technique-specific reporting considerations, EV release and uptake, functional 

studies and in vivo EV analysis (Welsh et al., 2024). Many of these guidelines focus on 

the inclusion of relevant controls and what should be reported when publishing EV 

research. For example, one key issue with EV research for models based on 

mammalian cell culture is the contamination of FBS-derived EVs, with FBS commonly 

used in many cell culture methods. To mitigate this, researchers can either complete 

serum-starvation (used in this work) or use EV-depleted FBS created through 

ultracentrifugation of the FBS before addition to media. Guidelines suggest running 

an unconditioned media control during experiments as well as detailing the exact 

culture conditions in the methodology. Guidelines also discuss the potential issues 

with both methods such as changing cellular behaviour with serum starvation or EV-

depleted FBS. This allows more open discussions in the field ultimately improving the 

transparency and therefore quality of EV publications.  

A further important consideration for the techniques used for EV isolation and 

characterisation is the downstream analysis that will be completed. For example, for 

proteomic analysis that will be completed in this work, minimal contamination is 

important and therefore serum-removal is needed (i.e. astrocytes are initially 

cultured in serum, then placed into serum-free medium for collection), rather than 

culture conditions with EV-depleted FBS. Size exclusion chromatography (SEC) was 

also selected as the isolation technique instead of ultracentrifugation to reduce free-

protein contamination and preserve the integrity of the EVs for later functional 

studies (Benedikter et al., 2017; Lobb and Möller, 2017; Mol et al., 2017; Takov et al., 

2019; Kaddour et al., 2021).  

 

5.1.4 Aims of this chapter 
This chapter aims to characterise ADEVs from both reactive and quiescent human 

primary astrocyte cultures analysed in the previous chapters. The ADEVs will then be 

compared to BDEVs isolated from healthy or disease brain tissues to determine their 

relevance to endogenous human EVs and whether reactive ADEV cargo overlaps with 

BDEV cargo observed in disease. A range of techniques will be used to characterise 
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the EVs including TEM, NTA and protein mass spectrometry with efforts made to 

conform to the latest MISEV guidelines. To investigate functionality in the EVs, 

reactive ADEVs (serum-cultured) will be applied to quiescent astrocyte cultures 

(serum-free) to determine if ADEVs can elicit changes to quiescent astrocyte 

phenotypes.  

 

5.2 Isolation and visual confirmation of EVs from 

cultured astrocytes and human tissues 
5.2.1 Optimisation of ADEV isolation from serum-free and serum-

cultured astrocytes 
Serum-free culture of human primary astrocytes allows the continuous collection of 

conditioned medium without the need to remove contaminant FBS-derived EVs from 

the medium. However, due to the lack of proliferation, cell number is limited 

meaning multiple collections were required to harvest sufficient EVs for downstream 

analysis. Previous work with non-proliferative cells within our group had found that 

4x 6-well plates (~48 ml media, 1.75 x 105 cells/cm2 seeding density) of primary 

mouse neurones were required to collect sufficient EVs per individual preparation to 

observe functional effects on recipient cells and for sufficient characterisation of the 

EVs (Mesquita-Ribeiro et al., 2021). With the rate of EV release predicted to be 

similar between neurones and non-proliferative astrocytes compared to other cell 

types, the same approach was used as a basis for EV isolation in the serum-free 

human astrocyte culture. The serum-free astrocytes had been shown to survive for 

up to 4 weeks in chapter 3, so media was collected from 1x 6-well plate of astrocytes 

over the course of 2 weeks (4x collections resulting in ~48 ml conditioned media, 

seeding density was lower at ~1.6 x 104 cells/cm2 due to their larger size). 

Serum cultured astrocytes required a different method of collection due to the 

presence of FBS-derived EVs that would co-isolate with the ADEVs. Other researchers 

have used EV-depleted FBS to culture cells in the presence of serum, whilst reducing 

contamination. However, this approach does not completely remove FBS-derived 

EVs, and the removal of EVs from FBS still alters the growth of cells compared to 

non-EV-depleted serum (Aswad et al., 2016; Lehrich et al., 2018; Urzì et al., 2022). 

Therefore, serum removal was completed on serum-cultured astrocytes for 72 hours 

to collect ADEVs whilst avoiding contamination of FBS-derived EVs. As shown in 

section 3.3.3, the reactive phenotype observed in serum-cultured cells remains 

during serum-removal, with little cell death and therefore was suitable for ADEV 

isolation (Figure 3-5, repeated below as Figure 5-1). Given that serum induces 

proliferation and therefore more cells were available per experiment, 4x T75 flasks 

were used (~48ml conditioned media, seeding density of ~4 x 104 cells/cm2 resulting 

in ~1.3 x 105 cells/cm2 at collection). Cells did not attach if initially seeded in FBS-free 

astrocyte media, thus cells were seeded in normal astrocyte media for 24 hours 

before serum-removal for 72 hours (cultured in astrocyte medium without FBS).  
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Figure 5-1 - Serum-removal does not change 
reactive astrocyte morphology, with astrocytes 
surviving for up to 5 days without serum 
(repeat of Figure 3-5). Representative 
brightfield image of serum-cultured astrocytes 
after 1 day (A) and 5 days (B) of serum removal 
showed no change in reactive morphology. (C) 
Area/perimeter was similar to previous serum-
cultured levels, with an increase in ratio after 4-
5 days. Images were taken at 10x magnification 
with scale bar representing 100µm. Statistical 
significance was calculated using an unpaired t-
test with error bars showing mean and standard 
deviation. 

 

After collection of ~48 ml conditioned media from either serum-free or serum-

cultured astrocytes, ADEVs were isolated using ultrafiltration followed by SEC. 

Ultrafiltration was required prior to SEC to concentrate the large volume of 

conditioned medium (48 ml in this work) to a suitable volume required for the qEV 

columns (500 µl of concentrated conditioned medium). SEC was preferential over 

ultracentrifugation to isolate the EVs due to the gentle nature of the isolation and 

the increased purity of the EV fractions compared to ultracentrifugation. The qEV 

70nm columns (Izon, France) used to isolate the EVs are designed to produce ~2.9 ml 

of void fraction (PBS buffer that was already in the column as the sample was added 

to the column), followed by three fractions of EV enriched fractions, and then a 

series of smaller ΨŦǊŜŜΩ ǇǊƻǘŜƛƴ ŦǊŀŎǘƛƻƴǎΦ To maximise yield, all three EV fractions 

were utilised for downstream applications.  

 

5.2.2 Isolation of tissue-derived BDEVs 
BDEVs were isolated from frontal lobe brain tissue donated from people who were 

diagnosed with AD or ALS alongside age and sex-matched controls for both diseases 

(Supplementary table 3-6). Two sets of control tissue were required due to the 

difference in age between the AD and ALS patients (Average ages of patients: ALS = 

59, ALS-Ctrl = 60, Alz = 79, Alz Ctrl = 88). BDEVs were isolated using a previously 

published technique followed by SEC (Huang et al., 2020). For ease of comparison 

with ADEVs, BDEVs isolated from AD tissue will be abbreviated to Alz BDEVs, and 

BDEVs isolated from ALS tissue will be abbreviated to ALS BDEVs. 

 

5.2.3 TEM analysis of ADEV and BDEV fractions confirms the presence of 

extracellular vesicles 
To confirm the presence of ADEVs within isolated samples, we first sought to 

visualise ADEVs. Due to the nanoparticle size of EVs, electron microscopy is currently 

the only microscopic method that is sensitive enough to visualise EVs. Transmission 

electron microscopy (TEM) was completed using a concentrated combination of the 

three EV-enriched fractions. EVs were fixed with 3% glutaraldehyde and negatively 

stained with 2% uranyl acetate to allow visualisation (Figure 5-2). Classical cup-

shaped vesicles (middle is concaved) were observed in both preparations indicating a 

A 

B 

C 
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successful EV isolation. No observable differences were subjectively identified 

between serum-free and serum cultured ADEVs; however, it is difficult to determine 

true EV morphology and size due to the artificial changes caused by the preparation 

of the samples such as the cup-shaped morphology. EVs are typically vesicular but 

they collapse under the vacuum required for TEM, creating the cup-shaped 

morphology (Rikkert et al., 2019; Emelyanov et al., 2020).  

 

Figure 5-2 - ADEVs were visible in EV fractions after isolation from both serum-free and serum-
cultured human primary astrocyte conditioned media. Representative image of (A) serum-free ADEVs 
and (B) serum-cultured ADEVs. Classical cup-shaped morphology (centre of the EV is concaved) can be 
observed due to the vacuum conditions of the TEM. A zoomed image is shown in the top right of each 
image for clearer morphological observation. Images were taken at 9300x magnification with scale bars 
representing 500 nm (N = 3).  

TEM showed that the ADEVs were not highly concentrated within the 500 µl 

fractions, with only a few ADEVs visible within a single image confirming the need to 

concentrate the EVs before use in other techniques such as western blotting or mass 

spectrometry. In contrast, frontal lobe BDEVs were far more abundant from the 

tissue samples (which were not subsequently concentrated due to their predicted 

abundance), with the typical cup-shaped morphology also observed (Figure 5-3). No 

visual difference was noted between control and disease BDEVs but comparisons are 

difficult due to the artificial morphology.  

 

Figure 5-3 - Brain-derived EVs were successfully isolated from frontal lobe tissue of control, AD and 
ALS patients. (A-C) Representative image of (A) control BDEVs, (B) Alz BDEVs and (C) ALS BDEVs. 
Classical cup-shaped morphology can be observed due to the vacuum conditions of the TEM. No 
differences were noted between conditions. Images were taken at 11,000x magnification with scale bars 
representing 200 nm (N = 1). 
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5.3 Analysis of EV size and concentration 
To measure the size and overall concentration of ADEVs with EV-enriched fractions, 

two techniques were available allowing a quantitative analysis that can directly 

compare serum-free and serum-cultured ADEVs. Therefore, nanoparticle tracking 

analysis (NTA; completed using the Zetaview®) and super resolution microscopy 

(direct stochastic optical reconstruction microscopy, dSTORM) were trialled, with the 

results compared to determine which technique should be continued for EV 

quantification. 

 

5.3.1 Direct stochastic optical reconstruction microscopy (dSTORM) 

analysis of ADEVs 
DSTORM analysis uses a mathematical approach to calculate the size and 

concentration of particles within a sample. For EV analysis, a lipophilic, fluorescent 

dye is used to stain the EV membrane which is then activated by the stochastic 

flickering motion of suitable lasers όƛΦŜΦ ƻōǎŜǊǾŜŘ ŀǎ ΨōƭƛƴƪƛƴƎΩ ǇŀǊǘƛŎƭŜǎύ. This allows 

precise localisation of the individual fluorophores as not all particles will be active at 

the same time. By using fluorescence, only particles with a lipid membrane will be 

analysed, excluding any contaminants such as free protein. 

Only EV fraction 2 (1/3rd of total EV fractions) was measured for each ADEV sample, 

with EV fraction 2 expected to have the highest concentration of EVs based upon the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǳōƭƛŎŀǘƛƻƴǎ on the IZON columns used to isolate the EVs. The 

median diameter of the particles as well as the particle concentration were 

calculated to characterise the EVs. The size distribution was then calculated by 

summing data for the particles counted across the four images taken for each 

condition.  

The diameter of the particles was not significantly different between conditions, 

however the serum-free ADEVs had a larger trend in diameter than serum-cultured 

ADEVs (SF mean = 81.3 ± 6.9 nm vs SC mean = 71.2 ± 2.4 nm, P = 0.11; Figure 5-4A). 

There was a significant difference in the number of particles within each sample type 

with serum-free ADEVs having 6-times more particles than serum-cultured samples 

(P = 0.005; Figure 5-4B). The difference in the number of particles is likely due to 

differences in the collection methods for each condition rather than differences in 

release rate of EVs with large differences in cell number (1x 6-well vs 4x T75 flasks) 

and collection time (72 h vs 2 weeks) between the serum-free and serum-cultured 

conditions. A better method for normalisation is required between the collection 

methods to determine if there is a true difference in size and particle number 

between the conditions. 
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Figure 5-4 - DSTORM analysis identified a difference in particle concentration between serum-free and 
serum-cultured ADEVs, but not average size. (A) No significant difference in size was detected between 
serum-free and serum-cultured ADEVs (SF mean = 81.3 ± 6.9 nm vs SC mean = 71.2 ± 2.4 nm; P = 0.11). 
(B) There was a significant difference in the concentration of ADEVs with a 6-fold increase in particle 
number detected in serum-free ADEVs compared to serum-cultured ADEVs (SF mean = 2.0 x107 vs SC 
mean = 3.4 x106 particles/ml; P=0.005). (C) Size distribution shows a peak at ~65 nm for both conditions 
but also a second peak in the serum-cultured ADEVs at ~45 nm. More particles were counted in the 
serum-cultured condition despite fewer ADEVs in the sample overall, but this is due to serum-free 
samples requiring a 1:10 dilution. (D-E) 16 averaging snapshots taken prior to dSTORM imaging shows 
the fluorescence labelling of the particles in (D) serum-free and (E) serum-cultured ADEVs. Statistical 
analysis was completed using an unpaired t-ǘŜǎǘ ǿƛǘƘ ŀ ²ŜƭŎƘΩǎ ŎƻǊǊŜŎǘƛƻƴ (N = 2-3). Error bars represent 
mean and standard deviation. 

The number of particles counted across four different fields of view for each 

biological replicate was used to plot the size distribution of particles. A peak at ~65 

nm was observed for both samples, but in the serum-free samples, a much narrower 

peak was observed compared to the serum-cultured samples, possibly due to a 

which to a smaller size range in the serum-cultured ADEVs (Figure 5-4C).  

 

5.3.2 Zetaview analysis of ADEVs 
NTA uses light scattering and Brownian motion to measure size distribution of 

particles in solution. Using the Zetaview®, the median size, concentration and size 

distribution is calculated without the need to alter the EV fractions (e.g. no lipophilic 

dyes are needed). Samples are simply diluted in PBS to achieve a concentration of 

particles within the optimal measurable range of the machine. A medium only 

control was included to determine any contribution of particles by the non-

conditioned media. This involved a combination of non-conditioned G5 media and 

astrocyte medium which was processed alongside the astrocyte conditioned media. 

Due to the ease of sample preparation and measurement, all three EV fractions were 

analysed per biological replicate. 

A B C 
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The median size of the three EV fractions was calculated for both serum-free and 

serum-cultured ADEVs and compared using a two-way ANOVA. No difference was 

found between the fractions within each condition (P = 0.29; Figure 5-5A). However, 

the two-way ANOVA revealed a significant decrease in the overall median size of 

serum-cultured ADEVs compared to serum-free ADEVs, despite no significance 

detected in the individual fractions when analysed using a ~ƝŘłƪϥǎ ƳǳƭǘƛǇƭŜ 

comparisons test (P = 0.036). When the median size of the fractions were combined 

(i.e. one value for all three fractions), serum-free particles were significantly larger 

than serum-cultured particles confirming the results of the two-way ANOVA (SF 

mean = 151.4 ± 19.0 nm vs SC mean = 130.6 ± 4.4 nm, P = 0.006; N = 7-9; data not 

shown). In summary, when using NTA to measure particle size, there is a significant 

decrease in diameter of serum-cultured ADEVs compared to serum-free ADEVs.  

When measuring particle concentration, no significant difference was observed 

between serum-free and serum-cultured ADEVs despite the differences in 

methodology for collecting both ADEVs (i.e. different number of cells and time 

period for collection; Figure 5-5B). There was a small difference in the number of 

particles calculated between fractions, but this was not statistically significant using a 

two-way ANOVA (P = 0.16). The non-conditioned media control had a similar particle 

size to the EV fractions however it had >1000-fold fewer particles showing that the 

majority of the particles were released from the astrocytes and thus there were not 

significant contaminants present in the media. This media control underwent the 

same processing (ultrafiltration and SEC) as the conditioned media. Pure PBS was 

found to have a concentration of 1.4 x 106 particles/ml suggesting both PBS and the 

non-conditioned media control had very little influence on the particle number and 

size in the EV fractions (media only = 1.3 x 108 particles/ml). 

 

Figure 5-5 - NTA analysis of ADEV fractions from serum-free and serum-cultured human primary 
astrocytes. (A) Median size of particles is consistent between EV fractions and is similar to particles 
found within the media only control. However, a significant size difference was observed between 
serum-free and serum-cultured conditions with serum-free particles having an average size of 146.4 nm 
across the three fractions, compared to 132.6 nm in serum-cultured fractions (P = 0.036). (B) Particle 
concentration found within the three EV fractions of serum-free and serum-cultured samples shows a 
decreasing trend amongst the EV fractions, but this was not statistically significant. No difference in 
concentration was observed between the serum-free and serum-cultured conditions, however there was 
>1000-fold fewer particles in the media only control than either ADEV condition. Statistical significance 
was measured using a Two-way ANOVA followed by ~ƝŘłƪϥǎ multiple comparisons test. Error bars show 
mean and standard deviation (N = 3). 
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With a difference in median size observed between serum-free and serum-cultured 

ADEVs, size distribution plots were created to compare the distribution of particle 

sizes found within the samples. There was an overall shift in particle size with a 

uniform decrease observed in the serum cultured ADEVs (Figure 5-6A). Much like the 

median size of the particles, there was no difference in size distribution between 

fractions within each condition (Figure 5-6B and C). There were differences in the 

number of particles counted for each fraction, but this is due to the methodology 

used to count the particles as the sample dilutions were not accounted for when 

calculating the size distribution. EV3 fraction was often diluted 50-fold compared to 

EV1 and EV2 fractions which required a dilution of 100-fold to reach an optimal 

measurement range. In some cases, EV1 fraction was diluted 200-fold and therefore 

less particles were present during counting compared to EV2 and EV3, resulting in 

less traces being included for size distribution analysis. Overall, size distribution 

shows a global shift in the size of serum-cultured ADEVs compared to serum-free 

ADEVs. 

 

 

Figure 5-6 - Size distribution of particles identified a shift in serum-cultured ADEV fractions compared 
to serum-free ADEV fractions. (A) Serum-cultured ADEV fractions have more, small particles detected 
(<100 nm) with an overall shift to the left compared to serum-free ADEVs. (B and C) EV fractions have 
the same size distribution of particles with peaks between (B) 120-170 nm for serum-free and (C) 100-
150 nm for serum-cultured ADEVs. 

 

5.3.3 Comparison of dSTORM and Zetaview techniques for analysing 

ADEV size and concentration 

5.3.3.1 Size of ADEVs 

Both NTA and dSTORM allow quantitative characterisation of particle size and 

concentration in the samples but produce different results (Table 5-1, comparison 

using EV fraction 2). NTA indicated a larger median size than dSTORM for both 

conditions, with a significant decrease in size in serum-cultured ADEVs using NTA but 

not dSTORM analysis, despite the same trend observed. This size difference between 

NTA and dSTORM is likely due to the different methods that are used to calculate the 

size of the particles.  

 

 
 

A B C 
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Table 5-1 - Comparison of size and concentration of EV fraction 2 using NTA and dSTORM analysis. 
NTA and dSTORM analysis show different results for both size and concentration of ADEVs produced 
from serum-cultured and serum-free astrocytes. Fraction EV2 was used for comparison due to this being 
the only fraction analysed during dSTORM analysis. Data shows mean and standard deviation, with 
values corrected for any dilution required for measurement. 

 Serum-free ADEVs Serum cultured ADEVs 

 NTA dSTORM NTA dSTORM 

Median size (nm) 146.1 ± 0.5 81.3 ± 6.9 131.6 ± 3.5 71.2 ± 2.4 

Concentration 
(P/ml) 

3.12 x1011 ± 
2.42 x1011 

2.0 x107 ± 3.3 
x106 

3.47 x1011 ± 
1.33 x1011 

3.4 x106 ± 
1.6 x106 

 

The Zetaview® uses polystyrene beads to calibrate the machine at the start of every 

session, often leading to small variations between imaging sessions. The EVs also 

remain in solution during imaging so it is difficult to focus precisely on all the 

particles in the field of view. Together, this is likely to overestimate the size of the 

particles in solution. On the other hand, dSTORM uses mathematics based upon the 

clustering of the fluorescence to calculate the size of the particles. The particles also 

settle onto the glass slide used to image the sample resulting in mostly stationary 

particles being analysed. Alongside the automatic focusing used throughout the 

experiment, focusing is much easier using dSTORM and therefore would produce 

more accurate size calculations. However, given that dSTORM uses fluorescence 

staining of lipid membranes and a mathematical approach to calculate the size of the 

particles, this method is likely under-representing the size of the particles. The true 

size of the ADEVs is likely between these two values. 

 

5.3.3.2 Concentration of particles 

The concentration of the particles varies considerably between the two techniques 

with NTA detecting >1000-fold more particles than the dSTORM analysis (Table 5-1; 

comparison of EV fraction 2). A significant decrease in particle concentration was 

observed in the serum-cultured ADEVs using dSTORM, but no difference was 

observed through NTA analysis. DSTORM utilises a lipophilic dye to stain the EVs and 

therefore will only detect lipid-based particles, such as EVs or liposomes, that have 

incorporated the dye. However, this relies on all EVs taking up the dye equally, with 

particles with less than five measurements excluded from analysis. The lasers also 

photobleach the sample resulting in far fewer hits as the experiment continues. 

Simply by searching for an area and taking the widefield image, some hits are already 

lost and therefore would not be included in the analysis. Therefore, dSTORM is likely 

to under-estimate the number of EVs in the sample. In contrast, the NTA is more 

likely to over-estimate particle number as it will also measure other non-EV particles 

that co-isolate with EVs, as seen in the non-conditioned medium and PBS-only 

controls. 

 

5.3.3.3 Sample preparation and ease of use 

Zetaview® sample preparation is easier with samples simply requiring a PBS dilution 

before injection into the machine, compared to dSTORM which requires sample 

incubation with a lipophilic dye followed by slide preparation. Excess dye also needs 
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to be removed so the dye needs to be added before SEC. The Zetaview® is also much 

easier to use with automated post-capture processing, unlike dSTORM which 

requires extensive post-capture processing. Therefore, there is less manual 

alteration to the raw data using NTA reducing any processing errors. The advantage 

of dSTORM over NTA is the use of fluorescence to identify sub-populations of EVs 

that can be tagged using fluorescent antibodies. For example, if GFAP was found to 

be a good ADEV marker, GFAP+ ADEVs could be identified in CSF or blood samples. 

This could be used alongside another fluorescent antibodies for co-localisation 

studies. Whilst the Zetaview® is capable of measuring fluorescence and could be 

used to identify sub-populations, dSTORM allows better resolution and better 

separation of EV clusters resulting in more accurate co-localisation of markers. 

Within this current work, fluorescent markers were not used so the benefit of 

dSTORM is outweighed by the speed and ease of use for quantifying ADEVs provided 

by the Zetaview® (see Table 5-2 for summary).  

 

Table 5-2 ς Technical comparison summary between dSTORM and NTA techniques for the quantification 
of EV concentration and size. 

dSTORM NTA (Zetaview®) 

Automatic focusing, with EVs settling on 
the glass microscope slide (i.e. mostly 
stationary so easier to maintain focus) 

Difficult to focus on EVs with particles 
remaining in solution 

Requires fluorescent labelling of EVs so 
will only measure a subset of particles 
(more specific, but will likely miss EV 
particles with limited staining) 

Detects all particles using Brownian 
motion (PBS-only control still has a high 
particle count of x106 particles/ml) 

Requires extensive preparation of 
samples, with incorporation of 
dye/antibody into EV isolation as well 
as microscope slide set up (use of 
spacers required for microscope slide) 

No modification to EV fractions, with 
samples simply requiring a dilution in 
PBS prior to analysis 

Manual image capture with evidence of 
photobleaching whilst moving around 
the sample (therefore leading to 
underestimation of particle 
concentration) 

Automatic image capture of 11 
positions, which are then averaged 
post-capture 

Long image capture time (~10 min), 
with each image made from the 
compression of 5000 frames (image 
capture is completed using a video) 

Short capture time (~2 min) with only 
11 positions combined for a final result 

Extensive, manual post-capture 
processing which requires optimisation 
of inclusion threshold criteria 

Automatic post-capture processing 

 

 

5.3.3.4 Conclusions 

Overall, the Zetaview® was cheaper, easy to use and provided data that was easier to 

interpret in comparison to dSTORM (Table 5-2). Fluorescent conjugated antibodies 

were not used in the current project with the work focusing on unbiased cargo 
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characterisation rather than specific markers. ADEVs were isolated from a 

monoculture of astrocytes and therefore these ADEVs do not need to be separated 

from EVs released by other cell types which would be important when using more 

complex samples such as blood or CSF. Whilst the Zetaview® may result in over-

estimations of size and concentration, the work in this thesis is focused on 

comparing conditions and therefore, absolute measurements are less important than 

the consistency between the measurements of the samples. Therefore, NTA using 

the Zetaview® will be used for the remainder of the work presented in this thesis. To 

ensure consistency between samples, samples will be analysed during the same 

imaging session where possible to remove technical variability.  

 

5.3.4 ADEVs were isolating in earlier fractions than expected using 

generation 2 IZON columns 
Due to improvements in the manufacturing process, generation 2 IZON columns 

were used to isolate EVs in subsequent work, instead of the original columns used 

for ADEV characterisation. For generation 2 columns, the manufacturer suggests that 

EVs will elute in the first three 400 µl fractions (EV1 - EV3, total 1200 µl instead of the 

original 500 µl fractions, total 1500 µl) after the 2.9 ml PBS void. The manufacturer 

also indicates that the middle EV fraction (EV2) should have the highest 

concentration of EVs. This was not observed in our subsequent NTA using the 

generation 2 columns with EV1 fraction having the highest concentration of particles, 

suggesting the EVs are eluting earlier than expected (observed in Figure 5-5B). 

Therefore, the final 400 µl fraction of the PBS void was also collected and measured 

using the Zetaview® (SEC fractions = 2.5 ml PBS void followed by collection of a final 

void fraction of 400 µl, 3x EV fractions and 2x Protein fractions, each of 400µl). 

Particle concentration found that EV-sized particles were eluting earlier than 

expected with many particles present in the last void fraction of the ADEVs (V1; 

Figure 5-7A). There was no change in median size across any of the fractions 

collected (Figure 5-7B). This suggested that the final void fraction (V1) should be 

used in subsequent experiments alongside the other three EV fractions.  

 

 

Figure 5-7 ς Using generation 2 IZON columns, EVs were eluting earlier than expected from the 
columns with many particles identified within the final void fraction. (A) A large proportion of serum-
cultured ADEV particles were detected within the final 400 µl of the void (V1 fraction) suggesting EVs 
were eluting earlier than expected. (B) No difference in size was detected between any of the fractions. 
Error bars represent mean and standard deviation of technical repeats for each fraction tested (N = 1). 
V1 represents the final void fraction, EV1-3 represents the predicted EV fractions by the manufacturer of 
the qEV columns and, P1 and P2 represent the predicted protein fractions.  
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5.3.5 The effect of freezing on ADEV size and concentration 
Whilst optimal to utilise EVs for downstream analysis immediately after isolation, 

this is not always possible and the EVs require storage at -80 °C. There have been 

conflicting results regarding the effect of freezing on EV integrity, so this was 

investigated within the ADEVs (Gelibter et al., 2022; Görgens et al., 2022; Wright et 

al., 2022). Particle size and concentration were measured immediately after EV 

isolation (fresh) and again, after a week of storage at -80 °C (frozen). No difference in 

particle concentration was found when freezing the purified ADEVs for 1 week, 

however there was a decrease in the size of particles (Figure 5-8). A reduction in 

particle size could be explained by the presence of larger EVs dividing into multiple 

smaller EVs during the freezing process. However, if this was true, an increase in the 

particle concentration would be expected. Instead, this reduction in size is likely due 

to technical variation observed when using the Zetaview® for analysis. Due to small 

differences in calibration with polystyrene beads and focusing before each image, 

differences in median size can be observed between different sessions. For example, 

the average size may vary between 150-160 nm during analysis, whereas in another 

session, the average size may vary between 120-130 nm. This highlights the 

importance of comparing samples within the same analytical session to reduce the 

effect of technical variability. This is not possible when measuring the effect of 

freezing due to the nature of the experiment.  

 

  

Figure 5-8 ς Freezing human primary ADEVs at -80 °C does not affect particle concentration. (A) No 
change in particle concentration was found after one week of storage at -80 °C. (B) Median particle size 
was found to decrease but this is likely due to technical variation of the Zetaview®. Error bars represent 
mean and standard deviation of technical repeats of serum-cultured ADEVs (N = 1). 

As well as it being advantageous to stockpile conditioned media, allowing 

experiments to be conducted on all biological replicates at the same time (thereby 

reducing technical variation), storing conditioned media is necessary for serum-free 

conditioned media collections with media collected over two weeks from four 

separate collections. Therefore, the effect of freezing the conditioned media from 

human primary astrocytes prior to EV isolation was also investigated to determine 

how this effected the ADEV yield. Conditioned media was collected from serum-

cultured astrocytes after 72 hours (using the serum-removal method) and either 

frozen at -80 °C for 1 week before isolation or isolated immediately. NTA analysis 

was then completed to compare size and concentration. Of the EVs isolated from 

fresh conditioned medium, EVs were either stored for 1 week at 4 °C or were frozen 

at -80 °C for 1 week before re-analysis to confirm the results seen in Figure 5-8.  
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When investigating the effect of freezing conditioned medium on particle 

concentration, very little difference was observed between fresh and frozen 

conditioned medium (Figure 5-9A). In fact, there was a small increase in particle 

concentration after freezing the conditioned medium suggesting there may be some 

budding of larger particles into smaller particles. However, there was a decrease in 

particle concentration after freeze-thawing EVs isolated from fresh conditioned 

medium suggesting freezing conditioned medium is preferable to freezing isolated 

EVs from fresh conditioned medium. Storage of conditioned media for 1 week at 4°C 

had no effect on particle concentration. No difference in medium size was found 

between any of the conditions contrasting the previous findings, confirming the 

difference observed in Figure 5-8 was due to variations in the NTA analysis (Figure 

5-9B). Statistical analysis was not completed due to the limited biological repeats for 

the experiment (N = 1). In summary, the size and concentration of ADEVs appear to 

be unaffected by storing conditioned media for 1 week at either -80 °C or at 4 °C. In 

fact, it appears to be preferable than storing isolated EVs at -80 °C for 1 week. 

   

Figure 5-9 ς Storage of astrocyte conditioned media at either 4 °C or -80 °C does not affect ADEV 
concentration and is preferable to freeze-thawing isolated EVs. (A) Freezing astrocyte conditioned 
media had limited effect on the particle concentration after EV isolation, compared to fresh conditioned 
medium. In fact, a reduction in particle concentration was observed in EVs after isolation from fresh 
medium when frozen for 1 week and thawed (pink) compared to isolated EVs which were stored at 4 °C 
(green). (B) No difference in the size of particles was detected between fresh and frozen astrocyte 
conditioned medium. Error bars represent mean and standard deviation of the two technical repeats 
completed using serum-cultured ADEVs (N = 1). 

Future analysis will aim to measure particle size and concentration within the same 

session when comparing conditions to reduce the variation seen in the NTA. Efforts 

will also be made to use fresh ADEVs for functional analysis to avoid any differences 

due to storage, however when required, conditioned media should be frozen prior to 

EV isolation. Freezing is less problematic when using ADEVs for proteomic analysis as 

EV integrity is not required. Proteins are stable when frozen and therefore freezing is 

likely to benefit the samples by reducing the activity of proteases which would 

degrade any proteins.  
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5.3.6 Zetaview analysis of control and disease BDEVs 
As an endogenous comparison to ADEVs, BDEVs isolated from control and disease 

ό![{ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜύ human frontal lobe tissue were also analysed using the 

Zetaview®. NTA showed no difference in the size of particles isolated from the 

diseased tissue compared to the matched controls (Figure 5-10A and B). Alz BDEVs 

were larger than the ALS BDEVs, however this is likely due to technical differences 

between measurements (analysis completed during separate sessions) because the 

size of BDEVs from the Alz-controls were also larger than those of the ALS-controls 

(143.4 ± 0.4 nm vs 125.6 ± 0.1 nm). To ensure true comparison of control vs disease 

particle size, the disease BDEVs were analysed at the same time as their matched 

controls. Size distribution plots from all BDEV samples show a similar pattern to 

previous ADEV analysis suggesting successful isolation of EVs (Figure 5-10C and D). 

Similar concentrations of particles were observed across the ALS and ALS-control 

conditions (ALS = 1.55 x1013 ± 1.06 x1013 vs ALS control = 1.65 x1013 ± 1.13 x1013 

particles/ml per 100 mg; Figure 5-10E). For Alz BDEVs, similar concentrations were 

also observed in the disease and matched control (Alz = 2.31 x1013 ± 1.54 x1013 vs Alz 

control = 1.87 x1013 ± 1.58 x1013 particles/ml per 100mg; Figure 5-10F).  
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Figure 5-10 - NTA analysis of BDEVs isolated from human control, Alzheimer's disease and ALS tissues 
shows no difference in the size or concentration of BDEVs between conditions. (A-B) No difference in 
median size of (A) ALS and (B) Alz BDEVs compared to their matched controls. (C-D) A similar size 
distribution was observed between disease and their matched control BDEVs. (E-F) No difference in the 
concentration of particles between disease and control BDEVs. Statistical analysis was completed using a 
two-way ANOVA followed by ~ƝŘłƪϥǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘ. Error bars represent mean and standard 
deviation (N = 4).  

 

5.3.7 Comparison of particle size and concentration between ADEVs and 

BDEVs 
Whilst it is difficult to directly compare the concentration of ADEVs and BDEVs due to 

the different origins of EVs (cell culture vs tissue) and collection methods, some 

comparisons can be made between the size of the EVs. Similar size distributions were 

observed between all EV samples, with median size ranging from 125 ς 146 nm 

which is expected using SEC isolation (Table 5-3). Whilst a difference in size was 

observed between quiescent (serum-free) and reactive (serum-cultured) ADEVs, no 
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difference was observed between control and disease BDEVs. ~50-fold fewer 

particles were found within cell culture EV fractions compared to BDEV fractions, 

which is most likely due to the number of cells in culture being far fewer than the 

number of cells within the tissue (Table 5-3; von Bartheld et al., 2016).  

Table 5-3 - Comparison of the size and concentration of ADEVs and BDEVs using NTA (Zetaview®). 
Median size and mean particle concentration were calculated using NTA for both ADEVs and BDEV 
fractions. For BDEVs, particle concentration was calculated per 100 mg of tissue to normalise between 
samples (ADEVs N= 3, BDEVs N = 4).  

 Median size (nm) Particle concentration (Particles/ml) 

Serum-free ADEVs 146.4 5.05 x 1011 

Serum-cultured ADEVs 132.6 3.58 x 1011 

ALS BDEVs 126.2 1.55 x 1013 

ALS control BDEVs 125.6 1.65 x 1013 

Alz BDEVs 143.1 2.31 x 1013 

Alz control BDEVs 143.4 1.87 x 1013 

 

5.4 Detection of EV-associated markers in ADEV and 

BDEVs 
At present, there are no established universal markers of EVs and in particular, no 

markers to confidently distinguish between different sub-types of EVs such as 

microvesicles and exosomes. Instead, MISEV guidelines recommend 

immunodetection of multiple endosomal (exosome origin) and membrane markers 

that are thought to be enriched within EVs, as well as the absence of proteins that 

would not be expected within EVs such as Golgi-apparatus or mitochondrial markers.  

There are also issues with comparing protein expression due to many EV samples 

having undetectable levels of protein using regular protein assays (such as Bradford 

or BCA assays) and no well-established housekeeping proteins identified for 

normalisation.  

 

5.4.1 Western blotting of EV markers within ADEVs 
To initially identify EV-related proteins within the ADEVs four EV-associated markers 

(CD63, CD81, FLOT1 and ALIX) were measured using immunoblotting on serum-free 

and serum-cultured ADEVs. CD63 and CD81 are endosomal proteins associated with 

exosomes, whereas FLOT1 and ALIX are associated with the cell membrane and 

cytosol. Calnexin expression was investigated as a negative EV marker to identify the 

level of cell debris contamination in the samples. Calnexin is an endoplasmic 

reticulum protein and therefore would not be expected within small EVs.  

Despite extensive optimisation, not all markers were detected within the ADEVs 

which is likely due to the sensitivity of the technique. Concentrating the EV fractions 

using further ultrafiltration did improved signal when staining for calnexin, ALIX and 

FLOT-1 but no signal was detected in CD81 or CD63 despite detection within the cell 

lysate (Figure 5-11). Flow-through from the protein concentrators were also analysed 

to confirm the EVs remained within the concentrator at a smaller volume. Calnexin 

displayed a strong signal suggesting EV fractions may contain some cell debris. It is 

difficult to compare expression between proteins (due to variations between 
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antibodies) and between conditions through immunoblotting and a lack of 

housekeeping proteins within the EVs.  

 

Figure 5-11 - Immunoblotting identifies some EV-associated markers in serum-free and serum-cultured 
ADEVs. (A-B) Protein bands were detected using (A) anti-calnexin (CANX) and (B) anti-ALIX antibodies in 
both the serum-free and serum-cultured ADEVs after concentration (+ represents EV sample). No protein 
was detected in the flow-through from the EV concentrators (represented by -) confirming EVs were 
concentrated by further ultrafiltration. (C) CD63 and (D) CD81 were not detected in concentrated ADEV 
fractions but were present in cell lysate samples. (E) FLOT-1 was faintly detected in the both the 
concentrated EV fraction and the protein fraction of serum-free ADEVs (black arrows) but was not 
detected in the serum-cultured ADEVs. Cell lysate (CL) controls were also included to ensure a lack of 
signal was due to the samples and not due to the technique, with the exception of CANX because the 
signal intensity was too high to be distinguishable. EV fractions were combined using further 
ultrafiltration to increase EV concentration and therefore the concentration of protein within the sample. 

 

5.4.2 Identification of EV protein markers in ADEVs 
Due to the many issues identified with immunoblotting of EV samples, SWATH mass 

spectrometry was completed to identify EV-associated proteins within the samples. 

SWATH-MS is far more sensitive than immunoblotting with less reliance on antibody 

quality, as well as providing an unbiased relative quantification. For SWATH-MS 

analysis, purified ADEV fractions V1, EV1, EV2 and EV3 were combined and 

concentrated using further ultracentrifugation to approximately 50 µl. Samples were 

then processed as described in section 2.4.4.2 alongside parent astrocyte whole cell 

lysates (described in section 4.4). SWATH-MS analysis was completed in the same 

way as the astrocyte cell lysates and will be described in more detail later in this 

chapter (see Figure 4-10 for analysis pipeline; section 5.5 for full analysis of ADEV 

proteome by SWATH-MS). In total, 526 proteins were identified in more than two 

replicates of serum-free ADEVs and 300 proteins identified in the serum-cultured 

ADEVs.  

As alluded to previously, MISEV guidelines introduces 5 categories of proteins to 

investigate within EVs ς 1: Transmembrane proteins associated with 

membrane/endosomes, 2: Cytosolic proteins, 3: Non-EV co-isolates, 4: 

Transmembrane, lipid-bound soluble proteins associated with intracellular 

compartments other than membranes and endosomes, 5: Secreted proteins 

recovered with EVs. The suggestion is to investigate at least one protein from each of 

the categories, with the immunoblotting above (section 5.4.1) already measuring 

category 1 (CD63 and CD81), category 2 (ALIX and FLOT1) and category 4 (Calnexin). 

Due to the large number of proteins detected within SWATH analysis, multiple 

proteins from each category are possible to detect so a thorough analysis can take 

place (Figure 5-12).  
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Of the category 1 proteins identified, many were enriched within the ADEVs with the 

exception of LAMP1. CD63 and CD81 were identified by SWATH-MS in the ADEVs 

despite their absence in previous immunoblotting highlighting the improved 

sensitivity of mass spectrometry (Figure 5-12A). Category 2 proteins were also 

identified within the ADEVs, supporting evidence of EV-enrichment in the fractions. 

However, in contrast to category 1 proteins, these proteins were also highly 

expressed in the cell lysates (Figure 5-12B). The difference in expression between 

category 1 and 2 proteins is likely due to the ratio of cell membrane and cytoplasm 

within EVs and cell lysates. EVs have a high membrane to cytoplasm ratio due to 

their small size, in comparison to cell lysates which will have a greater cytoplasm 

area. Therefore, more cytosolic proteins will be expected in cell lysates than EVs in 

respect to cell membrane proteins.  

More category 3 lipoprotein markers were identified within serum-free ADEVs 

compared to serum-cultured ADEVs (Figure 5-12C). APOB and APOE were not 

detected within serum-cultured ADEVs despite high relative abundance in the serum-

free ADEVs. High levels of albumin were detected in all samples which is a likely a 

contaminant of the cell culture medium. Very low expression of category 4 proteins 

within the ADEVs suggests that the fractions are free of cell debris contaminants and 

therefore the proteins detected are likely secreted by the cells or found within EVs 

(Figure 5-12D). Calnexin was not identified within the ADEVs despite identification by 

immunoblotting. Secreted proteins (category 5) were found in high abundance 

within ADEV samples with higher expression found in ADEVs than cell lysate samples 

suggesting co-isolation with EVs (Figure 5-12E).  
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Figure 5-12 ς Relative abundance of EV-associated proteins (category 1 and 2) and cell-associated 
proteins (category 3-5) identified within human ADEV and their parent astrocyte lysate samples using 
SWATH-MS. (A) Five of the six EV-associated membrane proteins identified had a higher abundance 
than the parent cell lysate samples suggesting EV enrichment. (B) Cytosolic proteins were identified 
within EVs as well as their parent cell lysates. (C) Lipoprotein markers were identified in the serum-free 
ADEVs but often not in the serum-cultured ADEVs, with only APOA1 and ALB expressed in serum-cultured 
ADEVs. (D) Organelle associated markers were rarely expressed in the ADEVs despite expression within 
the parent cell lysates. (E) Secreted proteins were common co-isolates with ADEVs which were often 
enriched in ADEV samples compared to cell lysate samples. Error bars represent mean and standard 
deviation (N = 3). Protein abundance was relative across samples due to the nature of SWATH analysis 
(arbitrary units).  
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5.4.3 EV markers within BDEVs 
With SWATH analysis providing a more extensive characterisation of protein 

expression compared to immunoblotting, BDEVs were also analysed by SWATH-MS. 

BDEVs were processed using the same methodology as the ADEVs, with between 

1377 and 1617 proteins identified in at least four of the eight biological replicates 

analysed for each BDEV condition (full analysis described in section 5.6). The five 

MISEV categories were also investigated with similar proteins identified to those 

observed in the ADEVs (see previous Figure 5-12). A similar expression between 

control and disease BDEVs was identified across category 1 and 2 proteins (Figure 

5-13A and B). TSG101 was not identified in the BDEVs so FLOT1 was used instead for 

characterisation. ITGA2 was also not identified within at least 4 replicates for each of 

the conditions but ITGA1 was identified.  

Category 3 lipoproteins and category 4 cell-markers were identified within the BDEVs 

suggesting some contamination with liposomes and cell debris (Figure 5-13C and D). 

This is probably due to the destructive nature of the technique used to isolate the 

EVs (mechanical chopping and collagenase), which would likely lead to some cell 

debris. The brain is also highly myelinated and therefore has a much higher lipid 

content. Whilst SEC should remove the majority of the cell debris (both larger and 

smaller than EV size range), debris of a similar size to the EVs would naturally co-

isolate in the samples. TOMM20 was not identified within the BDEVs but another 

mitochondrial protein, IMMT was identified. Very few secreted proteins were 

identified in the samples suggesting these proteins were separated from EVs during 

isolation in contrast to the ADEV proteins. Some of the secreted proteins identified 

within the ADEVs, such as FGF2, may be found within the original cell culture 

medium and therefore would not necessarily be abundant within human tissue.  

Together with the TEM and NTA, the mass spectrometry analysis suggests that EVs 

can be isolated from both human primary astrocyte cell culture medium (ADEVs) and 

human tissue (BDEVs). Similar sizes of particles were identified within both sets of 

samples as well as similar morphology and EV-associated proteins indicating that the 

ADEVs are comparable to those observed endogenously. With high confidence that 

the EV fractions are indeed enriched with EVs, further analysis of the SWATH-MS 

data was completed on the ADEV and BDEV cargoes.  
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Figure 5-13- Relative abundance of EV-associated proteins (category 1 and 2) and cell-associated 
proteins (category 3-5) identified within healthy and disease BDEVs using SWATH-MS. (A) Category 1 
and (B) category 2 proteins had a similar relative abundance across the 10 markers identified within 
BDEVs (C) Lipoprotein markers were identified in the BDEVs but in low abundance with the exception of 
albumin. (D) Some organelle associated markers were identified suggesting some cellular 
contamination. (E) Secreted proteins were not highly expressed in BDEVs with the exception of 
LGALS3BP. Error bars represent mean and standard deviation (N = 8). Protein abundance was relative 
across samples due to the nature of SWATH analysis. 

 

5.5 SWATH analysis of ADEVs to understand the ADEV 

proteome 
For SWATH-MS analysis, concentrated serum-free and serum-cultured ADEVs (all EV 

fractions as well as 400 µl void fraction combined) were analysed by SWATH-MS at 

the same time as the parent astrocyte cell lysates, previously described in section 4.4 

(N = 3). As with parent cell lysates, peptides which mapped to more than one protein 
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were removed, and the samples normalised using the total spectra. Unlike the cell 

lysates, the ADEVs were not normalised to protein concentration due to the 

undetectable protein levels on a standard BCA assay. However, as determined in 

section 5.3.2, no significant difference in particle concentration was found between 

the serum-free and serum-cultured ADEVs suggesting protein concentration would 

be comparable. Finally, common contaminants albumin and keratin were removed 

from the analysis (albumin was only included when investigating EV markers, above).  

 

5.5.1 Comparing similarity between the proteomes of serum-free and 

serum-cultured ADEV biological replicates 
A PCA was completed on the relative abundance of proteins obtained from three 

replicates of serum-free and serum-cultured ADEVs to determine the similarity 

between samples (completed prior to removal of contaminants and missing 

replicates but after removal of peptides linked to more than one protein, see Figure 

4-10 for analysis pipeline). A small distinction was identified between serum-free and 

serum-cultured ADEVs with 73% of the data described by the first principal 

component (PC1) and the second principal component (PC2) accounting for 25% of 

the separation. The replicates were not clustered showing a substantial amount of 

variation between samples. This suggests more replicates would be required for a 

more confident characterisation of the proteomes between samples, much like the 

cell lysate comparison. With no clear difference between the conditions, a PLS-DA 

was not completed (normally identifies proteins which are most responsible for any 

difference). 

 

Figure 5-14 - PCA of ADEV proteins indicates no distinct difference between serum-free and serum-
cultured ADEV proteomes by SWATH-MS. PCA shows some separation between the proteomes of 
serum-free (blue) and serum-cultured (green) ADEVs, however the samples are not tightly clustered 
showing high variability between replicates. PC1 accounts for 73% of the difference between groups and 
PC2 accounts for 25% (total data described = 98%).   

 

The number of missing values were investigated to determine the similarity between 

replicates as well as to identify the proportion of proteins to be included for further 

analysis (Figure 5-15). As with the previous SWATH cell lysate analysis (see section 

4.4), further analysis was completed on the proteins that were identified in at least 
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two biological replicates for serum-free and serum-cultured ADEVs which included 

35-40% of identified proteins. 

 

Figure 5-15 ς High variation between biological replicates by SWATH-MS, with the majority of 
proteins only identified in either 1 or 2 biological replicates for both serum-free and serum-cultured 
ADEVs. High variation between the biological replicates is evident in the serum-free and serum-cultured 
ADEVs with a large proportion of the total proteins identified, not found in all 3 replicates (>80% found 
in 2 or less replicates). 0 replicates represent proteins that were only identified in the opposing condition 
(i.e. a protein identified in serum-free replicates, but not serum-cultured replicates would be identified as 
0 in the serum-cultured condition). Percentages were calculated using the total number of proteins 
detected across both serum-free and serum-cultured conditions.   

When comparing proteins identified within each replicate, the serum-free and 

serum-cultured ADEVs had a fairly consistent number of proteins within each 

condition, and no difference between serum-free and serum-cultured ADEVs (SF 

mean = 580 ± 267 vs SC mean = 359 ± 119 proteins, P = 0.99, Figure 5-16A). As 

expected, the number of proteins identified were much lower in ADEVs than parent 

cell lysates with a significant difference identified between the serum-cultured 

condition (P = 0.004).  

 

Figure 5-16 ς Fewer proteins were identified by SWATH-MS in serum-free and serum-cultured ADEVs 
compared to their parent cell lysates. (A) Number of unique proteins identified in each of the biological 
repeats. (B) The majority of proteins (55.6%) were identified in multiple conditions with few unique 
proteins identified exclusively in ADEVs. Error bars represent mean ± standard deviation (N=3). 

Similar to the SWATH-MS analysis completed on the cell lysates in section 4.4, 

proteins were excluded that were only present in one replicate of each sample to 

improve confidence that the protein was identified correctly. After applying this 
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criteria, 526 proteins were identified within the serum-free ADEVs compared to only 

300 within the serum-cultured ADEVs, with 264 proteins found in common between 

the ADEVs (Figure 5-16B). There were few proteins that were exclusive to the serum-

free or serum-cultured conditions (ADEV and CL) suggesting the proteome of 

astrocytes and their ADEVs does not change after culture in serum. Interestingly, 16 

proteins were identified within both ADEV conditions but not in the astrocyte cell 

lysates, suggesting these proteins may be enriched within ADEVs (Table 5-4). STRING 

analysis was completed on these proteins to determine their connectivity and 

subcellular location. Of the 16 proteins, 9 were highly connected (bold and italicised 

in Table 5-4) with 13 found to be associated with the άextracellular regionέ using GO 

compartment analysis. Of the 13 extracellular proteins, 6 were also associated with 

άextracellular vesiclesέ supporting the hypothesis that these proteins are enriched in 

ADEVs (GC, PLG, APOA1, ITIH4, IGSF8 and SDC1). 

 

Table 5-4 ς 16 proteins were identified within serum-free and serum-cultured ADEVs but not their 
parent cell lysates. Of the 16 proteins identified, 9 were highly connected within the STRING analysis 
(Italicised and in Bold, STRING connectivity not shown). 

A1BG GC IGSF8 PLG 

APOA1 HAPLN1 ITIH1 SDC1 

CFI HAPLN3 ITIH3 SERINC5 

EVA1A IGHG4 ITIH4 SSC5D 
 

 

5.5.2 Qualitative analysis of the ADEV proteome 

5.5.2.1 Pathway analysis 

Whilst half of all ADEV proteins were identified in both serum-free and serum-

cultured ADEV conditions (264 proteins), 262 proteins were unique to serum-free 

ADEVs and 36 were exclusive to the serum-cultured ADEVs (Figure 5-16B). KEGG 

pathway analysis was completed on these proteins to identify pathways that may be 

over-represented within the ADEVs. No pathways were upregulated in the proteins 

exclusive to the serum-cultured ADEVs, likely due to the limited number of proteins. 

On the other hand, 33 pathways were significantly upregulated in the unique serum-

free ADEV proteins (Figure 5-17). These pathways were very similar to those 

observed within both cell lysates in section 4.4.3 ǎǳŎƘ ŀǎ άwƛōƻǎƻƳŜέ ŀƴŘ ά/ŀǊōƻƴ 

ƳŜǘŀōƻƭƛǎƳέ, suggesting these pathways are only upregulated in serum-free ADEVs 

due to the increased number of proteins identified compared to the serum-cultured 

ADEVs, and not because of the ADEV phenotype.  
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Figure 5-17 - The 15 most significantly upregulated KEGG pathways in ADEV proteins identified 
exclusively in ADEVs purified from serum-free cultures. A total of 33 KEGG pathways were identified as 
significant amongst the 262 proteins found exclusively in serum-free ADEVs.  

 

Pathway analysis was also completed on all proteins identified within the serum-free 

and serum-cultured ADEVs (in at least two replicates) to identify which pathways 

were over-represented in EVs. In the serum-free ADEVs, 68 pathways were 

upregulated compared to 50 pathways in the serum-cultured ADEVs. Many of these 

pathways were identified in both ADEVs (43 pathways), consistent with the high 

number of proteins found in both ADEV conditions (Figure 5-18).  

 

 

 

 

 

 

 

 

 

 

5.5.2.2 Vesiclepedia database shows ADEV proteome is similar to previously 

published EV datasets 

The Vesiclepedia database was created to provide a comprehensive list of RNA, 

protein, lipid and metabolite cargoes within EVs from both published and 

Figure 5-18 - Top 10 KEGG pathways upregulated in serum-free and serum-cultured human primary ADEV 
proteins. (A) Serum-free ADEVs had a total of 68 upregulated KEGG pathways. (B) Serum-cultured ADEVs had 
50 upregulated pathways. Similar pathways were identified in both serum-free and serum-cultured ADEV 
proteomes suggesting little difference in the ADEV proteomes between the conditions.  
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unpublished studies (Pathan et al., 2019). However, when searching specifically for 

CNS datasets such as neurones and astrocytes, very few datasets are included. In 

fact, there is only one study included in the database for ADEVs, with only one 

protein identified (Nkpd1 in rat ADEVs). Therefore, ADEV proteins identified within 

our dataset, which are also not present in the Vesiclepedia database, could be CNS 

specific proteins found in EVs. The majority of ADEV proteins were present within the 

Vesiclepedia database (from analyses of other published EV datasets) indicating the 

EV preparations in this study are of a good quality and are similar to those published 

in other studies (526 proteins out of 562 ADEV proteins; Figure 5-19). Seven proteins 

were identified in both serum-free and serum-cultured ADEV conditions but had not 

been previously recorded in Vesiclepedia (Figure 5-19). However, of these seven 

proteins, only QRICH2 is highly expressed in astrocytes (as described in the human 

protein atlas) suggesting many of these proteins may simply be contaminants. For 

example, XP32 is involved in keratinization and therefore is a likely contaminant from 

skin cells. Other potential contaminants may have arisen from the preparation steps 

(environmental contamination, such as keratin) or carry over from previous samples 

which were analysed using the mass spectrometer.  

 

 

Figure 5-19 ς The majority of serum-free and serum-cultured ADEV proteins were also present within 
the Vesiclepedia database. The majority of proteins found within the ADEVs were previously found 
within the Vesiclepedia database made up of previously published EV datasets. Seven proteins were 
identified within both ADEVs that were not in the database. Of the 27 proteins found in the serum-free 
ADEVs, many were immunoglobulins and therefore likely represent contamination.  

 

5.5.2.3 Comparison of ADEV proteomes to parent whole cell lysates 

There are still many outstanding questions surrounding the loading of protein cargo 

into EVs, and whether this process is selective. If proteins were non-selectively 

loaded for removal from the cell (secretory autophagy), the proteome of the EVs 

would be directly comparable to the parent cell lysates. The ADEV proteomes were 

compared to the parent cell lysates to determine whether there was any protein 

enrichment within the ADEVs (Figure 5-20). 65 proteins were exclusive to the ADEV 

samples, with 16 of these proteins found in both serum-free and serum-cultured 
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ADEV proteomes suggesting EVs are not direct reflections of the parent cells and 

therefore selective loading likely occurs as part of EV loading. 

 

Figure 5-20 - Qualitative differences in human primary ADEV and their parent cell lysate proteomes by 
SWATH-MS. (A) Serum-free ADEVs have 106 proteins that were not identified in two or more replicates 
of the parent serum-free astrocytes compared to (B) serum-cultured ADEVs which had 37 proteins 
exclusive to the EVs. (C) Comparison between samples taken from Figure 5-16 to show distribution of 
proteins across the samples. Of the exclusively ADEV proteins (i.e. not found in the cell lysates), 16 were 
found in both serum-free and serum-cultured conditions.  

It is difficult to quantitatively compare the ADEVs and cell lysates due to the 

differences in complexity and protein concentration between an EV and cell. Protein 

concentrations within the EVs were too low to detect on a standard BCA assay and 

therefore was not quantified before SWATH analysis. Whilst normalisation to spectra 

was completed to allow quantitative comparisons between samples, this is only 

accurate when below 2-3-fold differences in protein concentration. Protein 

concentration differences between cell and EV samples are likely 10-fold different 

and therefore would not be accurately normalised.  

 

5.5.2.4 Enrichment of disease-associated proteins categories within ADEVs 

To identify whether certain protein άgroupsέ όǎǳŎƘ ŀǎ ƳŜǘŀōƻƭƛŎ ǇǊƻǘŜƛƴǎ ƻǊ ![{-

associated proteins) were enriched within the ADEVs compared to the parent cells, 

ADEV proteins were compared to online databases of key proteins that have been 

associated with CNS diseases (and therefore reactivity) or are expected to be 

involved in cargo loading (such as RNA-binding proteins or autophagy proteins; Leidal 

and Debnath, 2021). Autophagy proteins were investigated due to the shared 

pathways between autophagy and EV secretion (see section 1.2.3 for more detail 

about secretory autophagy) as well as RNA binding proteins due to their suspected 

role in RNA loading within EVs. Where protein databases were not available, gene 

databases were utilised due to a similar nomenclature between gene and proteins. 

A B 

C 
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Parent cell lysates were also compared to the online datasets to determine 

enrichment within ADEVs.  

In order to compare the ADEV groups to their parent cell lysates for enrichment 

analysis, the number of proteins identified within the samples must be considered. 

For example, the serum-free astrocytes have ~4-fold more proteins identified in the 

cell lysates compared to the ADEVs, and therefore, their ADEVs would be predicted 

to have 4-fold fewer proteins identified in the protein groups. If the ADEVs have 

more proteins than expected, this suggests a possible enrichment of this protein 

group. For the serum-cultured ADEVs, there is a 15-fold reduction in ADEV protein 

number compared to the parent cell lysates and a 1.5-fold decrease compared to the 

serum-free ADEVs.  

Mutant proteins associated with neurodegenerative diseases have already been 

identified within EVs suggesting EVs are involved in the transmission of disease 

(Saman et al., 2012; Silverman et al., 2016; Sardar Sinha et al., 2018). Therefore, ALS 

and AƭȊƘƛŜƳŜǊΩǎ ŘƛǎŜŀǎŜ protein databases were utilised to identify whether any of 

these disease-associated proteins would be enriched within our ADEVs (Abel et al., 

2012; Hu et al., 2017). A multiple sclerosis protein dataset was also compared against 

the ADEV samples as an inflammatory neurodegenerative disease without a clear 

proteinopathy (Joy Shepard et al., 2019). Finally, metabolic processes were 

investigated to determine whether any evidence of possible functionality could be 

found within the ADEVs.  

More ALS proteins were identified within the ADEVs than expected compared to 

their parent cells suggesting ALS-associated proteins are enriched in the ADEVs 

(Table 5-5; expected proteins calculated based upon the number of parent cell 

proteins identified and normalised for the difference in the number of proteins 

identified). This increase in disease-associated proteins was also found in AƭȊƘŜƛƳŜǊΩǎ 

disease proteins supporting previous research showing the presence of disease-

associated proteins within EVs (Iguchi et al., 2016; Sardar Sinha et al., 2018; 

Silverman et al., 2019). Very few multiple sclerosis-associated proteins were 

identified in any of the astrocyte samples suggesting the reactive phenotype 

observed in the serum-cultured astrocytes may not be the same as the 

inflammatory, reactive phenotype seen in MS. This supports our previous findings 

with different gene expression observed between FBS-treated and cytokine-treated 

serum-free astrocytes (see section 3.7).  
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Table 5-5 - Protein sub-types identified in the ADEVs and their parent cells using online databases. 
ADEV proteins were compared to their parent cell lysates to identify potentially enriched protein groups. 
The values described in the cell columns represent the number of proteins identified in the cell lysates as 
well as the number of proteins also identified within their ADEVs (in brackets). By accounting for protein 
number between the cell lysates and ADEVs, ADEV proteins were highlighted as Ψincreased expressionΩ 
(green) or Ψdecreased expressionΩ (orange) according to the expected number of proteins present if the 
ADEVs were simply smaller copies of the parent cells. No highlight represents values that are very similar 
to the expected number of proteins.  

Protein 
type 

Database SF 
ADEVs 

SC 
ADEVs 

Shared 
(EV) 

SF 
cells 

SC 
cells 

Shared 
(CL) 

ALS proteins ALSoD (Abel et al., 2012; 
154 proteins) 

15 6 6 40 
(13) 

58 
(6) 

39 

!ƭȊƘŜƛƳŜǊΩǎ 
disease 

Hu et al., 2017 (430 genes) 29 20 19 89 
(26) 

121 
(19) 

88 

Multiple 
sclerosis 

Joy Shepard et al., 2019; 
(95 genes) 

5 2 2 9 (5) 19 
(2) 

9 

Autophagy 
proteins 

Human autophagy 
database (222 proteins) 

18 14 12 59 
(17) 

98 
(14) 

59 

RNA binding 
proteins 

RNA-binding protein 
Database (Cook et al., 2011; 
407 proteins) 

8 3 3 112 
(8) 

182 
(3) 

111 

Metabolic 
enzymes 

Mammalian metabolic 
enzyme database (Corcoran 
et al., 2017; 1647 proteins) 

60 23 20 408 
(59) 

584 
(22) 

406 

 

The expected number of autophagy proteins was found in the serum-free ADEVs, but 

an increase was found within the serum-cultured ADEVs (Table 5-5). Alongside the 

reduction in median size measured using the Zetaview® (see Figure 5-5), this may 

suggest more exosomes are released due to increased secretory autophagy, and 

therefore a greater proportion of autophagy-related proteins were detected 

compared to the serum-free ADEVs (Leidal and Debnath, 2021). Less RBPs were 

detected than expected for both ADEV conditions. The small number of RBPs may 

reflect a mechanism where the RNA is loaded into the EVs and released by the RBPs 

so the RBPs would not be actively loaded into the EVs. Another explanation may be 

that a few, specific RBPs may be involved in the active loading of RNA into EVs.  

Fewer metabolic enzymes were found in the ADEVs than expected if the EV cargo 

simply reflected parent cell lysates (Table 5-5). This is likely due to fewer metabolic 

processes occurring within the ADEVs than the parent cells, with any metabolic 

functionality likely to be limited to a few specific processes. The metabolic need of an 

EV is likely very limited compared to a normal functioning cell. On the other hand, 

many of the glycolytic enzymes were observed within the ADEVs suggesting a 

possible process for generating ATP within EVs, allowing them to function as 

independent metabolic units (see below, Table 5-6).  

Ten essential glycolysis enzymes alongside lactate dehydrogenase (LDH; required for 

converting between pyruvate and lactate) were searched for within the ADEV and 

parent cell lysate samples (Table 5-6). Due to the specific nature of the search, 

proteins were identified as present if found in any of the three biological replicates 

for each condition, but those only present in one replicate were highlighted in blue 

(i.e. would have been removed from general analysis). All 10 glycolysis enzymes were 

identified within at least one replicate of the serum-free ADEVs suggesting the 
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possibility of glycolysis occurring within EVs. Only 6 of the glycolysis enzymes were 

identified in the serum-cultured ADEVs suggesting these EVs may be less 

metabolically active and may be released for a different purpose, such as secretory 

autophagy to expel proteins. Alternatively, the difference between the glycolytic 

enzyme number in the two ADEV conditions may simply be due to less proteins being 

identified within the serum-cultured ADEVs. As a comparison, all glycolytic enzymes 

were identified within at least two replicates of the parent cell lysates. Both sub-

types of LDH were identified within all of the samples (required for the conversion 

between pyruvate and lactate) suggesting this process may be active within ADEVs.  
 

Table 5-6 - Glycolytic enzymes were identified within ADEVs and their parent cell lysates. All glycolytic 
proteins were identified within the serum-free ADEVs suggesting the possibility of active glycolysis within 
the EVs. Less glycolytic proteins were detected within the serum-cultured ADEVs than serum-free ADEVs 
but this may be due to fewer proteins identified overall. Proteins were classed as present if identified 
within any of the replicates, however if only present in one of the replicates, they were highlighted in 
blue. LDH was also investigated due to the ŜƴȊȅƳŜΩǎ key role in astrocyte-neurone metabolism. 

Glycolytic enzymes SF EVs SC EVs SF CL SC CL 

HK1/2/3 HK1 No HK1 HK1/2 

GPI Yes No Yes Yes 

PFKM/PFKL/PFKP Yes (L+P) No Yes (all 3) Yes (all 3) 

ALDOA/ALDOB/ALDOC Yes (A) Yes (A) Yes (A+C) Yes (A+C) 

TPI1 Yes Yes Yes Yes 

GAPDH Yes Yes Yes Yes 

PGK1 Yes Yes Yes Yes 

PGM1/2/3 Yes (1) No Yes (all 3) Yes (all 3) 

ENO1/ENO2/ENO3 Yes (1) Yes (1) Yes (1+2) Yes (1+2) 

PKM Yes Yes Yes Yes 

LDHA/LDHB Yes (A+B) Yes (A+B) Yes (A+B) Yes (A+B) 

 

5.5.3 Differentially expressed proteins between serum-free and serum-

cultured human primary ADEVs 
SWATH-MS allows quantitative analysis to be completed to investigate protein 

expression differences between the samples. Significance was set at an adjusted P-

value of <0.05 and a fold change of > ±1.5 as with the previous analysis completed on 

the cell lysates (see previous section 4.4.4). With far fewer proteins identified overall 

in the ADEVs compared to the parent cells, different thresholds for inclusion were 

required, with ADEV protein comparisons benefitting from a less stringent analysis 

than parent cell comparisons (NA = 0.4, CV = 0.3). Whilst proteins were still required 

to be present in at least two biological replicates (NA = 0.4), three different variances 

were trialled (0.3, 0.5 and 1; CV value) to identify the best condition for each of the 

comparisons (Table 5-7).  
  



~ 162 ~ 
 

 

Table 5-7 ς Lowering the threshold for variance increased the number of differentially expressed 
proteins between serum-free and serum-cultured ADEVs identified by SWATH-MS. To determine the 
most appropriate criteria for protein expression analysis, different variance thresholds (CV values) were 
trialled on the samples prior to statistical testing. Three different coefficient of variation values (CV 
value) were trialled with any proteins above this level of variation were removed from the analysis (E.g. 
0.3 = only proteins with <30% variance between replicates). As with previous cell lysate analysis (section 
4.4.4.) proteins were required to be present in at least two biological replicates (NA = 0.4). P-values were 
calculated using a Limma test with the P-values adjusted using the Benjamini-Hochberg procedure. A CV 
value of 0.5 (<50% variance) analysed the highest number of proteins (65 proteins) with 17 of these 
found to be differentially expressed using Padj < 0.05. 

NA (Missing values) CV (Variance) Total Proteins P<0.05 Padj<0.05 

0.4 0.3 19 7 6 

0.4 0.5 65 28 17 

0.4 1 210 18 0 

 

With a variety of EV sub-types expected within the EV samples (e.g. exosomes, 

microvesicles), a higher variance was expected between ADEV biological replicates 

than between cell lysates. The highest number of significant, differentially expressed 

ADEV proteins were found with a CV of 0.5 (<50% variance between replicates) so 

these values were chosen for further analysis of the ADEVs (65 proteins reached 

threshold criteria of 264 proteins identified in both serum-free and serum-cultured 

ADEVs; Table 5-7).  

Of these 65 proteins, 28 were found to be differentially expressed after Limma 

analysis, with 17 proteins still differentially expressed after the p-value was adjusted 

(Figure 5-21A). Of the 17 differentially expressed proteins, 9 were found to be 

upregulated in the serum-cultured ADEVs and 8 upregulated in serum-free ADEVs 

(Figure 5-21B, left and right, respectively). STRING analysis was completed on the 

differentially expressed proteins to identify any connections between these proteins. 

No KEGG pathways were identified within the two groups of differentially expressed 

proteins (upregulated in serum-free and serum-cultured ADEVs) indicating that there 

is not a particular pathway that is upregulated in either of the conditions.  

Figure 5-21 - Differentially expressed proteins identified in serum-free and serum-cultured ADEVs by 
SWATH-MS. (A) Of the 65 proteins analysed, 17 were found to be differentially expressed after P-value 
adjustment. 9 were found to be upregulated in serum-cultured ADEVs (Green) and 8 were upregulated in 
serum-free ADEVs (Red; listed in B). Dotted lines represent the thresholds for significance (Padj <0.05, 
Fold change <1.5). Blue dots represent proteins that were included in the analysis but were not found to 
be significant. (B) H4C1 and ALPL were most upregulated in the serum-free and serum-cultured ADEVs, 
respectively.  
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5.6 SWATH-MS analysis of BDEVs 
The human primary astrocyte cultures used in this work are limited by the 

monoculture style which lacks the influence of neighbouring cell types such as 

neurones and microglia. Microglia are known to have a major role in inducing 

astrocyte reactivity through the secretion of cytokines and therefore, the in vitro 

FBS-induced reactivity used in this work may not truly reflect endogenous astrocyte 

biology (Pascual et al., 2012; Liddelow et al., 2017; Shinozaki et al., 2017; Joshi et al., 

2019; Xia et al., 2022). The astrocytes are also foetal cells which likely limits the 

model when used to study neurodegenerative disease, with ageing being the 

greatest risk factor for many of these diseases (Hou et al., 2019; Azam et al., 2021). 

Therefore, to compare the relevance of the ADEV analysis to endogenous human 

EVs, BDEVs isolated from both healthy (comparison for ΨǉǳƛŜǎŎŜƴǘΩ serum-free 

ADEVs) and disease (comparison for ΨǊŜŀŎǘƛǾŜΩ serum-cultured ADEVs) frontal-lobe 

brain tissue were analysed using SWATH analysis. Due to the variation seen between 

three biological replicates within the ADEV analysis, eight biological replicates for 

each BDEV condition were analysed to allow for sample variability and to improve 

the quality of the analysis. The same analysis pipeline used to analyse the astrocyte 

cell lysates and ADEVs was used to analyse the BDEVs (see section 4.4.1). 

 

5.6.1 Principal component analysis of control and disease BDEVs 

analysed using SWATH-MS 
A PCA was completed on the relative abundance of protein obtained from each of 

the BDEV samples (8 biological replicates per condition) to determine the similarity 

between samples (Figure 5-22). No distinction was identified between the conditions 

despite 81.8% of the data being described by two principal components (PC1 = 

63.3%, PC2 = 18.5%). The replicates for each condition are not clustered indicating 

the variation between replicates is similar to the variation between conditions. A 

PLS-DA analysis was not completed due to more than 2 conditions being analysed as 

well as no differences being observed between conditions. 
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Figure 5-22 - Principal component analysis of BDEVs shows no clear differences in the proteomes 
between control and disease conditions ŀǎ ǿŜƭƭ ŀǎ ōŜǘǿŜŜƴ ![{ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ .59±ǎ by SWATH-
MS. No clustering of replicates for each condition suggests no clear differences were identified between 
BDEV conditions despite 81.8% of the data being described by two principal components (PC1 = 63.3%, 
PC2 = 18.5%; N = 8).  

 

5.6.2 Qualitative analysis of BDEV proteomes from control and disease 

frontal lobe tissue by SWATH-MS 
With more replicates used in the SWATH-MS analysis, a different threshold was 

needed for the number of replicates a protein must be present in to be identified 

within a condition. The number of proteins that were present in more than 2, 4, 6 

and in all 8 replicates of each BDEV condition were compared to determine which 

criteria to select for further analysis (Figure 5-23). Across all conditions, the number 

of proteins identified were similar with standard deviation increasing with the 

stringency of the criteria. Due to the diverse nature of EV populations and the range 

of parent cells that would release EVs in the tissue samples, more relaxed criteria 

were selected. This criterion included between 1389 and 1631 proteins identified for 

each BDEV conditions with a standard deviation between conditions below 10% of 

the mean (Figure 5-23A). This also included a high proportion of the total proteins 

identified (between 67-78% per condition). Therefore, all further analysis was 

completed on proteins found in four or more replicates for each BDEV condition.  
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 җ2 replicates җ4 replicates җ6 replicates җ8 replicates 

ALS 1847 1483 1004 444 

Ctrl-ALS 1806 1389 966 465 

AD 1889 1542 1174 726 

Ctrl-AD 1934 1631 1258 728 

Average 1869 ± 48 1511 ± 88 1101 ± 120 591 ± 136 

 

 

 

 

 

 

 

 

 

BDEV proteins identified in four or more replicates for each condition were 

compared to identify proteins unique to each condition (Figure 5-24). The majority of 

the EV proteins were found across multiple conditions with only 5-10% of proteins 

identified exclusively in one condition. When comparing disease conditions to their 

matched controls, 183 proteins were unique to ALS and 73 proteins unique to Alz 

BDEVs (Figure 5-24A and B, respectively). KEGG pathway analysis was completed on 

the unique disease proteins that were identified in ALS BDEVs (but not in the 

matched controls) to determine which pathways were over-represented in the ALS 

BDEVs (i.e. more proteins in a particular pathway within the selected group of 

proteins than would be expected from a random selection of proteins). This 

identified two significantly enriched pathways within the ALS BDEVs - ΨIǳƴǘƛƴƎǘƻƴΩǎ 

ŘƛǎŜŀǎŜΩ όtҐ лΦл05ύ ŀƴŘ ΨaŜǘŀōƻƭƛŎ ǇŀǘƘǿŀȅǎΩ όtҐлΦллоύΦ Metabolic dysfunction has 

been described in ALS with impaired mitochondrial and glycolytic processes, as well 

as other metabolic pathways such as lipid and RNA metabolism (Droppelmann et al., 

2014; Vandoorne et al., 2018; Lee et al., 2021). ¢ƘŜ ŜƴǊƛŎƘƳŜƴǘ ƻŦ IǳƴǘƛƴƎǘƻƴΩǎ 

disease-associated proteins in the ALS BDEVs implies similar pathways are involved 

across different neurodegenerative diseases. KEGG pathway analysis was also 

completed on the Alz BDEV proteins that were not identified in the control-Alz BDEVs 

but this ƻƴƭȅ ƛŘŜƴǘƛŦƛŜŘ ΨǎǇƭƛŎŜƻǎƻƳŜΩ as significantly enriched compared to controls 

(P= 0.045).  
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Figure 5-23 ς The number of proteins identified by SWATH-MS in multiple biological replicates across 
different BDEV conditions. (A) The average number of proteins between the conditions was calculated 
alongside the standard deviation to demonstrate the variation observed across the disease conditions. A 
high number of proteins were identified in җ4 replicates with a low standard deviation between 
conditions. (B) The highest proportion of proteins were identified in 7-8 replicates demonstrating low 
variation between biological replicates, with more than 50% of proteins identified in җ5 replicates 
(indicated by red box). 0 replicates represent proteins that were not identified in the specific BDEV 
condition but were identified in other BDEV conditions. 
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Proteins identified in BDEVs isolated from ōƻǘƘ ![{ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ frontal 

lobe tissue were also compared to identify any EV protein differences between the 

neurodegenerative diseases. 137 proteins were found to be unique to the ALS BDEVs 

compared to 193 unique within the Alz BDEVs (Figure 5-24C). There was still a large 

amount of similarity between the samples with 1335 proteins found in both disease 

groups. Finally, to compare the variation between the different control groups, 

proteins identified in each of the control BDEVs were compared (Figure 5-24D). As 

the control BDEVs are isolated from healthy tissue, the groups were expected to be 

similar. Any differences would be due to technical differences or age-associated 

differences that would also likely affect the comparison between diseases (Average 

ages of patients: ALS = 59, ALS-Ctrl = 60, Alz = 79, Alz Ctrl = 88). The majority of 

proteins were identified in both control groups (95.5% control-ALS vs 81.3% control-

Alz BDEV proteins) suggesting any differences identified between conditions are due 

to changes in disease. The control-Alz group had the most proteins identified across 

all the conditions so more unique proteins were expected in this condition and 

explains why ~20% of proteins were not found in the control-ALS condition.  

 

Figure 5-24 - Comparison of BDEV proteins identified by SWATH-MS in four or more replicates for each 
condition. Proteins identified in (A) ALS and (B) Alz BDEVs were compared to their matched controls to 
identify the number of disease-specific proteins. (C) Disease BDEV proteins were also compared to identify 
potentially unique proteins attributed to a particular disease. (D) The control conditions were compared 
to identify variation between the datasets with few differences expected between these groups (i.e. no 
change due to disease).  
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C D 
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5.6.2.1 Comparison of BDEV proteins to previously published EV datasets using 

the Vesiclepedia database 

To identify the number of proteins identified within our BDEVs that had been 

previously reported in EVs, the BDEVs were compared to the Vesiclepedia database 

(Figure 5-25). More than 90% of BDEV proteins were identified within the 

Vesiclepedia database suggesting high consistency with other published studies. Of 

the proteins that were not identified in the Vesiclepedia database, many were found 

in both the disease conditions and the matched controls. These proteins were 

further analysed through STRING analysis to determine whether any of these 

proteins are CNS proteins that may have been missed from the Vesiclepedia 

database, or whether these proteins represent potential contaminants in the 

samples.  

Figure 5-25 ς The majority of BDEV proteins were identified within the Vesiclepedia database. (A-B) Of 
the proteins that were not identified within the Vesiclepedia database, the majority were found in both 
disease and control BDEVs. (C) More than 90% of the proteins in all conditions were found within the 
Vesiclepedia database. Numbers within the table represent the number of BDEV proteins found in the 
Vesiclepedia database as well as the percentage of the overall proteins within the condition.  

 

KEGG pathway analysis of the 110 ALS and control proteins not found within 

Vesiclepedia identified 8 pathways as significantly upregulated, 4 of which were 

neurodegenerative disease pathways όtŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΣ IǳƴǘƛƴƎǘƻƴ ŘƛǎŜŀǎŜΣ ǇǊƛƻƴ 

disease and ALS; P <0.05; Figure 5-26A). Using GO analysis, 84 of these proteins were 

associated with the CNS suggesting that a large proportion of these proteins may be 

found within EVs but are missing from the Vesiclepedia database. Much like 

astrocytes, very few proteins have been identified in neuronal cells within the 

database highlighting that CNS derived-EVs are not well-represented within 

Vesiclepedia.  

A B 

C 
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Figure 5-26 - Proteins identified in BDEVs by SWATH-MS that were not found within the Vesiclepedia 
database are enriched in neurodegenerative disease pathways. (A) KEGG pathway analysis identified 8 
enriched pathways in proteins found in both ALS and ALS-Control BDEVs that were not documented in 
the Vesiclepedia database. Four of these pathways were neurodegenerative disease pathways 
όtŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΣ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜΣ ![{ ŀƴŘ tǊƛƻƴ ŘƛǎŜŀǎŜύΦ ό.ύ 13 enriched pathways were 
identified in proteins found within Alz and Alz-control BDEVs that were not found within the Vesiclepedia 
database. CƛǾŜ ƻŦ ǘƘŜǎŜ ǇŀǘƘǿŀȅǎ ǿŜǊŜ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛǾŜ ŘƛǎŜŀǎŜ ǇŀǘƘǿŀȅǎ όtŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΣ 
IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜΣ tǊƛƻƴ ŘƛǎŜŀǎŜΣ ![{ ŀƴŘ Alzheimer disease). 

Other proteins include ATPase subunits (such as ATP5F1C and ATP5PD) that form the 

ATPase found within the mitochondria. Oxidative phosphorylation was upregulated 

with other mitochondrial proteins such as MT-CO2 and TOMM20, identified (P = 7.06 

x10-7). The presence of these proteins highlights the possibility of mitovesicles (a sub-

type of EV containing mitochondrial proteins) or mitochondria being found within 

the BDEVs ό5Ω!ŎǳƴȊƻ et al., 2021, 2022; Liang et al., 2023). Mitochondrial ATPase 

subunits were also identified within the ADEVs.  

The non-Vesiclepedia proteins identified in both the Alz BDEVs and the matched 

control BDEVs also underwent KEGG pathway analysis. This identified 13 enriched 

pathways with 5 of the pathways associated with neurodegenerative diseases, 

ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ŀƴŘ ![{ (Figure 5-26B). Like the ALS/control proteins, 

GO analysis identified 93 of the proteins as associated with the CNS. When 

comparing the non-Vesiclepedia proteins, 96 were found to be in all 4 BDEV 

conditions. 

 

5.6.2.2 Glycolytic enzymes and transporters identified within BDEVs 

With glycolytic enzymes found to be abundant in ADEVs (see section 5.5.2.3, Table 5-

6), the 10 enzymes required for glycolysis were also investigated in the BDEVs. All 

glycolytic enzymes were identified within all BDEV conditions alongside both sub-

units of lactate dehydrogenase (Table 5-8). No difference was observed between the 

four BDEV conditions when comparing different isoforms of the proteins such as 

ALDOA or ALDOC. Whilst this result does not indicate whether all the enzymes are 

present within an individual EV, it does suggest that EVs have the potential to be 

metabolic units which can generate their own ATP as a source of energy. Other 

molecules are required for glycolysis to occur such as carbon substrates (i.e. glucose) 

A B 
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and co-factors (i.e. NADH) but these were not possible to detect using the current 

methodology.  

 

Table 5-8 - All enzymes required for glycolysis were identified by SWATH-MS within the BDEVs with no 
differences observed between BDEV conditions. 

Glycolytic enzymes ALS Ctrl-ALS AD Ctrl-AD 

HK1/2/3 HK1 HK1 HK1 HK1 

GPI Yes Yes Yes Yes 

PFKM/PFKL/PFKP Yes (all 3) Yes (all 3) Yes (all 3) Yes (all 3) 

ALDOA/ALDOB/ALDOC Yes (A+C) Yes (A+C) Yes (A+C) Yes (A+C) 

TPI1 Yes Yes Yes Yes 

GAPDH Yes Yes Yes Yes 

PGK1 Yes Yes Yes Yes 

PGM1/2/3 Yes (1) Yes (1) Yes (1) Yes (1) 

ENO1/ENO2/ENO3 Yes (all 3) Yes (all 3) Yes (all 3) Yes (all 3) 

PKM Yes Yes Yes Yes 

LDHA/LDHB Yes (A+B) Yes (A+B) Yes (A+B) Yes (A+B) 

 

Active transporters such as ABCB1 and ABCG2, as well as subunits of the Na+/K+ 

ATPase were identified within the BDEVs which all require ATP to function. ABCB6 

and subunits of the Na+/K+ ATPase were also detected within the ADEVs suggesting 

these are commonly found within EVs. With the presence of glycolytic enzymes 

within the EVs, there is the possibility that EVs may generate ATP in order for these 

transporters to be functional. Solute carrier transporters (SLCs) such as SLC1A2 

(EAAT2) and SLC1A3 (EAAT1) were also present on the BDEVs suggesting that if an 

electrochemical gradient were created through ATPases such as the Na+/K+ ATPase, 

these transporters could also be functional in EVs.  

 

5.6.3 Differentially expressed proteins between healthy and disease 

BDEVs identified by SWATH-MS 

5.6.3.1 Identifying suitable thresholds for quantitative analysis 

As with the previous SWATH analysis of ADEVs, suitable thresholds for quantitative 

analysis were empirically determined by adjusting the missing value threshold (NA 

value) and the variance threshold (CV value). Previous thresholds for ADEVs were set 

at 0.4 NA and 0.5 CV which also appeared to also be suitable for the BDEVs, and 

therefore these thresholds were used for quantitative analysis (Supplementary Table 

2). This still required the proteins to be identified in the majority of replicates (җ5/8; 

NA = 0.4) whilst also allowing some variability between samples (<50% variance). A 

higher variability is expected within the BDEVs compared to cell culture-derived EVs 

due to the variability of disease progression within each disease condition, the 

biological variability that occurs between humans and the technical variations in 

tissue preservation. 
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5.6.3.2 Differentially expressed proteins between control and disease BDEVs 

identified by SWATH-MS 

After selecting the criteria for inclusion, proteins identified in ALS and Alz BDEVs 

were compared against proteins found within their matched control BDEVs to 

identify significant differentially expressed proteins (Supplementary Table 2). Only 1 

protein was identified as differentially expressed in each comparison after P-value 

adjustment. In the ALS BDEVs, HPCAL4 (Hippocalcin-like protein 4) was found to be 

significantly downregulated compared to the control BDEVs. HPCAL4 is a calcium 

binding protein which is highly expressed in excitatory interneurons (Alvaro et al., 

2020). Whilst not a well-studied protein, HPCAL4 is thought to be involved in the 

inactivation of Cav2.1 channels. MPO (Myeloperoxidase) was found to be the most 

up-regulated protein in ALS BDEVs compared to the matched control BDEVs, but this 

difference was not significant (Padj = 0.10). MPO is an inflammatory, lysosomal 

enzyme which promotes the production of reactive oxygen/nitrogen species 

(ROS/RNS) as well as catalysing the production of hypochlorous acids (HOCl) which 

are used to defend against invading pathogens (Kargapolova et al., 2021). In fact, 

MPO has been shown previously to be upregulated in ALS brains with aggregated 

SOD1 mutants thought to activate the MPO/HOCl pathway resulting in motor 

neurone death (Peng et al., 2022; Xiong et al., 2022). In the Alz BDEVs, only GNB2 

(Guanine nucleotide-binding protein subunit 2̡) was significantly downregulated 

with no proteins upregulated in the Alz BDEVs. GNB2 is a G-protein subunit which 

has previously been associated with schizophrenic pathways and in particular, the 

dopaminergic synapse pathway (Liu et al., 2022). The protein is involved in 

modulating neuronal signalling within the glutamatergic and dopaminergic 

pathways.  

A final comparison was completed to identify differentially expressed proteins 

between the ALS and Alz BDEVs to determine if BDEVs can potentially be used to 

differentiate between diseases (Figure 5-27). 12 proteins were found to be 

differentially expressed between the diseases with 11/12 proteins up-regulated in 

the Alz BDEVs compared to only one (JCHAIN; Immunoglobulin J chain) up-regulated 

in the ALS BDEVs. STRING analysis did not identify any pathways or connections 

between the proteins. Two of the most upregulated proteins in the Alz BDEVs, PPT1 

ŀƴŘ a!h.Σ ƘŀǾŜ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ǳǇǊŜƎǳƭŀǘŜŘ ƛƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ mice models 

with MAOB utilised as a potential ǘƘŜǊŀǇŜǳǘƛŎ ǘŀǊƎŜǘ ŦƻǊ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

treatment (Schedin-Weiss et al., 2017; Aladeokin et al., 2019; Park et al., 2019). In 

fact, MAOB is involved in GABA production in reactive astrocytes with aberrant 

expression leading to memory impairment. This has led to MAOB expression being 

utilised as a PET biomarker for reactive astrocytes in !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ŀƴŘ ƻǘƘŜǊ 

related dementias (Jaisa-aad et al., 2024). The other 9 proteins upregulated in Alz 

BDEVs had limited associated with !ƭȊƘŜƛƳŜǊΩǎ disease, often only identified in large 

gene expression studies with little research conducted into their association with the 

disease. The results identified when comparing disease BDEVs must be considered 

with caution due to the diseased samples not being age-matched, unlike 

comparisons between control and disease BDEVs (ALS average age = 59 ± 11 vs AD 

age = 79 ± 14). The differences highlighted should be confirmed with age-matched 

tissue where possible and should be reproducible in future experiments.  
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5.6.4 Cell-specific markers within BDEVs that could be used to isolate 

cell-specific BDEVs 

5.6.4.1 Astrocyte markers in BDEVs 

A major issue with EV research is the lack of cell-specific markers that have been 

identified in EVs which can distinguish their cellular origin. Almost all cells release 

EVs, with all CNS cells shown to release EVs that can pass through BBB into the blood 

(Shi et al., 2019). Reactive astrocytes are often observed in the early stages of 

neurodegenerative disease and therefore, changes in ADEVs due to reactivity 

present useful measurements of disease progression. By isolating ADEVs from other 

EVs, these changes will be easier to detect. As described in section 1.3, there is a 

general lack of astrocyte-specific markers which makes distinguishing ADEVs from 

other EVs very difficult. Therefore, a panel of cellular markers are likely required to 

confidently identify the origin of select EVs. To identify which neural markers are 

present in EVs, cell-specific markers found commonly within the literature for 

astrocytes (Table 1-1), neurones, oligodendrocytes and microglia were investigated 

within the BDEV proteins. Those with high expression within the BDEVs represent 

markers that could be used to distinguish between neural EVs.  

12/13 markers associated with astrocytes (discussed in Table 1-1) were identified 

across all 4 BDEV conditions with detection in at least 4 replicates for each condition 

(Figure 5-28). GFAP was highly expressed, with the highest expression found within 

the Alz BDEVs. High GFAP expression is associated with neurodegenerative disease 

and has been shown to be increased in the blood of AƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ patients 

(Kim et al., 2023b). High GFAP expression is also expected in ALS however this would 

likely be detected within the spinal cord or the CSF where neurodegeneration is 

evident rather than in the frontal lobe of patients (Benninger et al., 2016; Verde et 

al., 2023). GFAP would likely be higher in ALS patients that also have cognitive 

decline and therefore would have reactivity in the frontal lobe of the brain. In this 

study, none of the ALS patients demonstrated cognitive deficits at the time of death 

Figure 5-27 - 12 differentially expressed proteins were identified when comparing ALS BDEVs and Alz 
BDEVs by SWATH-MS. Thresholds for significance was set at Padj < 0.05 and fold change > 1.5. P-
adjusted values were transformed using -Log10. Dotted lines represent thresholds for significance. JCHAIN 
was found to be the only protein significantly upregulated in ALS BDEVs (red). On the other hand, 11 
proteins were identified as significantly upregulated in the Alz BDEVs, with PPT1 the most upregulated of 
any of the proteins. Statistical analysis was completed using a limma test followed by P-value adjustment 
using the Benjamini-Hochberg procedure. Proteins included in the analysis were in җ5/8 biological repeats 
and had a variance of below 50% (N = 8).  
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(Supplementary table 3). GFAP expression in EVs is also high in the control conditions 

suggesting this would be a useful marker of ADEVs, but not necessarily a useful 

marker for neurodegeneration. GFAP increases with age and because age is the main 

contributing factor for neurodegeneration, increases in GFAP due to age could be 

easily mistaken for neuropathology (Nichols et al., 1993). On the other hand, 

research has shown it can be a good marker for predicting some diseases, 

particularly !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ patients with high A̡  ƭƻŀŘ ǿƘƛŎƘ would now benefit 

from early intervention with new treatments such as Lecanemab and Donanemab 

(Chatterjee et al., 2021)Φ ¢ƘŜǎŜ ŘǊǳƎǎ ǘŀǊƎŜǘ !ʲ ǘƻ ǊŜŘǳŎŜ ŘƛǎŜŀǎŜ ǇǊƻƎǊŜǎǎƛƻƴ, so 

patients benefit most from early intervention (Sims et al., 2023; van Dyck et al., 

2023).  

 

Figure 5-28 ς Many astrocyte markers were identified within control and disease BDEVs by SWATH-
MS. 12 of the 13 astrocyte markers investigated were identified within the BDEVS. Due to the nature of 
SWATH analysis, abundance is relative between the samples and therefore it is difficult to compare 
expression between different proteins. Error bars represent mean and standard deviation between 
replicates (N = 8). 

Alongside GFAP, other astrocyte markers that were expressed within the BDEVs were 

the glutamate transporters, EAAT1 and EAAT2, as well as glutamine synthetase 

(GLUL, also known as GS; Figure 5-28). Similar expression was observed across the 

conditions for both glutamate transporters, but GLUL expression was higher in both 

the Alz and Ctrl-Alz BDEVs. With high presence in both the Ctrl-Alz and Alz tissues, 

this does not appear disease associated and may instead reflect a change caused by 

ageing, observed previously in senescent rodent astrocytes (Matias et al., 2023). 

Other astrocyte makers were expressed in lower abundance such as S100,̡ 

ALDH1L1, CD44 and ITGA6 (CD49f) with very little expression of NDRG2, AQP4 and 

GJA1 observed in the BDEVs. These proteins would not be good markers of ADEVs as 

they would not likely be found in many EVs within the population. 

 

5.6.4.2 Neuronal markers in BDEVs 

As well as astrocyte markers, 17 common neuronal markers were investigated within 

the BDEVs to identify potential neuronal-derived EV (NDEV) markers. 13 of these 

proteins were identified within at least 4 replicates of both disease and control 
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BDEVs (Figure 5-29). SYP and THY1 were particularly abundant within the BDEVs and 

were found within the 25 most abundant proteins detected by SWATH-MS across the 

BDEVs (SYP in the top 25 in 3/4 conditions, THY1 in all 4 conditions). This may 

suggest these proteins would be very useful to separate NDEVs from ADEVs and 

other EVs in complex samples. An issue with THY1 is that it is also highly expressed in 

other cell types such as endocrine cells so could only be used within a panel of other 

neuronal markers. Much like astrocytes, many neuronal markers are also identified 

within other cell types so a panel of markers would be more beneficial to confirm the 

origin of cells.  

 

Figure 5-29 - Neuronal markers were also identified within BDEVs. 13 of the 17 neuronal markers 
investigated were identified within the BDEVs. SYP and THY1 were particularly abundant in BDEVs 
suggesting high expression in EVs but like the astrocyte marker analysis, abundance is relative between 
the samples and therefore it is difficult to accurately compare expression between proteins. Error bars 
represent mean and standard deviation between replicates (N = 8). 

TUBB3 was also highly expressed in the BDEVs so would also be a good marker of 

NDEVs (Figure 5-29). TUBB3 (also known as TUJI) is a commonly used neuronal 

marker but has been identified in other cell types such as melanocytes (Locher et al., 

2014). MAPT (tau protein) was found to be more highly expressed in the Alz BDEVs 

compared to any other condition, but this is not surprising with tau shown to be a 

major contributor of AƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ pathology (Ballatore et al., 2007). Tau has 

been identified within Alz BDEVs and these EVs are thought to be involved in the 

spread of tau pathology (Saman et al., 2012; Guix et al., 2018; Ruan et al., 2021; 

Fowler et al., 2023). Abundance of MAPT in the control or ALS conditions was >7-fold 

lower so MAPT could be a valuable marker of AƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ pathology within 

NDEVs.  

Other markers of neurones that were detected in lower abundance were NEFL, 

ENO2, NCAM, NRCAM and SNAP25. Very little expression of MAP2, GAP43, ALCAM 

and L1CAM were observed. L1CAM is commonly used as a marker of NDEVs and has 

been used in immunocapture to separate NDEVs. However, it remains controversial 

as to whether this protein is indeed present within EVs, or simply co-isolates as free 
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protein (Norman et al., 2021; Gomes and Witwer, 2022). The BDEV dataset analysed 

in this work would suggest other markers may be better when isolating NDEV with 

many of the markers analysed shown to be highly abundant. NeuN, DCX and C-FOS 

were not found within the BDEVs and DLG4 was not found in at least 4 replicates of 

any conditions.  

 

5.6.4.3 Other glial cell markers in BDEVs 

Alongside astrocytes, two other major glia cell types are present within the brain 

which will also release EVs to the extracellular environment ς microglia and 

oligodendrocytes. 10 microglial markers were investigated in the BDEVs however 

only 2 markers were identified in җ4 replicates for all conditions (Figure 5-30A). The 

abundance of these two markers, CD11b and CD45, was also low compared to other 

proteins suggesting either the microglial markers investigated are not present in 

microglia-derived EVs (MDEVs), or MDEVs were in low abundance in the BDEV 

populations. TMEM119, CD64 and CD163 were present in some BDEV replicates but 

were in fewer than 4 replicates for each condition, and again, were found in low 

abundance. IBA1, CX3CR1, F4/80, CD68 and CD40 were not found in any of the BDEV 

replicates. 

10 oligodendrocyte markers were investigated within the BDEVs however only 4 

markers were identified in the BDEVs (Figure 5-30B). PLP1 was a very abundant 

oligodendrocyte marker followed by CNP and MBP which are all associated with 

ensuring the integrity of the myelin sheath. MOG was also identified but at a less 

abundant level than the other oligodendrocyte proteins. Unlike the other cell-

specific markers described in this section, myelin-associated proteins are specific to 

oligodendrocytes due to the unique nature of these myelin-producing cells. Some of 

these proteins are also identified in Schwann cells within the peripheral nervous 

system, however, to a lesser extent. OLIG1/2/3, OSP, SOX10 and TMEM10 were not 

found within the BDEVs.  

 

Figure 5-30 - Microglial and oligodendrocyte markers identified within BDEVs. (A) Only 2 microglial markers 
(CD11b and CD45) were identified within BDEVs and were not abundant. (B) 4 oligodendrocyte markers were 
identified within the BDEVs. Error bars represent mean and standard deviation between replicates (N = 8). 

A B 
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5.7 Comparison of ADEVs and BDEV proteomes by 

SWATH-MS 
Overall, the BDEV analysis has generated a database of endogenous human EV 

proteins that can be used to compare to the ADEV proteins as well as future analysis 

on other EV types such as NDEVs or MDEVs. Therefore, a final analysis was 

completed to compare the ADEV and the BDEV proteomes identified by SWATH-MS. 

60-70% of both the serum-free and serum-cultured ADEV proteins were identified 

within the BDEVs with similar proteins observed across all BDEV conditions (Table 5-

9). Differences were to be expected between the ADEVs and the BDEVs due to the 

human primary astrocytes utilising foetal cells which are not representative of the 

aged cells from the post-mortem tissue. The ADEVs will therefore have 

developmental proteins that are not highly expressed within mature cells. In 

contrast, the BDEVs were isolated from subjects with an average age of 59 (ALS 

tissue) and 83 (Alz tissue) and therefore the parent cells will likely be made up of a 

mixture of mature and senescent CNS cells. Technical variation will also likely affect 

the results with the ADEVs and BDEVs being analysed at different times. High 

variation was observed between different technical runs during the qualitative mass 

spectrometry in section 4.3 demonstrating the effect this will have on the results. 

Therefore, with >60% proteins found in both samples, there was high similarity 

between the EVs groups.  

 

Table 5-9 - Comparison of ADEV proteins and BDEV proteins identified by SWATH-MS indicates high 
similarity between the EV proteomes. Proteins found in at least 2 replicates of ADEVs as well as proteins 
found in җ4 replicates of BDEVs for each condition. 60-70% of ADEV proteins were also identified within 
the BDEVs. Total protein numbers compared are presented in brackets alongside each condition. 

 ALS (1472) Ctrl-ALS (1377) Alz (1528) Ctrl-Alz (1617) 

Serum-free 
ADEVs (526) 

347 (66.0%) 327 (62.2%) 342 (65.0%) 352 (66.9%) 

Serum-cultured 
ADEVs (300) 

184 (61.3%) 178 (59.3%) 184 (61.3%) 187 (62.3%) 

 

5.8 Investigating ADEV functionality beyond cargo 

transport 
The work completed so far has shown that a wide variety of proteins are present 

within EVs with high similarity between in vitro ADEVs and endogenous BDEVs. What 

is still unclear is how these proteins effect recipient cells, and whether EVs simply act 

as cargo carriers, or if they have independent functionality. The final section of this 

thesis presents preliminary work completed to begin answering these questions.  

 

5.8.1 The induction of astrocyte reactivity in serum-free astrocytes by 

serum-cultured ADEVs 
Inflammatory reactive astrocytes and microglia release inflammatory cytokines into 

the environment which signals to other neighbouring cells that a harmful stimulus or 

tissue damage has been detected. These signals will then cause quiescent astrocytes 
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to respond by changing into a reactive phenotype. It is unclear whether EVs released 

by reactive astrocytes will also play a role in eliciting this reactivity in other 

astrocytes. Therefore, ADEVs purified from serum-cultured astrocytes (reactive 

phenotype) were added to the medium of serum-free ΨǉǳƛŜǎŎŜƴǘΩ astrocytes in order 

to investigate whether reactive ADEVs could elicit a reactive response. Morphology 

analysis was completed using brightfield imaging before the cells were harvested for 

qPCR analysis.   

 

5.8.1.1 Morphology analysis 

To optimise the application of EV treatment, images were taken over 72 h after 

treatment to identify any morphological changes within the cells. Two different 

concentrations of ADEVs were also trialled to determine the optimal concentration 

for future work. By considering the concentration of EVs taken from each well of a 6-

well plate of serum-free astrocytes, it was calculated that ~7.5 x 109 particles/well 

would result in a representative concentration (the number of EVs released from a 

single well in one collection). Therefore, ~3.8x109 and ~3.8x1010 particles from 

serum-cultured ADEVs were added to the human primary serum-free astrocytes.  

Fresh ADEVs (purified as in section 2.5) were used for treatment to avoid any 

potential degradation or bursting caused by freezing the ADEVs. ADEV concentration 

was measured prior to treatment to determine the number of EVs with an average 

concentration of 3.6x1011 particles/ml. Brightfield images of the EV-treated 

astrocytes were taken at 90 min as well as 3, 6, 24, 48 and 72 h to determine any 

changes in morphology that may be indicative of reactive remodelling.  

No obvious change in morphology of the EV-treated quiescent astrocytes was 

observed through visual inspection and therefore, quantification of morphology was 

not completed (Figure 5-31). Due to high confluency of the serum-free astrocytes at 

seeding, some of the serum-free astrocytes appeared reactive prior to EV treatment 

so morphological changes may have been missed in the current experiment. Instead, 

transcriptional changes were measured due to the high sensitivity of RT-qPCR, which 

should identify any subtle changes in the quiescent astrocytes after EV treatment. 
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Figure 5-31 ς No morphological differences were observed after 72 h of reactive ADEV treatment in 
human primary serum-free astrocytes. Representative brightfield images of serum-free astrocytes 
treated with serum-cultured ADEVs over 72 h. Serum-free astrocytes were treated with either 10 µl or 
100 µl of serum-cultured ADEVs (~3.8 x1011 particles/ml) for 72 h. Astrocytes were imaged using 
brightfield microscopy at 90 min as well as 3, 6, 24, 48 and 72 h. Images were taken at 10x 
magnification with scale bar representing 100 µm (N = 2). 

 

5.8.1.2 Gene expression changes of astrocyte and inflammatory markers in 

serum-free quiescent astrocytes after reactive ADEV treatment 

RNA was harvested from serum-free astrocytes after 72 h treatment with serum-

cultured ADEVs by RNA extraction for RT-qPCR analysis. Reactive astrocyte markers 

were selected as genes of interest (GFAP, S100,̡ EAAT2, and CD49f) as well as the 

inflammatory markers, IL-1  ̡and IL10. TNFh  was also investigated but was not 
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consistently detected within the samples, and therefore was not included in the final 

analysis. GAPDH, B2M and actin were tested for their suitability as housekeeping 

genes. Variation was observed across conditions (> 2 Ct values) in GAPDH so was not 

used for normalisation (Figure 5-32A). B2M and actin had similar Ct values across 

conditions, so the mean of these genes was used to normalise expression of genes of 

interest (Figure 5-32,B and C).  

 

Figure 5-32 ς B2M and Actin are suitable housekeeping genes when comparing gene expression 
changes in EV-treated serum-free astrocytes. Three housekeeping genes, GAPDH, B2M and actin, were 
compared to determine their suitability as housekeeping genes. (A) GAPDH had >2 Ct values difference 
across conditions indicating the gene is not stably expressed after EV treatment (2.1 cycles). (B) B2M and 
(C) actin had less variation across the conditions (0.75 and 0.78 Ct value difference, respectively) so 
would be suitable as housekeeping genes. Error bars represent mean and standard deviation (N = 3). 

 

Gene expression was normalised to the mean of both B2M and actin with a fold 

change calculated against the average of the untreated condition for each gene of 

interest. GFAP expression significantly increased after serum-free astrocytes were 

treated with 100 µl of serum-cultured ADEVs (~3.8 x1010 particles/ml) but not after 

10 µl treatment (~3.8 x109 particles/ml) suggesting high doses of serum-cultured 

ADEVs can elicit reactivity in neighbouring astrocytes (Figure 5-33A; 100 µl fold 

change = 7.6 vs untreated; P = 0.046; N = 3). No other genes of interest were found 

to significantly change, however S100̡  expression had an increasing trend with 

increased EV dosage (Figure 5-33B). CD49F and IL10 expression had decreasing 

trends with increasing EV dosage. With more biological repeats, these differences 

may become significant, supporting the hypothesis that EVs from reactive astrocytes 

are involved in eliciting a reactive phenotype in neighbouring quiescent astrocytes.  

A B C 






































































































































