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Abstract  
Age-associated white matter lesions (WML), an independent risk factor for dementia, are 

histologically characterised by endothelial cell activation, blood brain barrier dysfunction and 

microglial activation. Systemic inflammation can interact with brain endothelium and exacerbate 

neurodegenerative processes, leading to accelerated progression of dementia. The mechanisms by 

which systemic inflammation affects WM pathology and cognitive decline in the ageing 

population are, as yet, unknown. Neutrophils, first responder cells of the innate immune system, 

are significantly higher in dementia patients and are associated with cognitive decline in 

Alzheimer’s disease (AD) patients who are hospitalised due to infection.  Activated neutrophils 

produce neutrophil-derived microvesicles (NMVs) which modulate systemic endothelial function 

but, to date, the effect of NMVs on brain endothelial cells is unknown. We hypothesise that during 

an inflammatory event, NMVs interact with brain microvascular endothelial cells leading to 

dysfunction of the blood brain barrier (BBB), microglial activation, WML formation and cognitive 

decline.  

Specifically, this study investigated the interaction between NMVs and the human cerebral 

microvascular endothelial cell line (hCMEC/D3) and determined whether NMVs alter BBB 

integrity and gene expression in vitro. Flow cytometry and confocal imaging demonstrated that 

NMVs are internalised by brain endothelial cells. To understand how these cells internalise NMVs, 

hCMEC/D3 were incubated with various pharmacological inhibitors targeting different modes of 

internalisation. Results from this study revealed that NMVs are internalised via a variety of energy-

dependent mechanisms, including clathrin-mediated endocytosis and macropinocytosis. 

Furthermore, some of the NMVs co-localised with early endosomal markers when analysed under 

confocal microscopy. Microarray analysis was performed on cells treated with NMV (300 

NMV/µL) to compare the transcriptome to control untreated cells. The internalisation of NMVs 

significantly altered the transcriptomic profile of hCMEC/D3 cells, including ubiquitin mediated 

proteolysis, p38 and SNARE mediated vesicular transport pathways. Functional grouping analysis 

highlighted dysregulation of genes associated with tight junction proteins, vesicle mediated 

transport, protein transport and RNA localisation. Since the microarray data indicated that vascular 

integrity was impacted after NMV internalisation, this was validated by assessing the permeability 

of the brain endothelial monolayer by measuring paracellular leakage (using 10 kDa and 70 kDa 

FITC-Dextran) and transendothelial electrical resistance (TEER). Results indicated that NMV 

significantly increase the flux of both 10-kDa and 70-kDa FITC-Dextran, indicating BBB leakage. 
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Internalisation of NMV also decreased TEER in a time-dependent manner. These finding indicate 

that NMVs interact with and can alter gene expression of brain microvascular endothelial cells and 

impact the integrity of the BBB. 

The current study also characterised the transcriptomic profile of endothelial cells in age-

associated WML. Laser capture microdissection (LCM) was employed to isolate endothelial cells 

from lesions, normal appearing white matter (NAWM) and non-lesional control WM. 

Transcriptomic analysis indicated microvessels in WML are associated with the dysregulation of 

genes involved in ubiquitin mediated proteolysis, endocytosis and p53.  Furthermore, this study 

also highlighted that although NAWM is radiologically normal, the gene expression profile of 

vessels suggest WML arise in a field effect of vascular changes which extend beyond the 

established lesion. 

Evidence presented throughout this thesis conclude that NMVs may play an important role in 

modulating the integrity of the BBB. Moreover, vascular-associated transcriptomic changes in 

ageing WM may lead to BBB dysfunction, and represent potential therapeutic targets to prevent 

the pathogenesis of age-associated WML. 
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Chapter 1: General Introduction 
 

1.1 Epidemiology of Dementia 

The proportion of ageing adults (aged 65y and older) in the general population in developed 

countries is on the rise due to falling birth rates and increased longevity, attributed to advanced 

health care. It is estimated that by 2050, the number of elderly people will surpass the number of 

children under 15 in the United Kingdom i.e. one in four will be aged 65 and over (Office of 

National Statistics, 2018). This will result in increased incidences of age-associated 

neurodegenerative disorders, which will have long-term effects on the social policies of developed 

countries. One of the major health problems of an ageing population is dementia. The World 

Health Organisation (WHO) defines dementia as a syndrome that affects the cognitive ability of 

an individual and is different from the decline associated with the normal ageing process. Dementia 

is considered as one of the major causes of dependency among the older population. WHO estimate 

that currently 46.8 million people worldwide are living with dementia, and these figures are 

projected to increase to 75.6 million by 2030. The Alzheimer's Society UK reported in 2015 that 

there are 850,000 people living with dementia in the UK and this is set to increase to a million by 

2025. Alzheimer’s disease (AD) is the biggest cause of dementia, followed by vascular dementia 

(VaD) and dementia with Lewy bodies (DLB) (Mount and Downton, 2006). Understanding the 

underlying mechanisms that contribute to the development of cognitive decline and dementia is 

crucial for identifying novel therapeutic treatments. 

1.2 Vascular Dementia 

Vascular dementia (VaD) is the second most common cause of dementia in the elderly population, 

accounting for 20-30% of total dementia cases. VaD and AD have many overlapping risk factors 

and pathophysiology, making it very difficult to distinguish these subtypes. Factors that mainly 

contribute to VaD are atherosclerosis, small vessel disease and cerebral amyloid angiopathy 

(McAleese et al., 2016). Atherosclerosis is a condition in which fibro-fatty deposits are commonly 

formed in the basilar artery and the circle of Willis, resulting in plaques causing degeneration of 

the vessels (Beach et al., 2007). These plaques narrow arteries thereby reducing the cerebral blood 

flow and resulting in a hypoxic environment, which ultimately disrupts brain homeostasis. 

 Small vessel disease (SVD) is a general term that refers to the damage of small arteries, arterioles 

and brain capillaries (Poggesi et al., 2012).  SVD can affect different regions of the brain such as 

grey and white matter. As the atherosclerotic changes in the small vessels increases, it can lead to 
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ischemic conditions in the area, to which the microvasculature is vulnerable (Ho et al., 2000; 

Kalaria and Erkinjuntti, 2006). As the disease progresses, it can present itself as deep white matter 

hyperintensities, microbleeds, lacunar infarcts and cortical atrophy (Pantoni, 2010). SVD is 

strongly associated with stroke, and it is estimated that at least one in every five stroke cases is 

associated with SVD, especially in the elderly population (Wardlaw et al., 2013b). Furthermore, 

the presence of SVD correlates with a worse clinical outcome in patients with stroke, and with 

delayed recovery (van Uden et al., 2016). Although SVD was described over a century ago, it is 

only with the recent neuroimaging advances that the disease is finally taking to the main stage.  

SVD is also generally associated with lifestyle factors such as sedentary lifestyle, smoking, obesity 

along with other vascular factors such as diabetes, hypertension and hyperlipidaemia (O’Donnell 

et al., 2010; Posner et al., 2002). Obesity and diabetes can significantly increase inflammation and 

has been associated with development of dementia in later life (Pedditzi et al., 2016; Shalev and 

Arbuckle, 2017). Furthermore, hypertension is a major risk factor for SVD (Abraham et al., 2016). 

In a trial with very elderly patients ( 80 years or older), it was reported that reduction of 

hypertension reduced stroke mortality (Beckett et al., 2008). All of this suggest that SVD is a 

multi-factorial disease. 

Another major factor in development of VaD is cerebral amyloid angiopathy (CAA), which results 

from the cerebrovascular deposition of β-amyloid protein (Vinters, 1987; Viswanathan and 

Greenberg, 2008). Deposition of this protein causes vessel wall thickening and narrowing of the 

lumen resulting in perivascular microhaemorrhage. Another common pathological feature of CAA 

is cortical microinfarctions, which are frequently located in subcortical white matter (Gurol et al., 

2013; Reijmer et al., 2016). WML were reported to be severe in patients diagnosed with CAA than 

healthy age matched controls and patients with AD (Gurol et al., 2013; Holland et al., 2008) 

In the general population, the prevalence of SVD is increasing as the population is ageing, and 

since SVD is associated with altered cerebral blood flow it can play a significant role in the 

development of dementia (Hakim, 2019). In fact, vascular dysregulation was reported to be an 

early event in the disease progression cascade  when over 7,700 brain images from Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) were analysed (Iturria-Medina et al., 2016). This 

suggests that early disruption of cerebral blood flow can initiate may events in the brain that can 

eventually lead to dementia. 

As discussed before, altered cerebral blood flow can lead to SVD, which can often lead to 

cerebrovascular lesions, which can be commonly observed on MRI scans. Although the changes 
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in WM are regarded as the radiological signature of SVD, the exact pathological mechanism 

underlying these WM changes is still unclear.  

1.3 White Matter  
Cerebral white matter (WM) is an area rich in neuronal connections that are essential for 

processing information (Vernooij et al., 2008). It is enriched with fibre pathways that connect 

cortical and subcortical structures (Schmahmann et al., 2008) and is responsible for effective 

cognition and behaviour (Madden et al., 2009). The WM contains a variety of cells including 

astrocytes, microglia, pericytes, oligodendrocytes and endothelial cells, and accounts for 

approximately 50% of the total brain volume. The region is white in colour due to the high myelin 

content which is made up of complex lipids. Myelin supports fast axonal conduction of the nerve 

impulse. The process of myelination happens rapidly in the first few years of life (Barkovich et 

al., 1988) and is a tightly controlled process. Although myelination happens mostly during the 

early years, increasing evidence suggest that remyelination processes continue in the adult brain 

helping to maintain homeostasis (Gensert and Goldman, 1997; Piaton et al., 2011; Zhang et al., 

1999). 

Understanding how changes in microstructure of WM occur is essential in understanding normal 

ageing and disease pathologies. As we age, cortical disconnection due to axonal demyelination 

increases (Bartzokis et al., 2004; Chang et al., 2012; O’Sullivan et al., 2001), leading to reduced 

transfer efficiency of information. Analysis of brain white matter structure using MRI scans in UK 

biobank participants demonstrated that the older the age of the participant, the greater the changes 

in the white matter, supporting the finding that white matter pathology associates with ageing (Cox 

et al., 2016).  

1.3.1 Age- associated White Matter Lesions (WML)  

Post-mortem tissue studies have indicated that white matter pathology is a key contributor to 

dementia that can develop independently of other cortical pathologies, and  is associated with co-

morbidity pathologies including diabetes, vascular disease and hypertension (Bronge et al., 2002; 

Brun and Englund, 1986; Kalaria, 2002, 2000; King et al., 2014), all of which are risk factors for 

developing dementia (Cukierman-Yaffe et al., 2009; Kivipelto et al., 2002; Spauwen et al., 2013). 

White matter lesions (WML) present as high signal intensity areas in T2- weighted and diffusion 

tensor magnetic resonance imaging (MRI) (Ovbiagele and Saver, 2006). WML,  also referred to 

as white matter hyperintensities, are a common feature  in the over-65s (Knopman et al., 2003; 

Wharton et al., 2011) and are considered to be a part of normal ageing (Ylikoski et al., 1995). 
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WML can be classified into two groups according to their neuroanatomical location; deep 

subcortical lesions (DSCL) and periventricular lesions (PVL) (Enzinger et al., 2006; Fazekas et 

al., 1993; Rostrup et al., 2012; Spilt et al., 2006). The presence of either WML on T2-weighted 

MRI can predict AD (Brickman et al., 2012; Sachdev et al., 2013), and are associated with an 

increased rate of cognitive decline (De Groot et al., 2002; Devine et al., 2013).  In patients with 

dominantly inherited AD, WML form independent of cortical AD-associated pathology (Lee et 

al., 2016). Furthermore, cerebral amyloid accumulation and clinical hypertension are 

independently associated with  greater WML volume (Scott et al., 2015), highlighting the need to 

study WML independently of cortical pathology.  

Although the biggest risk factor for developing WML is ageing, genetics also play a role in some 

cases (Atwood et al., 2004). Genome wide association studies (GWAS) have highlighted the 

potential role of several genes and biological processes in the pathogenesis of WML, including the 

involvement of cytokines such as IL-5 and IL5RA  (Fernandez-Cadenas et al., 2011), ApoE 

regulation (Nebes et al., 2001) and matrix metalloproteinase (MMP) regulation of 

neuroinflammation (Smith et al., 2009). WM-related SNPs are mainly associated with a region in 

chromosome 17, which mainly harbours immune regulatory genes, such as TRIM65 (Fernandez-

Cadenas et al., 2011). Additional GWAS of larger, well characterised ageing cohorts are needed 

to identify new loci associated with VaD and WML.  

While WML are a feature of normal ageing and SVD it should be noted that changes in WM are 

related to other disorders, including cerebrovascular diseases such as stroke (Fazekas et al., 1993; 

van Uden et al., 2016; Wen and Sachdev, 2004), chronic inflammation (Raz et al., 2012; Yao et 

al., 2019) and  inflammatory diseases such as multiple sclerosis (Frischer et al., 2015; Huang et 

al., 2017) psychiatric disorders such as depression (Krishnan et al., 1988; O’brien et al., 1996), 

bipolar disorder (Dupont et al., 1990) and schizophrenia (Kubicki et al., 2005).  

The microstructure of WM is susceptible to environmental factors. Systemic-induced changes to 

cerebral blood vessels, including the formation of atherosclerotic plaques and arterial stiffness, 

occur both in normal ageing and in dementia patients (Brown and Thore, 2011; Gouw et al., 2011). 

Changes in cerebral blood flow and/or blood vessels are suggested to underlie WML pathogenesis, 

likely through hypoperfusion giving rise to a hypoxic environment  (Choi et al., 2015; Lee et al., 

2011; Wardlaw et al., 2014)(Black et al., 2009; Gouw et al., 2011).  Future studies are required to 

determine how cerebrovascular-related changes contribute to the WML formation and/or 

progression in the ageing brain.  
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1.4  Blood brain barrier 
The concept of the blood brain barrier (BBB) was originally proposed by Paul Ehrlich in 1885, but 

the debate of its existence carried on well into 20th century. Seminal experiments by Goldmann 

(1909), one of Ehrlich’s student, who administered trypan blue intravenously into mice, 

demonstrated the exclusion of the dye from the CNS. This paved the way for establishing the BBB 

as a barrier between the CNS and periphery. Physiological experiments carried out in the sixties 

and seventies, as reviewed by Daneman and colleague (Daneman and Engelhardt, 2017), 

demonstrated that the BBB is not an impermeable barrier, but a highly regulated active barrier. 

The BBB is comprised of highly specialised brain microvascular endothelial cells (BMEC) that 

regulate the movement of molecules between the periphery and the CNS (Figure 1. 1). BMECs 

are characterised by the presence of intercellular tight junction proteins (TJP) and adherens 

junctions (AJ) (Daneman and Engelhardt, 2017; Hawkins and Davis, 2005; Obermeier et al., 

2013). Together these proteins form junctional complexes between BMEC that regulate the 

permeability of BBB (Sweeney et al., 2018). BMEC are also characterised by their low pinocytic 

activity and restricted passage of molecules from the circulation to the brain. BMECs express 

energy dependent, receptor-mediated transport systems that selectively transport molecules across 

the barrier (Grammas et al., 2011; Sweeney et al., 2018).  In other organs of the body, endothelial 

cells have small fenestrations that allow movement of molecules, however BMEC lack these pores 

and are connected to each other by TJP thus allowing the cells to control the movement of 

molecules. Most neurons are in close proximity to a capillary (Zlokovic, 2005) thereby facilitating 

rapid diffusion of receptor-mediated transport and rapid efflux of neurotransmitters and metabolic 

products from neurons and synapses into the blood. Endothelial cells are encased by processes 

extending from pericytes and the endfeet of astrocytes (Bell and Zlokovic, 2009; Cheslow and 

Alvarez, 2016), forming the neurovascular unit which is essential for brain homeostasis and 

maintaining normal neuronal function. 
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Figure 1. 1 Schematic representation of the major components of BBB. Endothelial cells line 

the capillaries and are tightly adhered to each other through tight junction (TJ) proteins, which 

control the movement of molecules between blood and brain parenchyma. Pericytes are embedded 

in the basement membrane. Along with this, astrocytic endfeet and neuronal processes make up 

the neurovascular unit (NVU).  
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1.4.1 Blood brain barrier dysfunction in the WM 

Studies in the 1990s reported that the BBB is intact and functional during normal physiological 

ageing  (Mooradian and McCuskey, 1992; Vorbrodt and Dobrogowska, 1994; Wadhwani et al., 

1991). However, more recent studies have demonstrated increased evidence of BBB vulnerability 

in ageing cohorts (Goodall et al., 2018; Hafezi-Moghadam et al., 2007; Hosokawa and Ueno, 1999; 

Janota et al., 2015). Furthermore, changes in vascular integrity precedes cognitive decline in AD, 

suggesting that it is an early event in disease pathogenesis (Bell and Zlokovic, 2009; Stolp and 

Dziegielewska, 2009; Zlokovic, 2011).  

Pathogenic changes in the cerebrovasculature are common in VaD patients, including increased 

BBB permeability (Bell et al., 2010). Post-mortem studies using electron microscopy have shown 

that BMEC from AD patients have reduced number  of mitochondria and reduced frequency of 

the TJP zonula occludens at cell junctions (Stewart et al., 1992).  BBB dysfunction can lead to the 

accumulation of serum proteins, such as albumin and fibrinogen, in the brain parenchyma and this 

can be utilised as a tool to measure BBB permeability. A meta-analysis of the literature reported 

that BBB permeability increases in normal ageing and in dementia patients, as evident by the 

increased CSF/albumin ratio (Farrall and Wardlaw, 2009). Histological characterisation of MRI-

identified WML demonstrates that loss of BBB integrity is a feature of WML (Young et al., 2008). 

Furthermore, when BBB leakage was analysed in a cohort of 201 patients with stroke and WML 

using contrast-enhanced MRI, it was reported to be significantly higher in WML and appeared to 

be increasing in NAWM depending on the proximity to the lesion (Wardlaw et al., 2017). This 

suggests that BBB dysfunction is a feature of WML and it may be present in NAWM, affecting 

the blood flow to the region. In animal models of vascular cognitive impairment and dementia, 

severe vascular pathologies were present (detailed review by Gooch and Wilcock (2016)) (Gooch 

and Wilcock, 2016). Additionally, in animal models of stroke, transmission electron microscopy 

(TEM)  and western blot analysis of the microstructure of BBB in WML has detected a decrease 

in expression of ZO-1 and occludin (Fan et al., 2015). Since these proteins are an integral part of 

TJP that play a key role in maintaining the integrity of the BBB, this further confirms the 

association of BBB dysfunction with WML. Overall, the relationship between BBB dysfunction 

and dementia is complex and requires detailed studies to elucidate the interplay between BBB 

dysfunction and the pathogenesis of disease.  
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1.4.2 Cerebral endothelial activation and dysfunction in WML 
 

A prominent feature of age-associated WML is the activation of endothelial cells, associated with 

increased expression of adhesion molecules including intracellular adhesion molecule -1 (ICAM-

1) and vascular cell adhesion molecule-1 (VCAM-1). Both ICAM-1 and VCAM-1 may regulate 

vascular permeability and play a role in the recruitment of inflammatory cells to the site of injury 

(Auerbach et al., 2007). Human post- mortem studies demonstrate that increased expression of 

ICAM-1 is a feature of age-related WML (Fernando et al., 2004). A positive correlation between 

ICAM-1 expression and progression of WML is reported by various studies (Hassan et al., 2003; 

Markus et al., 2005) suggesting endothelial activation plays a crucial role in the progression and 

development of WML. Endothelial dysfunction and the resulting extravasation of serum proteins 

modulates the neuroinflammatory response, which may further contribute to the pathogenesis of 

WML (Huang et al., 2010; Simpson et al., 2010). Levels of soluble ICAM-1 are significantly 

higher in the serum of patients with AD compared to age-matched controls, and the circulating 

levels of soluble VCAM-1 correlate with the severity of dementia (Huang et al., 2015). This 

collective evidence demonstrates cerebral endothelial cell activation and associated BBB 

dysfunction is a prominent feature of age associated WML and may play a major role in their 

pathogenesis. However, the precise mechanism(s) of BMEC activation resulting in BBB 

dysfunction in ageing WM is still largely unknown and needs to be investigated.  

1.5 Neuroinflammation 

As the CNS has a low regenerative ability, strictly monitored damage control during an infection 

is essential for survival (Galea et al., 2007). Inflammation has been known to be neurotoxic for 

many decades, but the effects were considered to be transient. It is now well established that 

neuroinflammation plays a significant role in several neuropathological conditions, including 

dementia, motor neurone disease and multiple sclerosis (as reviewed by (Guzman-Martinez et al., 

2019). Neuroinflammation is primarily mediated by the resident immune cells of the brain, namely 

microglia. Although age is the biggest risk factor for development of neurodegenerative diseases, 

microglia-induced inflammation plays a role in the initiation and pathogenesis of 

neurodegeneration (Heppner et al., 2015; Krstic and Knuesel, 2013). This inflammatory response 

can lead to a cascade of inflammation within the brain, which can be fatal if not monitored 

(Heppner et al., 2015). Evidence from post-mortem studies demonstrates microglial activation is 

a feature of age-associated WML (Simpson et al., 2007; Waller et al., 2019). Moreover, immune-
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activated microglia are a prominent feature of PVL, expressing high levels of MHC-class II, while 

microglia in DSCL primarily adopt a phagocytic phenotype, expressing high levels of CD68, 

indicating that microglial activation is location-dependent. Although phagocytic activity of 

microglia is hugely important in white matter as it aids in clearing myelin debris and recruitment 

of oligodenritic precursor cells to the site of damage (Franklin and Ffrench-Constant, 2008; Kotter 

et al., 2006), persistent activation and the secretion of pro-inflammatory cytokines may lead to 

neurodegeneration. A systematic review of post-mortem analysis of brain samples of dementia 

patients with age matched neurological controls verified microglial activation markers are a 

consistent feature of AD (Hopperton et al., 2018). However, research in this field is limited and 

more studies into the mechanisms underlying microglial activation are required.  

1.5.1 Microglia  

As mentioned before, microglia are the resident effector cells of innate immunity in the CNS. 

These antigen-presenting cells (APC) express a set of proteins called major histocompatibility 

complex II or MHC class II antigens along with co-stimulatory molecules and, together with 

perivascular macrophages, drive the innate immune response in the brain. Under normal resting 

conditions, microglia have a ramified morphology and adopt an inactive, resting state constantly 

surveying the environment. Simultaneously, they are also responsible for the maintenance of 

neuronal circuits and synaptic remodelling (Ji et al., 2013). Any change in the microenvironment 

leads to rapid activation of microglia which undergo morphological changes, retracting their 

processes to adapt a large, round morphology associated with a phagocytic phenotype. This is 

accompanied by up-regulation of surface antigens, including MHC Class II, and upregulation of 

key inflammatory cytokines (Hugh Perry, 1998; Kreutzberg, 1996; V Hugh Perry et al., 1993), and 

is mediated by specialised receptors known as danger-associated molecular patterns (DAMPs) or 

pathogen-associated molecular patterns (PAMPs).  Depending on the type of injury, microglia can 

display two distinct phenotypes- namely M1 and M2 (Figure 1. 2). Classically activated microglia 

polarise to an M1 phenotype in response to an injury or infection, and secrete pro-inflammatory 

cytokines, such as IL-1β, TNF-α and inducible nitric oxide synthase (iNOS) (Orihuela et al., 2016). 

Even though killing the invading pathogens is clearly beneficial, pro-inflammatory cytokines can 

also induce neurotoxicity (Block et al., 2007). To minimise the damage, an anti-inflammatory 

phase is initiated where microglia polarise to a M2 phenotype to assist repair through secretion of 

anti-inflammatory factors, such as IL-4, IL-13, IL-10 and TGF-β (Tang and Le, 2016; Zhou et al., 

2012). In addition, M2 microglia also secrete insulin-like growth factor 1 (IGF-1) which promotes 

neuronal survival (Suh et al., 2013).  However, it should be noted that this is an overly simplified 
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way of categorising microglia, and it is highly likely that a heterogeneous population of M1 and 

M2 microglia, along with intermediate phenotypes, co-exist in the brain and are essential for tissue 

homeostasis. 
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Figure 1. 2 Classical phenotypes of microglia. Microglia can by activated either through classical 

activation (in response to inflammation or infection) or alternative activation (pro-resolving / anti-

inflammatory). Diagram created using BioRender.com 
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1.4.2 Microglial priming 
 

Changes in the homeostatic environment of the brain can trigger microglial activation. Microglia 

become primed during neurodegeneration, neuroinflammation and also as part of the normal 

ageing process.  These primed microglia have a lower threshold for activation and when stimulated 

produce an exaggerated inflammatory response, which may contribute to neurodegeneration and 

cognitive impairment (Perry and Holmes, 2014). They have a similar morphology to activated 

microglia with higher expression of MHC-class II molecules and are hyper-responsive towards 

secondary stimuli, resulting in  the heightened production of pro-inflammatory cytokines, 

including IL-1β and IL-10 (Cunningham, 2013).  

Infections in the body or systemic inflammation trigger a heightened inflammatory response in 

microglia. This response is extensively studied in animal models by challenging the immune 

system with bacterial endotoxins, such as lipopolysaccharide (LPS), which can lead to an 

exaggerated neuroinflammatory response and increased neurodegeneration (Cunningham, 2013; 

Holmes et al., 2009). Peripheral administration of LPS activates microglia, stimulating increased 

expression of TNF-α and IL-1β in the CNS, causing learning and memory impairment in animal 

models (Tanaka et al., 2011). Furthermore, low dose of peripheral challenge is reported to cause 

microglial activation and sickness behaviour both in humans and primates (Brydon et al., 2008; 

Hannestad et al., 2012; Harrison et al., 2009; Henry et al., 2009), supporting the hypothesis that 

systemic inflammation activates microglia. Perry et al.,  (1993) first demonstrated the aggregation 

of MHC class II positive microglia adjacent to ageing white matter in older rats compared to 

juvenile rats. The presence of activated microglial clustering is a feature of the radiologically 

normal appearing white matter surrounding WML (de Groot et al., 2013; Waller et al., 2019; Yuan 

et al., 2017), suggesting a role for microglia in the pathogenesis of WML.   

 

1.4.3 Peripheral Inflammation and cognitive impairment 

As discussed above, primed microglia have a heightened response to peripheral immune 

challenges. The central neuroinflammatory response following peripheral administration of LPS 

is exaggerated and prolonged in ageing (Godbout et al., 2005; Li et al., 2012), suggesting that 

repeated challenge of the immune system can negatively impact on the CNS. Evidence of a 

peripheral challenge affecting the CNS is not limited to animal models. In healthy male adults, 
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mild stimulation of innate immunity by endotoxin injection has negative effects on memory 

function (Reichenberg et al., 2001). Additionally, ageing population studies reveal that 

hospitalisation due to infections are associated with lower scores on cognitive testing (Benros et 

al., 2015). Furthermore, hospitalisation due to pneumonia increases the risk of developing 

dementia in well- functioning older adults (Tate et al., 2014).  

Longitudinal studies have demonstrated a negative correlation between systemic inflammation and 

cognitive function (Dimopoulos et al., 2006; Komulainen et al., 2007; Marioni et al., 2009). Sepsis 

is a systemic inflammatory response to an infection causing organ dysfunction and contributing to 

the morbidity and mortality of hospitalised patients  (Opal, 2003; Russell, 2006). In patients with 

sepsis, several studies have reported  that there is a significant decline in cognition in the elderly 

(Guerra et al., 2012; Iwashyna et al., 2010), indicating that peripheral infection play a role in 

driving cognitive impairment. Together, these studies indicate that peripheral inflammation can 

have a profound impact on the cognitive status of an individual. 

Further evidence to support the hypothesis that systemic inflammation exacerbates dementia come 

from delirium studies. Delirium is a sudden state of severe confusion where a patient’s cognitive 

function, perception and emotions are disturbed. Dementia is one of the biggest risk factors for 

developing an episode of delirium (Fong et al., 2015; Morandi et al., 2017). In elderly and 

demented cohorts, mild inflammatory stimuli can trigger an episode of delirium  (Inouye and 

Charpentier, 1996), leading to longer hospital stays and a greater risk of developing further 

complications,  such as infection, thus creating a vicious loop of within the body. Delirium is 

linked with a significant decline in cognitive function (Girard et al., 2010; Jackson et al., 2004), 

leading to exacerbated dementia (Fong et al., 2009; Witlox et al., 2010)(Witlox et al., 2010). 

Furthermore, when cognitive function was assessed 6-12 months after an episode of delirium, a 

significant number of patients did not regain their baseline cognitive status (Saczynski et al., 2012). 

In a longer term follow-up study of AD patients, those who developed delirium had a more rapid 

cognitive deterioration throughout the subsequent 5 years than patients who did not develop 

delirium (Gross et al., 2012). All of this indicates that systemic inflammation can lead to 

progression of dementia and can be considered as an important clinical target.  

Numerous clinical studies have reported the link between systemic inflammation and cognition, 

where chronic infections in patients with cardiovascular diseases are associated with cognitive 

decline (Li et al., 2011; Snyder et al., 2015; Strandberg et al., 2003). Infections, such as upper 

respiratory tract infections (URTIs) or urinary tract infections, are very common among the elderly 



14 
 

and can have a marked effect on their cognition (Bucks et al., 2008). Similarly, reports indicate 

that AD patients with periodontitis have a significant decline in their cognitive function (Ide et al., 

2016).  Furthermore, in a population-based cohort study, the patient group with periodontitis who 

did not receive any treatment had a significantly higher incidence of dementia (Lee et al., 2017), 

demonstrating that systemic inflammation can be a risk factor for the progression of dementia.  

Additional evidence to support the link between systemic infection and cognitive decline come 

from studies of non-steroidal anti-inflammatory drugs (NSAIDs), which are prescribed to treat 

peripheral inflammatory conditions such as pain, inflammation and fever. Epidemiological studies 

indicate mid-life use of NSAIDs are protective against the development of dementia (Broe et al., 

2000; Etminan et al., 2003; Stewart et al., 1997)(Breitner et al., 2009; Chang et al., 2016; Cote et 

al., 2012), and their findings have increased the research into the use of anti-inflammatory drugs 

to reduce cognitive decline. While clinical trials using NSAIDs such as naproxen or celecoxib 

report no improvement in cognitive function (Aisen et al., 2003; Martin et al., 2008; Thal et al., 

2005), these findings suggest that multiple mechanisms underlie disease pathogenesis and that 

intervention with NSAIDs may need to occur before neuronal dysfunction/loss. Furthermore, 

pioglitazone a drug commonly used to treat type II diabetes has a beneficial effect on hypertension 

induced WMLs (Lan et al., 2015), indirectly confirming that systemic therapies may prevent WM 

pathology. Together, these studies provide compelling evidence that elements of peripheral 

inflammation have a profound effect on the cognitive status of an individual and support a key role 

of systemic inflammation in the progression of dementia. 

Further evidence of peripheral immune activation during ageing affecting cognitive impairment 

come from gene expression studies. In ageing mice, transcriptomic analysis of brain regions 

reported immune activation as a result of ageing (Lee et al., 2000). Meta-analysis of gene 

expression studies (datasets from human, mice and rats) revealed that there is an increased 

expression of inflammation and immune response related genes during ageing (De Magalhães et 

al., 2009). Functional analysis of these transcriptomic datasets reveals that the innate immune 

response is associated with cognitive decline in the ageing population (Avramopoulos et al., 2011; 

Cribbs et al., 2012), supporting the hypothesis that innate immune activation plays a key role in 

progression of dementia. Microarray analysis of ageing WM demonstrates an up-regulation of 

numerous immune-related genes in WML, including pro-inflammatory cytokine signalling, 

antigen presentation and phagocytosis (Simpson et al., 2009). In a non-neurological normal ageing 

cohort, higher levels of inflammatory markers such as IL-6 and C reactive protein (CRP)  in the 

serum negatively associate with cognitive function (Yaffe et al., 2003). In contrast, a study has 
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reported that inflammation contributes to the development of depressive symptoms but not 

cognitive decline (van den Biggelaar et al., 2007).  

Clinical studies show that systemic inflammation has a detrimental effect on the white matter 

during development by reduced myelination, immature cerebrovascular development and long 

lasting cognitive deficits (Kadhim et al., 2001; Rezaie and Dean, 2002). In utero inflammation, 

also called chorioamnionitis, can cause adverse injury to the brain via upregulation of foetal 

systemic inflammation. In babies with chorioamnionitis, white matter microstructures are altered 

compared to healthy controls (Anblagan et al., 2016), suggesting inflammation can play a role in 

WM pathology. In vivo experiments demonstrate that peripheral inflammation exerts an effect on 

the CNS leading to white matter damage (Lehnardt et al., 2002; Pang et al., 2003). New-born mice 

exposed to moderate levels of IL-1β present increased numbers of non-myelinated axons and long 

lasting cognitive deficits (Favrais et al., 2011), further suggesting that systemic inflammation 

during development has a lasting effect on the white matter. Other in utero studies have also 

reported white matter pathology, including gliosis and brain endothelial cell activation, after 

endotoxin exposure (Bonestroo et al., 2015; Duncan et al., 2002; Stolp et al., 2009, 2005). 

Although these studies cannot predict long-term consequences or if WM can recover from these 

alterations, these studies highlight the vulnerability of WM to systemic inflammation. 

Furthermore, following systemic inflammation, there is significant dysfunction of the BBB, 

affecting the integrity of the barrier with the loss of TJP and  associated with white matter 

pathology (Bonestroo et al., 2015; Favrais et al., 2011; Rosenberg, 2009; Stolp et al., 2005; Trickler 

et al., 2010). It should be noted that microstructural changes in WM are associated with peripheral 

inflammation in AD patients (Swardfager et al., 2017). All this evidence suggest that peripheral 

inflammation is a risk factor for white matter lesion formation and associated dementia. There are 

various hypotheses, but the exact mechanism(s) linking peripheral inflammation, BBB dysfunction 

and white matter damage are currently unknown.  

 

1.5 Neutrophils 

As discussed above, the innate immune response is linked to cognitive impairment in the ageing 

population. Leukocytes, such as neutrophils, play a key role in host defence, releasing a range of 

pro-inflammatory cytokines (chemokines) that can recruit inflammatory cells to the site of 

infection (Leliefeld et al., 2016).  Neutrophils are the most abundant circulating white blood cells 

in the body. They are  the first line of defence and typically survive for less than 24 hours in 
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circulation (Athens et al., 1961; Galli et al., 2011). Neutrophils are recruited to the site of infection 

or inflammation via a chemotactic gradients, such as CXCL8 (Amulic et al., 2012). They are 

readily activated and migrate to the area of infection releasing a range of secretory vesicles in the 

process called degranulation, which can also cause collateral damage through their toxic contents. 

These granules are a rich source of antimicrobial molecules, including elastase, MMP-9 and human 

neutrophil peptide-1 (Borregaard et al., 2007). Another mechanism by which neutrophils fight 

pathogens is by releasing neutrophil extracellular traps (NETs) (Brinkmann et al., 2004; Jenne et 

al., 2013; Saitoh et al., 2012) or by releasing microvesicles (Pitanga et al., 2014; Ridger et al., 

2017; Timár et al., 2013) providing critical immunity.  Activated neutrophils can express MHC 

class II and co-stimulatory molecules, acting as APCs (Abi Abdallah et al., 2011; Culshaw et al., 

2008) suggesting that neutrophils play diverse roles in clearing infections.  

1.5.1 The role of neutrophils in dementia 

Although it is much debated how short lived neutrophils can contribute to progression of AD, in 

the early 1990’s it was reported that neutrophils from patients with dementia had higher activity 

than healthy controls (Licastro et al., 1994). Significantly higher levels of circulating neutrophils 

have been detected in dementia patients compared to non-neurological control patients (Rai et al., 

2012; Shad et al., 2013). Additionally, AD patients have significantly higher blood neutrophil-

lymphocyte ratio than healthy age-matched controls (Kuyumcu et al., 2012). In transgenic mouse 

models of AD, neutrophils interact with brain endothelial cells through ICAM-1/LFA-1 (Zenaro 

et al., 2015). This interaction can induce rapid changes in the endothelial cells to increase BBB 

permeability through cytoskeletal changes. Additionally, depletion of neutrophils significantly 

improves memory function in the early stages of AD (Zenaro et al., 2015), suggesting that 

neutrophils may play a role in the initiation of cognitive dysfunction. Neutrophil adhesion itself is 

sufficient to induce changes in endothelial sites by upregulation of ICAM-1 and VCAM-1 (DiStasi 

and Ley, 2009; Fabene et al., 2008; Zarbock and Ley, 2008). This suggests that neutrophils may 

also play in the role of activation of endothelial cells, which is also a feature of WML.   However, 

as neutrophils are not a feature of age-associated WM pathology it is still unclear how they exert 

their effect and contribute to WML pathogenesis. One potential indirect mechanism of neutrophil-

induced BBB dysfunction is via their release of microvesicles. 

1.6 Microvesicles  

Microvesicles (MVs) are increasingly recognised as important mediators of cell to cell 

communication. They are complex structures that originate from donor cells and can travel to 
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distant sites of action in the body (Barry and FitzGerald, 1999; Hugel et al., 2005; Ratajczak et al., 

2006). Although cell-derived vesicles were postulated in the 1940s (Chargaff and West, 1946) 

when the authors conducted preliminary studies to understand the “biological significance of the 

thromboplastic protein of blood”,  their presence was confirmed only later by electron microscopy 

(Wolf, 1967). Wolf suggested that microvesicles derived from lipid-rich particles and coined the 

term ‘platelet-dust’, which had some of the parent properties such as coagulation. As technology 

advanced, the field demonstrated that MVs are a part of the larger family of extracellular vesicles 

which bud directly from the plasma membrane in a general physiological process called membrane 

vesiculation, and are involved in cell-to-cell communication (Ratajczak et al., 2006). MVs are 

distinguished from other extracellular vesicles by their size, typically ranging 0.1-1 µm in 

diameter, whereas exosomes are smaller and apoptotic bodies larger. MVs are also referred to as 

‘microparticles’ in the literature, with the terms microvesicles and microparticles being largely 

interchangeable. In this thesis, the term ‘microvesicles’ will be used instead of microparticles, as 

the latter term can also be used to describe non-biological structures. 

MVs are implicated in several pathological processes including inflammation and angiogenesis 

(Ciardiello et al., 2016; Puddu et al., 2010), and can be shed in low levels from healthy cells under 

normal physiological conditions (Greenwalt, 2006; Taubert et al., 2010). Shedding of MV from 

the parent cell involves an influx in Ca2+ into the cytosol. Biogenesis of MVs are a result of 

extensive phospholipid redistribution which is tightly controlled by amino phospholipid 

translocases, initiated by Ca2+ influx into the cells. MV formation is induced by the translocation 

of phosphatidylserine by Ca2+ dependent enzymes such as scramblases which also activate the 

proteolytic enzyme calpain, resulting in disrupt of the actin cytoskeleton, stimulating vesiculation 

(Olivier et al., 2011). MVs are released by most type of cells upon activation by various methods 

such as physical or chemical stress, hypoxia and shear stress (Ratajczak et al., 2006) 

In the last decade, the role of MVs in intercellular communication acting as paracrine/endocrine 

effectors has greatly advanced, however the ability of MVs to package their contents in response 

to various stimuli is still underexplored. Interestingly, it was discovered that MVs can transfer 

genetic information horizontally. Many studies have shown that MVs contain mRNA, which can 

be transferred in co-culture conditions. Endothelial progenitor cell-derived MVs  interact with 

endothelial cells, promoting cell survival and proliferation, however when endothelial progenitor 

cell-derived MVs are incubated with RNAse, they fail to induce the proliferative and angiogenic 

changes both in vitro and in vivo (Deregibus et al., 2007). MVs also contain microRNA (miRNAs), 

which can affect the gene expression of the target cells. miRNAs are a class of small noncoding, 
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evolutionary conserved RNAs involved in regulation of gene expression, achieved either by 

degradation of target mRNA or inhibition of translation (Macfarlane and Murphy, 2010). MVs 

released by mesenchymal stem cells contain more than 40 mature miRNA that are also expressed 

by the parent cells (Collino et al., 2010).. miRNAs are selectively packaged to MVs (Diehl et al., 

2012), and can drive disease pathology (Gomez et al., 2020; Hulsmans and Holvoet, 2013). 

Together these findings demonstrate that MVs are emerging to be key effectors in the pathogenesis 

of a variety of diseases. 

There is a growing body of evidence supporting that MVs not only transfer content between cells 

but also can drive disease pathology in various conditions. MVs from cancer cell lines can support 

tumour growth by helping them evade the immune system (Valenti et al., 2007). They also contain 

proteinases, including MMP-2 and 9, which can cause extracellular matrix degradation (Ginestra 

et al., 1998), facilitating invasion. In other inflammatory conditions such as sepsis, leukocyte 

derived MVs are significantly elevated (Fujimi et al., 2003).  In atherosclerosis, several types of 

MVs are elevated including platelet-derived MVs and monocyte-derived MVs (Mallat et al., 1999; 

Merten et al., 1999) 

 Increasing evidence suggest that MVs can contribute to the overall inflammatory response. MVs 

derived from non-primed primary macrophages have the potential to activate macrophages 

(Thomas and Salter, 2010). Macrophages can also release MVs in response to TLR ligands 

(Gauley and Pisetsky, 2010). Tumour cells treated with doxorubicin, or other small molecules such 

as cisplatin, release microvesicles that contain the drug, acting as a potential drug-efflux 

mechanism resolving drug resistance (Safaei et al., 2005; Shedden et al., 2003), demonstrating that 

MVs have the ability to have an enormous impact on therapeutic strategies. 

MVs have an immune-modulatory response in the host. MVs released from the placenta of pre-

eclampsia patients induces a systemic maternal inflammatory reaction (Holder et al., 2012; 

Messerli et al., 2010). Elevated myeloid-derived MVs have been detected in the CSF of 

experimental autoimmune encephalomyelitis (EAE) mice, an animal model for studying MS, and 

can activate microglia (Verderio et al., 2012). Furthermore, MV levels are higher in patients with 

clinical symptoms of MS or in a relapsing state when compared to stable disease state or healthy 

controls, suggesting the peripheral immune system can modulate the CNS, which may act as a 

useful tool to monitor disease status. In another inflammatory disease, rheumatoid arthritis (RA), 

platelet-derived MVs are elevated in patients compared to controls, correlating with the severity 

of the disease (Knijff-Dutmer et al., 2002). Leukocyte-derived MVs are elevated in synovial fluids 
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of RA patients, suggesting these MVs play a role in inflammation and cause local joint destruction 

(Gyorgy et al., 2012; Sellam et al., 2009). Interestingly, another study reported that MVs isolated 

from neutrophils from healthy controls and RA patients reduced monocyte and fibroblast-like 

synoviocyte activation in vitro (Rhys et al., 2018). This suggests that MVs can also act as anti-

inflammatory and may play a role in inflammation clearance. All of this points towards the 

complex mode of action of MVs and how they exert their effect on the target cell, however more 

studies are required to fully elucidate the role of each MV population in disease pathogenesis. 

1.6.1 Neutrophil-derived microvesicles 

Neutrophils release MVs known as neutrophil-derived microvesicles (NMVs) in response to 

various inflammatory or infectious stimuli such as formyl-methionyl-leucyl phenylalanine (fMLP) 

or lipopolysaccharide (LPS) (Gasser and Schifferli, 2004; Hess et al., 1998; Mesri and Altieri, 

1998). NMVs are formed by budding of the plasma membrane (see Figure 1. 3). This process is 

initiated with an influx of calcium into the cell. The increased cytosolic Ca2+ activates a calcium-

sensitive protease called calpain, which can remodel the cytoskeleton (Pasquet et al., 1996). The 

neutrophil plasma membrane is made up of a lipid bilayer. Under resting conditions, 

phosphatidylserine, which is negatively charged is located on the inner leaflet on the bilayer. When 

the neutrophil is activated, increased cytosolic calcium recruits and activates various enzymes such 

as floppase and scramblase, causing lipid movement to the outer membrane and inactivation of 

flippase eventually leading to the flopping of phosphatidylserine to the outer leaflet (Turturici et 

al., 2014), eventually leading to the blebbing off of NMVs from plasma membrane. There is 

evidence that NMV cargo is not randomly allocated; instead it is selectively recruited and 

dependent on the mechanisms of stimulation (D’Souza-Schorey and Clancy, 2012; Dalli et al., 

2013).  
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Figure 1. 3 Formation of a microvesicle. When a neutrophil is activated (for e.g. by fMLP), it 

increases cytosolic calcium, which can activate Calpain leading to cytoskeletal rearrangement. The 

outward budding of the plasma membrane will eventually lead to fission and separation of 

microvesicle (MV) from the parent cell. MVs are loaded with genetic material such as mRNAs, 

miRNAs and proteins (enzymes, cytokines, growth factors). MVs also contain some but not all of 

the surface receptors of the parent cell. 
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NMVs express neutrophil specific surface markers such as CD66b and adhesion molecules such 

as CD11a (Hong et al., 2012; Jaffe et al., 1973), and are enriched in phosphatidylserine and L-

selectin (Mesri and Altieri, 1998). The role of NMVs in disease pathologies is slowly being 

understood. NMVs are elevated at inflammatory locations in severe inflammatory conditions, such 

as sepsis and atherosclerosis (Berckmans et al., 2005; Prakash et al., 2012).  NMVs exert an anti-

inflammatory response through several mechanisms: they act on macrophages to inhibit their 

inflammatory properties (Gasser and Schifferli, 2004; Rhys et al., 2018), reduce the phagocytic 

activity of  dendritic cells  and modify the release of TGF-β1, a potent regulator of macrophage 

activation (Eken et al., 2008). NMVs also contain annexin A1, an endogenous anti-inflammatory 

protein which confers anti-inflammatory properties (Dalli et al., 2008). However, other several 

studies report NMVs induce a pro-inflammatory phenotype on endothelial cells (Hong et al., 2012; 

Mesri and Altieri, 1998; Pitanga et al., 2014; Terrisse et al., 2010). These contrasting reports 

suggest that NMVs exert a pro- or anti-inflammatory response dependent on the target cell.   

1.6.2 Neutrophil-derived microvesicles and endothelial dysfunction  

NMVs are emerging to be inflammatory mediators that increase vascular permeability (Mesri and 

Altieri, 1999, 1998) in endothelial cell lines, including human umbilical vein endothelial cells 

(HUVECs) and human coronary artery endothelial cells (HCAECs) (Dalli et al., 2008; Gomez et 

al., 2020). NMVs activate the JNK1 pathway leading to increased endothelial cell activation 

(Mesri and Altieri, 1999).  Furthermore, miRs in NMVs can increase inflammation by targeting a 

negative regulator of NF-κβ pathway, leading to increased expression of adhesion molecules in 

HCAECs, leading to endothelial dysfunction in HCAECs (Gomez et al., 2020). 

Activated neutrophils from patients suffering from sepsis, which is a systemic inflammatory 

response to an infection can produce higher levels of NMVs with increased levels of adhesion 

molecule expression (Fujimi et al., 2002). Sepsis is often characterised by an impaired immune 

response as well as endothelial dysfunction (Wheeler and Bernard, 1999). The septic environment 

contains a variety of neutrophil stimulators, such as inflammatory cytokines, bacteria and bacterial 

by-products which may induce heightened production of NMVs.  These studies demonstrate that 

NMVs play a role in endothelial activation, which may result in endothelial dysfunction.  

NMVs can induce upregulation of inflammatory gene expression, including pro-inflammatory 

cytokines such as IL-6 and IL-8, leading to cell injury in vitro (Mesri and Altieri, 1998; Pitanga et 

al., 2014). Additionally, NMVs can bind to endothelial cells via CD18, leading to increased 
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expression of adhesion molecules such as ICAM-1 along with increased ROS production (Hong 

et al., 2012). Interestingly during leukocyte extravasation, NMVs are deposited at the basement 

membrane where they can regulate vascular integrity (Lim et al., 2013). Moreover, inhibition of 

NMV formation dramatically increases vascular leakage, suggesting that NMVs play a role in 

maintaining vascular integrity.  While several reports have shown that NMVs play a role in 

modulating the integrity of the endothelial barrier, to date no studies have studied the interaction 

of NMVs with brain endothelial cells.   

1.6.3 Neutrophil-derived microvesicles and brain endothelial cells 

Patients with dementia have significantly higher levels of circulating neutrophils than non-

neurological control patients (Shad et al., 2013). However, to date, no study has reported NMV 

levels in dementia patients. Analysis of the NMV-induced genetic and proteomic changes induced 

in HUVECs suggest NMVs modulate expression of a number of immune and immune-modulatory 

genes, including upregulation of cytokines and chemokines (Dalli et al., 2013). These findings 

suggest that NMVs have the ability to modulate gene expression changes in endothelial cells. 

Interestingly, platelet-derived MVs from MS patients significantly increase BBB permeability in 

vitro, demonstrating their role in breakdown of BBB (Marcos-Ramiro et al., 2014). MVs from 

activated monocytes contain miRNAs that trigger a NF-κB mediated inflammatory response and 

increased expression of adhesion molecules in brain endothelial cells (Dalvi et al., 2017). 

Inhibition of extracellular vesicle release can reverse endothelial activation, leading to reduction 

in inflammation, demonstrating that peripheral immune cells have the ability to modulate CNS 

inflammation. To date, research has focused on the interaction of NMV with peripheral endothelial 

barriers, however, as the brain endothelium has unique properties studies investigating the impact 

of NMVs on BBB function are needed. Such studies will further aid in understanding how systemic 

inflammation can modulate disease progression. 
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1.7 Hypothesis 

While significantly higher levels of circulating neutrophils have been identified in patients with 

cognitive impairment, neutrophil extravasation is not a feature of the neuropathology of dementia.  

How neutrophils impact dementia and the mechanism of this interaction is currently unknown.   

We hypothesise that NMVs interact with cerebral endothelial cells inducing BBB dysfunction and 

upregulating the neuroinflammatory response, thereby contributing to white matter damage in the 

ageing brain. 

 

1.7.1 Aims of the project  

1. To determine if NMVs interact with human cerebral microvascular endothelial cells in vitro. 

Specifically, NMVs will be incubated with hCMEC/D3 and the interaction/internalisation assessed 

using confocal imaging and flow cytometry. This study also aims to identify the mechanism of 

NMV internalisation by employing specific pathway inhibitors. 

2. To assess the impact of the NMV internalisation on the integrity of the hCMEC/D3 monolayer. 

Permeability will be assessed by measuring the trans-endothelial electrical resistance (TEER) and 

permeability of the tracer molecule FITC-dextran (10kDa) across a transwell system.  

3. To profile NMV-induced changes in the transcriptome of hCMEC/D3 cells by microarray 

analysis, and identify NMV-induced changes in key pathways and functional groups.  

4. To characterise the transcriptomic profile of microvessels in age-associated WML and identify 

specific BBB-associated gene expression changes which may contribute to lesion pathogenesis.   
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Chapter 2: Interaction of neutrophil-derived microvesicles 

with hCMEC/D3 cells 
 

2.1 Introduction 

Neutrophils play a role in several inflammatory conditions such as rheumatoid arthritis, cystic 

fibrosis and atherosclerosis (detailed reviews in Gifford and Chalmers, 2014; Mócsai, 2013; 

Wright et al., 2014), yet the role of neutrophils in neurodegenerative diseases such as AD is 

relatively unexplored. In transgenic mouse models of AD, depletion of neutrophils is associated 

with a reduction in AD neuropathology and improved cognition (Zenaro et al., 2015). Dementia 

patients have significantly increased levels of neutrophils compared to healthy age matched non-

neurological controls (Shad et al., 2013), and neutrophils from AD patients display a pro-

inflammatory, hyperactive phenotype that is associated with cognitive decline, suggesting that 

neutrophils have the ability to modulate changes in CNS (Dong et al., 2018).  However, to our best 

knowledge, the mechanism of how these circulating neutrophils impact cognitive decline in 

dementia patients is currently unknown. 

There are various mechanisms by which neutrophils and other immune cells exert their effect, 

depending on their target cells. One mechanism is by releasing MVs, which play a role in cell-cell 

communication. Neutrophils release MVs into the circulation in response to various stimuli such 

as viruses, bacteria and their by-products, shear stress and cytokines. NMVs can act directly as 

inflammatory mediators and modulate changes in vascular permeability in endothelial cells (Mesri 

and Altieri, 1999, 1998), including human umbilical vein endothelial cells (HUVEC) (Dalli et al., 

2008), human coronary artery endothelial cells (HCAEC) (Gomez et al., 2020)  and epithelial cells 

(Slater et al., 2017). NMVs either directly bind to the endothelial cells, causing activation and 

stimulating pro-inflammatory cytokine release (Mesri and Altieri, 1998), or they release their 

contents causing endothelial cell activation and cell injury (Pitanga et al., 2014). Although NMVs 

have been shown to interact with endothelial cells, their interaction with brain endothelium is 

unexplored. 

Various sources of brain endothelial cells have been reported in the literature to model the BBB in 

vitro. Ideally, primary human cerebral microvessel endothelial cells are the best choice to study 

the BBB, however isolating these cells is challenging. There are some commercially available 

sources of primary brain endothelial cells, but these are expensive and lack detailed information 
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regarding the brain tissue source. Alternative models of the BBB can be created from cells derived 

from stem cells, including pluripotent stem cells and cord blood-derived stem cells. Pluripotent 

stem cells can be obtained from either human blastocysts or can be induced by reprogramming 

somatic cells (Takahashi et al., 2007; Takahashi and Yamanaka, 2006; Thomson et al., 1998). This 

method requires a co-differentiation protocol where the cells are treated with unconditioned and 

then conditioned media, forcing them to differentiate to endothelial progenitor cells (Lippmann et 

al., 2012), which have the ability to form a pure monolayer and develop tight junction proteins 

with expression of claudin-5, occludin and ZO-1. Stem cell-derived brain endothelial cells are 

known to have higher transendothelial electrical resistance (TEER) values, which is a measure of 

electrical resistance between two cells. Stem cell derived brain endothelial cells have a TEER of 

~250 Ωcm2, but this can exceed 1000 Ωcm2 when co-cultured with other component cells of the 

BBB, such as astrocytes (Lippmann et al., 2012). Cord-derived brain endothelial cells also express 

tight junction proteins and have a TEER above 150 Ωcm2. However, much more detailed 

characterisation of these stem cell derived models is required. Another drawback is that the 

protocol to obtain endothelial cells from stem cells is quite lengthy. To overcome these issues, 

various cell lines have been developed, including one of the most widely reported human cerebral 

microvascular endothelial cell lines, hCMEC/D3, which was developed in 2005 (see Table 2. 1) 

hCMEC/D3 cells express various endothelial cell markers including CD34, CD40 and CD144 

(Weksler et al., 2013), tight junction proteins, including claudins and occludins, and scaffolding 

proteins such as ZO-1 (Afonso et al., 2008; Weksler et al., 2013), with levels decreasing under 

pro-inflammatory stress (Forster et al., 2008). This cell line has been extensively used to study 

brain endothelial cell permeability using tracer molecules such as lucifer yellow, low and high 

molecular weight dextrans (Poller et al., 2008; Weksler et al., 2005).  

Based on this evidence, the current in vitro research was carried out using hCMEC/D3 cells to 

study the interaction of NMVs with human brain endothelial cells and to determine the mechanism 

of internalisation.  
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Table 2. 1  Characteristics and limitations of commercially available human immortalised 
brain endothelial cells 

Brain 

endothelial 

cell lines 

TEER 

(Ω.cm2) 

Year Limitation References 

hCMEC/D3 20 - 40 2005 Low TEER under routine 

culture; loss of TJ 

characteristics after P35 

(Weksler et al., 2005) 

HBMEC N/A 2001 Limited passages (Stins et al., 2001) 

BB19 N/A 1996 N/A (Kusch-Poddar et al., 2005; 

Prudhomme et al., 1996) 

NKIM 100 2007 No data available on 

expression of various 

transporters 

(Ketabi-Kiyanvash et al., 

2007) 

HBMEC/ciβ 2-20 N/A Not extensively characterised (Furihata et al., 2015) 

TY10 

 

45 2013 Low occludin expression (Maeda et al., 2013; Sano et 

al., 2013) 
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2.2 Aims and Objectives 
Studies in transgenic mouse models of AD have suggested that neutrophils play a role in driving 

cognitive decline in AD (Zenaro et al., 2015), and demonstrated that depletion of neutrophils leads 

to improvement of memory in mice that already show signs of cognitive impairment. Although 

levels of NMVs in dementia patients have not been the focus of research, given that circulating 

levels of neutrophils are significantly higher in dementia patients and that cognitive function 

rapidly declines during an infection, we hypothesise that NMVs are internalised by human brain 

endothelial cells, decreasing vascular integrity and increasing their permeability. Specifically, this 

chapter aims to: 

 

● Determine if NMVs interact with and are internalised by the human cerebral microvascular 

endothelial cell line hCMEC/D3.  

 

● Investigate the mechanism of internalisation of NMVs by hCMEC/D3 cells using chemical 

inhibitors of specific pathways. 
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2.3 Materials and Methods 

2.3.1 Volunteer Information and Ethics 
Healthy volunteers aged between 18-45 were recruited for this study. Prior to the commencement, 

ethical approval was obtained from the University of Sheffield Research Ethics Committee (see 

appendix I). Participants were provided with a detailed information sheet outlining the aims of the 

research, what the study involved and their rights. Volunteers were also informed not to give blood 

if they have any known chronic or acute medical conditions are if they are taking any medication 

that may affect leukocyte function. Consent was taken after 24 hours and a signed copy the consent 

form was provided to the participants and to the University. All subjects were healthy with no 

known anomalies. Blood withdrawal was performed by a trained phlebotomist. Participants were 

asked about their general health on the day of donation and no temperature was taken. Full blood 

count, erythrocyte sedimentation rate and CRP were not performed on any of the donation to 

determine the inflammatory status of the donor. 

2.3.2 Human Neutrophil Isolation  

The neutrophil isolation method used for the experiments was based on that described by Haslett 

et al., (1985) with some modifications. Care was taken throughout to avoid changes in temperature, 

introduction of bubbles and long incubation periods in order that neutrophils remained as 

inactivated as possible. Approximately 36 mL of venous blood was taken from healthy donors and 

collected in a tube containing 4 mL of anti-coagulant sodium citrate (3.8 mg/mL; Sigma). The tube 

was centrifuged at 260 g for 20 mins with acceleration 5, brake 0 at room temperature (RT). Plasma 

was discarded and 6 mL of 6% dextran (Sigma-Aldrich, USA; 1.5 mL/10 mL blood) at RT was 

added to the remaining cells and made up to 50 mL using sterile saline. Dextran enables the 

sedimentation of red blood cells to the bottom of the tube. The tube was gently inverted ten times, 

avoiding the production of any bubbles. The cap was replaced, and the tube was left to sediment 

for 30 minutes at RT. In a fresh tube, 16 mL of Histopaque 1077 (Sigma, UK) was added and left 

to warm to RT. Histopaque 1077 allows separation by density gradient (Swamydas and Lionakis, 

2013). After 30 minutes, the leukocyte rich layer was removed from the dextran and gently layered 

over 16 mL of Histopaque (4mL/ 10 mL blood), ensuring a well-defined separated layer. The 

solution was made up to 50 mL using sterile saline and centrifuged at 400 g for 25 minutes 

(acceleration 5, brake 0) to pellet the neutrophils. The PBMC layer was carefully removed and red 

blood cells present in the neutrophil rich pellet were exposed to hypotonic lysis buffer (0.6% NaCl) 



29 
 

by adding 1 mL and gently resuspending. The solution was made up to 25 mL using the hypotonic 

solution and was gently inverted for 30–45 seconds. Exposure to the hypotonic solution was 

strictly monitored to avoid lysing of neutrophils. 25 mL of hypertonic solution (1.6% NaCl) was 

added to make a final volume of 50 mL and inverted once. The tube was centrifuged at 250 g for 

7 minutes at acceleration 5, brake 3. The supernatant was discarded and 10 mL of Roswell Park 

Memorial Institute (RPMI) medium (Fisher Scientific, US) was added to the tube. 10 µL of 

suspension was removed and added into 90 µL of RPMI media in a 1.5 mL tube for cell counting 

and the remaining cell suspension was centrifuged at 250 g for 7 minutes to pellet neutrophils. The 

cell count was determined using a haemocytometer with the following formula. 

No. of neutrophils = 𝑁𝑁𝑁𝑁.𝑓𝑓𝑓𝑓𝑁𝑁𝑓𝑓 ℎ𝑎𝑎𝑎𝑎𝑓𝑓𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓
4

 ×Dilution Factor × Volume of RPMI = X × 104 

neutrophils   

2.3.3 Neutrophil- derived microvesicle preparation 

NMVs were prepared using the method described by Nolan et al., (2008) with slight modifications. 

Isolated neutrophils were resuspended in phosphate buffered saline (PBS) supplemented with 

Calcium (Ca2+) and Magnesium (Mg2+) (1ml/10 million neutrophils) as calcium influx into the cell 

is essential for MV formation (Pasquet et al., 1996). Cells were stimulated using N-Formyl-L-

methionyl-L-leucyl-L-phenylalanine (fMLP) (5 ×10-5 M) or an equal volume of PBS as a control. 

The tubes were incubated for 1 hour at 37oC, 5% CO2 with gentle inversion every 15 minutes to 

prevent sedimentation. The tubes were spun at 500 g for 5 minutes to remove the cells. The 

supernatant was removed and placed in fresh tubes and then centrifuged at 2000 g for a further 5 

minutes to ensure effective removal of contaminating cells and/or cell debris. The supernatant was 

placed in fresh tubes and centrifuged for 20,000 g for 30 minutes. The pellet was stored at -20oC 

until required. 

 

2.3.4 Assessing cellular contamination of neutrophil isolation 
Morphological characterisation of isolated cells using Quik-Diff (Merck, UK) was carried out to 

analyse the purity of the neutrophil isolation. After suspending neutrophils in PBS+ Ca2++Mg2+ ( 

10 million per 1 mL), 10 μl of the suspension (100,000 neutrophils) was diluted in 1% BSA/PBS 

(1:10). The suspension was transferred onto a coated, charged microscope slide using a Cytospin 

centrifuge (300 g for 4 mins) and fixed using Quik-Diff fixative reagent 1 for 3 minutes. The cells 

were stained using Quik-Diff reagent 2 for 3 minutes and counterstained in Quik-Diff reagent 3 
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for 3 minutes.  The slides were rinsed in tap water to remove excess stain and left to dry overnight 

before viewing under a brightfield microscope x10 magnification. Ten random areas on the slide 

were imaged and quantitative analysis was performed using Image J software by counting the 

number of different type of cells in each image. 

Similarly, after second centrifugation of NMV to remove cells and cellular debris (for detailed 

description see section 2.3.3), 20 µl of supernatant was added to 80 µl of 1% BSA/PBS and 

transferred to a microscope slide using the method mentioned above. After drying the slides were 

analysed under a brightfield microscope for assessing cellular contamination. 

2.3.5 Zetaview potential (Nanoparticle tracking analysis) 

To assess the sizes of NMVs, Zetaview PMX110 Nanoparticle Tracker Analyzer (Particle Metrix, 

Germany) was used. This method utilises both Brownian motion to calcite particle size and micro-

electrophoresis to calculate zeta potential. NMVs were suspended in milliQ water (diluted 1:50 

and 1:200). Videos were recorded and images were taken, and the cycle was repeated 3 times to 

determine diameter and the range. The frame rate was set to 3.75 frames/second and shutter speed 

of 70. Measurements were taken at 11 positions in the cell. This allowed to determine distribution 

of particle size in the sample. The cell chamber was rinsed between samples to ensure it is cleaned 

and no residue can interfere with the results. Data was analysed using Particle Metrix software 

(ZetaView 8.03.08.03) and Microsoft 367 Excel 2010 (Microsoft Corp., USA) 

2.3.6 Activation assay for isolated neutrophils 

To assess the activation status of the neutrophils throughout the isolation process, an activation 

assay was performed. Neutrophils express various glycoproteins that are differentially expressed 

during their life span. Changes in expression of these surface receptors can be used to assess the 

activation status of neutrophils (Fortunati et al., 2009). Upregulation of CD11b, CD18, CD66b and 

down-regulation of CD62L are markers regularly used to study the activation status of neutrophils 

(Mann and Chung, 2006). In this study, PE-CD18, FITC- CD66b and CD62L (for details see Table 

2. 2) were used. Approximately 1ml of whole blood was removed from the 50 ml tube at the start 

of the isolation procedure (see section 2.3.2)., and 100 µl of whole blood was placed in sterile 5 

mL  centrifugation tubes with the appropriate concentration of antibodies (See Table 2.1) and 

incubated on ice for 30 minutes. 2 ml of 1% BSA/PBS solution was added and the tubes 

centrifuged at 300 g at 4oC for 6 minutes. To lyse the red blood cells, 2 ml of red blood cell lysis 

buffer was added and the tubes were incubated at RT for 10 minutes. 6 ml PBS was added and 
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centrifuged at 500 g, 5 mins. The pellet was resuspended in 0.5 ml PBS. Incubation with antibody 

was repeated before stimulation of neutrophils with fMLP and after 1 hr incubation with fMLP 

(see section 2.3.3) to demonstrate that neutrophils are stimulated by fMLP. 

 

 

Table 2. 2 Panel of antibodies and concentration used to characterise neutrophil activation. 

Panel of 

Antibodies 

Antibody 

Supplier 

Cat 

Number 

Isotype Clone Concentration 

PE-anti-human 

CD18 

ThermoFisher 

Scientific 

11-0189-42 Mouse IgG1 6.7 1 µg/mL 

FITC-anti-

human CD66b 

Biolegend 305103 Mouse IgM G10F5 0.5 µg/mL 

PE-anti-human 

CD62L 

BD Bioscience 555544 Mouse IgG1 DREG-56 1 µg/mL 
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2.3.7 Trypan blue exclusion and propidium iodide staining of neutrophils  

Trypan blue is a cell impermeable stain, enabling the differentiation between live and dead cells. 

Live cells exclude the dye, as the dye itself is charged and cannot enter a cell. However, when the 

cell membrane is compromised the stain is readily taken up, thereby allowing the differentiation 

between live and dead cells. After stimulation of neutrophils with fMLP for 1h, cells were 

resuspended to 1×107 neutrophils/mL. 10 µl of the sample was added to 90 µl of PBS in a 1.2 ml 

Eppendorf and 50 µl of this sample was resuspended with 50 µl of 0.4% trypan blue solution and 

number of trypan blue+ cells counted using a haemocytometer.  

An alternative method to assess live/dead cells is using propidium iodide (PI) staining followed by 

analysis using a flow cytometer. PI is a DNA intercalating dye, and can bind to fragmented DNA, 

which is one characteristic of an apoptotic cell (Riccardi and Nicoletti, 2006). After stimulation 

with fMLP for 1h, neutrophils were pelleted and resuspended in 1×107 neutrophils/mL. A million 

neutrophils were resuspended in 100 µl PBS with 1µl PI (1 mg/mL) for 5 minutes in the dark and 

the viability of neutrophils were analysed using flow cytometry.  

2.3.8 Fluorescent Labelling of neutrophil-derived microvesicles 

Cell tracker kits with membrane intercalating dyes were used according to manufacturer’s 

instructions (Sigma- Aldrich, USA) to fluorescently label NMVs. Pelleted NMVs were 

resuspended in 100 µL Diluent C. Ensuring the lights of the laminal hood were turned off, 100 µL 

of Diluent C was mixed with 1.5 µL of PKH67 or PKH26 in a fresh tube. This mixture was quickly 

added to vesicles and incubated for 3 minutes at RT. 1% w/v bovine serum albumin was added to 

stop the reaction. The tubes were centrifuged at 25,000 g for 30 minutes at 4°C. The supernatant 

was discarded, and the pellet protected from direct light by wrapping it in aluminium foil and 

stored at -20oC until required. 

 

2.3.9 Quantification of Neutrophil-derived microvesicles by flow cytometry 

Flow cytometric analyses were performed with the BD LSRII flow cytometer (BD Biosciences, 

UK) using settings calibrated with Megamix beads (BioCytex, France), adapted from Robert et 

al., (2009). To gate out background noise, fluorescently labelled beads of different sizes (3 µm, 

0.9 µm and 0.5 µm) were used. Initially, Forward Scatter Area (FSC-A) versus forward Scatter 
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Width (FSC-W) were used to eliminate the background of the machine and discriminating doublet 

population. 

The first gate was set up to analyse the fluorescence threshold to avoid the machine noise and/or 

debris and to identify all the bead subsets. (Figure 2. 1 A). Fluorescence threshold was switched 

to forward scatter (FS) and the voltage was adjusted such that the ratio between 0.5 um and 0.9 

um beads were 50%:50%. The MV gate was defined using 0.9 µm beads as the upper limit for 

both forward scatter and side scatter (Figure 2. 1 B). Counting bead population and MVs were 

gated using FS-Area v SS-A (Figure 2. 1 C).  Finally, the % of labelled versus non-labelled MVs 

were discriminated using the blue laser (Figure 2. 1 D).  

To count the number of NMVs, the pellet was resuspended in 0.5 mL PBS. In a new tube, 270 µL 

fresh PBS, 20 µL of resuspended sample and 10 µL of Sphero AccuCount Blank Particles (2.0 

µm; Saxon Europe, England) were added. The bead population was gated, and the experiment set 

up to count 1000 beads. The number of NMVs were calculated using the equation below: 

No. of MV/ul =  𝑁𝑁𝑁𝑁.𝑁𝑁𝑓𝑓 𝑀𝑀𝑀𝑀 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒
𝑁𝑁𝑁𝑁.𝑁𝑁𝑓𝑓 𝑎𝑎𝑁𝑁𝑐𝑐𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒𝑐𝑐 𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒 (1000)

       ×      𝑇𝑇𝑁𝑁𝑎𝑎𝑎𝑎𝑇𝑇 𝑁𝑁𝑁𝑁.𝑁𝑁𝑓𝑓 𝐶𝐶𝑁𝑁𝑐𝑐𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒𝑐𝑐 𝑏𝑏𝑎𝑎𝑎𝑎𝑑𝑑𝑒𝑒 𝑐𝑐𝑒𝑒 𝑎𝑎ℎ𝑎𝑎 𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 𝑒𝑒𝑎𝑎𝑓𝑓𝑠𝑠𝑇𝑇𝑎𝑎
𝐹𝐹𝑐𝑐𝑒𝑒𝑎𝑎𝑇𝑇 𝑒𝑒𝑁𝑁𝑇𝑇𝑐𝑐𝑓𝑓𝑎𝑎 𝑐𝑐𝑒𝑒𝑎𝑎𝑑𝑑 𝑓𝑓𝑁𝑁𝑓𝑓 𝑎𝑎𝑒𝑒𝑎𝑎𝑇𝑇𝑎𝑎𝑒𝑒𝑐𝑐𝑒𝑒
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Figure 2. 1 Representative diagram of Megamix bead setup to count NMV using flow 

cytometry. Megamix beads contains three different bead population, 500 nm , 900 nm and 3 µm. 

(A) Fluorescently labelled bead populations were identified on the flow cytometer using side 

scatter area. Populations were labelled as A (500 nm), B (900 nm) and C (3 µm). (B) MV gate was 

identified using 900 nm beads, with the events below the 900 nm region representing MVs which 

range between 100- 1000 nm in diameter. (C) For counting MVs, Sphero AccuCount Blank 

Particles of 2 µm size were gated and 1000 events in this gate counted. (D) When MVs were 

fluorescently labelled, there was a shift in fluorescence, enabling the positive and negative 

populations to be identified using the gating strategy. 
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2.3.10 hCMEC/D3 cell culture 

The hCMEC/D3 cell line was obtained from Cedarlane, Canada and cultured in EBM-2  medium 

supplemented with 2.5% FBS, vascular endothelial growth factor (VEGF), insulin-like growth 

factor-1 (IGF-1) human epidermal growth factor (hEGF), human basic fibroblast growth factor 

(hFGF), hydrocortisone and ascorbic acid (medium and single supplements -all EGM-2 MV 

bulletkit, Lonza, Switzerland). All the growth factors (VEGF, IGF-1, hEGF and hFGF) were 

pooled together and aliquoted into 10 tubes, with each containing 87.5 µl. This was added to 50 

ml of aliquoted media as growth factors degrade in the medium. The cells were grown on flasks 

or plates coated with Collagen- type I from rat tail (150 µg/ml; Sigma, UK). All experiments were 

performed between passages 26 -35. 

 

2.3.10.1 Sub-culture and Maintenance of hCMEC/D3  

When cells reached 80—90% confluency, they were split into new flasks. The media was aspirated 

and the cells were rinsed with 10 mL of PBS at RT. The cells were incubated at 37oC with 4 mL 

of 1× trypsin-EDTA solution (Sigma-Aldrich, USA) for 5 minutes. The flask was examined under 

the microscope and when ~90% cells were rounded up, the bottom of the flask was tapped gently 

to detach the cells. The trypsin was neutralised with 6 mL of media. The cells were transferred into 

a 50 mL centrifuge tube., and the flasks rinsed thoroughly with 10 mL of PBS which was then 

transferred into the same tube. The tube was centrifuged at 650 g for 6 minutes at RT. The 

supernatant was aspirated and the pellet re-suspended in an appropriate amount of medium 

ensuring a uniform suspension. 10 µL of resuspended cells were added to a sterile Eppendorf tube 

containing 90 µL of media, for cell counting. The cell number was determined using a 

haemocytometer and was calculated using the following formula: 

No of cells/mL = Average count from each of the sets of 16 corner squares × 10 (dilution factor) 

× 10,000      

The flasks were split in a 1:3 ratio. The cultures were maintained in an incubator at 37oC in 5% 

CO2 and half media feed was performed every 2 days. 
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2.3.11 Image Analysis by Confocal Microscopy 

hCMEC/D3 (40,000 cells/well) were grown on 13-mm coverslips coated with collagen-I (Sigma-

Aldrich, USA) in acetic acid solution (0.05 mg/ml) and were grown to confluence ( 3-4 days). The 

cells were incubated with PKH-26 labelled microvesicles for 2h. After the incubation, the cells 

were fixed with 4% paraformaldehyde (PFA) for 13 minutes and permeabilised using 0.1% Triton-

X for 3 minutes.  Non-specific binding was blocked by 1% BSA/PBS solution for 30 minutes 

before staining. The coverslips were incubated with FITC-phalloidin (1:500) for 40 minutes at RT 

and washed twice with PBS. The nuclei were counterstained using TO-PRO-3 iodide (1:500) for 

15 mins at RT. The cover-slips were then washed, patted dry and mounted using Prolong gold 

mounting media onto a slide before visualisation using a confocal microscope, Inverted Zeiss LSM 

510 NLO microscope (Zeiss, Germany).   

For co-localisation experiments, hCMEC/D3 were grown as described above and were incubated 

with PKH-67 labelled microvesicles for 2h. After the incubation, the cells were fixed with 4% 

paraformaldehyde (PFA) for 15 minutes and permeabilised using 0.1% Triton-X for 3 minutes.  

Non-specific binding was blocked by 3% BSA/PBS solution for 30 minutes before staining. The 

coverslips were incubated with EEA-1 antibody (SC-365652; 5µg/ml; SantaCruz Biotechnology) 

overnight at 4°C. Following 3 washes with PBS to remove unbound antibody, the coverslips were 

incubated in alexaflour 565 (1:500) for 1h. The coverslips underwent 3 washes with PBS and 

nuclei were counterstained with Hoescht nuclear dye (1 µg/mL; Sigma).  All ICC runs included 

appropriate controls to confirm the specificity of the staining pattern observed, namely omission 

of the primary antibody and an isotype control. Localisation of NMV was visualised using a Zeiss 

LSM 880 with airyscan confocal microscope and images were obtained using Zeiss Leica 

software. 

2.3.12 Analysis of Internalisation of NMVs by hCMEC/D3  

To determine if NMVs are internalised by hCMEC/D3, flow cytometric analysis was used. 

hCMED/D3 were incubated with PKH-67 positive NMVs at various concentrations- 30 NMV/µl, 

300 NMV/µl and 3000 NMV/µl for 2h.  The cells were detached using trypsin and pelleted at 650g 

for 6 mins. The pellet was resuspended in 500 µl PBS and kept on ice. Just before the sample was 

run on the flow cytometer, 100 μl of 0.4% trypan blue (Sigma-Aldrich, USA) was added. Trypan 

blue quenches fluorescence emitted by green fluorochromes, however all internalised NMVs will 

not be exposed to the dye and remain green, thereby allowing precise quantitative analysis of NMV 
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internalisation. This method ensures that any NMVs that adhere to the outside of the cells are not 

quantified and only the cells that have internalised NMVs will produce a signal and is routinely 

used to distinguish between internalised and non-internalised particles (Fattorossi et al., 1989). 

The analysis including gating and sorting were set up using BD FACSDiva software and BD LSRII 

flow cytometer (BD Bioscience, UK). 

2.3.12.1 Internalisation of NMVs by hCMEC/D3  

To perform this experiment, 300 NMV/µl was chosen as the concentration for all the experiments 

henceforth. The cells were treated and collected as described in section 2.3.10.1. The data was 

analysed using FlowJo software (FlowJo Vx 0.7).  

2.3.13 Identification of pathways associated with the internalisation of NMV by 

hCMEC/D3  

To understand if NMV internalisation is energy dependent rather than passive, hCMEC/D3 were 

co-incubated with NMV (300 NMV/µl) at 4°C for 2h. Furthermore, to determine if the 

internalisation is through receptor-mediated internalisation, and if this is a calcium dependent 

process, hCMEC/D3 were incubated with EDTA (Ethane-1,2-diyldinitrilotetraacetic acid), a 

common calcium chelating agent. To decipher the major pathway of internalisation of NMV by 

hCMEC/D3, various pharmacological inhibitors were utilised. hCMEC/D3 were cultured in 24 

well plate and grown to confluence. The cells were pre-treated with the following inhibitors 

Monodansylcadaverine (150 µM), Genistein (100 µM), 5-(N-Ethyl-N-isopropyl)amiloride (50  

µM), Dynasore (1 µM), Wortmannin (1 µM), Cytochalasin D (10 µM) (for further details see 

Table 2. 3) 
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Table 2. 3 Inhibitors used to decipher the pathway of internalisation of NMV by 
hCMEC/D3. 

Inhibitor Pathway Inhibited Condition 

Monodansylcadaverine (MDC) Clathrin dependent 

endocytosis  

1 hr pre- incubation and kept in 

the medium with NMV 

5-(N-Ethyl-N-isopropyl) amiloride   

(EIPA) 

Macropinocytosis 

(Na+/H+) exchanger 

0.5 hr pre-incubation with serum 

starvation; kept in the medium 

with serum along with NMV 

Genistein Caveolae dependent 

endocytosis 

1 hr pre incubation 

Wortmannin PI3- Kinase 

pathway 

1 hr pre- incubation 

Cytochalasin D Actin elongation 

and polymerisation 

0.5 hr pre-incubation and kept in 

the medium with NMV 

Dynasore Dynamin 1 hr pre-incubation 

EDTA General calcium 

uptake 

2 hrs in the medium with NMV 

Proteinase K General surface 

interaction 

0.5 hr pre-incubation 

Incubation at 4oC Energy-dependent 

internalisation 

pathways 

N/A 
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2.3.12.1 Dose-dependent cell viability of pathway inhibitors 

Pharmacological inhibitors used are toxic in higher concentrations to the endothelial cells. To 

determine the safe dose for hCMEC/D3, the cells were treated with various increasing doses for 3 

hours. Since the inhibitors were dissolved in DMSO, equal %DMSO (ranging from 0.1% - 1%) 

was added to the DMSO control as DMSO is toxic to cells. Cell death was analysed using trypan 

blue method as described in section 2.3.6 after 3 hours. 

2.3.13.1 Inhibition of microvesicle internalisation in hCMEC/D3  

Each inhibitor dose was selected after analysing cell viability. The dose at which 95% of cells were 

viable was selected for the inhibition experiments. Since EDTA causes cells to detach and round 

up, the dose at which the cell shape was not changed was selected. For further details on the 

conditions and the concentrations under which hCMEC/D3 were treated see Table 2. 3. 

2.3.14 Role of Inflammation in internalisation of NMVs 

2.3.14.1 Role of pro-inflammatory stimuli on the internalisation of NMV 

To understand if inflammation plays a role in the internalisation of NMV, hCMEC/D3 were 

incubated with pro-inflammatory stimuli including TNF-α or LPS. hCMEC/D3 were pre-

incubated with TNF-α (10 ng/ml) or LPS (1 µg/ml) for 16h before adding NMVs for 2h.  

2.3.14.2 Time-dependent expression of ICAM-1 by hCMEC/D3 after pro-inflammatory stimuli 

Adhesion molecules such as ICAM-1 and VCAM-1 are upregulated by brain endothelial cells 

following pro-inflammatory activation. To understand the role of adhesion molecules, specifically 

role of ICAM-1 in the internalisation of NMVs, the optimal expression of ICAM-1 was needed. 

To induce the expression of ICAM-1, hCMEC/D3 were grown to confluence in 24 well plates and 

incubated with LPS for 4,6 and 24 h. Since ICAM-1 has surface fractions that are trypsin sensitive, 

0.4% trypsin was used to detach the cell. Cells were collected into 1.5 mL Eppendorf tubes and 

centrifuged at 650 g for 6 mins at 4°C. The pellet was resuspended in PBS and incubated with 

ICAM-1 antibody. ICAM-1 expression was analysed using BD LSRII flow cytometer and data 

analysed on FlowJo software. 

2.3.14.3 Role of ICAM-1 in internalisation of NMVs 

To determine the role of ICAM-1 in the internalisation of NMVs, hCMEC/D3 (40,000 cells/well) 

were plated in a 24 well plate and grown to confluence.  The cells were pre-incubated with LPS 

(1µg/ml) for 6 h followed by incubation with anti-ICAM-1 (1 µg/ml; 84H10; ThermoFisher) for 
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1h. The cells were washed with PBS and NMVs (300 NMV/µl) were added for 2 h. Internalisation 

was measured using flow cytometry, as described in section 2.3.10. 

2.3.15 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism analysis software. Each experiment was 

replicated using a minimum of three independent donors (n=3) to perform statistical analysis. Data 

is provided in text, tables and figures are presented as mean values and standard deviation (±SD) 

unless otherwise stated. Data was analysed using the applicable analyse of variance (ANOVA) or 

t-test. For multiple comparison, paired t-test, and one-way ANOVA with Dunnett’s multiple 

comparison test was performed. P value <0.05 were statistically significant.  
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2.4 Results 
2.4.1 Successful Isolation of neutrophils and microvesicles using density gradient 

centrifugation 

The purity of the isolation of neutrophils using density gradient separation was assessed using 

cytospin to check for any contamination from monocytes after the lysis step. It was also performed 

for NMV samples after the two spins to pellet neutrophils to ensure there was no cell 

contamination. A Qwik-Diff staining protocol was used to distinguish various cell types. 

Neutrophils were identified by their distinct multilobular nuclei (Figure 2. 2 A). In the cytospin 

NMV samples, there were no cells present when imaged under the microscope (Figure 2. 2 B). 

Ten images of the slides were taken, and the mean percentage purity was calculated, demonstrating 

that the neutrophil purity ranged from 95% - 97% (Figure 2. 2 C).  
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Figure 2. 2 Cytospin sample analysis. (A)  Representative image of cytospin sample before 

activation of neutrophils. Cells were quantified using ImageJ software. (B) Representative image 

of cytospin of NMVs after centrifugation to remove pelleted neutrophils, showing no 

contamination with cells. (C) Total number of cells in 10 images taken at random at x10 

magnification of each isolation was quantified and presented as mean ± SEM. 1,2 and 3 represent 

three independent neutrophil preparations from three independent donors. 
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2.4.1.1 Activation status of neutrophils throughout the isolation process 

To assess the activation status of neutrophils throughout the isolation process fluorescently 

labelled activation markers, namely CD18 and CD62L were used. CD62L or L-selectin is shed by 

neutrophils when activated, while CD18 is an adhesion molecule which aids neutrophils to adhere 

to the endothelium. Throughout the neutrophil isolation process, the activation status of 

neutrophils gradually increased as demonstrated by the shift in fluorescence of CD62L and CD18 

(Figure 2. 3). CD62L levels were higher at the start of the isolation process and decreased 

following activation with fMLP due to L-selectin shedding from the surface, while in contrast the 

levels of CD18 increased due to increased expression levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 
 

 

 

 

Figure 2. 3 Activation status of neutrophils during the isolation process. (A) CD62L staining 

of neutrophils throughout the isolation process. The shedding of L-selectin is evident by the 

fluorescent shifts. (B) CD18 staining of neutrophils throughout the isolation process. CD18 

expression is increased when neutrophils are activated. Representative diagram of three 

independent neutrophil isolations. 
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2.4.1.2 Stimulation of neutrophils by fMLP 

Since neutrophils can undergo oxidative burst when activated and give rise to an increase in cell 

death, the toxicity of fMLP and cell viability was tested using two methods: trypan blue exclusion 

and flow cytometry. To produce NMVs, neutrophils need to be relatively non-active before 

stimulation, forcing the potent production of NMVs. After stimulation with fMLP, 95.72% of 

neutrophils were alive when measured using trypan blue exclusion method (Figure 2. 4A). 96.48% 

of non-stimulated neutrophils (PBS control) were alive after one hour. The percentage of live cells 

after 1h of fMLP stimulation was statistically greater than that of dead cells (p <0.0001), indicating 

that neutrophil stimulation with fMLP for 1h does not induce significant cell death. Neutrophil 

viability after stimulation was also performed using PI staining and the fluorescence was measured 

using flow cytometry(Figure 2. 4B). PI staining confirmed the results that viability of neutrophils 

was above 90%. 
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Figure 2. 4 Assessment of viability of neutrophils after fMLP stimulation. Viability of 

neutrophils were analysed using two methods; trypan blue exclusion and propidium iodide (PI 

staining). (A) After stimulation with fMLP for 1h, neutrophils were resuspended in 0.4% trypan 

blue and the dead/live cells were counted using a haemocytometer. Data represented as Mean ± 

SD (n=5) and were analysed for statistical significance using two-way ANOVA with multiple 

comparisons (**** p< 0.0001; n.s.- not significant). (B) Neutrophils were resuspended in PI dye 

and incubated for 15 minutes in the dark and fluorescence was measured using flow cytometry. 

Representative image of PI gating demonstrating that only 7% of cells took up dye, indicating 

apoptotic neutrophils.  
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2.4.1.3 Change in number of NMVs produced after stimulation of neutrophils using fMLP 
 

Isolated neutrophils were either stimulated with fMLP or PBS as a control for 1h at 37°C. PBS 

acted as a negative control and although it alone cannot activate neutrophils, the isolation process 

itself can induce low level of activation of the cells. There were large variations in the number of 

isolated NMVs (for PBS stimulated 7.5 ± 2.9 x109 NMVs; for fMLP stimulated – 1.2 x1010 ± 2.9 

x109 NMVs), likely reflecting the differences in the number of neutrophils isolated from various 

donors. NMVs released from neutrophils stimulated with fMLP were significantly higher than 

non-stimulated neutrophils (P=0.02), confirming that fMLP is a potent stimulus for the production 

of NMVs(Figure 2. 5).  
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Figure 2. 5  NMV production of PBS stimulated v fMLP stimulated neutrophils. Neutrophils 

were stimulated either using fMLP or PBS as a control for 1h at 37°C. NMVs were quantified 

using flow cytometry and total number of NMVs were calculated. NMVs from same donors are 

colour matched. Data are presented as mean ± SD (n =5) and were statistically analysed for 

significance using a paired t-test (* p =0.0203). The colours represent the same donor.  
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2.4.1.4 Zeta view potential of isolated NMVs 

To characterise the NMVs, Zetaview nanoparticle tracking was used and it revealed that NMV 

were heterogenous with a mean size of 226 nm. (Figure 2. 6), in agreement with the previous 

finding in our lab (Gomez et al., 2020). Results demonstrated 96% of the NMVs fell within the 

defined range of 100 – 1000 nm, demonstrating a relative pure population of NMVs. Most of the 

peaks were between 100 – 300 nm, suggesting that NMVs in our prep mostly range between 100 

– 300 nm. This experiment was repeated twice. Furthermore, this result also confirmed that 

parameters set on flow cytometer agreed with the ranges of NMVs present.  
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Figure 2. 6 Zetaview potential of NMVs. (A) A histogram demonstrating the range of the sizes 

distribution of NMVs and the highest number of particle peaks between 100- 300 nm. (B) Snapshot 

of Brownian motion by which Zetaview counts each particle. 
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2.4.1.5 Surface marker expression of NMVs 

To characterise the NMV population, expression of surface markers was analysed using flow 

cytometry. CD66b is a marker expressed by neutrophils and can be incorporated into NMVs during 

biogenesis. CD66b expression was analysed using flow cytometer and 57.2 ± 18.87% of NMVs 

were labelled with CD66b (Figure 2. 7A). During biogenesis of NMVs, phosphatidylserine, a 

plasma membrane protein found in the inner leaflet of the cell is flipped and are present on MVs. 

NMVs demonstrated Annexin V positivity demonstrating presence of phosphatidylserine.  
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Figure 2. 7 Characterisation of surface markers of NMVs. NMVs were incubated with 

fluorescently tagged CD66b or Annexin V. Fluorescence was measured by flow cytometry and 

analysed using FlowJo software. (A) Representative histogram of CD66b expression compared to 

isotype control. (B) Representative histogram demonstrating a shift in fluorescence when 

incubated with Annexin V. Data represent n=3 independent experiments.  
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2.4.2 Contamination with platelet MVs and monocyte MVs 

After pelleting NMVs at 20,000g, the pellets were tested for contamination from MVs produced 

bymonocytes and platelets using fluorescently labelled markers and analysed using flow 

cytometry. CD14, is a marker expressed by monocytes and CD41 was used as a marker for platelet 

contamination. Figure 2. 8A demonstrates that there was no detectable contamination by 

monocyte MV.  There was some contamination with platelets (8.16 ± 0.86 %) (Figure 2. 8B) but 

when NMV were double-labelled with CD66b, a neutrophil marker, 8.17 ± 0.89 % MV double- 

labelled for CD66b and CD41. This was expected as platelets can be very sticky, and some would 

adhere to NMVs and will pellet at the speed used (Table 2. 4). 
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Table 2. 4 Analysis of Surface marker expression of NMVs.  

 

 

 

  

 

 

 

 

 

 

 

Figure 2. 8 Analysis of contamination by non-neutrophil derived MVs. NMVs were incubated 

with monocyte markers (CD14) and platelet (CD41) to analyse contamination from other cell 

types. Fluorescence was measured using flow cytometer. Representative histogram of three 

independent experiments demonstrating the shift in fluorescence (A) NMV with CD14 (B) CD41 

expression (n=3).  

 

 

% CD66b +ve NMVs % CD41 +ve NMVs % double positive 

78.2 8.45 7.70 

72.9 7.23 7.68 

81.3 8.90 9.23 
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2.4.2 NMVs interact with hCMEC/D3 cells 

Confocal imaging revealed that NMVs were internalised by hCMEC/D3 cells after 2 hrs, as shown 

in Figure 2. 9. Furthermore, Z-stack imaging confirmed the NMVs were located inside the cell 

and were not solely adhering to the cell surface.  
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Figure 2. 9 Confocal imaging of interaction of NMVs with hCMEC/D3 cells. hCMEC/D3 cells 

were incubated with PKH-26 labelled NMVs (300 NMV/µl) for 2h. The coverslips were fixed and 

stained for FITC-phallodin for actin (green) and counterstained using TOPRO-3-iodide (blue). The 

white arrow indicates NMV (red). The images were obtained using Nikon confocal microscope 

(x60 oil immersion) and z-stack was analysed using Image J software. Scale bar represents 10 µm. 
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2.4.3 NMVs are trafficked into early endosomes after internalisation 

Some, but not all, NMVs co-localised with the early endosomal marker EEA-1, demonstrating that 

NMVs are trafficked into early endosomes (Figure 2. 10). Interestingly, most of the NMVs were 

found near to the endosomes and closer to the nucleus. An IgG control was used to show there was 

no non-specific binding of EEA-1 antibody (Figure 2. 10). 
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Figure 2. 10 Representative image of EEA-1 staining to visualise co-localisation of NMVs in 
endosomes. hCMEC/D3 cells were treated with PKH-67 labelled NMVs and were incubated for 
2h. Control was hCMEC/D3 cells without NMVs. The images were obtained using Zeiss KSM 880 
with airyscan confocal and images were obtained using Zeiss Leica software. White arrows 
indicated co-localisation of PKH-26 labelled NMVs (green) with the early endosome marker EEA-
1 (red). This is a representative diagram of n=3 independent experiments. Scale bar represents 10 
µm.  
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2.4.4 hCMEC/D3 internalise PKH-labelled NMVs 

Flow cytometry was used to quantitate the number of PKH-labelled NMVs internalised by 

hCMEC/D3. To exclude any NMVs that were free floating and/or adhered to the outside of the 

cells, trypan blue quenching was performed were trypan blue was added to the cells before 

reading it on the flow cytomter. The parameters were adjusted to set the baseline fluorescence 

intensity before each experiment. Flow cytometric analysis demonstrated that 48.36±11.37% 

of cells were PKH-67 positive (n=5 independent experiments) (Figure 2. 11).   
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Figure 2. 11 Flow cytometric analysis of internalisation of NMVs by hCMEC/D3. (A) 

Flow cytometer parameters were adjusted for autofluorescence and a gate set-up for positive 

fluorescence using hCMEC/D3 cells. (B) hCMEC/D3 were incubated with PKH67 labelled 

NMVs for 2h and the percentage of cells in the positive gate determined. (C) Representative 

histogram indicating an increase in PKH67 positive cells in the NMV treated group. Mean 

Fluorescence Intensities (D)  and (E) % PKH-67 positive cells of hCMEC/D3 alone (control) 

or in the presence of NMVs (NMV) are presented as mean ± SD and statistical significance 

analysed using a paired t-test(*p<0.05 ; **** p< 0.0001; n=5)  
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2.4.5 Investigation of various pathways of NMV internalisation 

2.4.5.1 The internalisation of NMVs by hCMEC/D3 is energy-dependent 

To investigate the effect of number of NMVs internalised by hCMEC/D3, cells were incubated 

with increasing numbers of NMVs. Figure 2. 12 (A & B) demonstrates that even with a high 

number of NMVs (3,000 NMVs/µl), the internalisation of NMVs by hCMEC/D3 did not 

plateau. However, for the further experiments, 300 NMV/µl were selected as this closely 

resembles the physiological number of NMVs present in the plasma of patients with systemic 

inflammation which is in the range of 250-400 NMV/µl (Guervilly et al., 2011; Sellam et al., 

2009).  

To investigate if the NMV internalisation is calcium dependent, hCMEC/D3 were incubated 

with EDTA, a calcium chelating agent. Internalisation of NMVs was significantly reduced by 

51.51±7.219% (p =0.003) after 2 hours when incubated with EDTA (Figure 2. 12C). 

To investigate the effect of temperature on internalisation, the cells were incubated at 4°C and 

at 37°C after the addition of NMVs. The internalisation of NMVs by hCMEC/D3 was 

significantly reduced at 4° C by 94.65±0.81% (p =0.0001), demonstrating this is an energy-

dependent process (Figure 2. 12D). 
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Figure 2. 12 Number, energy and calcium dependent internalisation of NMVs by 

hCMEC/D3. (A) Quantification as MFI (AU) on effect of PKH-labelled NMVs at various 

concentrations. (B) Data represented as % PKH-positive cells. (C) To understand the role of 

calcium, EDTA was added along with NMV for 2h and MFI was graphed. (D) hCMEC/D3 

were incubated at 4°C to study the effect of temperature on internalisation and data represent 

MFI of cells.  Data represented as Mean ± SD and statistical analysis was performed using 

either one-way ANOVA with Dunnett’s post test for multiple comparisons (A and B)  or a 

paired t-test (C and D). *p<0.05, **p<0.01,***p<0.001, ns – no significance. The results 

represent 3-5 experiments.  
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2.4.5.2 Optimisation of dose-response of various inhibitors on cell viability of hCMEC/D3  

To investigate the toxicity of various inhibitors, a dose-dependent toxicity assay was 

performed. Since internalisation is not passive and is an energy dependent process, various 

pathways of internalisation were explored. The receptor mediated pathways included clathrin-

mediated endocytosis, caveolae-dependent endocytosis and micropinocytosis. Furthermore, 

the role of actin, dynamin and role of PI3kinase was also explored. To elucidate this, chemical 

inhibitors were used. Ethyl-isopropyl amiloride or EIPA is an inhibitor or Na+/H+ exchanger 

thereby inhibiting micropinocytosis in the cells. Cytochalasin D inhibits actin polymerisation, 

thus inhibiting general uptake pathways that involve actin rearrangement. 

Monodansylcadaverine or MDC can selectively inhibit the clathrin-mediated pathway. 

Dynasore is a dynamin inhibitor, a protein that is involved in formation of pits during 

endocytosis. Wortmannin is an inhibitor of phosphatidylinositol 3-kinase, which is involved in 

various endocytosis pathways. 

 hCMEC/D3 were incubated with each inhibitor at various doses and the number of live/dead 

cells were assessed using trypan blue (Figure 2. 13). 95% cell viability was selected for the 

subsequent inhibition experiments. The final doses selected are presented in Table 2. 5. 
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Figure 2. 13 Viability of hCMEC/D3 after pathway-specific pharmacological inhibitors 

of internalisation. hCMEC/D3 were cultured in a 24 well plate and grown to confluence and 

were incubated with increasing concentration of pharmacological inhibitors of internalisation 

% DMSO (v/v) 
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for 1h or 3h at 37°C. Cell viability was determined using trypan exclusion method. Viability 

of hCMEC/D3 treated with (A) EIPA (B) EDTA (C) Monodansylcadaverine (D) genistein (E) 

wortmannin (F) Dynasore (G) cytochalasin D and (H) (0.5%) DMSO control. Data represented 

as mean ± SD (n=3). Cell viability of 95% and above were considered to be tolerated by 

hCMEC/D3 and were chosen for the inhibition experiments. 

 

 

 

 

 

Table 2. 5 Final concentrations of all the inhibitors used   

Inhibitor Final Concentration (µM) 

EIPA 50  

Cytochalasin D 1 

Monodansylcadaverine (MDC) 150 

Dynasore 1 

Genistein 100 

Wortmannin 1 

EDTA  0.1  
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2.4.5.3 Inhibition of NMV internalisation 

hCMEC/D3 pre-treated with proteinase K, a broad specificity protease, reduced internalisation 

by 88.51±3.619% (Figure 2. 14), suggesting protein–protein interaction is needed for 

internalisation of NMVs. To determine other possible cellular mechanisms responsible for 

NMV internalisation, cells were treated with various pharmacological inhibitors including: 

dynasore to inhibit the function of dynamin; cytochalasin D to inhibit actin elongation and the 

formation of microfilaments; EIPA to block the activity of NA+/H+ exchangers required for 

macropinocytosis; MDC to inhibit clathirin-mediated endocytosis; and genistein to inhibit 

caveole-mediated endocytosis. The largest reduction in internalisation was seen with Dynasore 

(59.79±5.01%; p =0.0001), followed by cytochalasin D (59.05±13.35%; p =0.0001) and EIPA 

(49.47±9.908%; p =0.0001)). MDC significantly reduced internalisation by 39.55±17.51% (p-

0.0004), while genistein and wortmannin had a moderate effect (25.83±14.08%; p =0.0374 and 

25.95±16.61%; p =0.0229, respectively). Varying levels of internalisation inhibition resulting 

from targeting these differing pathways suggests that NMV uptake occurs via multiple 

pathways.   
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 Figure 2. 14 Inhibition of internalisation of NMVs by pharmacological inhibitors. 

Pharmacological inhibitors were used to inhibit various pathways to elucidate the mechanism 

of NMV internalisation. hCMEC/D3 were treated with various inhibitors -genistein, 

wortmannin, MDC, EIPA, cytochalasin D, Dynasore and proteinase K and PKH-67 labelled 

NMV were added for 2h. Data represent 3-5 independent experiments and are presented as the 

percentage of NMV uptake compared to the control with no inhibitors present. Data 

represented as mean ±  SD, statistical significance was calculated using one-way ANOVA with 

Dunnett’s multiple comparison test, *p<0.05, ***p<0.001, ****p<0.0001.  
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2.4.6 Inflammation does not alter rate of internalisation of NMV 

2.4.6.1 Optimisation of dose response of ICAM-1 expression 

Expression of ICAM-1 by hCMEC/D3 is increased when they are activated by an inflammatory 

stimulus. hCMEC/D3 were incubated with pro-inflammatory LPS for 4,6 and 24 h and the 

expression of ICAM-1 was measured using flow cytometry. There was an increase in ICAM-

1 expression in hCMEC/D3 after each time point, which is summarised in figure 2.15. The 

expression of ICAM-1 was significantly increased at 6h (132.3 ± 2.53 %; p-0.0149) and 24h 

(190.4 ± 11.21%; p-0.0001) when compared to the control. There was slight increase (112.2 ± 

2.533%, p-0.4032) in expression of ICAM-1 in cells treated for 4h, compared to the control but 

was not statistically significant.  
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Figure 2. 15 Optimisation of ICAM-1 expression by hCMEC/D3 after LPS treatment. 

hCMEC/D3 were incubated with LPS (1 µg/ml) for 4,6 and 24 h. ICAM-1 expression of the 

cells was analysed using flow cytometry and was significantly increased after 6h (p-0.0149) 

and 24h (p- 0.0001) stimulation with LPS. There was no statistically significant (p- 0.4032) 

increase in ICAM-1 expression in the cells. MFI was measured and data was normalised to 

control that did not receive any treatment. Data are presented as mean ± SD (n=3). Statistical 

significance was analysed using one-way ANOVA with Tukey’s multiple comparison test, 

compared to control *p<0.05, ***p<0.001, ns – no significance. 
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2.4.6.2 Internalisation of NMVs by hCMEC/D3 is not ICAM-1 dependent and is not affected by the 
presence of inflammatory stimuli.  

To study the role of pro-inflammatory stimuli on the ICAM-1-mediated internalisation of 

NMVs by hCMEC/D3, cells were pre-incubated with LPS to increase expression of ICAM-1 

which was then blocked using anti-ICAM-1 antibody before incubating with NMVs. An 

isotype control was also used to test the specificity of the result. The data shown in Figure 2. 

16 demonstrates that there was a slight increase (118.9 ± 30.22 %) in internalisation of NMV 

in response to treatment with LPS, but this did not reach significance (p =0.5979). Similarly, 

after blocking ICAM-1 there was no significant change in the internalisation of NMVs (120.8 

± 23.19%; p =0.6029). Furthermore, pre-incubation with TNF-α, lowered the % of NMV 

internalisation slightly, but had no significant impact on NMV internalisation (85.85 ± 14.15%; 

p =0.8277).   
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Figure 2. 16 Role of inflammatory stimuli and ICAM-1 in the uptake of NMV. hCMEC/D3 

were incubated with LPS for 6h and was incubated with ICAM-1 blocking antibody for 1h, 

followed by incubation with NMVs for 2h. Additionally, cells were also incubated with TNF- 

α and incubated with NMVs. MFI was measured using flow cytometer. LPS increased NMV 

uptake but was not statistically significant. Anti-ICAM-1 did not reduced uptake of PKH-67 

labelled NMVs into the cell. Notably, TNF-α reduced NMV uptake slightly but was not 

statistically significant. Data represented in the graph are normalised to % of control i.e. cells 

with just NMVs. Data represent mean ± SD (n=3) and statistical significance was measured 

using one-way ANOVA with Tukey’s multiple comparison test.  
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2.5 Discussion 

Neutrophils are key players of the immune response and, in individuals with dementia, they 

are speculated to contribute to cognitive decline. However, neutrophils are not a prominent 

feature of dementia neuropathology and they are rarely detected within the brain parenchyma. 

To understand how peripheral neutrophils can interact with and impact the BBB, the role of 

NMVs were investigated.  We describe a robust protocol for the successful isolation of NMVs 

from peripheral neutrophils and a detailed characterisation of the interaction between NMVs 

and human cerebral microvascular endothelial cells. To our knowledge, this is the first study 

reporting the interaction between NMVs and hCMEC/D3 and the mechanisms involved in the 

internalisation of NMVs.  

2.5.1 Successful isolation of neutrophils and NMVs from human peripheral blood 

Neutrophils are the first responders to the site of an infection or inflammation and are the most 

abundant white blood cell in the body. However, they are also short lived (typically surviving 

less than 24 hours in the circulation) and are highly susceptible to activation (Athens et al., 

1961; Galli et al., 2011). In the current study, neutrophils were isolated from venous blood 

using density gradient separation. Both the number of neutrophils and NMVs varied 

considerably from donor to donor, which may reflect differences in age, lifestyle, ethnicity, 

and genetic variation. Therefore, each set of experiments was repeated with at least three 

different donors. 

To study the effects of NMVs, it is crucial to obtain a relatively pure population of neutrophils 

so that the samples obtained are not contaminated by MVs from other cell types. Analysis of 

cytospin preparations revealed a relatively pure population of neutrophils with no significant 

contamination from other cell types such as monocytes and red blood cells, this is important as 

monocytes also have the ability to produce microvesicles (Holvoet et al., 2016; Sarkar et al., 

2009). The contamination with eosinophils was unavoidable as these granulocytes have a 

similar size and density to neutrophils, however, using density gradient separation with 

Histopaque generally achieved >95% of neutrophil purity.   

Density gradient separation of neutrophils requires multiple centrifugation steps and has an 

overall time in excess of 3h, and to isolate NMV requires another 1-2h. As neutrophils are 

highly sensitive to shear stress and chemical exposure, this technique may alter their activation 

status and gene expression profile (Freitas et al., 2008).  Alternative techniques such as beads 
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antibody-labelling followed by positive/negative selection dramatically reduces the time and 

can produce a higher yield of neutrophils. However, this technique is very costly and is not a 

viable option for large quantities of neutrophil preparations (Hasenberg et al., 2011; 

Lakschevitz et al., 2015). Another drawback of this alternative technique is that positive 

selection requires binding to a surface marker, such as CD66b, which may change the 

phenotype and impact the functional capacity of neutrophils (Zhou et al., 2012).  Alternatively, 

negative selection requires an extensive range of antibodies directed against other cell 

phenotype markers which increases the cost and is time consuming. Comparison of the gene 

expression profile of neutrophils isolated using either density gradient isolation or negative 

selection identified only 25 genes that were significantly differentially expressed between two 

methods of neutrophil isolation (Thomas et al., 2015). Therefore, the density-gradient isolation 

technique used in the current study is an appropriate method to isolate a relatively pure 

population of neutrophils which have low levels of activation.  

Neutrophils express a range of surface markers such as CD18, CD66b and CD62L, and changes 

in expression of these markers are indicative of their activation status. CD18 expression is 

upregulated in neutrophils when activated by fMLP, while CD62L is constitutively expressed 

by leukocytes and after activation it is enzymatically cleaved (Gómez-Gaviro et al., 2000; 

Videm and Strand, 2004).  In the current study, neutrophils were minimally activated during 

the isolation process but showed significant activation when incubated with fMLP, as 

demonstrated by the increased expression of CD18 and the shedding of CD62L. This agrees 

with other studies reporting activation of neutrophils with fMLP (Dalli et al., 2013; Gasser and 

Schifferli, 2004; Slater et al., 2017).  

Under normal conditions, most cells produce MVs that are involved in cell-to-cell 

communication (Raposo and Stoorvogel, 2013). However, when activated, neutrophils produce 

significantly higher levels of NMVs compared to resting neutrophils. The current study used 

fMLP to activate neutrophils, however there are alternative methods of stimulating neutrophils 

to produce microvesicles, including other bacterial by-products, such as latrunculin B, phorbol-

12-myristate-13-acetate (PMA), L-NAME and recombinant inflammatory stimuli such as 

TNF-α and IFNγ (Headland et al., 2015; Nolan et al., 2008; Slater et al., 2017). Although the 

current study supports the majority of the current literature, it conflicts with the contradictory 

findings that fMLP, PMA, TNF-α and LPS stimulated neutrophils do not influence NMV 

number (Timár et al., 2013). Interestingly, that study also used the shortest incubation time of 

20 minutes, which likely influenced NMV numbers. Another interesting fact is that the contents 
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of NMV and their mode of action vary depending on the stimuli.  For example, NMVs released 

from neutrophils stimulated with bacteria or bacterial by-products have the ability to restrict 

bacterial growth (Timár et al., 2013), demonstrating that NMVs can have an inflammatory 

effect. However, NMVs from Rheumatoid arthritis patients prevent activation of macrophages 

thereby exerting an anti-inflammatory effect (Rhys et al., 2018).Dalli et al., (2013) also report 

that the NMV proteome is distinct depending on the mode of stimulation, suggesting that the 

mode of neutrophil activation produces functionally distinct NMV contents. However, 

characterising the content of the NMVs used in the current study is beyond the scope of this 

project. 

ZetaView potential of NMVs demonstrated that they are within the range of 100-1000 nm in 

diameter, agreeing with other reports (Gomez et al., 2020). To confirm that the MVs originated 

from neutrophils, expression of the neutrophil marker CD66b was investigated. It should be 

noted that not all NMVs express CD66b, which may reflect the membrane budding off site 

(Figure 1.3), and that labelling efficiency varied from donor to donor. Investigation of 

expression of other cell phenotype markers by the isolated MVs identified negligible 

contamination with the monocyte marker CD14 and < 10% expression of the platelet marker 

CD41. However, when dual-labelled with CD66b, most CD41+ MVs were also positive for 

CD66b. Platelets tend to be extremely sticky, they may adhere either directly to NMV or to the 

outside of neutrophils were NMV biogenesis is occurring. Complete removal of platelet MVs 

from the sample is quite difficult to achieve, but overall density-gradient separation is the best 

technique to obtain a relatively pure population of neutrophils that can be stimulated to produce 

NMVs. 

2.5.2 NMV internalisation by hCMEC/D3  

Uptake of MVs originating from other cell types such as monocytes, platelets and cancer cells 

has been widely reported (Dalli et al., 2013; Faille et al., 2012; Kawamoto et al., 2012; Li et 

al., 2013; Pitanga et al., 2014), but to our knowledge, this is the first study to report the 

internalisation of NMVs by human brain microvascular endothelial cells. Confocal imaging of 

hCMEC/D3 demonstrated that NMVs interact with human brain endothelial cells, with Z-stack 

imaging demonstrating NMVs are present inside the cell. Flow cytometric analysis confirmed 

the internalisation of NMVs by hCMEC/D3 and demonstrated that ~50% of hCMEC/D3 

contained NMVs. Addition of trypan blue prior to reading the sample on flow cytometer 

ensured all the external fluorescence was quenched and only the signal from internalised NMVs 
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were quantitated. It should be noted that while flow cytometry is a standard approach to 

quantitate the number of cells that have internalised NMVs, it does not discriminate how many 

NMVs have been internalised by each cell. Moreover, while the PKH-labelling efficiency was 

checked using flow cytometry and samples were added only if the efficiency was 80% or 

higher, the actual the number of cells containing NMVs may be an underestimation as the flow 

cytometry approach cannot differentiate between labelled and non-labelled NMVs internalised 

by the cells. 

NMVs co-localised with the early endosomal marker EEA-1, suggesting that NMVs use 

endocytosis to enter hCMEC/D3 and are trafficked into early endosomes, supporting previous 

studies reporting other MVs and other endothelial cells. (Faille et al., 2012; Kawamoto et al., 

2012; Kuhn et al., 2014; Schneider et al., 2017). However, not all studies support that 

endocytosis is the predominant route used by MVs for internalisation, as MVs do not co-

localise with early or late endosomal markers in HUVECs  (Terrisse et al., 2010), suggesting 

that pathways processing MVs after their uptake might vary between different endothelial cells. 

It should be noted that in our samples not all NMVs co-localised with EEA-1, suggesting that 

not all NMVs are trafficked into endosomes. However, the timing of the cell fixation may have 

impacted on the location of NMVs. Some studies have reported that MV internalisation is 

rapid, suggesting that in the current study NMVs may already have moved to late endosomes 

or fused with lysosomes (Pitanga et al., 2014). Additional co-localisation studies with markers 

of late endosomes or lysosomes is required to investigate additional endosomal trafficking 

stages. Furthermore, to understand the precise mechanism, in-depth live cell imaging of NMV 

trafficking through the cell is needed. However, taken together with confocal imaging and flow 

cytometry, the current study clearly demonstrates that NMVs interact with and are internalised 

by hCMEC/D3.  

2.5.3 NMV internalisation is through multiple pathways 

It was surprising that although the internalisation of NMVs by hCMEC/D3 was dose-

dependent, it did not achieve full saturation, suggesting that hCMEC/D3 have the capacity to 

uptake large numbers of NMVs and process them quickly. There is very little known about 

actual number of NMV in the circulation during systemic inflammation or infection, so actual 

numbers of NMVs used in vitro and in vivo vary extensively in the literature (Dalli et al., 2008; 

Gomez et al., 2020; Pitanga et al., 2014; Rhys et al., 2018). However, a paper analysing various 

types of MVs in patients with systemic inflammation reported that NMVs range between 200-
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400 NMV/µl (Guervilly et al., 2011). Therefore, for all our experiments we used 300 NMV/µl 

as this is physiologically relevant.  

Many studies have reported that internalisation of MVs is a rapid process, with some suggesting 

it occurs within 15 minutes (Johnson et al., 2014).  In the current study, performing the 

experiments at 4°C dramatically reduced the internalisation of NMVs, demonstrating that this 

is not passive but an energy-requiring process. This finding supports other studies that have 

also reported the uptake of EVs are not passive, demonstrated by addition of EVs to cells fixed 

in paraformaldehyde (Fitzner et al., 2011). Endocytosis is required by all cells to internalise 

nutrients, regulate metabolism and transmit information within the cell or between cells. 

Generally, endocytosis is classified on the basis of size into two mechanisms – phagocytosis 

and pinocytosis. Phagocytosis is employed for engulfment of larger particles, usually > 1 µm 

such as bacteria and cellular debris. Although, this is the preferred uptake route for larger 

particles, it has been shown that particles <0.1 µm can also be internalised though this route 

(Rudt and Müller, 1993). Pinocytosis involves uptake of smaller sized particles, which can be 

further divided into macropinocytosis or through receptor mediated pathways.  

Internalisation of NMVs require some type of recognition/ docking to the cell surface.  Some 

studies have reported that treating either cells and/or MVs with general proteases significantly 

reduces internalisation (Baj-Krzyworzeka et al., 2002; Faille et al., 2012; Skliar et al., 2018). 

The current study confirmed that proteinase K treatment, a general protease, significantly 

reduces NMV internalisation, and indicates the importance of surface proteins in the 

recognition and internalisation of NMVs. Other studies have tried to decipher the first stages 

of recognition and docking, however more in-depth analysis of surface proteins are required to 

fully understand this mechanism. Another problem that is encountered by researchers is that 

surface proteins differ depending on the type of MVs and type of stimulation, making it very 

difficult to exactly pin point the receptors/proteins associated with docking and internalisation. 

Further in-depth studies are needed in this field to understand how the initial stages of NMV 

recognition and docking occurs in hCMEC/D3.  

Although the current study did not decipher the surface interaction between NMVs and 

hCMEC/D3, all the evidence points towards NMVs utilising endocytosis internalisation. Since 

there are several types of endocytosis, pharmacological inhibitors were employed that 

specifically target various pathways (see Figure 2. 17). The largest reduction in NMV 

internalisation was seen with the dynamin inhibitor, Dynasore. Dynamin belongs to the GTPase 
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superfamily, and is essential for clathrin-mediated endocytosis. After invagination, dynamin is 

recruited to the neck and forms helical structures causing membrane budding (Preta et al., 

2015). While Dynasore had the biggest effect on internalisation, the internalisation of NMVs 

may not be predominantly clathrin–mediated endocytosis, as Dynasore can also disrupt the 

cholesterol in the plasma membrane, causing changes to lipid raft-mediated MV internalisation 

(Preta et al., 2015). Therefore, future studies using pharmacological inhibitors targeting lipid 

raft mediated internalisation need to be investigated to further understand the mechanism of 

NMV internalisation.  
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Figure 2. 17 Summary of pathways of internalisation and inhibitors. Cells internalise 

particles either via phagocytosis or pinocytosis. Pinocytosis is further divided into clathrin 

mediated endocytosis, caveolae mediated endocytosis, macropinocytosis and clathrin-and 

caveolae-independent endocytosis. NMVs utilise all of these pathways in varying degrees to 

be internalised by hCMEC/D3 
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Interestingly, cytochalasin D also significantly inhibited internalisation, indicating a role of 

the actin cytoskeleton in this process. Actin polymerisation and cytoskeleton rearrangement is 

required for macropinocytosis to occur. Furthermore, as cytochalasin D impacts the 

actincytoskeleton, it can disrupt both macropinocytosis and clathrin-mediated endocytosis as 

both of these processes require extensive rearrangement of actin. The role of actin is diverse 

in cells and, as evident in the current study, has a crucial role in the internalisation of NMVs 

by human brain microvascular endothelial cells. 

Macropinocytosis is a process used by cells to uptake large amounts of fluids, is not specific 

and does not require any additional receptor binding (Swanson, 2008). Another inhibitor that 

significantly reduced internalisation of NMVs by hCMEC/D3 was EIPA, which is an inhibitor 

for macropinocytosis. EIPA is an analogue of amiloride, a guanidinium-containing pyrazine 

derivative, which has the ability to inhibit Na+/H+ exchangers (Orlowski and Grinstein, 2004). 

EIPA lowers submembranous pH, thereby preventing the activation of Rac1, a GTPase 

involved in actin polymerisation (Koivusalo et al., 2010).  

Macropinocytosis requires remodelling of the cytoskeleton, forming cups or protrusions that 

utilise the activity of phosphatidylinositol-3-kinase (PI3K) (Araki et al., 1996; Lindmo and 

Stenmark, 2006; Rupper et al., 2001). Activation of PI3K also involves increased Akt 

signalling, as Akt is a PI3 target kinase (Falcone et al., 2006). Akt is involved in stimulation of 

membrane ruffling and macropinosome formation during macropinocytosis (Mercer et al., 

2010). The fungal metabolite wortmannin inhibits PI3K thus inhibiting fluid phase uptake. 

There was a significant reduction in the internalisation of NMVs by hCMEC/D3 when treated 

with wortmannin.  

The variety of pathways employed in the internalisation may reflect the wide range of NMV 

sizes (100-1000 nm), with different sized NMVs being internalised by hCMEC/D3 using 

different mechanisms.  Future studies are required to track different sized NMVs trafficked 

into hCMEC/D3 and how the cargo is sorted. Furthermore, RNAi mediated knockdown of 

specific proteins involved in each pathway could be employed to target a single pathway and 

determine the role each specific pathway plays in the internalisation of NMVs by brain 

endothelial cells. 

2.5.4 Role of inflammation on internalisation of NMVs by brain endothelium 

Under normal physiological conditions, low levels of NMVs are present in the circulation 

(Dalli et al., 2013; Nieuwland et al., 2000; Timár et al., 2013), while under inflammatory 
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conditions, their levels are elevated (Nieuwland et al., 2000; Timár et al., 2013). To understand 

the role of inflammation on NMV internalisation by hCMEC/D3, the cells were pre-

conditioned with either LPS or TNF-α, both potent pro-inflammatory stimuli. TNF-α impacts 

the inflammatory profile of hCMEC/D3, while LPS increases permeability and induces 

activation (Jin et al., 2013; Qin et al., 2015). Interestingly neither inflammatory stimuli 

impacted the internalisation of NMVs by hCMEC/D3. 

After activation neutrophils adhere to endothelium via CD11a/CD18 complex (Li et al., 2018; 

Tonnesen, 1989; Yang et al., 2005). Previously it was reported that NMVs bind through 

CD11b/CD18 complex, which binds to endothelium via CD18 (Hong et al., 2012). ICAM-1 is 

a ligand for CD11a/CD18 complex, and neutrophils are known to utilise this ligand interaction 

to adhere to endothelium. Although studies have reported that there is an increased ICAM-1 

expression in cells after treatment with MVs (Hosseinkhani et al., 2018; Sáez et al., 2019), 

other studies using brain endothelial cells have reported that blocking ICAM-1 does not 

decrease internalisation (Faille et al., 2012). The disparity in the results might be due to the 

high selectivity of brain endothelial cells along with exclusion of blood-derived molecules. It 

should also be noted that a positive control for the antibody was not performed Another major 

reason might be due to the antibody used in the experiment, as the ICAM-1 mAb used in these 

experiments contained sodium azide, which can interfere with binding of the antibody to its 

site. In future, ideally, mAb without sodium azide should be used to make sure the result 

obtained is specific and if the interaction between NMVs and brain endothelial cells is ICAM-

1 dependent. Additionally, for future experiments, a wider literature search for a neutralising 

antibody along with a positive control will also aid in the execution of this experiment. 

However, it should be noted that activation itself may not be enough to drive the internalisation 

of NMVs by human brain endothelial cells. 
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2.6 Conclusions 

● This study is the first to demonstrate that NMVs are internalised by human brain 

microvascular endothelial cells in vitro, where some co-localise with early endosome 

markers, suggesting that NMVs are trafficked into endosomes.  

● hCMEC/D3 utilise multiple endocytosis pathways to internalise NMVs. Although there 

was no complete inhibition of internalisation using chemical inhibitors of specific 

pathways, the results suggest that NMVs utilise multiple pathways which may be 

dependent on their size. 

● Pro-inflammatory stimuli do not impact internalisation of NMVs by hCMEC/D3. 

Furthermore, blocking of adhesion molecules such as ICAM-1 does not alter the 

internalisation of NMVs.  
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Chapter 3: Transcriptomic analysis of the effect 

of NMV internalisation on hCMEC/D3  
 

3.1 Introduction 
The Human Genome Project, formally launched in 1990, identified and mapped around 30,000 

genes (Hood and Rowen, 2013). Identifying the functions of the genes and their changes in 

expression in various diseases has led to a huge drive in genome-based studies. Microarray 

analysis technology is a very powerful tool to characterise the transcriptomic profile at a certain 

time point. This microarray approach has enabled the identification of differences in the pattern 

of gene expression of cells or tissue and has enabled scientists to identify pathways that are 

disrupted in multiple diseases including cancer (Armstrong et al., 2002; Berchuck et al., 2009; 

Kumar et al., 2012) and cystic fibrosis (Galvin et al., 2004; Ramachandran et al., 2011). 

Microarray has enabled researchers to understand pathways that are disrupted in multiple 

neurodegenerative diseases such as AD (Brooks and Mias, 2019; Guttula et al., 2012), 

Huntington’s Disease (Mina et al., 2016) and MS (Steinman and Zamvil, 2003; Waller et al., 

2016).  

Primarily there are two types of platform that are used: cDNA microarrays and spotted 

oligonucleotide microarrays. In a standard cDNA microarray, PCR technology amplifies 

cDNA introducing a  fluorochrome, and the labelled product hybridises to specific probes 

(Duggan et al., 1999; Govindarajan et al., 2012). In contrast, an oligonucleotide microarray 

employs single-stranded probes designed using all known genomic sequence information 

currently deposited in relevant databases (Govindarajan et al., 2012; Murphy, 2002). There are 

various methods by which an array can be prepared including microspotting onto a glass slide, 

ink-jet printing using phosphonamidite chemistry and photolithography. One of the leading 

research tools to characterise the transcriptomic profiles are Affymetrix GeneChips. The 

Human Genome U133 Plus 2.0 Array (HG-U133 Plus 2.0 Array) is comprised of more than 

54,000 probe sets and 1,300,000 distinct oligonucleotide features. The probe sets are selected 

from various databanks such as GenBank, dbEST and RefSeq, enabling the expression of over 

38,000 genes to be assessed. Generally, RNA isolated from the cell-of-interest is converted to 

cDNA through reverse transcription and then transcribed back to cRNA and labelled with 

biotin. This labelled cRNA is fragmented (approximately 30-400 base pair fragments), 
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hybridised to the GeneChips and scanned. The fluorescence intensity of each probe is 

quantitated as the fluorescence intensity is directly proportional to the starting amount of RNA 

in the original sample. The high specificity and reproducibility of this method makes it an ideal 

platform for transcriptomic analysis.   

Microarray transcriptomic analysis has been used to characterise the RNA content of 

extracellular vesicles, such as MVs and exosomes. Garcia-Contreras et al., (2017) reported that 

patients with type 1 diabetes have a distinct miRNA profile compared to healthy controls. 

When the transcriptomic profile of cells co-cultured with cancer MVs was compared to the 

mRNA cargo of the MVs it was revealed that MVs have the ability to transfer oncogenic 

message(s) to healthy cells (Milani et al., 2017). This further demonstrates that MVs can act as 

messengers and are likely to be involved in disease progression. 

It is only recently that researchers have started exploring the potential role of extracellular 

vesicles in the pathogenesis of neurodegenerative diseases. The exosomal miRNA profile in 

the CSF of AD patients has been characterised, and shown to be distinct from Parkinson’s 

disease (Gui et al., 2015), suggesting that miRNA profiles may be a potential biomarker for 

differentiating between the diseases. Additionally, the altered expression of exosomal miRNA 

is not restricted to CSF, and has also been reported in the plasma of AD patients (Lugli et al., 

2015).   

Platelet MVs (PMVs) have also been studied extensively in neurological diseases. These PMVs 

can induce procoagulant activity and interact with fibrin (Herring et al., 2013), and are elevated 

in patients with transient ischemic attacks and small vessel disease (Geiser et al., 1998; Lee et 

al., 1993). They are internalised by brain endothelial cells (Faille et al., 2009), and have the 

ability to activate endothelial cells (Nomura et al., 2001). Endothelial MVs that are enriched 

for CD31 and CD61e are elevated in AD compared to age matched controls demonstrating that 

certain subsets of MVs are associated with cognitive decline in AD (Xue et al., 2012), and 

could be used as a diagnostic biomarker in the future. Together, these findings demonstrate the 

potential importance of the MV interaction with brain endothelial cells and how they can be 

utilised as potential biomarkers. 

To date, microarray studies have focused on the content of MVs and exosomes. The majority 

of these studies have been conducted in the cancer field, as it is already well known that cancer 

cells utilise MVs for cell-cell communication (Jørgensen et al., 2013; Larrain et al., 2014; 

Milani et al., 2017; Noerholm et al., 2012). mRNA associated with inflammation, cellular 
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communication and apoptosis are differentially expressed when compared to healthy controls 

and the miRNA and/or protein content of these EVs can cause disruption of the BBB 

(Tominaga et al., 2015). Furthermore, during chronic ischemia, endothelial cell-derived MVs 

disrupt the BBB and reduce the barrier integrity in vitro (Edrissi et al., 2016). All of this 

suggests that MVs can disrupt cellular communication and can induce variety of pathways in 

the target cells. 

Notably, the least studied of subtypes of MVs are NMVs. Proteomic analysis of NMVs was 

first performed by Dalli et al. (2010), demonstrating that the NMV content varies depending 

on the stimuli. This suggests that the role of NMV may vary at different stages of the disease, 

where the NMV content may be either be pro- or anti-inflammatory. Additionally, NMVs have 

the ability to modify the gene expression profile of endothelial cells (HUVECs) (Pitanga et al., 

2014). This is the only study to our knowledge that has investigated the gene expression 

changes in endothelial cells after treatment with NMVs. It is important to note at this point that 

brain endothelial cells have more specialised properties than peripheral endothelial cells. The 

movement of molecules across the BBB is highly regulated and the rate of diffusion is very 

low, reflecting that cerebrovascular endothelial cells are highly specialised to protect and 

maintain brain homeostasis. Further studies are required to elucidate the impact of NMVs on 

the transcriptomic profile of human brain endothelial cells. 
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3.2 Aims and Objectives 
As demonstrated in Chapter 2, NMVs interact with and are internalised by human brain 

endothelial cells. We hypothesise that NMVs impact the gene expression profile of the BBB, 

decreasing the integrity of human cerebrovascular endothelial cells.  Identifying key 

transcriptomic changes in brain endothelial cells in response to NMVs may identify novel 

therapeutic candidates to modify dysfunction of the BBB in response to systemic infection. 

The aim of this chapter was to perform a detailed characterisation of the transcriptomic profile 

of hCMEC/D3 cells in response to NMV internalisation and identify significantly affected 

pathways and functional groups.  

This chapter specifically aims to: 

• Characterise the transcriptomic profile of hCMEC/D3 cells in response to 

internalisation of NMVs. 

 

• Perform bioinformatic analysis of the datasets generated to identify significantly 

impacted functional groups and major pathways using a variety of available platforms.  

 

• Validate biologically relevant candidate pathways and functional groups impacted by 

the internalisation of NMVs. 
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3.3 Materials and Methods 

3.3.1 Transcriptomic analysis of NMV treated hCMEC/D3  

To investigate the significant changes in the transcriptomic profile of hCMEC/D3 after treating 

the cells with NMV (300 NMV/µl) for 24 hours, microarray analysis was performed.  

3.3.2 RNA Extraction 

hCMEC/D3 (40,000 cells/ well) were plated in 6-well plates and grown to form a confluent 

monolayer. The cells grown for further 24 hours in the media. The cells were treated with 300 

NMV/µl and harvested after 24 hours using 300 µl TRIzol Reagent per well (ThermoFisher 

Scientific, USA). All conditions were performed in duplicate, so the final volume of TRIzol 

was 600µl for both control and treated samples. RNA was extracted using the Direct-zol RNA 

MiniPrep kit (Zymo Research, USA), according to manufacturer’s instruction. Equal volumes 

of ethanol (100%) were added to the TRIzol reagent and mixed thoroughly. The mixture was 

transferred to a Zymo-Spin IICR column in a collection tube and centrifuged at 16,000 g for 

30 seconds. The column was transferred to a new collection tube and the flow-through was 

discarded. 400 µl of Direct-zol RNA PreWash was added to the column and centrifuged 

at16,000 g for 30 seconds, this step was repeated. To the column, 700 µl of RNA Wash buffer 

was added and centrifuged at 16,000 g for 2 minutes. The column was transferred into a RNase-

free tube and the RNA eluted in 25 µl of DNase/RNase-free water by centrifuging at 16,000g 

for 30 seconds. The concentration of the eluted RNA was determined using NanoDrop 

Spectophotometer (ThermoFisher Scientific) and the quality of RNA was assessed using 

Agilent RNA 6000 NanoChip (Agilent Technologies INC).  

3.3.3 RNA Amplification and Hybridisation 

RNA amplification was performed using 3’ IVT Pico Reagent kit. All samples were diluted 

(1:20) prior to amplification. Poly- A RNA controls were used as a positive control for the 

labelling process.  These poly-A controls are exogenous polyadenylated probe set for B. subtilis 

genes (lys, phe, thr and dap) which are absent from human samples. The pre-synthesized 

mixture of lys, phe, thr and dap are present at a final concentration of 1:100,000; 1:50,000; 

1:25,000; 1:7,500 respectively. To each sample, 2 µL diluted Poly-A controls were added to 

make up to a final volume of 5 µL. To amplify the RNA, first strand cDNA was synthesised, 
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by priming the total RNA with primers containing a T7 protomer sequence at the 5’ end.  A 3’ 

adaptor was added to the single stranded cDNA with the use of DNA polymerase and RNase 

H. The single stranded-cDNA acts as a template to synthesise and pre-amplify double stranded-

cDNA (ds- cDNA). This new ds-cDNA acts as a template to synthesise antisense RNA or 

complimentary RNA (cRNA) by a technique known as in vitro transcription (IVT). The 

resulting cRNA is purified and impurities such as enzymes, salts, inorganic phosphates and 

unincorporated nucleotides are removed. The yield was quantitated using a Nanodrop 

spectrophotometer and the quality assessed using the Agilent 6000 NanoChip. 

Using the antisense RNA or cRNA as a template, sense-strand cDNA was synthesised by 

reverse transcription. The complimentary antisense-strand was synthesised by DNA 

polymerisation using 2nd- cycle primers. Hydrolysis was performed on the resulting ds-cDNA 

to remove the cRNA template and then purified to remove any impurities such as salts and 

unincorported dNTPs. The yield was quantitated using a Nanodrop spectrophotometer and 

quality assessed using the Agilent 6000 Nanochip. 

The purified ds-cDNA was fragmented using two specific enzymes: uracil- DNA glycosylase 

and apurinic/apyrimidic endonuclease1 (APE1). These two enzymes cleave dUTP residues 

thus breaking the DNA strands.  The fragmented cDNA was then labelled by terminal 

deoxynucleotidyl transferase (TdT) using the Affymetric proprietary DNA labelling reagent 

which is covalently linked to biotin. 

For this gene expression study, Genechip Human Genome U133 Plus 2.0 Arrays were used, 

which contain 1,300,000 unique oligonucleotides analysing approximately 39,000 human 

genes. GeneBank, dbEST and RefSeq were used as reference for the design of the probe sets. 

Sequence clusters for the Genechip were created from Build 159 of UniGene and were refined 

by analysis and comparison with other publicly available databases including NCBI human 

genome assembly. The Genechip Human Genome U133 Plus 2.0 array also contain internal 

housekeeping genes, which have consistent levels of expression in various tissues thereby 

enabling normalisation of the data.  

Before hybridisation, 20X hybridisation controls containing bioB, bioC, bioD and cre 

(Affymetrix) were preheated to 65°C for 5 minutes in a thermal cycler. BioB, bioC and bioD 

are genes present in the biotin synthesis pathway of E.Coli while cre is a recombinase gene 

from P1 bacteriophage. A hybridisation master mix was prepared using hybridisation controls 

which were added at various concentrations along with a synthetic biotinylated control 
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oligonucleotide B2 (oligo B2) (to see the final concentration see Table 3. 1. This hybridisation 

mastermix was added to the biotin-labelled ds-cDNA (160 µL mastermix; 60 µL ds-cDNA) 

prepared earlier, gently vortexed and incubated for 5 min at 99°C. The tubes were centrifuged 

briefly and 200 µL of the mix was added to the cartridge and incubated for 16hr at 45°C at a 

rotation of 60 rpm. The arrays were removed from the oven and each array was washed with 

Wash Buffer A and placed in the Affymetrix GeneChip Command Console Fluidics Control 

(ThermoFisher Scientific, USA). Arrays were stained according to Fluidics Protocol 

FS450_0001.  

 

Table 3. 1 Hybridisation controls and the final concentration used for the microarray 

 

 

 

 

 

 

 

 

 

3.3.4 Microarray quality analysis 
Microarray data was analysed using Affymetrix Expression Console 1.4.1.46 and normalised 

using Robust Multiarray Averaging (RMA), which is a normalisation method that corrects for 

background levels and summarises the information. 

3.3.5 Internal Control Genes 

Two internal controls, β-actin and GAPDH, were used as internal controls to assess assay 

quality. Signals from 3’probe set for each control gene were compared to the corresponding 5’ 

signal values.  

Hybridisation 

Controls 

Final Concentrations 

bioB 1.5 pM 

bioC 5 pM 

bioD 25 pM 

cre 100 pM 

Oligo B2 3 nM 
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3.3.6 Microarray data analysis 
The normalised data was analysed using the Qlucore Omics Software (Qlucore, Lund, 

Sweden). Genes were considered significantly differentially expressed if they had a minimum 

fold change ≥ 1.2 and p ≤ 0.05.  Online software - DAVID (database for annotation, 

visualisation and integrated discovery) Tool version 6.7 (Huang et al., 2009) and IMPaLa ( 

Integrated Molecular Pathway Level Analysis)  (Kamburov et al., 2011) was used to perform 

functional grouping and pathway analysis. 

 

3.3.8 Functional Validation    

3.3.8.1 Evaluation of Changes in permeability using TEER 

Transendothelial electrical resistance (TEER) is a widely used quantitative technique to 

evaluate the integrity of cell monolayer and tight junctions in endothelial and epithelial barriers 

(Benson et al., 2013; Srinivasan et al., 2015). TEER was used to study the integrity of the 

monolayer after the treatment with NMVs over a period of 6 hours. To measure the TEER, the 

inserts were set up as shown in Table 3. 1. Firstly, the transwells were coated with Collagen- 

type I from rat tail (150 µg/ml; Sigma, UK) for 1 hour at 37°C and was washed once with PBS. 

The transwells were returned to 37°C and media was added till the cells were ready to be 

seeded.The cells were seeded on the transwell membrane in the apical (upper) chamber and 

media only in the basolateral (lower) chamber. To measure the electrical resistance, one 

electrode (shorter arm) was placed in the apical chamber and the longer arm placed in the 

basolateral chamber (Table 3. 1).  To calculate the TEER for the cells, it was essential to include 

a blank resistance i.e. the resistance of the transwell membrane without any cells. This 

technique is based on Ohm’s law where the current is directly proportional to the voltage across 

2 points (Benson et al., 2013).  
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Figure 3. 1 Representative image of transwell setup. The electrodes are used to measure 

the resistance between the apical chamber with monolayer cells and basolateral chamber. 
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3.3.8.2 Optimisation of TEER readings  

To optimise conditions of growth of hCMEC/D3 on transwells, cells were grown for 5 days 

and TEER measurement was taken daily. Briefly, transwell inserts (24-well PET membrane, 

0.4 µm pore size, diameter (Starstedt, Germany)) were coated with Collagen- type I from rat 

tail (150 µg/ml; Sigma, UK)  for one hr at 37oC. The excess Collagen-I was aspirated and 

washed once with PBS. 500 µL of media was added to the bottom chamber and 200 µL to the 

top chamber and was incubated for one hr at 37oC. The cells were seeded at a density of 30,000 

cells/well (see Figure 3. 1).  Three readings were taken per well every day and TEER was 

monitored for 7 days. 

Furthermore, to optimise the cell density needed for TEER readings, inserts were seeded with 

different concentrations of cells. Cells were seeded (10,000, 20,000, 30,000 and 40,000 

cells/well) on inserts, allowed to form a monolayer and TEER was monitored over 7 days. 

 

3.3.8.3 Changes in TEER after NMV treatment 

Cells were seeded as descried in 2.3.12.1. An empty well with collagen-I coating was used as 

a blank control for this experiment. LPS (1 µg/ml; Sigma: L6893) was used as a positive 

control. An average of 3 TEER readings per well were taken every hour for 6 h and at 24 h (see 

Figure 3. 2 for experimental setup). The TEER was calculated using the following equation: 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑜𝑜𝑜𝑜 𝑤𝑤𝐴𝐴𝑤𝑤𝑤𝑤 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑏𝑏𝑤𝑤𝐴𝐴𝑏𝑏𝑏𝑏 ) ∗ 𝑆𝑆𝑆𝑆𝐴𝐴𝑜𝑜𝐴𝐴𝑆𝑆𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝐴𝐴 𝑡𝑡𝐴𝐴𝐴𝐴𝑏𝑏𝑡𝑡𝑤𝑤𝐴𝐴𝑤𝑤𝑤𝑤 
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Figure 3. 2 Workflow of TEER measurement. A monolayer of hCMEC/D3 were grown to 
confluency on transwells and the TEER was monitored. Once they reached confluence, NMVs (or 
LPS as a positive control) were added to the apical side and TEER was monitored every hour for 6 
hours. 
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3.3.9 Changes in permeability to tracer molecules across a confluent monolayer 

3.3.9.1 Optimisation of FITC-Dextran  

To measure changes in the flux of macromolecules of various sizes across a confluent 

monolayer of hCMEC/D3, tracer molecules of various sizes were used (FITC-Dextran, 10 kDa 

and 70 kDa (Sigma-Aldrich; USA)). Briefly, 30,000 cells were seeded on transwells (Merck- 

Millipore, Germany) and were grown for confluency for 4 days as described in 2.3.12.1. Cells 

were treated with either NMVs (200 NMV/ µL or LPS (1µg/mL). FITC-Dextran (1mg/ml) was 

added to the apical side at the start of the experiment (t=0). 100 µl of media was removed from 

the lower chamber after 0, 0.5, 1, 1.5, 2, 3, 4, 5 and 6h, and replaced by an equal volume of 

fresh medium. Fluorescence was measured using a plate-reader at excitation 485 nm and 

emission 535nm.  

3.3.9.2 Change in flux of tracer molecules across a monolayer 

After establishing the optimal time, % flux across a confluent hCMEC/D3 monolayer in 

response to NMV was assessed. The experiment was set up in a similar way as described in 

2.3.13.1. After treating the cells with either NMV or LPS and FITC-Dextran, hCMEC/D3 were 

incubated at 37 °C for 6 hours. 100 µl of media was removed from the lower chamber and 

fluorescence measured using a plate reader. 

3.3.10 Statistical Analysis 
Statistical analysis was performed using GraphPad Prism analysis software. Each experiment 

was replicated using a minimum of three independent donors (n=3) to perform statistical 

analysis. Data is provided in text, tables and figures are presented as mean values and standard 

deviation (±SD) unless otherwise stated. Data was analysed using the applicable analyse of 

variance (ANOVA) or t-test. For multiple comparison, paired t-test, and one-way ANOVA 

with Dunnett’s multiple comparison test was performed. P value <0.05 were statistically 

significant. 
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3.4 Results 
3.4.1 RNA Integrity of control and treated cells 

RNA was collected from 5 untreated and 5 NMV treated (5 different donors) hCMEC/D3 and 

assessed for both the RNA quality and quantity. On average, 363.0 ± 92.31 ng/µl RNA was 

eluted in 50 µl nuclease free water (Table 3. 2). The RNA integrity was analysed using the 

Bioanalyzer 2100 and the electropherograms assessed for the presence of two distinct peaks at 

18S and 28S (ribosomal peaks), which are an indicator of RNA quality (Figure 3. 3). 
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Table 3. 2 RNA concentration of the samples used for microarray analysis. RNA 
concentration was measured using a Nanodrop spectrophotometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3. 3  Analysis of RNA integrity using the Agilent 2100 Bioanalyzer. A representative 

image of an electropherogram of RNA extracted from the cells. The distinct peaks at 18S and 

28S rRNA indicate an intact and high-quality RNA. FU: fluorescence unit, nt: nucleotides. 

 

Sample ID RNA Concentration (ng/µl) A260/280 Ratio 

1C 448.88 1.92 

1NMV 465.39 1.98 

2C 288.44 2.01 

2NMV 305.85 1.89 

3C 259.61 2.01 

3NMV 249.41 1.85 

4C 440.13 1.90 

4NMV 284.81 2.00 

5C 448.21 1.92 

5NMV 447.22 1.97 

Mean ± SD 363.795 ± 92.3079 1.945 ±0.056421 
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For first strand cDNA synthesis, 10 ng RNA was added to each reaction mixture. The 

concentration of cRNA was measured using NanoDrop spectrophotometer (Table 3. 3 indicates 

the concentration obtained per sample). For the second cycle ds-cDNA synthesis, 20 µg of 

cRNA was added to each sample. After purification of ds-cDNA, the concentration of the yield 

was measured using NanoDrop Spectrophotometer (see Table 3. 4 ). 
Table 3. 3 cRNA concentrations of the samples for microarray measured using 
NanoDrop Spectrophotometer 
 

 

 

 

 

 

 

 

 

 

 

To fragment and label ds-cDNA, 6.6 µg of ds-cDNA was used to make the final concentration 

of 143.5 ng/µl. Purified ds-cDNA was fragmented using uracil-DNA glycosylase (UDG) and 

apurinic/apyrimidinic endonuclease 1 or APE 1. The success of the fragmentation step was 

assessed using the Agilent 2100 Bioanalyzer. The fragmented cDNA was labelled by TdT, 

which is linked to a biotin label. Samples were hybridised to the Affymetrix human arrays and 

analysed as detailed in section 3.3.3. 

 

 

 

 

Sample ID cRNA concentration (ng/µl) 260/280 ratio 

1C 3629.60 1.74 

1NMV 2780.89 2.06 

2C 451.93 2.10 

2NMV 860.03 2.16 

3C 512.60 2.13 

3NMV 1158.13 2.16 

4C 347.36 2.12 

4NMV 1302.91 2.16 

5C 2492.99 2.13 

5NMV 1558.55 2.13 



97 
 

 

 

Table 3. 4 ds-cDNA concentrations of the samples for microarray measured using 
NanoDrop Spectrophotometer  

 

 

 

 

 

 

 

 

 

 

 

3.4.2 Internal quality control (QC) of microarray samples 

Quality control analysis was performed using Affymetrix Expression Console software and all 

samples were assessed for amplification, hybridisation, housekeeping gene expression and 

signal intensity. Overall, there were no outliers and clustering analysis demonstrated that 

samples clustered to two distinct groups (Section 3.4.3.1 Figure 3. 11).  

 

3.4.2.1Amplification Controls  

Exogenous RNA controls were added to the samples to act as an independent control for cDNA 

synthesis and monitor the labelling process. These poly-A controls included probe sets for 

subtilis genes (lys, phe, thr and dap) and were added at various concentrations (1:100,000, 

1:50,000, 1:25,000 and 1:6.667, respectively). They share no known homology to human 

genes.  All the samples demonstrated a similar labelling efficiency (Figure 3. 4). However, 

Sample ID ds-cDNA concentration (ng/µl) 260/280 ratio 

1C 564.67 1.94 

1NMV 538.35 1.94 

2C 339.78 1.94 

2NMV 502.04 1.91 

3C 444.05 1.92 

3NMV 563.28 1.94 

4C 308.80 1.94 

4NMV 512.02 1.93 

5C 568.81 2.03 

5NMV 459.47 1.95 
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sample 2C showed higher signal for all the genes in increasing intensity. Similarly, samples 

4C and 3C also displayed similar labelling efficiency. Overall poly-A controls were deemed 

‘present’ in increasing signal intensities in respect to their known concentrations.                               
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Figure 3. 4 Signal Intensity plots of amplification controls. Signal intensity of Poly-A RNA 

controls-dap, thr, phe and lys were plotted for all 10 samples. All the samples were deemed 

‘present’ with increasing signal values in the order lys, phe, thr and dap. 
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3.4.2.2 Hybridisation controls 

After amplification of cRNA, another set of exogenous RNA controls were added to the 

samples. These controls originated from E. coli bacteria (bioB, bioC, bioD) and P1 

bacteriophage (cre). BioB, bioC and bioD are genes from the biotin synthesis pathway while 

cre is a recombinase gene. These bacterial spikes acted as hybridisation controls i.e. to 

normalise the consistency of hybridisation between all the samples present. All samples 

displayed a similar pattern of hybridisation, with the lowest intensity for bioB and the highest 

for cre (see Figure 3. 5). This was expected as all the controls were added at various 

concentrations (1.5 pM, 5 pM, 25 pM and 100 pM respectively). It is predicted that a detectable 

signal for bioB should be present at least 50% of the time, with other hybridisation controls 

present with increasing signals in respect to their initial concentrations. Sample 4C had the 

highest signal but since it also follows the trend, the sample was deemed good. In summary, 

hybridisation controls were ‘present’ with increasing intensities with respect to their known 

concentrations.  
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Figure 3. 5 Hybridisation control for control v NMV treated cells. Average signal intensity 

values of bioB, bioC, bioD and cre were plotted. BioB, bioC, bioD and cre are always ‘Present’ 

with increasing signal values, which is reflective of the relative concentrations of amplification 

controls. 
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3.4.2.3 Housekeeping controls 

Expression of genes for GAPDH and β-actin were used to assess each RNA sample. The signal 

intensities of 3’ probe sets were compared to 5’ signal for both GAPDH and β-actin, as shown 

in Figure 3.5. Generally, this value should not exceed 3 for the 1-cycle assay, but the 2-cycle 

assay can give rise to higher values due to the additional amplification steps. The signal ratios 

were between 0.52 and 0.77 for GAPDH but β- actin ratios were quite high (2.49 - 4.2) (Figure 

3. 6). GAPDH and β-actin ratio values for control and NMV treated array samples were similar 

and ratio values for β-actin exceeded 3, as expected as it is a 2-cycle assay. This is not unusual 

and may reflect a specific transcript related or image artefact. All controls were viewed 

collectively to assess sample/assay quality and deemed appropriate.  
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Figure 3. 6  3’-5’ probe signal ration for the housekeeping genes.  GAPDH and β-actin 

arrays. GAPDH and β-actin were used as internal controls to assess both the amplification and 

labelling process. The ratio between the 3’ probe to 5’ probe ratio is comparable  between array 

samples. 
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3.4.2.4 Percentage Present 

Percentage present (%P) is the number of probe sets called “Present” relative to the total 

number of probe sets. This was analysed using Affymetrix MAS5 algorithm.  Although various 

things can affect %P value, replicates should have similar % P. Microarray samples reported 

similar % P values (48.9 – 58.6) across all the samples (Figure 3. 7)  
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Figure 3. 7 Percentage present in control v NMV treated samples. %P is a value that 

indicates % of probes that are ‘present’ in the array. All 10 arrays displayed similar %P profile 

and were between the range 48.9 – 58.6.  
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3.4.2.5 Signal Intensity comparison 

A histogram of signal intensities for each replicate allows visual comparison between the 

GeneChip arrays. The signals from the each of the ten arrays were compared in Figure 3. 8. 

While there was considerable variability in signal intensities across the probe sets, the signal 

intensity of probes profile was comparable across the samples.  

 

 

               

Figure 3. 8 Signal histogram of control v NMV treated arrays. Signal histogram plots the 

signal intensities of the probes of all the 10 arrays. Intensity of the profile should have 

comparable intensity across all the arrays. [C denotes control samples, MV denotes NMV 

treated samples;  X axis – Log of signal; Y axis -frequency] 
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The expression of a probe-set can be compared to the median expression of this probe-set 

across all arrays, to determine the Relative log expression (RLE). The box plot (Figure 3. 9) 

indicates the RLE across all the arrays.  RLE allows visualisation for unwanted variation in the 

overall data. In an ideal situation, the mean signal value will have box plots centred on zero, 

with similar size. RLE values for this microarray displays similar spread across all the samples. 

 

 

 

Figure 3. 9 Relative log Expression (RLE) plot for control v NMV treated arrays. RLE 

values of all 10 arrays demonstrated similar plots. 
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3.4.3 Correlation of arrays 

Pearson’s correlation was performed as shown in Figure 3. 10. The minimal coefficient value 

is a good indicator of homogeneity of the dataset. For this experiment, the lowest coefficient 

was 0.964, which suggests that the arrays are comparable between each other.  

 

 

Figure 3. 10 Pearson’s Correlation of control v NMV treated cells. Pearson’s coefficient 

(r) measures the strength of the association between two variables. R values ranged between 1 

and 0.964 for this set of arrays. 
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3.4.4 Microarray analysis 

3.4.4.1 Clustering Analysis 

Qlucore Omics software was used to analyse the changes in the transcriptome of hCMEC/D3 

cells in response to NMVs. All the samples were normalised according to RMA method. Genes 

were considered significantly differentially expressed if they showed a minimum fold change 

≥ 1.2 and p ≤ 0.05. There were 932 genes that were significantly, differentially expressed, of 

which 363 were upregulated and 569 were down regulated by hCMEC/D3 cells in response to 

NMV internalisation. PCA was performed to identify the variance in the data sets.  The two 

groups in this study (with and without NMV) clustered as shown in Figure 3. 11A 

demonstrating there were no sample outliers. The heat map generated also displayed clear 

distinction of significantly differentially expressed genes between the two groups in this study 

(see Figure 3. 11B).  The complete list of significantly differentially expressed genes can be 

found in the GEO public database accession code GSE137111. 
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Figure 3. 11 Clustering analysis of control versus NMV treated hCMEC/D3 at 24 hours. 
(A) PCA plot demonstrates that control (blue) and NMV treated (yellow) separate into 2 
distinct groups. (B) Heat map of control versus NMV treated. There were 932 genes that 
were significantly differentially expressed (red- up-regulated genes and green- down-
regulated genes). 
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3.4.4.2 Functional group and pathway enrichment analysis 

The list of total significantly differentially expressed genes (combining upregulated and 

downregulated) was analysed using the DAVID, an online software to identify significant 

changes in pathways and functional groupings within the dataset. Kyoto encyclopaedia of 

genes and genomes or KEGG pathway analysis identified ubiquitin mediated proteolysis (p -

0.034), SNARE mediated vesicular transport (p- 0.0163) and p38 pathway (p-0.032) (Table 3. 

5). Functional grouping analysis with the highest stringency setting identified dysregulated 

genes that were associated with TJ proteins, vesicular transport and metal cluster binding (see 

Table 3. 6). A list of top 20 upregulated and downregulated genes can be found in Appendix 

IV. 
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Table 3. 5 KEGG pathway analysis of significantly differentially expressed genes using 
DAVID and IMPaLa 

  

Pathway  p-Value  

Ubiquitin-mediated proteolysis 0.034 

SNARE-mediated vesicular transport 0.0163 

P38 pathway/Regulation of SMAD 2/3 
signalling 

0.0191 

Coenzyme B biosynthesis 0.0209 

Gap Junction degradation 0.0324 

 

Table 3. 6 Functional grouping analysis of significantly differentially expressed genes  
Functional Group p-value Number of 

genes 

Tight junction proteins 0.0062 6 

Vesicle mediated transport 0.0074 19 

Protein transport 0.0019 18 

RNA localisation 0.0011 9 

Metal cluster binding 0.032 4 

FY-rich terminals  0.0043 3 
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The data was further interrogated, and the upregulated and downregulated genes analysed 

separately.  KEGG pathway analysis revealed that in the upregulated gene lists, the main 

pathways affected were SNARE interactions (Figure 3. 12) and ubiquitin mediated proteolysis 

(See Table 3. 7). When downregulated gene lists were analysed using DAVID KEGG pathway 

analysis, there was only one pathway that were significantly dysregulated – pathways in cancer 

(differentially expressed genes -13; p-0.034).  

Table 3. 7 KEGG pathway analysis of upregulated gene list using DAVID 
 

 
Upreg Pathway Name Differentially 

expressed genes 

P Value 

SNARE interactions in 

vesicular transport 

4 0.029 

Ubiquitin mediated 

proteolysis 

7 0.034 
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Figure 3. 12 KEGG pathway analysis using DAVID highlighted SNARE interactions in 
the vesicular transport. The red star indicates the genes that are significantly differentially 
expressed. Figure produced by DAVID analysis using KEGG pathway analyzer. 
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3.4.5 Functional Validation  

The microarray analysis identified significant dysregulation of genes associated with vascular 

integrity. To validate this finding, we assessed the effect of NMVs on the permeability of a 

confluent monolayer of hCMEC/D3.  

 

3.4.5.1 Optimisation of plating density for transwell experiments 

To identify the optimal conditions to conduct TEER measurements and to study the flux of 

FITC-dextran, various conditions were tested. A range of cell densities were plated (two per 

condition) and the TEER recorded for seven days.  The average TEER recorded for each plating 

density is summarised in Table 3. 8. 

A plating density of 10,000 cells/well showed a slow increase in TEER over 7 days, with the 

average highest TEER recorded at 18 Ω.cm2. A plating density of 30,000 cells per well 

displayed the highest TEER at 28 Ω.cm2.  Although 40,000 cells/well also has displayed a 

similar TEER at 25 Ωcm2., the cells quickly became confluent and there was substantial cell 

death. 

For experiments hereafter, a plating density of 30,000 cells/well were used and TEER time 

course experiments were performed on day 4. 

 

Table 3. 8 Average TEER measurements over 7 day period.  

Plating 

Density                                                    

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

10,000 7 8 9 12 15 18 17 

20,000 11 13 15 18 21 21 19 

30,000 12 15 22 28 27 24 20 

40,000 13 19 25 24 18 13 14 

 

 

TEER (Ω.cm2) 
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3.4.5.2 NMVs significantly reduce TEER of a confluent monolayer 

To investigate if NMVs have an effect on the TEER of a confluent monolayer of hCMEC/D3, 

a transwell system was utilised. NMVs were added to the apical chamber (top) and TEER was 

measured for 6h. NMVs significantly reduced the TEER of the monolayer after 3h (p=0.0083) 

and maintained the reduction after 4h (p= 0.0234), 5h (p= 0.0042) and 6h (p= 0.0001).  LPS 

was used as a positive control, as it is known to decrease TEER of a monolayer (Dohgu and 

Banks, 2008; Hu et al., 2019), however a significant reduction in TEER (p= 0.0193) was only 

detected after 6h incubation with LPS (Figure 3. 13). Each experiment was performed in 

duplicates and was repeated with three independent donors. 
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 Figure 3. 13  NMV significantly decrease the TEER of a confluent monolayer of 

hCMEC/D3. A confluent monolayer of hCMEC/D3 on transwells were either treated with 

NMVs or LPS and TEER was measured every hour for 6h. NMV significantly reduced TEER 

within 3 hours. Data represent three independent experiments, expressed as mean ± SD. 

Statistical significance was measured using one-way ANOVA with Dunnett’s multiple 

comparison test, *p<0.05, **p<0.01, **** p<0.0001. 
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3.4.5.4 Optimisation of time course of flux of FITC- Dextran 

The flux of FITC-dextran (70 kDa) increased in the control transwell system over time (see 

Figure 3. 14). In response to NMV internalisation, there was a significant increase in the flux 

of FITC-dextran across a confluent monolayer of hCMEC/D3 over the 6h (p<0.0001).  LPS 

also induced a significant increase in the flux of FITC-dextran across a confluent monolayer 

over the 6h (p=0.0011).  While the amount of FITC-dextran crossing the monolayer was greater 

in the NMV-treated group compared to the LPS-treated positive control group at all time points, 

it was not significantly different (p=0.0685).  
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Figure 3. 14 NMV increases permeability to FITC-dextran of a confluent hCMEC/D3 

monolayer. To a confluent monolayer grown on a transwell, either NMV or LPS was added 

with FITC-Dextran and the flux was measured for 6h. Flux of FITC-dextran increased 

significantly after 6h. NMV caused increased permeability than LPS. Statistical different was 

measured using a two-way ANOVA with Tukey’s multiple comparison test. Data represent 

three independent experiments, expressed as mean ± SD. **p<0.01, ****p<0.0001, n.s. – not 

significant. 
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3.4.5.5 Change in permeability of monolayer 

To assess NMV-induced differences in the flux of differing sized molecules, the permeability 

of a confluent monolayer for different size of FITC-dextran (10 kDa and 70 kDa) was assessed. 

As demonstrated in Figure 3. 15 A&B the flux of 10 kDa FITC-dextran is greater than the flux 

of 70kDa FITC-dextran, in response to NMV internalisation. There was a 40.8 ± 3.3% increase 

in flux of 10kDa FITC-dextran to the basolateral chamber in response to NMV (p=0.0024). 

Similarly, paracellular flux of 70kDa FITC-dextran was also significantly increased when 

NMV were present (20.93± 4.794%; p=-0.0272).  LPS was used as a positive control and  

significantly increased the flux of 10kDa FITC-Dextran (36.6±5.298%; p=0.0034) (Figure 3. 

14) but not 70kDa FITC-dextran (p=0.093). No cell detachment was observed during the 6 

hours of this experiment. 
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Figure 3. 15 NMV significantly increase the permeability of hCMEC/D3. NMV 

significantly increase the flux of (A) 10 kDA dextran and (B) 70 kDa dextran across a confluent 

monolayer of hCMEC/D3. Data represent 3 independent experiments, expressed as mean ± 

SD. Statistical significance was measured using one-way ANOVA with Dunnett’s multiple 

comparison test, *p<0.05, **p<0.01. 
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3.5 Discussion 
In this chapter we demonstrate that the internalisation of NMV impacts the transcriptomic 

profile of hCMEC/D3, significantly increasing the permeability and reducing the integrity of 

human brain endothelial cells.  This is the first study to report the impact of NMV on human 

brain endothelial cells (Ajikumar et al., 2019), as to date, NMV have only been reported to 

significantly impact the gene expression profile of HUVECs (Dalli et al., 2013). 

3.5.1 Functional Validation 

As NMV-induced dysregulation in the expression of tight junction proteins was identified in 

the array analysis, we performed functional validation using a transwell system. In support of 

our transcriptomic data, the functional studies confirmed that NMV significantly increased the 

permeability of a confluent monolayer of hCMEC/D3.  When the BBB is disturbed, the flux of 

tracer molecules increases across the endothelial cell monolayer (Tai et al., 2010), allowing us 

to utilise this effect to study changes at the BBB. In the current study we used tracer molecules 

of two different sizes (10 kDa and 70 kDa) to represent different sizes of molecules present in 

the blood. NMV significantly increased the flux of FITC-dextran (both 10 kDa and 70 kDa) 

across a confluent monolayer of hCMEC/D3. Notably, flux of 10 kDa molecules were higher 

compared to 70kDa, suggesting that NMV have a greater effect on the flux of smaller molecules 

through the monolayer. Notably, most cytokines have smaller molecular weights (Akdis et al., 

2016) and increased flux of cytokines across the BBB can modulate the neuroinflammatory 

response (Biesmans et al., 2013; Henry et al., 2009). 

Another approach to assessing the permeability of an endothelial barrier is by measuring the 

TEER of a confluent monolayer. Our study has confirmed that NMV significantly decrease the 

integrity and significantly increase the permeability of a confluent monolayer of hCMEC/D3. 

This supports other studies that have demonstrated increased BBB disruption by MV isolated 

from plasma in vitro (Edrissi et al., 2016) and exosomes in vivo (Yang et al., 2015). While our 

results confirm previous findings that hCMEC/D3 have a TEER ranging from 20 to 30 Ωcm2 

(Eigenmann et al., 2013; Weksler et al., 2013) it should be noted that this does not reflect the 

TEER of the BBB in vivo (Butt et al., 1990). Even with these study limitations, we demonstrate 



123 
 

that NMV cause dysfunction of the BBB resulting in increased permeability and reduced 

vascular integrity.  

3.5.2 Internalisation of NMV is associated with increased vesicular transport  

Unsurprisingly, NMV induced an increased upregulation of soluble N-ethylmaleimide-

sensitive factor attachment protein receptor (SNARE) pathway genes in human brain 

endothelial cells, reinforcing the findings of Chapter 2 that NMV require some type of docking 

mechanism for their internalisation. Generally, fusion of EVs with plasma membrane is Ca2+ - 

dependent, and acidic conditions are also known to enhance their binding (Parolini et al., 2009). 

As the endosomes are known to be slightly acidic, it may enhance the binding of EVs once 

they are internalised.  

SNARE proteins have been studied extensively at synapses as neurons use vesicles for 

neurotransmission (Han et al., 2017; Ulloa et al., 2018). There are around 40 SNAREs 

identified in mammalian cells (Jahn and Scheller, 2006).  Transport of MVs once internalised 

is still much debated. SNARE proteins are involved in intracellular vesicular traffic and can be 

found on endosomes and the plasma membrane. SNAREs are also implicated in MV biogenesis 

and release (Beer and Wehman, 2017). Some of the group of proteins that make SNARE 

complexes include VAMP and syntaxin of which six transcripts were up-regulated in NMV 

treated hCMEC/D3. It is only recently that scientists have started exploring the role of SNARE 

protein complexes with EVs after internalisation. It was recently reported that distinct SNAREs 

are recruited during the budding of a vesicle and this can determine the target cell (Koike and 

Jahn, 2019). This demonstrates that SNARE proteins are crucial for fusion with the target cell 

and the up-regulation of SNARE pathway indicates that some of these proteins might be 

upregulated after the initial fusion to help sort out the cargo.  Further experiments are required 

to address the role of SNARE protein complexes in the context of NMVs and how they can be 

implicated in BBB disruption. To date, no studies have reported the role of vesicular transport 

proteins in the intracellular sorting of NMVs, despite being an integral part of how they may 

impact gene expression.  

3.5.2 NMV impact signalling pathways 

The internalisation of NMVs significantly impacted the transcriptomic profile of several key 

pathways, including p38 MAPK pathway in hCMEC/D3. The p38 MAPK mediates the 

inflammatory response by upregulating pro-inflammatory cytokine production (Schieven, 
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2005). Increased immunoreactivity of MAPK is present in Aβ plaques and NFT in AD, and  is 

associated with the earlier stages of plaque development (Hensley et al., 1999; Pei et al., 2001; 

Sun et al., 2003). Moreover, MAPK activation and downstream phosphorylation is reduced in 

the later stages of AD (higher Braak stages)(Rosenberger et al., 2016). Activation of MAPK 

can lead to microglial activation (Bhat et al., 1998)(Culbert et al., 2006; Giovannini et al., 

2002). Although p38 MAPK pathways are involved in the pathogenesis of AD (Lee and Kim, 

2017; Zhu et al., 2002), it is only recently its activation in endothelial cells has been studied in 

depth. Activation of MAPK signalling leads to increased transcytosis in brain endothelial cells 

in vitro (Miller et al., 2005). Furthermore, monocyte EVs can activate MAPK signalling 

thereby activating endothelial cells, and preventing the release of EVs from activated 

monocytes can inhibit inflammation in brain endothelial cells (Dalvi et al., 2017). Other studies 

have shown that activation of MAPK signalling in brain endothelial cells can induce 

dysregulation of TJ proteins, thereby leading to BBB dysfunction (Qin et al., 2015). Together 

with the present study these findings suggest that NMVs activate MAPK, which contributes to 

BBB dysfunction thereby causing increased influx into the brain, leading to the activation of 

microglia and an increased neuroinflammatory response.  

Most therapeutic inhibitors of MAPK kinases have been developed to treat peripheral 

inflammatory conditions, such as rheumatoid arthritis, and are intentionally made to not be able 

to cross BBB (Munoz and Ammit, 2010; Peifer et al., 2006). However, in more recent times, 

studies have focussed on small molecules that can cross the BBB and target MAPK in the CNS, 

as reviewed in detail (Lee and Kim, 2017). Although MAPK signalling is a complex pathway 

interconnected with many other kinases, we need to understand it fully as it is emerging as a 

therapeutic target for neurodegeneration.  

Genes directly or indirectly affected by the p38 MAPK pathway include TGFBR1. NMVs 

contain TGF-β (Pitanga et al., 2014), a  pleiotropic cytokine that is released in response to 

various insults, including stroke, hypoxia and Aβ plaques (Caraci et al., 2008; Dobolyi et al., 

2012; Doyle et al., 2010). TGF-β binds to  TGFBR (there are two types – type I and II), forming 

a receptor complex that can activate Smads which translocate into the nucleus and regulate the 

gene expression (Derynck and Zhang, 2003). TGFBR1 expression in endothelial cells is 

reported to mediate vessel permeability (Lebrin et al., 2005), by regulating TJPs and thus 

indirectly controlling paracellular permeability in vitro (Ishihara et al., 2008). Activation of 

this pathway has also been shown to increase substrate permeability into the brain in vivo by 

mediating changes in expression of TJPs in rat brain endothelial cells (Ronaldson et al., 2009). 
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All of this evidence points towards a role of TGFBR1 in regulating cerebrovascular 

permeability. The finding of the present study suggests that during systemic inflammation the 

internalisation of NMV impacts TGFBR1 expression which may result in BBB dysfunction.   

Tumour Protein P53 Inducible Nuclear Protein 1 (TP53INP1) is a susceptibility gene for AD 

identified through GWAS analysis (Escott-Price et al., 2014), and was identified as 

significantly differentially expressed in the current study. TP31INP1 is a p53 target gene that 

promotes cell growth and is a tumour suppressor (Wei et al., 2012). TP53INP1 is also one of 

the highly conserved genes among mammals and is overexpressed during the inflammatory 

response both in vitro and in vivo (Jiang et al., 2004; Seillier et al., 2015; Tomasini et al., 2001).  

It is also a downstream target of miR-155 (Zhang et al., 2015), a miRNA that is known to be 

enriched in NMVs (Gomez et al., 2020). MiR-155 has the ability to alter brain endothelial cell 

permeability in vitro by targeting TJ proteins and focal adhesions (Lopez‐Ramirez et al., 2014). 

Furthermore, miR-155 is altered in post mortem samples of AD patients (Culpan et al., 2011). 

Together these findings suggest that NMVs can exert their effect on BBB through various 

mechanisms, one of which is through miR-155.  

Similarly, another candidate gene identified in the microarray analysis was mitogen activated 

protein kinase (MAP3K1), which has the ability to activate ERK pathway, and which in turn 

has an anti-apoptotic effect (Yujiri et al., 1998). Although there are limited studies of the role 

of MAP3K1 in relation to AD, its role in induction of inflammation is crucial, as it may induce 

inflammation at BBB, causing further release of cytokines and changes in brain homeostasis 

(Derada Troletti et al., 2019; Wu et al., 2017).  

NIMA related kinase 1 (NEK1) is a member of a highly conserved kinase family. This 

serine/threonine kinase has various roles including cell-cycle regulation and DNA damage 

repair (Chen et al., 2009; Pelegrini et al., 2010). Similarly, BH3 interacting domain death 

agonist (BID1) is a B-cell lymphoma 2 (BCL2) protein and has a role in regulation of 

inflammatory response to injury or stress. BID1 can interact with downstream targets of 

MAP3K1, mainly IKK complex (Yeretssian et al., 2011). Both of these genes can feed into 

p38 pathway and can regulate inflammation and DNA repair. As, discussed earlier, this can 

intensify MAP3K1 response i.e., increase inflammation, causing dysregulation at BBB. 

BH3 interacting domain death agonist (BID-1), is a member of the BCL-2 family, which plays 

a crucial rule in the inflammatory process. BID can modulate NOD1, which can ultimately 

impact NF-κB signalling (Yeretssian et al., 2011). Interestingly, caspase-8, a pro-apoptotic 
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protease also interacts with BID-1, initiating intrinsic pathways (Van Herreweghe et al., 2010). 

However, not much research has focused on BID-1 interaction in the context of 

neurodegeneration. More detailed research is needed to understand how this pro-apoptotic 

protein can drive changes in the brain endothelium. 

Finally, one of the major functional pathways that was identified by the microarray analysis 

was ubiquitin mediated proteolysis. Ubiquitination is a process in which proteins are labelled 

for proteasomal degradation. This process is crucial as it helps in clearing damaged and 

aggregated proteins (Vilchez et al., 2014). In AD, this process can be disrupted (Ciechanover 

and Kwon, 2015), leading to aggregation of misfolded proteins. Matrix metalloproteinases, 

such as MMP-9, are significantly higher in NMV released from activated neutrophils (Long et 

al., 2019). MMPs can impact the BBB by either cleaving junctional proteins or by 

proteolysation of junctional proteins. Two of the major substrates of MMP2/9 are occludin and 

claudin-5, which are major junctional proteins at BBB (Stamatovic et al., 2016). Since 

proteolysis is crucial for changes at the BBB, dysregulation of this pathway can lead to the 

breakdown of BBB. Although this process is dynamic, and depending on the duration of the 

stimulus, proteins could be degraded for a longer timer, leading to a severe barrier dysfunction. 

More studies are needed to understand how NMV can cause changes to the proteolytic pathway 

in the BBB. 
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3.6 Conclusion & major findings 

• This is the first study to detail the transcriptomic changes of human brain microvascular 

endothelial cells in response to NMV internalisation in vitro.   

• Bioinformatic analysis of the array datasets implicate NMV induced changes in gene 

expression affecting multiple pathways and functional groups, including tight junction 

proteins, p38 MAPK pathways and proteolysis.  

• Functional validation of changes in vascular integrity using a transwell system 

demonstrated that the internalisation of NMVs significantly increases the permeability 

and decreases the electrical resistance of a confluent monolayer of hCMEC/D3.  
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Chapter 4: Transcriptomic profiling of cerebral 
microvessels in age-associated white matter 
lesions 
 

4.1 Introduction 

To date, most of the research into dementia has focused on the changes in the cortex, but post-

mortem tissue studies have highlighted that white matter pathology is also a key contributor to 

disease that can develop independently of cortical pathology, and  is associated with co-

morbidity pathologies including diabetes, vascular diseases and hypertension (Bronge et al., 

2002; Brun and Englund, 1986; Kalaria, 2002, 2000).  

Cerebral white matter is an area rich in neuronal connections that are essential for processing 

information (Vernooij et al., 2008). It is enriched with fibre pathways that connect cortical and 

subcortical structures (Schmahmann et al., 2008) and is responsible for effective cognition and 

behaviour (Madden et al., 2009). Lesions in this region, often referred to as white matter lesions 

(WML), present as high signal intensity areas in T2- weighted and diffusion tensor magnetic 

resonance imaging  (MRI) (Ovbiagele and Saver, 2006). WML,  also known as white matter 

hyperintensities, are a common feature of the ageing brain (over 65 years) (Knopman et al., 

2003; Wharton et al., 2011) and are considered to be a part of normal ageing (Ylikoski et al., 

1995). WML are neuropathologically characterised by extensive degradation of myelin and 

axonal loss, which is associated with widespread gliosis along with extensive microglial 

activation (Simpson et al., 2007; Tomimoto, 2015). Systematic reviews and meta-analyses 

have demonstrated the association between WML formation and rapid cognitive decline 

(Debette and Markus, 2010; Gunning-Dixon and Raz, 2000), and have revealed that subjects 

with WML have a higher risk of stroke, dementia and death. Furthermore, population 

representative studies have indicated that WML are an independent risk factor for dementia 

(Fernando et al., 2006; Prins et al., 2004). Changes in WM volume has detrimental effects on 

the structure and function of the brain, even in healthy individuals (DeCarli et al., 1995). These 

microstructural changes play a key role in cognition, as  demonstrated in patients with traumatic 

brain injury (Kinnunen et al., 2011). WML are often observed more frequently in patients with 

mild cognitive impairment (MCI) and early AD compared to age-matched healthy controls, 
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suggesting WM damage is an early event contributing to the progression of dementia (Medina 

et al., 2006; Strozyk et al., 2017), and are a risk factor for progression of MCI to AD (Clerici 

et al., 2012). WML also play a role in progression of AD and correlate significantly with 

cognitive dysfunction (O’Brien et al., 2003; Peters and Sethares, 2002), suggesting that loss of 

WM integrity is an important factor in driving the disease. 

  

WML can be classified by their neuroanatomical location: deep subcortical lesions (DSCL) – 

lesions in the deep white matter and periventricular lesions (PVL) – located immediately 

adjacent to the ventricles. Histological examination of both lesion subtypes indicates many 

similarities such as myelin loss, astrogliosis and increased microglial reactivity, but there are 

differences in the microglial phenotype depending on the location of the lesion: DSCL contain 

high levels of microglial with a phagocytic phenotype while PVL contain higher levels of 

microglia with an immune activated phenotype (Simpson et al., 2007; Boche, Perry and Nicoll, 

2013; Waller et al., 2019). This chapter will focus on vascular transcriptomic changes 

associated with DSCL.  

 

There are several causes attributed to the formation of WML, including (i) cortical pathology 

resulting in axonal loss, (ii) cerebral hypoperfusion and a resulting hypoxic environment and 

(iii) dysfunction of the blood brain barrier (BBB) (Fernando et al., 2006, 2004; Simpson et al., 

2007, 2010; Wharton et al., 2011). There are excellent reviews of (i) and (ii) (Wharton et al., 

2011), but this chapter focuses on the hypothesis that BBB dysfunction contributes to the 

pathogenesis of WML formation and cognitive impairment. 

 

Although there is extensive research on BBB dysfunction in ageing and dementia, the 

pathological mechanisms underlying disruption of the barrier are poorly understood. In the 

ageing brain, there are reports of increased presence of serum proteins which are normally 

excluded from the CNS, such as albumin or fibrinogen (Farrall and Wardlaw, 2009; Simpson 

et al., 2010). In ageing mice, there is increased IgG extravasation into the brain, which is 

associated with increased neuroinflammation, astrogliosis and a significant reduction in 

occludin expression (Elahy et al., 2015; Goodall et al., 2018). Post-mortem analysis of WML 

indicates evidence of BBB dysfunction which is associated with the increased 

immunoreactivity of serum proteins, such as fibrinogen and albumin (Hainsworth et al., 2017; 

Simpson et al., 2010). The presence of serum protein immunoreactive clasmatodendritic 

astrocytes within WML also demonstrates that astrocytes have the ability to uptake serum 
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proteins, which may modulate their function and enhance neuroinflammation. Several MRI 

studies also support that extravasation of serum proteins is common in the ageing brain (Huisa 

et al., 2015; Topakian et al., 2010; Wardlaw et al., 2009; Zhang et al., 2017), and this BBB 

dysfunction in WML is associated with dementia (Hainsworth et al., 2017). Together these 

studies demonstrate that while dysfunction of the BBB occurs during normal ageing, it is also 

a prevalent feature of WML.  However, the contribution of this vascular dysfunction to the 

pathogenesis of WML, and mechanism(s) underlying BBB damage is currently unknown.  

 

One of the most powerful tools in the recent times is the advancement in the technologies that 

can be employed to characterise transcriptomic changes between healthy and disease status. 

Transcriptomic profiling enables scientists to identify and target molecular pathways related to 

disease and enables the identification of novel therapeutic targets. Microarray analysis is a 

powerful platform to characterise the changes in gene expression in relation to disease. In most 

cases, complex interactions with multiple pathways significantly contribute to the progression 

of the disease. To date there are only a few studies reporting microarray analysis of ageing WM 

in humans in the context of dementia  (Ritz et al., 2016; Simpson et al., 2009; Wang et al., 

2011). While these studies have identified transcriptomic changes in WML and identified 

potential mechanisms underlying pathology, these studies were performed on a heterogeneous 

population of cells from total tissue extracts and did not exclusively focus on the gene 

expression changes associated with cerebral endothelial cells. 

 

Identifying transcriptomic changes associated with the BBB in WML will enable key gene 

expression changes associated with vascular pathology to be determined.  In addition to 

studying established WML, it is also important to study the radiologically normal appearing 

white matter (NAWM) surrounding lesions as this approach will determine if the 

transcriptomic changes are confined to the lesion or extend beyond it.  

 

The current study was performed on well-characterised cases from the Cognitive Function and 

Ageing Study (CFAS) neuropathology cohort. CFAS is an ageing population-representative 

study of individuals in UK over the age of 65. Over 18,000 individuals were invited to 

participate in the study, selected from the GP register based solely on their age and not on any 

clinical information, making this a true ageing population-representative study.  The cohort 

underwent regular cognitive testing approximately every 5 years, and completed questionnaires 

to enable data on lifestyle, medication and general health to be collected.  A sub-group of 
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approximately 550 respondents donated their brain to the CFAS neuropathology study, 

enabling pathological changes to be assessed in relation to dementia status (Neuropathology, 

2001).   

 

A previous study assessed the transcriptomic profile of age-associated WML in the CFAS 

cohort, identifying significant increases in genes associated with tissue remodelling, the 

immune response and apoptosis (Simpson et al., 2009).  However, this study examined the 

gene expression profile of whole tissue extracts which may have masked specific changes at 

the BBB.  To limit the interference due to whole tissue sampling, a technique called immuno-

Laser Capture Microdissection (LCM) was used in the current study to isolate cerebral 

endothelial cells from the tissue. This method combines two techniques to isolate an enriched 

population of interest. Firstly, a modified immunostaining protocol is employed to visualise 

specific cells of interest, and this is then combined with standard LCM. This involves firing a 

laser over the immunopositive cells causing the cell to adhere to the film, which can be then 

removed from the tissue.  LCM has allowed scientists to study specific cell populations isolated 

from post-mortem tissue, including astrocytes (Garwood et al., 2015; Waller et al., 2016) and 

neurones (Simpson et al., 2016). When combined with microarray analysis this technique 

allows transcriptomic profiling of the cells of interest. LCM allows researchers to identify gene 

expression changes between normal physiological conditions versus disease status, thereby 

enabling potential biologically relevant gene expression changes to be identified.  

 

To date, only a few studies have reported employing both LCM and microarray analysis to 

understand the gene expression changes associated with neurological disease (Cunnea et al., 

2010; Jin and Xia, 2010; Mycko et al., 2012; Waller et al., 2016). Enrichment of a specific cell 

population of interest by LCM allows accurate cell-specific gene expression profiling and 

provides higher specificity of differentially expressed genes compared to transcriptomic 

analysis of bulk tissue selection (Klee et al., 2009). Therefore, the current study utilised 

immuno-LCM to isolate endothelial vessels from DSCL, NAWM from lesional cases and 

control WM from non-lesional cases and performed microarray analysis to analyse 

transcriptomic changes in the endothelial cells in these three groups. This approach enables the 

elucidation of transcriptomic changes associated with microvessels in age-associated WML 

and may identify novel candidate genes for therapeutic targeting. 
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4.2 Aims and Objectives 
 

While WML are a common feature of the ageing brain, their presence is a significant risk factor 

for dementia.  Histological characterisation of WML has demonstrated they are associated with 

BBB dysfunction, which may drive the neuroinflammatory response and impact on cognition.  

Previous studies have assessed the transcriptomic profile of WML but these whole tissue 

studies may have masked BBB-specific gene expression changes. Therefore, this study aimed 

to test the hypothesis that BBB dysfunction contributes to the pathogenesis of WML formation 

and cognitive impairment.  Specifically, this chapter aims to: 

• Isolate microvessels from DSCL, radiologically normal appearing WM (NAWM) from 

lesional cases and NAWM from non-lesional (control) cases using LCM 

 

• Assess the transcriptomic profile of the microvessels to identify specific BBB-

associated gene expression changes which may contribute to lesion pathogenesis. 
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4.3 Materials and Methods 
 

4.3.1 White Matter Sampling and Case Selection 

Frozen brain tissue samples were obtained from the Cognitive Function And Ageing Study 

(CFAS) neuropathology cohort (Ethical Committee Approval REC Reference 15/SW/0246; 

Appendix II). CFAS is a multi-centred, population-based study of the ageing population (> 

65y). Upon brain donation, one hemisphere was fixed in formalin and coronal slices underwent 

T2 magnetic resonance imaging (MRI).  The contralateral hemisphere was coronally sliced and 

snap frozen. Two independent radiologists who were blinded to any clinical information scored 

MRI scans of the formalin-fixed samples, and based on these scores, the cases were classified 

into lesional and non-lesional control cases. For this project, matched CNS areas from 5 non-

lesional control cases, 5 lesional cases and 5 radiologically normal appearing white matter 

(NAWM) from lesional cases were used. The MRI scans of the formalin-fixed hemisphere 

were used to guide sampling of the contralateral frozen hemisphere, as reports suggest WML 

are symmetrical (Wardlaw et al., 2013b), and then underwent histological characterisation to 

confirm whether a lesion was present or not (Figure 4. 1).  
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Figure 4. 1 MRI Scan of post-mortem WM: (A) Representative MRI scans of non-lesional 

control and (B) deep subcortical lesion and normal appearing white matter.  
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4.3.2 Histological characterisation 

All the sampled blocks were histologically characterised using the standard histological stains 

luxol fast blue (LFB), haematoxylin and eosin (H&E) and CD68 immunohistochemistry (IHC). 

LFB stain was used to visualise the demyelinated WML using a simple acid—base reaction 

where luxol, an alcohol soluble substance, is attracted to the lipoproteins of the myelin, which 

are basic. The reaction happens when the lipoprotein is replaced by the dye allowing 

visualisation of myelin in the tissue. H&E is one of the most common stains routinely used in 

neuropathology and has been used for at least a century (Fischer et al., 2008). Haematoxylin 

stains nucleic acids deep blue—purple and eosin stains proteins non-specifically and has a 

pinkish colour (Fischer et al., 2008).  CD68 is a protein that is widely expressed on intracellular 

lysosomal membrane. Microglia with a phagocytic phenotype express high levels of CD68 

(Hendrickx et al., 2017).  

4.3.2.1 Luxol Fast Blue (LFB) stain 

Tissue sections (5µm) from frozen samples were collected onto poly-L-lysine-coated slides 

and warmed to RT prior to staining. The sections were fixed in 95% alcohol (Fischer, UK) for 

5 minutes and then submerged in LFB solution for 2 hours at 60°C. The sections were rinsed 

in 70% alcohol to remove any excess stain, followed by rinsing in tap water. Sections were 

differentiated in 0.5% lithium carbonate for 30 seconds and differentiated in 95% alcohol until 

grey and WM were clearly distinguished. The sections were washed in tap water, dehydrated 

in a graded series of alcohol [75%, 95%, 100%, 100%] and cleared in xylene (Fisher Scientific, 

UK) for 5 minutes before being mounted using DPX mountant (Leica, UK) and covered with 

a glass cover slips. The slides were left to dry overnight in the oven. 

4.3.2.2 Haematoxylin and Eosin (H&E) Stain 

The sections (5µm) from frozen samples were warmed to room temperature (RT) before fixing 

in ice-cold acetone at 4oC for 3 minutes and were then immediately transferred into Harris’ 

haematoxylin for 3 minutes. The sections were rinsed in tap water and then blued in Scott’s tap 

water for 2 minutes and placed in 1% eosin for 5 minutes. The sections were washed in tap 

water and dehydrated through a graded series of alcohols [70%, 90%, 100% and 100%], cleared 

in xylene (Fischer Scientific, UK) for 5 minutes and mounted using DPX mountant (Leica, 

UK). The sections were covered with glass cover slips and left to dry overnight in the oven at 

600C before being viewed under the microscope. 
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4.3.3 CD68 Immunohistochemistry (IHC) 

Sections (5µm) from frozen samples were collected onto poly-L-lysine-coated microscope 

slides, warmed to RT and fixed in ice-cold acetone for 3 minutes. Sections were air dried for 

30 seconds, ensuring the acetone was fully evaporated. All steps were carried out at room 

temperature (RT) unless otherwise stated.  The sections were completely covered with 1.5% 

blocking solution (VECTASATIN Elite ABC-HRP kit, Vector Laboratories UK) and 

incubated for 30 minutes. The blocking solution was removed by tapping the slides and sections 

were incubated with CD68 antibody (1:100 dilution) (Dako, Denmark) for 60 minutes. The 

sections were washed with tris-buffered saline (TBS) for 5 mins and incubated with 0.5% 

biotinylated secondary antibody for 30 minutes. The sections were rinsed in TBS for 5 minsand 

incubated with 2% horseradish peroxidase-conjugated avidin-biotin complex (ABC-HRP) 

reagent (Vectastain Elite ABC-HRP kit, Vector Laboratories, UK) for 30 minutes. The ABC-

HRP reagent was made 30 minutes prior to use. The sections were washed in TBS for 5 mins. 

The substrate 4,4’-diaminodenzedine tetrahydrochloride (DAB) (Vector laboratories, UK) was 

added and the reaction was visualised using a microscope. When the stain had developed 

sufficiently to visualise the cells, the enzymatic reaction was quenched by rinsing in d.H2O for 

30 seconds, followed by tap water.  Sections were counterstained using Harris’ haematoxylin 

for 30—60 seconds and rinsed in tap water. They were submerged in Scott’s tap water for 30 

seconds before being dehydrated through graded alcohol [70%, 95%, 100%, 100%] for 30 

seconds each. The sections were cleared in xylene for 5 minutes, mounted using DPX mountant 

(Leica, UK) and covered with glass cover slips. The slides were left to dry overnight in the 

oven. 

4.3.4 RNA Integrity Analysis- Pre LCM 

The RNA quality of the starting material was analysed to ensure the cases selected were of 

sufficient starting RNA quality. A thick section (20µm) of each sampled frozen block was 

collected into a sterile 1.5-mL Eppendorf and RNA extraction was carried out using the 

standard Trizol method. One ml of Trizol reagent was added slowly into the tube and the cells 

were lysed using a handheld homogeniser. 200 µl Chloroform was added, vortexed briefly and 

incubated at RT for 3 minutes. The sample was centrifuged at 12000 g for 15 minutes at 4°C. 

The upper aqueous phase was removed and transferred to a new sterile tube. 500 µl isopropanol 

was added and incubated at RT for 10 minutes. The sample was centrifuged at 12000 g for 10 

minutes at 4oC. The supernatant was discarded, and the pellet was washed in 1 mL of 75% 
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ethanol. The sample was vortexed briefly before centrifuging at 7500 g for 5 minutes at 4oC. 

The supernatant was removed, and the sample was left to air dry for 10 minutes. The pellet, 

resuspended in 20 μl RNASe free water, was incubated for 10 minutes at 55oC. Both the quality 

and quantity of RNA in the samples were analysed using a bioanalyzer (Agilent, UK) and 

NanoDrop Spectrophotometer (Thermo Scientific, UK), respectively. All the samples were 

stored at −80oC. 

4.3.5 Laser Capture Microdissection (LCM) of Vessels from WM 

4.3.5.1 Modified Rapid IHC 

Collagen IV is the most abundant type of collagen in the basement membrane (Xu et al., 2018) 

and can be used to identify capillaries in the frozen tissue sections. Freshly prepared, 6μm 

cryosections from frozen WM tissue were collected onto uncharged glass slides. The sections 

were warmed to RT, ensuring all the condensation had completely evaporated, and were fixed 

in ice-cold acetone for 3 minutes, briefly air-dried and immunostained using a modified rapid 

ABC staining technique (VECTASTAIN Elite ABC kit, Vector laboratories, UK).  All steps 

were carried out using sterile equipment and reagents and were performed at RT unless 

otherwise stated. 

Sections were air dried for 30seconds, ensuring the acetone was fully evaporated. The sections 

were completely covered and blocked with 2% normal serum for 3 minutes at RT. The blocking 

solution was removed from the sections which were then incubated at RT with anti-Collagen 

IV (Abcam, UK) primary antibody (1:50 dilution) for 3 minutes. The sections were rinsed with 

TBS for 30 seconds and incubated with 5% biotinylated secondary antibody (VECTASTAIN 

Elite ABC-HRP Kit) for 3 minutes. The sections were washed with TBS and incubated with 

4% ABC-HRP reagent for 3 minutes (ABC-HRP reagent was made 30 minutes and incubated 

at RT prior to use). The sections were washed in TBS prior to incubation with the peroxidase 

substrate DAB for 3 minutes. The enzymatic reaction was quenched by covering the sections 

in d.H2O for 30 seconds. The sections were dehydrated through a series of graded alcohol 

[70%, 95%, 100%, 100%] for 15 seconds each before clearing in xylene for 5 minutes. They 

were then placed in a laminar flow hood to air dry for approximately 60 minutes before 

proceeding to the LCM step. 
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4.3.5.2 Laser Capture Microdissection (LCM) 

LCM of microvessels was performed using the PixCell II laser-capture microdissection system 

(Arcturus Engineering, Mountain View, USA). The immunostained slides (ensuring the slides 

were completely dry) were mounted onto the stage and a CapSure Macro LCM cap (Arcturus 

Engineering, Mountain View, USA) was placed over the sample. Using the monitor as a guide, 

the Coll-IV immunopositive capillaries were identified and the infrared laser was fired causing 

the film to melt and the vessel of interest to adhere to the cap. LCM power was set at 45—50 

mW and roughly an hour was spent on each case. After LCM, the film from the cap was 

removed using sterile forceps and placed in a sterile 0.2 mL Eppendorf that contained 50 μl of 

extraction buffer from the PicoPure RNA isolation kit. All the samples were stored at -80oC 

before proceeding to RNA extraction. 

4.3.5.3 RNA Extraction 

All the extractions were carried out using the RNA PicoPure Isolation kit (Applied Biosystems, 

UK). The Eppendorf containing the film suspended in extraction buffer was incubated at 42oC 

for 30 minutes on the thermo cycler (MJ Research, Canada). The extraction columns were 

conditioned by adding 250 μl conditioning buffer and were incubated at RT for 5 minutes. 

Columns were centrifuged at 16,000 g for 1 minute and the flow through was discarded. 50 μl 

of 70% ethanol was added to the sample and mixed thoroughly. The solution was transferred 

to the centre of the column and was centrifuged at low speed (100 g) for 2 minutes, followed 

by a high-speed centrifugation (16,000 g) for 1 minute.  100 μl wash buffer 1 was added and 

centrifuged at 8000 g for 1 minute. 100 μl wash buffer 2 was added and centrifuged at 8,000 g 

for 1 minute. The sample was again washed with 100-μl wash buffer 2 and centrifuged at 

16,000 g for 1 minute. The column was transferred to a sterile 1.5 ml Eppendorf. 11 μl of 

elution buffer was added to the column and incubated for 1 minute. It was centrifuged at 1,000 

g for 1 minute followed by 16,000 g for 1 minute. The eluent was collected, which contained 

the RNA from cells isolated by LCM. The quality of the RNA sample was analysed using 

bioanalyzer (Agilent, UK) and quantity was measured using Nanodrop spectrophotometer. All 

the extracted RNA was stored at -80oC until required. 
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4.3.6 Confirmation of endothelial cell enrichment 

 To confirm the cell population isolated by LCM was an enriched population of endothelial 

cells, RT- PCR was performed. Specific primers for vessels - von willebrand factor (vWF); 

astrocytes - GFAP; microglia- CD68; neurones/axons - NeuN; oligodendrocytes - OLIG2 were 

used along with β-actin as the housekeeping gene (Primer sequence: Table 4. 1).  

 

Table 4. 1 Gene specific primer sequences used for confirmation of enriched population 
of endothelial cells. 

 

 

 

 

 

 

 

Gene Primer Sequence Product Size (bp) 

CD68 F: 5’- CGA GCA TCA TTC TTT CAC CAG CT 

R: 5’- ATG AGA GGC AGC AAG ATG GAC C 
135 

GFAP F: 5’-GCA GAA GCT CCA GGA TGA AAC 

R: 5’ TCC ACA TGG ACC TGC TGT C 
213 

NeuN F: 5’-ACG ATG GTA GAG GGA CGG AA 

R: 5’-AAT TCA GGC CCG TAG ACT GC 
84 

OLIG2 F: 5’-CCC TGA GGC TTT TCG GAG CG 

R: 5’-GCG GCT GTT GAT CTT AGA CGG 
474 

vWF F: 5’-GTG TGT CCG AGT GAA GGA GG 

R: 5’-CAG CAC GCT GAG GTC TTA CA 
116 

Beta- Actin F: 5’- TCC CCC AAC TTG AGA TGT AAG 

R: 5’- AAC TGG TCT CAA GTC AGT GTA CAG G 
100 
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4.3.6.1 cDNA Synthesis 

To a sterile 0.2 ml Eppendorf, 2 μl of qScript (Quanta, UK), 3 μl of RNAse free water and 5 μl 

of sample were added. The tube was placed in the thermo cycler and the sample was run 

through the following thermal cycles: 25oC for 5 minutes, 42oC for 30 minutes, 85oC for 5 

minutes and then holding at 4oC. At this stage, the cDNA was removed and was stored at −20oC 

until required. 

4.3.6.2 DNA Amplification 

To make the PCR reaction mix, 1 μl of cDNA, 4 μl 5x Firepol Green (Solis Biodyne, UK) and 

1 μl forward and reverse primers (5pM/μl) and 13 μl sterile d.H2O were added into a sterile 0.2 

μl Eppendorf. A no template control (NTC) was included for each specific primer, which was 

identical to the PCR reaction mix, but replaced 1 μl cDNA with 1 μl sterile d.H2O. The tubes 

were vortexed briefly and placed in the thermo cycler for denaturation at 95oC for 10 minutes. 

The PCR products were amplified using the following thermal cycle: for GFAP, vWF, Neu 

and β-actin (40 cycles at 95oC for 15 seconds and 60oC for 60 seconds, 72oC for 10 minutes 

and holding at 10oC) and for CD68 and OLIG2 (2 cycles at 94oC, 35 cycles at 94oC for 30 

seconds, 58oC for 45 seconds and 72oC for 1 minute, 72oC for 15 minutes and 15oC for 

holding). 

4.3.6.3 Agarose Gel Electrophoresis 

To visualise the PCR products, a 3% agarose gel was made by dissolving 3 g of agarose in 100 

ml TAE. The gel was heated in the microwave on full power until all the agarose dissolved. 

The gel was cooled to RT by running the flask under cold tap water. 1 μl of ethidium bromide 

(ThermoFisher, UK) was added to the cooled gel mix and poured into the casting tray with the 

comb in position. The gel was left to set at RT for approximately 30mins. 3 μl of Hyperladder, 

25 bp (Bioline, UK) was added and 10µl samples or NTC were loaded into the gel which was 

run at 100 V for 1 hour.  The product was visualised using G-box. 

4.3.9 Transcriptomic Analysis of WM cases 
 

4.3.9.1 RNA Amplification and hybridisation 

RNA extracted from LCM-ed endothelial cells was used to characterise the transcriptomic 

profile of microvessels in 5 non-lesional control cases and 5 lesional cases (both WML and 

NAWM). Extracted RNA samples were amplified using a 3’ IVT Pico Reagent Kit 
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(ThermoFisher Scientific, USA). The process of amplification and hybridisation was carried 

out exactly as described in Chapter 2, section 2.8.9.1.  

 

4.3.9.2 Microarray quality control analysis 

The quality control analysis was performed as described in section 3.3.4 and normalised 

using robust multi-array analysis.  

 

4.3.9.3 Microarray data analysis 

The data was analysed using the Qlucore Omics Explorer software (Qlucore, Lund, Sweden). 

Two and three group comparisons were performed with parameters set as p≤ 0.05 and fold 

change ≥ 1.2. DAVID Bioinformatics resources version 6.8 (NIAID, NIH, USA) and IMPaLA 

were used to analyse the functional groupings and pathways with stringency levels set as 

highest. 
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4.4 Results 
 

4.4.1 Histological characterisation of control, WML and NAWM cases  

Frozen WM blocks were sampled from the CFAS cohort, using MRI of the contralateral 

formalin-fixed hemisphere as a guide, and were histologically assessed to confirm the WM 

classification. Histological assessment was performed to visualise demyelination and to assess 

the presence of amoeboid CD68+ microglia in the WM. Radiologically and histologically 

confirmed control cases were characterised by minimal evidence of demyelination and the 

presence and regular distribution of resting microglia with a ramified morphology throughout 

the WM (Figure 4. 2). Some of the radiologically classified control cases were histologically 

abnormal, containing moderate levels of CD68+ ameboid microglia. Deep subcortical lesional 

cases displayed an abundance of CD68+ microglia with a large, round cell body with retracted 

processes There was also evidence of demyelination indicated by reduced LFB staining, 

indicating loss of myelin (figure 4.1). NAWM cases were radiological normal regions from 

cases which had a WML elsewhere in the tissue slice.   In contrast to WML, NAWM contained 

lower levels of CD68+ phagocytic microglia and had a predominantly bipolar morphology, 

histologically more similar to control WM (Figure 4. 1).  Initial studies prepared and assessed 

29 WM blocks and categorised these blocks into control, NAWM and WML according to their 

histological profile.  

After analysing all the cases, suitable cases were selected (see Table 4. 2) and the RNA profile 

was assessed prior to LCM. New label for the selected cases can be found in Table 4. 3. 

Demographic information for the selected cases is listed in Table 4. 4. 
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Figure 4. 2 Histological characterisation of WM. Both Control WM and NAWM contained low levels of CD68+ microglia, predominantly with a bipolar morphology. In contrast 
DSCL contain high levels of large microglia with a round, amoeboid morphology, demonstrating a classic phagocytic phenotype. H&E stains nuclei a deep purple while staining 
cytoplasm a light pinkish colour. Both control and NAWM displayed a regular distribution of cells through the WM area. In contrast, a greater number of nuclei is observed in 
DSCL representing hypercellularity in the area. LFB stains myelin, both control and NAWM display intact myelin while DSCL display loss of myelin. Scale bar represents 100 
µm 
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Table 4. 2 MRI and histological classification of WM blocks. Each MRI-guided sample was 

histologically characterised and classified. The cases in red were selected to take forward for 

RNA analysis and LCM. Some cases were excluded (highlighted in yellow) as there was 

evidence of extensive freeze- thaw artefacts throughout the tissue. 

 

 

 

 

CASE No MRI Classification Histological Classification  

RH6 (H6) Control Control 
23/94 (11) Control Control 
100/00 (8) Control Control 
201/95 (9) Control Excluded 

11/98 (11)  DSCL NAWM 
178/96(8) DSCL NAWM 
105/94 (10) DSCL NAWM 
31/00 (8) DSCL NAWM 
47/97 (13) DSCL NAWM 
31/00 (9) DSCL Lesion 
121/96(10) DSCL NAWM 
105/94 (11) DSCL NAWM 
178/96 (10) DSCL Lesion 
11/98 (9) NAWM Lesion 
47/97 (10) NAWM NAWM 
67/94(14) NAWM NAWM 
178/96 (12) NAWM NAWM 
63/98 (7) NAWM NAWM 
47/97 (14) NAWM NAWM 
121/96 (11) NAWM NAWM 
106/94(25) DSCL NAWM 
68/94(10) DSCL NAWM 
127/94(9) DSCL NAWM 
RH03 (H4) DSCL Lesion  
RH11 (H5) control Excluded 
RH04 (H4) Control Control 
RH23(H5) Control Control 
RH37(H4) Control Excluded 
RH69(H7) DSCL Lesion 
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Table 4. 3 Cases that were selected for the microarray and the new labels used in the 

study 

Name of the cases New label 
RH3-L L-1 
RH69-L L-2 
31/00(9) L-3 
178/96(10) L-4 
11/98(9) L-5 
RH3-N N-1 
RH69-N N-2 
11/98(11) N-3  
198/96(12) N-4 
31/00(8) N-5 
RH6 C-1 
23/94(11) C-2 
100/00(8) C-3 
RH23 C-4 
RH04 C-5 
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Table 4. 4 Demographic information for cases used in microarray analysis. Age, gender, 

post-mortem delay (PMD) and pH of cases; N/A indicates unavailable data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cases Age at death Gender Post-mortem 
delay (PMD) 

(hours) 

pH of 
brain 

C-1 89 M 11 6.69 

C-2 93 M 33 N/A 

C-3 78 F 79 N/A 

C-4 N/A N/A N/A N/A 

C-5 85 F N/A 7.02 

L-1 82 F N/A 6.47 

L-2 95 f 35 6.43 

L-3 90 M 79 N/A 

L-4 N/A N/A N/A N/A 

L-5 75 M 20 N/A 

N-1 82 F N/A 6.47 

N-2 95 f 35 6.43 

N-3 75 M 20 N/A 

N-4 N/A N/A N/A N/A 

N-5 90 M 79 N/A 
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4.4.2 Laser Capture Microdissection (LCM) of vessels from WM 

All the suitable cases identified in the histological characterisation were taken forward for 

assessment of RNA integrity and, if appropriate, LCM isolation of Collagen-IV+ vessels. A 

modified IHC protocol for Collagen- IV allowed detection of the vessels, which appeared 

string- like or rounded depending on their orientation within the tissue section. LCM allowed 

isolation of these Collagen-IV+ cells (Figure 4. 3). Approximately 1.5 hr was spent on each 

section to generate an enriched population of vessel-associated cells. The RIN values and RNA 

profiles were assessed for all the cases post-LCM. 
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Figure 4. 3 LCM of collagen-IV positive vessels. (A) Blood vessels were immunolabelled 
with collagen-IV. (B) A cap was placed on the section and the laser was fired, melting the 
film and attaching the cells of interest to the LCM cap. (C) The remaining tissue where the 
vessels were removed and (D) microdissected vessels from the tissue on the cap. 
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4.4.3 RNA Integrity of frozen samples 
 

4.4.3 Confirmation of enriched endothelial cell population 

To confirm an enriched population of endothelial cells, RT- PCR was performed. Expression 

of the endothelial cell marker von Willebrand factor (vWF) was used to assess the enrichment. 

As endothelial cells are in close proximity to astrocytes, axons, microglia and 

oligodendrocytes, PCR was also performed for: astrocyte (GFAP), axons (NeuN), microglia 

(CD68), oligodendrocyte (Olig2) to assess any contamination from other cell types and confirm 

endothelial cell enrichment. β-actin was used as a housekeeping gene and the presence of an 

intense band at ~ 100 bp also confirmed successful cDNA synthesis. Expression of vWF 

(110bp) in the sample confirmed the enrichment of the sample (Figure 4. 4). No product was 

observed in the NTC, confirming the specificity of the reaction. 
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Figure 4. 4 Confirmation of enrichment of endothelial cells in LCM-ed sample. PCR for 

specific cell phenotypes was performed on LCM-ed samples following RNA extraction. vWF 

expression confirmed that the sample is enriched for endothelial cells and an intense band at β-

Actin confirmed that it was a successful cDNA synthesis. There was no GFAP, CD68, OLIG2 

and NeuN products detected. (bp- base pairs). 
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4.4.4 RNA Integrity of frozen samples 

The quality of the RNA isolated from the frozen samples was analysed using Picochip Analysis 

(see Table 4. 5). RNA integrity analysis of the cases was also performed after LCM. Since 

most cases did not have a RIN, the RNA profile was examined before the cases were taken 

forward for microarray analysis (see Figure 4. 5). 

 

 

Table 4. 5 RNA concentrations and RIN Values of the samples. The RNA concentration 

was obtained using a Nanodrop spectrophotometer and RIN values were obtained using a 

bioanlayzer. RIN values were not available for some of the cases (N/A: not available.) 

   

Cases RNA 
Concentration 
(µg/mL) 

RIN Values 
before LCM 

RIN Values 
after LCM 

 

L-1 9.5 1.1 N/A 
L-2 9.54 2 1 
L-3 14.4 N/A N/A 
L-4 3.09 N/A N/A 
L-5 6.03 1 N/A 
N-1 9.2 N/A N/A 
N-2 2.39 1.3 N/A 
N-3  4.67 3 1.9 
N-4 5.63 N/A N/A 
N-5 6.59 2.3 1.6 
C-1 10.15 2 N/A 
C-2 5.20 N/A N/A 
C-3 6.56 1.6 N/A 
C-4 21.86 N/A N/A 
C-5 5.16 N/A N/A 
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Figure 4. 5 Representative Image of the RNA profile of a case pre- and post-LCM 

obtained using the Agilent Bioanalyzer. (Left) Electropherogram of RNA extracted before 

LCM. The RIN profile was used to assess RNA integrity pre- and post-LCM. 18S and 28S 

peaks represent ribosomal RNA. The presence of two ribosomal peaks demonstrates that RNA 

is not fully degraded and can be used for further applications downstream. (Right) 

Electropherogram of RNA extracted after LCM. The RIN profile shifted largely towards the 

left, indicating presence of short RNA strands. Some of the degradation during LCM is 

unavoidable. (FU: fluorescence unit; nt: nucleotide). 
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4.4.4 Internal Quality Control of microarray analysis 

Quality control analysis was performed using Affymetrix Expression Console software (as 

described in Chapter 3, section 3.3.4). The samples were all analysed for amplification, 

hybridisation, housekeeping genes and signal intensity. A control sample (C-5) and a NAWM 

samples (N-5) were identified as outliers as their arrays did not produce signal, and so were 

removed from subsequent downstream analysis. 

4.4.4.1 Amplification Controls  

A poly-A RNA control provided by Affymetrix was used in the microarray analysis to monitor 

the labelling efficiency. Poly-A controls, derived from B. subtilis bacterial genes lys, phe, thr 

and dap, were added to each of the samples at decreasing concentrations (1:100,000, 1:50,000, 

1:25,000 and 1:6,667 respectively). N-2 demonstrated a greater labelling efficiency for all four 

poly-A-controls when compared to other samples. All other samples had poly-A controls 

present in decreasing concentration as shown in Figure 4. 6). 
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Figure 4. 6 Amplification controls for endothelial enriched RNA samples from control, 

lesional and NAWM cases.  Average signal intensity of poly- A controls dap, thr, phe and 

lys was plotted for the 13 samples. Sample C-1 had the highest signal intensity for all the 

poly-A controls, but it followed a similar trend to the other samples. 
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4.4.4.2 Hybridisation Controls 

Another set of exogenous RNA controls were added to the samples. These controls originated 

from E.Coli bacteria (bioB, bioC, bioD) and P1 bacteriophage (Cre), and monitor how 

consistent the hybridisation was across all the arrays. All 13 array samples followed a similar 

signalling pattern. All four controls were present in increasing concentrations, as expected. The 

sensitivity of the array was measured by looking at bioB as it should be present at least 50% of 

the time (Figure 4. 7). In summary, hybridisation controls are ‘present’ across all the samples 

with increasing intensities with respect to their concentrations.  
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Figure 4. 7 Hybridisation controls for endothelial RNA enriched sample from controls, 

lesional and NAWM cases. The average signal intensity of eukaryotic hybridisation controls, 

bioB, bioC, bioD and cre was plotted for each of the 13 cases. The highest signal intensity was 

recorded by Control-1, but it followed a similar trend to the other samples. 
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4.4.4.2 Housekeeping and Signal Quality 

Housekeeping genes such as GAPDH, tubulin, PDHX and Actin are widely used as internal 

controls. In this microarray, GAPDH and β-actin were utilised to assess the expression of 

housekeeping genes. The signal intensities of 3’ probe sets were compared to 5’ signal for both 

genes for 13 arrays as shown in Figure 4. 8. For GAPDH, the signal ratios were between 0.26 

and 0.63, but β-actin ratios for all the 13 arrays were between 1.35 and 1.40. Although the ratio 

for β-actin is higher than for GAPDH, this is not unusual as the 2-cycle assay can give rise to 

higher values due to additional amplification cycles. Overall, this does not impact the array 

quality.  
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Figure 4. 8 Housekeeping controls for endothelial RNA enriched samples from control, 

lesional and NAWM cases. 3’ to 5’ probe ratio of GAPDH and β-actin was used as internal 

controls. The ratio varied between 0. 0.26 and 0.63 for GAPDH and β-actin ratios for all the  

arrays were between 1.35 and 1.40. 
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4.4.4 Signal Intensity  

Figure 4. 9 summarises the signal intensity profile of all the 13 samples. All the samples in 

this microarray analysis displayed comparable signal intensity.  

Relative log expression (RLE) is another method that is used to compare the expression of a 

probe set to the median expression of this probe set across all arrays. The results are expressed 

as a box plot (Figure 4.10). In an ideal plot, box plots are centred on zero, with all the plots 

having a similar size.  Two samples- C-1 and L-3 have higher values and box plots, but all 

other samples have similar plots.  
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Figure 4. 9 Histogram of endothelial RNA enriched samples from controls lesional and 

NAWM cases. The histogram of signal intensities of each probe sets across the 13 samples 

were analysed. All the samples displayed comparable signal intensities across the probe sets. 

[X axis – Log of signal; Y axis -frequency] 

 

 

Figure 4. 10 : Relative Log Expression plots for all the 13 samples.  The RLE values of all 

the cases except for samples C-1 and L-3 are all close to zero and have similar sized plots. 
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4.4.6 Data Analysis 

4.4.5.1 Clustering Analysis 

Having removed any outliers identified in the study, Qlucore Omics Explorer was used to 

analyse the transcriptomic profile of LCM-ed vessels from DSCL, NAWM and control cases. 

All the samples were normalised according to RMA method before the analysis was done. 

After normalising, genes were considered significantly differentially expressed if they showed 

a minimal fold change ≥ 1.2 (either upregulated or downregulated) and p ≤ 0.05. Initially three-

way comparison was performed, with the PCA plot demonstrating a clear separation between 

all the three groups, as shown in Figure 4. 11).  

To further visualise the differences in the transcriptomic profile of the samples, two- group 

analysis was also performed i.e. control v DSCL, control v NAWM and NAWM v DSCL. PCA 

plots of the three comparison groups further shows the differential gene expression profile 

(Figure 4. 12).  Clustering analysis demonstrates that all three groups are clustered neatly and 

show a clear separation (Figure 4. 11) 

The greatest number of dysregulated genes (2830 genes: 1566 genes upregulated and 1264 

genes downregulated) were found when the transcriptomic profile of DSCL was compared to 

NAWM. There were 1206 genes (288 genes upregulated and 918 genes downregulated) 

significantly differentially expressed in DSCL compared to control WM. Furthermore, when 

the transcriptomic profile of NAWM was compared to non-lesional control WM, 1113 genes 

were significantly differentially expressed (426 upregulated and 687 downregulated) (for a 

detailed breakdown, please refer to Table 4. 6). A complete set of genes that were significantly, 

differentially expressed can be found in Appendix III). A list of top 20 upregulated and 

downregulated genes can be found in Appendix IV. 
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Table 4. 6 Number of genes dysregulated in two-group analysis. After the samples were 
normalised according to RMA method, the datasets were analysed with the stringency settings: 
minimal fold change ≥ 1.2 (either upregulated or downregulated) and p ≤ 0.05. 

 

 

 

 

 

Figure 4. 11 PCA plot of control, lesional and NAWM cases. PCA plot of the transcriptomic 

profile of endothelial cells from control, NAWM and DSCL, cases were analysed using 

Qlucore Omics software (parameters: fold change ≥1.2; p≤ 0.05). All three groups displayed a 

clear separation suggesting distinct transcriptomic variation between all 3 groups and the 

similarity of samples within each group. (Control -blue, NAWM- yellow and DSCL -red).  

Two group Comparison No. of Upregulated Genes No. of Downregulated genes 
DSCL v control 288 918 
NAWM v Control 426 687 
DSCL v NAWM 1566 1264 
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Figure 4. 12 Clustering analysis of control, lesional and NAWM cases. A PCA plot was 

generated using Qlucore Omics software to look at group comparisons separately. (A) PCA 

plot of control v DSCL, showing clear separation between the two groups. (B) PCA plot of 

control v NAWM demonstrating separation between the two groups. (C) PCA plot of NAWM 

and DSCL showing the clear separation between the groups. 

A 

B 
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To determine if there were any overlapping dysregulated genes between the three groups, the 

date was analysed using Venny (Version 2.1.0). As seen in Figure 4.12, there were 6 transcripts 

common between the three groups (Table 4.5). Only five transcripts could be identified out of 

six, as shown in Table 4.5, and they did not belong to any common pathway.  

 

 

 

 

Figure 4. 13 Venn diagram identifying overlapping genes between three groups. 

Significantly differentially expressed genes were plotted in a Venn diagram using Venny 

(Version 2.1.0) to map the % of genes that were overlapping between the groups. There were 

only 0.1% (6 transcripts) that overlapped in the three-group analysis. 
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Table 4. 7 Common genes dysregulated in the three group comparison – control, NAWM 

and DSCL. The gene lists were analysed using Venny (version 2.1.0) to identify any common 

genes between the three two-group analysis. Venny identified six transcripts, only 5 of which 

were known. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Gene Name  Gene Symbol 

Ring finger protein RNF8 

Vesicle- trafficking protein SEC22b 

Sphingomyelin phosphodiesterase 
acid like 3A 

SMPDL3A 

Arsenite methyltransferase (AS3MT) AS3MT 

Proteasome inhibitor subunit  PSMF1 
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4.4.5.2 Functional groupings and pathway analysis 

4.4.5.2.1 Functional grouping analysis 

Functional grouping analysis was performed using the DAVID Functional Annotation tool 

(Version 6.8) using the gene list obtained from Qlucore Omics. The significantly dysregulated 

gene list was analysed for each of the three groups. When DSCL versus NAWM was analysed, 

dysregulated genes included those associated with metal binding, nucleus and transcription 

regulation (p-values ≤0.05; Table 4. 8). 

 

Table 4. 8 Functional grouping analysis of DSCL versus NAWM. Functional grouping 

analysis was performed using DAVID Functional Annotation Tool with stringency setting set 

to ‘High’. 

Functional Groupings Gene Count  P-Value 

Metal binding 207 0.00025 

Nucleus and transcription regulation  261 0.0019 

Nucleotide-binding 207 0.00034 

Phosphotyrosine interaction domain 10 0.0014 

Spectrin repeats 7 0.0035 
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When DSCL versus control cases were analysed, functional groups that were dysregulated 

included ubiquitin-associated domain, microtubule, DNA damage response and regulation of 

apoptotic process (p-values ≤ 0.05; Table 4. 9). 

 

 

 

 

 

Table 4. 9 Functional grouping analysis of DSCL versus control. Functional grouping 

analysis was performed using DAVID Functional Annotation Tool with stringency setting set 

to ‘High’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Functional Groupings Gene Count P-Value 
Ubiquitin-associated domain 3 0.038 
Microtubule 8 0.013 
DNA damage response and 
regulation of apoptotic 
process 

5 0.0024 

Metal ion binding 43 0.044 
Transcription factor binding 8 0.018 
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Finally, when NAWM versus control group was analysed using DAVID, the main groups 

identified included transcription, metal ion binding proteins and nuclear membrane associated 

proteins (p-values ≤0.05; Table 4. 9). 

 

Table 4. 10 Functional grouping analysis of NAWM versus control. Functional grouping 

analysis was performed using DAVID Functional Annotation Tool with stringency setting set 

to ‘High’. 

Functional Groupings Gene Count P-
Value 

Transcription 114 0.01 

Metal ion binding proteins 3 0.018 

Nuclear membrane associated 
proteins 

3 0.018 

Collagen triple helix repeats 9 0.011 
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4.4.5.2.2 Pathway analysis 

To identify if significant differentially expressed genes related to specific pathways the gene 

list obtained from Qlucore Omics (fold change ≥1.2; p-values ≤0.05) were analysed using the 

DAVID bioinformatic tool (version 6.8). The three two-group analysis datasets were analysed 

individually. Furthermore, to tease out the small but significant changes, up-regulated and 

down-regulated gene lists were analysed separately. The pathway analyses are summarised in 

Table 4.10-4.12. 

The dysregulated pathways identified by DAVID analysis in the DSCL vs non-lesional control 

WM group included endocytosis, ubiquitin mediated proteolysis and antigen processing and 

presentation (Table 4. 11). The highest number of dysregulated pathways occurred in the DSCL 

vs NAWM group comparison which included endocytosis, ras signalling pathway and FOXO 

signalling pathways (Table 4. 12). Interestingly, a pathway related to endocytosis was also 

enriched in NAWM vs control WM comparison (Table 4. 13).  

 

Table 4. 11 KEGG pathway analysis of significantly differentially expressed genes in 

DSCL versus non-lesional control WM. KEGG pathway analysis was performed using the 

DAVID Functional Annotation Tool (Version 6.8). 

Pathway  Gene 
Count 

P value 

Endocytosis 22 0.0019 
Ubiquitin mediated proteolysis 15 0.0026 
Proteoglycans in cancer 19 0.0028 
Glioma 8 0.023 
Viral carcinogenesis 16 0.035 
Endocrine and other factor-regulated 
calcium reabsorption 

6 0.045 

Antigen processing and presentation 8 0.048 
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Table 4. 12 KEGG pathway analysis of significantly differentially expressed genes in 

DSCL versus NAWM from lesional cases. KEGG pathway analysis was performed using the 

DAVID Functional Annotation Tool (Version 6.8). 

Pathway  Gene Count P value 
Endocytosis 39 0.0015 
Ras signalling pathway 36 0.0031 
Ubiquitin mediated proteolysis 24 0.0057 
Proteoglycans in cancer 31 0.0094 
Glycosphingolipid biosynthesis - 
ganglion series 

6 0.011 

FoxO signalling pathway 22 0.017 
Hypertrophic cardiomyopathy 14 0.035 
Glycosphingolipid biosynthesis - 
globo series 

5 0.039 

Prostate cancer 15 0.041 
 

Table 4. 13 KEGG pathway analysis of significantly differentially expressed genes in 

NAWM versus non-lesional control WM. KEGG pathway analysis was performed using the 

DAVID Functional Annotation Tool (Version 6.8). 

 

Pathway  Gene Count P value 

Axon guidance 10 0.0028 

Butanoate metabolism 5 0.017 

beta-Alanine metabolism 4 0.027 

p53 signalling pathway 5 0.039 

Alanine, aspartate and 
glutamate metabolism 

9 0.041 
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When downregulated and upregulated gene lists were analysed separately, it identified many 

important pathways that can attribute to changes in WM. When DAVID analysis of down-

regulated and up-regulated lists were analysed separately in DSCL versus NAWM, it identified 

downregulation of endocytosis, ubiquitin-mediated pathways and FoxO signalling pathways (p 

values < 0.05; Table 4. 14). The pathways that were upregulated in DSCL versus NAWM 

included Ras signalling pathway, focal adhesion, calcium signalling and MAPK signalling (p 

values <0.05; Table 4. 15). 

 

Table 4. 14 KEGG pathway analysis of downregulated and upregulated genes in DSCL 

versus NAWM. KEGG pathway analysis was performed using the DAVID Functional 

Annotation Tool (Version 6.8). 

Pathways Up/Down 
Regulated 

Gene 
Count 

P-Value  

Endocytosis Down 27 0.00025 

Ras signalling pathway Up 22 0.0016 

Basal cell carcinoma Up 9 0.003 

Ubiquitin mediated proteolysis Down 16 0.0044 

Proteoglycans in cancer Up 19 0.0048 

Pyrimidine metabolism Down 12 0.014 

ErbB signalling pathway  Up 10 0.018 

FoxO signaling pathway Down 14 0.02 

P53 signalling pathway Down 9 0.021 

Cell Cycle Down 13 0.025 

Protein processing in ER Down 16 0.027 

PI3K-Akt signalling pathway Up 25 0.028 

Focal Adhesion Up 17 0.028 

Calcium signalling Up 15 0.036 

MAPK signalling pathway Up 19 0.043 

Chemokine signalling pathway Up 15 0.048 
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Similarly, when KEGG pathway analysis was performed on downregulated and upregulated 

gene lists in control versus DSCL groups, pathways including ubiquitin mediated proteolysis, 

hippo signalling pathway and endocytosis were upregulated (p values <0.05; Table 4. 15). 

However, there were no significantly downregulated genes identified using the DAVID KEGG 

pathway analysis. 

 

Table 4. 15 KEGG pathway analysis of downregulated and upregulated genes in DSCL 

versus NAWM. KEGG pathway analysis was performed using the DAVID Functional 

Annotation Tool (Version 6.8). 

Pathway Up/Down Regulated P-Value 

Ubiquitin mediated 
proteolysis 

Up 0.0014 

Hippo signalling pathway Up 0.0048 

Endocytosis Up 0.014 

Antigen processing and 
presentation 

Up 0.02 

Glioma Up 0.03 
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When NAWM versus non-lesional control downregulated and upregulated gene list was 

analysed using DAVID, one of the main pathways identified was axon guidance and cell 

adhesion molecules (p values <0.05; Table 4. 16). There were no significantly up-regulated 

pathways when genes from this two-group comparison. 

 

Table 4. 16 KEGG pathway analysis of downregulated and upregulated genes in NAWM 

versus non-lesional controls. KEGG pathway analysis was performed using the DAVID 

Functional Annotation Tool (Version 6.8). There were no statistically significant upregulated 

pathways identified in the DAVID analysis. 

Pathway UP/Down 
Regulated 

P-Value 

Axon guidance Down  0.0026 

Butanoate metabolism Down 0.0032 

Cell adhesion molecules (CAMs) Down 0.046 

 

 

Overall, the endocytic pathway was upregulated in control versus DSCL and downregulated in 

DSCL versus NAWM group. Similarly, ubiquitin mediated proteolysis pathway was 

upregulated in non-lesional control versus DSCL group but was downregulated in DSCL 

versus NAWM group. There was no pathway that overlapped in the three-group comparison. 

4.4.5.4 Summary of Microarray analysis 

In summary, the data presented demonstrates that microvessels in DSCL are associated with 

significant dysregulation of genes associated with endocytosis and ubiquitin-mediated 

proteolysis compared to both control WM and NAWM.  Furthermore, there is dysregulation in 

immune response-related genes in the DSCL compared to non-lesional control WM, and in 

FOXO signalling associated genes compared to NAWM.  Interestingly, the transcriptomic 

profile of NAWM from lesional cases was significantly different compared to the control WM 

from non-lesional cases and was associated with dysregulation of genes related to p53 

signalling. 
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4.5 Discussion 
WML are an independent risk factor for dementia and their presence is associated with the 

acceleration of mild cognitive impairment to AD. While the precise mechanism underlying 

their pathogenesis is currently unknown, they have been suggested to arise as a result of 

disruption to the BBB.  Histological characterisation of age associated WML has demonstrated 

that these lesions show evidence of disruption of the BBB, which may result in the 

accumulation of serum proteins within the CNS and the activation of a neuroinflammatory 

response (Huang et al., 2010; Simpson et al., 2010) .  Previous studies have characterised the 

transcriptomic profile of WML but have examined whole tissue extracts which likely masked 

vessel-specific changes (Ritz et al., 2016; Simpson et al., 2009) .  Therefore, the current study 

used LCM to isolate microvessels from WML and compared their gene expression profile to 

vessels isolated from the NAWM of lesional cases and control WM from non-lesional cases.  

The transcriptomic signatures identified in this study elucidate gene expression changes which 

may underlie lesion formation in the ageing brain. 

The highest number of significantly differentially expressed genes were detected in the NAWM 

versus DSCL comparison. When the transcriptomic profile of vessels in the NAWM was 

compared to control cases, over 1000 genes were significantly differentially expressed, 

providing further evidence that transcriptomic changes are not restricted to the lesion and that 

WML arise in a field effect of gene expression changes.  Transcriptomic changes in the NAWM 

identified pathways including endocytosis, proteolysis and antigen presentation, which indicate 

that gene expression changes are not limited to the focal lesion and suggest potential 

mechanisms which may underlie lesion spread. Although the NAWM appears radiologically 

normal under MRI examination, newer techniques such as diffusion tensor imaging (DTI) and 

magnetic resonance spectroscopy (MRS) are more sensitive to microstructural changes 

(O’Donnell and Westin, 2011; Wen et al., 2019; Wozniak and Lim, 2006). In future, these 

techniques might allow clinicians to detect the small early subclinical lesions which may 

develop into WML. Overall, the findings of the current study indicate that WML arise in a 

background of gene expression changes, and these changes in the NAWM may give rise to 

lesion spread.  

4.5.1 Dysregulation of proteolysis and endocytosis as a mechanism for lesion formation 

One of the major pathways identified by the microarray analysis was dysregulation of 

proteolysis, corroborating the findings of a previous study which investigated transcriptomic 
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changes in total extracts from WML versus control (Simpson et al., 2009).  Intracellular 

proteolytic activation is important for the maintenance of the vasculature, however 

dysregulation of this pathway can lead to cerebral ischemia (Asahi et al., 2001; Gingrich and 

Traynelis, 2000).  Extracellular proteolysis may contribute to the tissue damage seen in WML 

and may give rise to an ischemic environment by impacting vascular integrity (Asahi et al., 

2001). Proteolysis of the cerebrovascular basal lamina and junctional proteins, specifically ZO-

1 and occludin, can impact BBB function leading to local neuroinflammatory responses 

(Kniesel and Wolburg, 2000).  

Another major finding was the differential expression of genes associated with endocytosis, 

indicating that the potential uptake and/or transport of molecules by the endothelial cells are 

disrupted. Unlike other barrier endothelial cells, brain endothelial cells are highly regulated 

(Tuma and Hubbard, 2003). Endocytosis is a pathway utilised by brain endothelial cells for the 

transport of macromolecules such as proteins and peptides. This tight regulation of movement 

of molecules across the barrier means the endothelial transcriptome is highly enriched in genes 

coding for transporters  (11% of all the genes) (Enerson and Drewes, 2006). Since this process 

is highly regulated in the cerebral endothelial cells and the rate of uptake changes according to 

the needs of the neighbouring neurons/axons, dysfunction of this biological pathway would 

potentially severely impact the normal brain function.  

4.5.2 Role of ubiquitin-mediated proteolysis in BBB dysfunction 

Another major pathway identified in the current study was ubiquitin-mediated proteolysis. This 

pathway, commonly known as the ubiquitin-proteasome system plays a central role in the 

clearance of damaged and mis-folded proteins from the nucleus and cytoplasm of the cell 

(Kleiger and Mayor, 2014). In addition, this system also degrades normal proteins and helps to 

recycle amino acids thereby maintaining proteostasis by preventing protein aggregation in the 

body. Interestingly, ubiquitin-mediated proteolysis is studied extensively in AD as protein 

aggregation of amyloid-β is one of the major features of AD neuropathology. In fact, the role 

of ubiquitin-mediated proteolysis was first reported in the 1980’s when polyclonal antibodies 

against conjugated ubiquitin intensely stained the neurofibrillary tangles in AD (Lowe et al., 

1988; Mori et al., 1987).  In contrast, fewer studies have investigated the role of ubiquitin-

mediated proteolysis in the pathogenesis of age-associated WML. 

One of the most prominent chaperons, heat shock protein 70 (HSP70) family is responsible for 

the folding of proteins as well transport of misfolded proteins for degradation (Hartl et al., 
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2011). Heat shock 70kDa protein 4 (HSPA4) was significantly differentially expressed 

(downregulated) in DSCL when compared to non-lesional control cases. Interestingly this gene 

was also downregulated in DSCL when compared to NAWM, suggesting that this molecule 

chaperon system and ubiquitin mediated proteolysis play an important role in lesion formation. 

Downregulation of genes in this pathway may lead to accumulation of misfolded proteins, 

leading to cellular stress which can eventually cause apoptosis (Stone and Lin, 2015). 

Interestingly, HSPA4 was also reported to be downregulated in AD, when post-mortem tissue 

of cortex and hippocampus was analysed using microarray analysis (Liang et al., 2008). HSPA4 

is also an important component of the molecular chaperon system that can disassemble tau 

fibrils (Nachman et al., 2020), which can eventually lead to NFT formation.  

Ubiquitin specific ligases such as E3 ligases can affect cell-cell contacts such as VE-cadherin 

by controlling its expression levels and localisation at cell-junctions (Orsenigo et al., 2012). 

The TJ protein occludin can be affected by ubiquitination, thereby affecting junctional stability 

(Murakami et al., 2012, 2009). Animal model studies have added more insight into how the 

ubiquitin pathway can play a role in junctional stability, for example ubiquitination of occludin 

leads to a decrease in vascular integrity in an ischemic rat model (Zhang et al., 2013). This 

paper also demonstrated that targeting ubiquitination and degradation of occludin reduces the 

leakage of Evan’s blue into the brain  parenchyma, further demonstrating the role of 

ubiquitination in the regulation of junctional stability. Targeting of the MARCH family of E3 

ligases in brain endothelial cells by siRNA results in the upregulated expression of claudin-5 

and occludin, both junctional proteins (Leclair et al., 2016). Interestingly, this pathway is 

different to ubiquitination and degradation of claudin-5 in human brain endothelial cells by 

HECT domain E3 ligases  (Rui et al., 2018). Together with the results of the current study, 

these findings suggest a role for the ubiquitin pathway in regulating the vascular integrity which 

is crucial for maintaining the normal function of the BBB.  Disruption of the pathway may 

underlie the vascular pathology seen in WML and contribute to lesion pathogenesis. 

Another dysregulated pathway was adhesion molecules, which play a role in maintaining BBB 

integrity through their interaction with TJ proteins, supporting previous reports of tight junction 

protein loss in WML (Hawkins and Davis, 2005; Simpson et al., 2010; Takechi et al., 2017). 

The actin cytoskeleton of endothelial cells can influence the spatial arrangements of TJ proteins 

and AJ proteins (Tietz and Engelhardt, 2015). This close association is responsible for 

remodelling in response to an injury, allowing disassembly of the barrier and recruitment of 

immune cells and plasma proteins that will effectively allow for tissue repair (Tietz and 
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Engelhardt, 2015). In patients with dementia, brain endothelial cells release significantly higher 

levels of proteases such as thrombin and MMPs which have the ability to remodel the BBB 

(Thirumangalakudi et al., 2006). Systemic inflammation and oxidative stress also increase the 

proteolysis of TJ proteins which may exacerbate BBB dysfunction (Cipolla et al., 2011; 

Kamada et al., 2007).  

Cerebrovascular dysfunction is an early event and precedes cognitive decline in AD (Bell and 

Zlokovic, 2009; de la Torre, 2004). Studies of BBB function in patients with DSCL using 

traceable dyes, indicate increased BBB permeability compared to non-neurological controls 

(Topakian et al., 2010). This loss of BBB integrity and associated leakage increases as the 

lesion load increases (Farrall and Wardlaw, 2009; Skoog et al., 1998).  Furthermore, patients 

with a higher lesion load also have increased BBB leakage in the NAWM (Wardlaw et al., 

2013a).  Together with the current study, these findings indicate that BBB dysfunction is a 

feature of age-associated WML and impaired vascular integrity in the NAWM may contribute 

to lesion spread. 

 

4.5.3 p53 dysregulation may underlie the loss of BBB integrity in WML 

The current study demonstrates dysregulation of the p53 signalling pathway is a feature of the 

endothelial cells in the NAWM, supporting previous histological studies of ageing white matter 

pathology (Al-Mashhadi et al., 2015).  Under normal conditions, p53 is activated in response 

to cellular stress, for example oxidative-stress induced DNA damage. If this repair mechanism 

fails to completely repair the DNA damage, it can lead to p53-mediated apoptosis. Since p53 

plays a key role in maintaining genomic stability its role is crucial for maintaining homeostasis 

within the CNS. P53 can also be activated by hypoxia, which is a feature of DSCL and the 

surrounding NAWM (Fernando et al., 2004) . Together these findings suggest dysregulation of 

p53 signalling may contribute to the loss of BBB integrity in the NAWM. 

P53 has been extensively studied in the cancer field, and how it can impact the immune 

response (Blagih et al., 2020). It is only recently that the role of p53 is starting to be elucidated 

in the development of dementia.  Fibroblasts from sporadic AD patients exhibit impaired p53 

signalling resulting in an impaired DNA damage response (Uberti et al., 2002). Furthermore, 

levels of conformationally altered p53 are statistically higher in patients with dementia 

compared to age matched controls, suggesting their use as a novel biomarker candidate (Lanni 
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et al., 2008). While these studies indicate a role for p53 in AD, more research is needed to 

understand if this is true for all types of dementia.  

Interestingly, the ubiquitin-mediated proteolysis system also plays a crucial role in regulating 

p53 (Yang et al., 2004), an unstable protein with a short half-life (Oren et al., 1981; Pant et al., 

2011). Under normal conditions, p53 levels are tightly controlled by ubiquitination (Querido 

et al., 2001). The major E3 ligase for p53 is Mdm2  (Haupt et al., 1997; Michael and Oren, 

2003; Pant et al., 2011), and under stress or DNA damage, Mdm2 undergoes phosphorylation 

and is degraded (Horn and Vousden, 2007), leading to p53 stabilisation. In the current study, 

MDM2 is downregulated in DSCL when compared to both control and NAWM, indicating that 

proteolysis pathway itself is dysregulated leading to activation and stabilisation of p53, which 

can result in apoptosis. 

Together, all this evidence suggests a role of p53 in the vascular pathology associated with 

ageing WM pathology, one which is very complex with interplay between several pathways. 

Our findings suggest endothelial cell death due to activation of p53 is not just a feature of 

established lesions, it is also upregulated in NAWM, indicating WML arise in a field effect of 

vascular pathology. 

4.5.4 Microarray is a powerful platform to study transcriptomic changes in ageing WM 

Microarray technologies provide an excellent opportunity to look beyond individual gene 

candidates and identify novel pathways that can be targeted for potential new therapeutics. To 

date there are few studies that have combined laser capture microdissection with microarray 

analysis to investigate transcriptomic changes in a specific cell type in the brain. Previous 

microarray analysis of ageing WM pathology has been performed on whole tissue extracts. To 

our knowledge, this study is the first one to report microarray analysis performed on isolated 

endothelial cells from ageing WM.  Although the previous studies performed microarray 

analysis of whole tissue extracts, it should be noted that they identified dysregulation of 

inflammation and apoptosis in WML (Ritz et al., 2016; Simpson et al., 2009), supporting the 

findings of the current study. However, the current study also identified dysregulation of other 

biologically relevant candidates, including tight junction proteins and endocytosis. Using LCM 

to isolate an enriched population enables the identification of cell-specific transcriptomic 

changes which are likely masked when analysing whole tissue extracts. 
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Although WML are an independent risk factor for dementia, to date most studies have focused 

on cortical changes. Transcriptomic profiling of WM has mostly been performed on other WM 

diseases, such as multiple sclerosis (MS). While MS is a distinct disease, the WML observed 

in MS do share some similarities to age associated WML, including demyelination and BBB 

dysfunction (Lock et al., 2002; Melief et al., 2019; Mycko et al., 2003; Waller et al., 2016; 

Whitney et al., 2001), and recent transcriptomic profiling of the NAWM in MS indicates that 

gene expression changes extend beyond the MS lesion into the surrounding radiologically 

normal appearing white matter (Waller et al., 2016). Even though there are more studies 

performed on WML in MS diseases, not many have utilised LCM combined with 

transcriptomic profiling to interrogate gene expression changes related to disease (Kinnecom 

and Pachter, 2005; Kirk et al., 2003; Mojsilovic-Petrovic et al., 2004). Combining LCM with 

transcriptomic profiling is a valuable tool to identify potential mechanisms underlying 

pathology.  

LCM was first developed by Emmert-Buck et al. and has effectively transformed the study of 

individual cell populations (Emmert-Buck et al., 1996), including the isolation of cerebral 

endothelial cells (Cunnea et al., 2010; Macdonald et al., 2008). It allows isolation of mRNA, 

RNA and proteins from an enriched cell population, and can be coupled with microarray 

analysis to understand cell-associated changes in the transcriptome (Bernard et al., 2009; Harris 

et al., 2008). However, it should be acknowledged that LCM does not isolate a pure population, 

rather it isolates an enriched cell population. As the astrocyte endfeet are in intimate contact 

with the BBB, contamination of the LCM-ed endothelial cells with astrocyte transcripts is 

unavoidable (Ball et al., 2002; Mojsilovic-Petrovic et al., 2004), however PCR analysis of the 

RNA extracted from LCM-ed cerebral microvessels in the current study indicates that the 

population is enriched for endothelial cells.   

Various factors such as the agonal state of the patient, post-mortem delay, storage and 

sectioning can affect the quality of the RNA (Ferreira et al., 2018)(Koppelkamm et al., 2011; 

Preece and Cairns, 2003). The process of immunostaining, even with a rapid protocol, and 

LCM is lengthy, and can further impact the RNA quality. However, human post-mortem 

transcriptomic studies are immensely valuable for identifying disease-associated gene 

expression changes and are a valuable hypothesis generating tool.  

Initial comparison between microarray analysis from chapter 3 and post-mortem analysis was 

performed, showing that there were no overlapping pathway changes between endothelial cells 
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in WM in post mortem tissue and NMV treated endothelial cells. However in-depth analysis is 

required and since WM was not from patients who had peripheral inflammation, it would be 

hard to predict if any changes were induced due to NMVs. 

 

 

 

4.6 Conclusions & major findings 

• LCM can be employed to isolate an enriched endothelial population from post-mortem 

tissue. 

• While the NAWM is radiologically normal, transcriptomic analysis suggest WML arise 

in a field effect of transcriptomic changes. 

• Dysregulation of p53 signalling may contribute to the loss of BBB integrity in the 

NAWM. 

• Ubiquitin-mediated proteolysis may underlie BBB dysfunction in WML. 

• Dysregulation of endocytosis is associated with endothelial cells in both the NAWM 

and DSCL and may impact the movement of molecules across the BBB. 
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Chapter 5: General Conclusion 
5.1 Major findings and limitations of this study 

Dysfunction of the BBB is a major feature of various neurodegenerative diseases, but the 

mechanisms underlying this dysfunction remain poorly understood. The BBB is a dynamic 

barrier that controls the movement of molecules between the circulation and the CNS. This 

tightly controlled barrier is crucial to protect the CNS from the harmful substances that can be 

found in the blood, which may be toxic to neurons. As we age, our immune system is repeatedly 

challenged causing it to be primed. Repeated peripheral challenge to the immune system can 

exaggerate and prolong CNS inflammation (Godbout et al., 2005; Li et al., 2012). Furthermore, 

systemic inflammation can exacerbate dementia (Fong et al., 2015; Girard et al., 2010). 

Additionally microstructural changes in the endothelium are associated with peripheral 

inflammation in AD patients (Swardfager et al., 2017), demonstrating a role of peripheral 

inflammation in the activation and dysfunction of the BBB.  

Neutrophils play a role in driving cognitive impairment in animal model of AD  and depletion 

of neutrophils improves cognition in the early stages of AD (Zenaro et al., 2015), suggesting 

that neutrophils contribute to cognitive dysfunction. Since neutrophils are not a feature of 

dementia neuropathology, the current study hypothesised that neutrophils contribute to BBB 

dysfunction through their release of NMVs. There is mounting evidence that NMVs target 

other peripheral endothelial cells thereby contributing to the disease pathogenesis (Gomez et 

al., 2020; Pitanga et al., 2014). Therefore, this study aimed to determine if brain microvascular 

endothelial cells interact with NMVS in vitro and if that interaction caused transcriptomic 

changes in the endothelial cells. At the same time, evidence of BBB dysfunction and potential 

mechanisms underlying this dysfunction was studied in vivo, in WML tissue.   

The first part of this study aimed to develop an in vitro model to investigate the interactions 

between NMVs and the BBB (see Figure 5. 1)  To model the BBB, the human cerebral 

microvessel endothelial cell line hCMEC/D3 was used. There are many advantages of using 

this cell line over primary endothelial cells. These cells have the ability to form a contact-

inhibited monolayer, express junctional proteins and display restricted permeability to tracer 

molecules such as lucifer yellow (Weksler et al., 2013). Additionally, this cell line is used in 

many drug transport studies, is commercially available and relatively easy to culture, all 

making this cell line a great resource to study the BBB. Nevertheless, hCMEC/D3 also have 

some disadvantages which should be acknowledged, for example they do not develop a high 
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TEER, which can be used as an indicator for barrier integrity. Under physiological conditions 

in vivo TEER values can range between 1500-2000 Ωcm2 (Butt et al., 1990). This study 

confirmed the previous finding that hCMEC/D3 have a TEER ranging from 20-30 Ωcm2 

(Eigenmann et al., 2013; Weksler et al., 2013). Although hCMEC/D3 are a robust cell model 

for studying the BBB, it should be acknowledged that the BBB comprises more than 

endothelial cells and also contains astrocytic endfeet and pericytes. However, to understand 

how NMVs interact with cerebral endothelial cells using this monoculture enabled us to 

determine how endothelial cells interact with and internalise NMVs. This preliminary work 

informs how NMVs may work in complex in vitro models of the BBB. 

Incubation of NMVs with hCMEC/D3 initiated internalisation of NMV via multiple energy 

dependent endocytosis pathways. To our knowledge, this is the first study to report the 

internalisation of NMV by human brain microvascular endothelial cells. Internalisation of 

NMVs was confirmed using two different techniques – confocal microscopy and flow 

cytometry. Although this study reported that internalisation of NMVs by hCMEC/D3 was dose-

dependent, it should be noted that full saturation was not observed. There is very little 

knowledge about the actual concentration of NMVs found in the circulation during 

inflammation/an infection. Several in vivo and in vitro studies have used various concentrations 

(Dalli et al., 2008; Gomez et al., 2020; Pitanga et al., 2014; Rhys et al., 2018). This study opted 

to use 300 NMV/µL as the final concentration, guided by the findings of a paper analysing 

various MVs in blood in patients with systemic inflammation which reported that NMV ranged 

between 200- 400 concentration NMV/µL (Guervilly et al., 2011). However, it should be noted 

that this makes it harder to compare this study’s findings to other in vitro studies as the 

concentration differs between them.  

One of the major limitations of this study was using NMVs from young control participants. 

The average age of the participants was 25 years; however it should be noted that the immune 

system of younger participants is robust and may react differently to older participants. 

Neutrophils from elderly patients can be primed, leading to constituent activation (Hazeldine 

et al., 2014), which may affect the contents of NMVs and the differential expression of genes 

in their target cells. However, investigating NMVs from control participants enabled this study 

to investigate how the NMVs are internalised and which genes could be targeted in the brain 

microvascular endothelial cells.  
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Transcriptomic profiling of hCMEC/D3 cells treated with NMVs revealed that NMVs induce 

dysregulation in the expression of tight junction proteins, p38 pathway and SNARE-mediated 

vesicular transport. It should be noted that these changes were present after 24h incubation with 

one dose of NMV at the start of the experiment and may not reflect physiological conditions. 

During systemic inflammation, neutrophils are activated and release NMVs into the 

bloodstream. It is surprising that although this was a one-off challenge, it elicited dysregulation 

of genes involved in cellular apoptosis, inflammation and vascular integrity. These findings 

have potential implications in vivo as it suggests that persistent challenge by NMVs in the 

circulation may impact cerebrovascular integrity and elicit a neuroinflammatory response. 

The second part of this study aimed to characterise the gene expression changes associated 

with cerebral microvessels in ageing WM (see summary Figure 5. 2). Transcriptomic profiling 

of isolated endothelial cells suggest that BBB dysfunction underlies the pathogenesis of age 

associated WML. One of the main pathways identified was cell adhesion, supporting previous 

reports. Another important pathway highlighted was proteolysis. Interestingly this pathway 

was upregulated in the vessels in the NAWM versus DSCL and downregulated in the DSCL 

versus control WM, suggesting that increased proteolysis is an early feature of lesion 

pathogenesis which decreases when the lesion is established. A major finding of the current 

study was the large number of significant gene expression changes in the radiologically 

NAWM surrounding WML, compared to both the lesion and control WM from non-lesional 

cases. This finding indicates that transcriptomic changes are not isolated to vessels in 

established WML but extend beyond the lesion into the radiologically NAWM giving rise to a 

field-effect.  

There are some limitations to this in vivo study which should be acknowledged.  Although 

LCM is now widely used to isolate various cell populations, including endothelial cells, it does 

not isolate a pure endothelial population. A small level of contamination with glial cells was 

observed, though this is not surprising given the intimate proximity of astrocyte endfeet to 

endothelial cells. However, this technique superior to studying whole tissue extracts which 

likely mask specific transcriptomic changes associated with endothelial cells. Nevertheless, 

LCM enabled an enriched population to be isolated which enabled the transcriptomic profile 

of endothelial cells to be determined.  

In our study, we were blinded to any clinical information to avoid potential bias and only MRI 

scans were available. After radiologically identifying the cases, they were histologically 
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characterised to confirm the presence/absence of a lesion. It should be noted that not all post-

mortem tissue could be used for LCM, as some cases were considered unsuitable due to the 

presence of freeze-thaw artefacts making it difficult to identify vessels for LCM. Furthermore, 

post-mortem tissue often represents end-stage of a disease and the gene expression changes 

detected could also be attributed to ageing, making it difficult to decipher pathogenic 

mechanisms relating to WML formation. Despite all these limitations, post-mortem tissue is a 

valuable resource to identify changes in the transcriptome of endothelial cells in age associated 

WML.  
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Figure 5. 1- Summary diagram 1: Neutrophils release neutrophil derived microvesicles (NMV) 

into circulation in response to peripheral inflammation. NMV interact with brain endothelial cells 

by internalisation via various energy dependent pathways. Internalisation may deliver neutrophil 

specific cargo to these cells causing increased permeability at blood brain barrier, increased 

inflammation, and apoptosis. These findings indicate that NMV can interact with and affect gene 

expression of brain endothelial cells affecting their integrity. 
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Figure 5. 2- Summary diagram 2: MRI guided sampling was performed on post-mortem 

tissue to guide WM sampling. After identifying control and lesional cases, each case was 

histologically charcaterised using CD68 and luxol fast blue to confirm the presence/absence of 

the lesion. After identifying 5 controls, 5 lesional (DSCL) and 5 radiological normal appearing 

white matter areas around the lesion (NAWM), endothelial cells were isolated by LCM. RNA 

was extracted from the LCM-ed capillaries and gene expression analysis performed using 

microarray analysis. Transcriptomic profiling indicates dysfunction of endothelial cells in both 

DSCL and NAWM, including dysregulation of genes associated with proteolysis and 

inflammation.  A large number of significant gene expression changes were found in NAWM 

suggesting lesions arise in a field effect of white matter abnormality.  
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5.2 Future Work 

5.2.1 Characterisation of NMV interaction with co-culture models 

The BBB is not just brain microvascular endothelial cells in isolation, but is a complex unit 

comprising endothelial cells, astrocytic endfeet and pericytes. Future studies investigating the 

NMV interaction with this complex system will allow us to understand how the peripheral 

immune system may impact the BBB through MVs. Future studies should aim to investigate 

the interaction between NMVs and a co-culture model of the BBB comprising astrocytes and 

pericytes along with endothelial cells. Additionally, co-culture methods should be employed 

which allow separation of the individual cell type to enable cell-specific changes in gene 

expression to be measured, thereby enabling a comprehensive understanding of the interaction 

between NMVs and all components of the BBB.  

Additionally, to mimic physiological conditions future studies should aim to employ primary 

endothelial cells or induced pluripotent stem cells, as they are known to achieve higher TEER 

values, ensuring the tight junctions between the endothelial cells are fully formed. This 

approach will also provide a more biologically relevant TEER reading. Furthermore, measuring 

TEER over a longer time course will enable NMV-induced long-term changes to the 

permeability of the barrier to be determined. 

5.2.2 Investigating how NMV differs in dementia patients with and without infection 

The current study demonstrates the impact of NMVs from control participants has a significant 

impact on the integrity of healthy endothelial cells. However, many studies have demonstrated 

that the immune system is primed in dementia patients, and after an infection their cognitive 

status does not return to previous levels. It is highly likely that the NMVs from dementia 

patients may differ to non-dementia patients. Therefore, future studies should aim to repeat the 

current study in age and gender matched controls and dementia patients, both with and without 

infections. This approach would determine if NMVs from dementia patients (both with and 

without infection) have a more significant impact on vascular integrity in vitro. This could be 

further interrogated by assessing the transcriptomic profile of hCMEC/D3 in response to 

internalisation of NMVs from dementia patients (with and without an infection). By doing this, 

it would allow us to compare the results obtained from this study using healthy donors to that 

of dementia patients, allowing an in depth understanding of the changes in the transcriptome.  
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5.2.3 Characterisation of the contents of NMV  

Although this study has focused on the effects of NMVs on brain microvascular endothelial 

cells, it did not characterise the contents of NMVs. NMVs are a source of miRNAs, which are 

known to regulate the transcription of many genes in the target cells, therefore profiling the 

miRNA content of NMVs from dementia patients may indicate how NMVs impact their target 

cell(s), and could also be characterised in dementia patients with and without an infection.  

5.2.4 Validation of microarray findings 

The enrichment analysis using DAVID highlighted dysregulation of genes involved in 

ubiquitin mediated proteolysis, SNARE mediated vesicular transport and p38 pathway, 

demonstrating NMVs significantly affect the gene expression of major pathways involved in 

cellular functions in brain endothelial cells. Ubiquitination plays a key role in clearing damaged 

and aggregated proteins from the cell. Proteolysis is also important to the regulation of BBB 

integrity and dysregulation of this pathway may lead to the breakdown of BBB. SNARE 

proteins are also involved in intracellular traffic and may a role in the vesicular transport of 

MVs. P38 is a major pathway which can regulate inflammation and DNA repair. Due to limited 

time, validation of key genes of interest from pathways and functional groups was not 

conducted. Validation of a panel of candidate gene expression changes should be performed at 

both the gene and protein level, by qPCR and western blotting respectively, to understand if 

key gene expression changes are translated to changes in protein levels. Validation of these 

pathways and functional groups will aid in understanding how NMVs exert their effect on 

BBB, leading to its dysfunction. 

 

5.2.5 Animal model studies to investigate the NMV interaction with the BBB 

Previous studies have shown that NMVs injected in the periphery can be detected in the aorta 

of the mice (Gomez et al., 2020). This approach could be applied to study the interaction 

between NMVs and the BBB in vivo in an animal model of dementia and determine if NMVs 

are transcytosed across the BBB. Administration of LPS to this model, to mimic peripheral 

infection, would also enable the impact of systemic inflammation on NMV internalisation by 

the BBB to be assessed. In addition, the permeability of BBB using tracer molecules could be 

measured at various time points. This approach would extend the current study and enable 

NMV-induced BBB dysfunction to be determined in a relevant model of dementia. 
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5.2.6 Validation of the post-mortem microarray findings  

Due to limited time, validation of the candidates identified in the microarray analysis of 

endothelial cells in WML were not conducted. Validation of the key transcriptomic changes 

should be performed on an extended cohort, using both qPCR to assess key gene expression 

changes and immunohistochemistry or western blotting to determine if gene expression 

changes are reflected at the protein level. Using these approaches to study a panel of candidates 

would enable key differences in the gene expression of vessels to be validated and may identify 

biologically relevant mechanisms underlying BBB dysfunction and the pathogenesis of age 

associated WML. 

 

5.2.7 Post-mortem tissue analysis 

Transcriptomic analysis of endothelial cells from control, DSCL and NAWM samples revealed 

many changes linked to BBB dysfunction. A better way to analyse and understand if these 

changes are directly linked to infection is to utilise post-mortem tissue of patients who died 

with and without an infection. Transcriptomic profiling of endothelial cells from patients with 

and without an infection may identify BBB changes directly linked to an infection. Data 

obtained from this proposed research could be compared to the data obtained in this study, 

allowing a deeper understanding of the changes in endothelium related to infection. 
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Appendix III 
The list of dysregulated gene list obtained from the microarray analysis of the endothelial cells 
obtained from DSCL, NAWM and control cases is attached as a file in the electronic version under 
the name ‘post-mortem microarray data’.  
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Appendix IV 
Top 20 dysregulated gene list obtained from the microarray analysis of NMV treated hCMEC/D3 cells 
v control non-treated cells are attached as a folder in the electronic version under the name ‘top 
dysregulated genes’. Furthermore, top 20 dysregulated genes in DSCL v NAWM, NAWM v Control 
and control v DSCL is also listed in the folder. 
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