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Abstract 

During cerebral malaria (CM), sequestration of Plasmodium falciparum infected red blood cells 

(PRBC) to the blood-brain barrier (BBB) is associated with BBB disruption and long-term 

neurological sequelae in CM survivors, possibly linked to the activation of astrocytes.  The aim 

of this study was to investigate the indirect effect of sequestration of PRBC during CM on 

endothelial cells and astrocytes of the BBB using two in vitro BBB models, the human brain 

endothelial cell (HBEC)-alone and the HBEC-astrocyte BBB models.  This is the first time the 

HBEC-astrocyte BBB has been used to study sequestration in cerebral malaria.  The HBEC-

astrocyte BBB formed a tighter BBB over 5 days as indicated by the significantly higher 

transendothelial electrical resistance (TEER) than the HBEC-alone BBB.  Inflammatory 

mediators released in response to coculturing of PRBC with HBEC caused a statistically 

significant increase in HBEC-alone BBB permeability but had no effect on the HBEC-astrocyte 

BBB integrity.  However, these inflammatory mediators caused activation of astrocytes in the 

HBEC-astrocyte BBB shown by an increase in the adhesion molecule ICAM-1 and astrocyte 

marker GFAP in the astrocyte supernatant, and the increased expression of the protease 

ADAMTS-4 in astrocytes.  A novel study was performed to investigate the effect of serum from 

malaria patients on HBEC-alone BBB integrity in vitro.  Results showed that serum from 

uncomplicated malaria, severe malaria and CM patients caused an increase in HBEC-alone 

BBB permeability, with a more pronounced increase with serum from CM patients.  This 

suggests that inflammatory mediators present in the serum of malaria patients had the ability to 

disrupt endothelial integrity.  Our results suggest that during CM, sequestration of PRBC to the 

BBB results in the release of inflammatory mediators that cause astrocyte activation. Activated 

astrocytes released inflammatory cytokines that could cause damage to neurons and this could 

be responsible for the neurological sequelae observed in some CM survivors.    
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1.1 Overview 

Malaria, one of the most deadly diseases worldwide is caused by the protozoan parasite 

Plasmodium spp. (phylum Apicomplexa) and transmitted through the bite of an infected female 

Anopheles mosquito.  Four species of Plasmodium i.e. Plasmodium falciparum (P. falciparum), 

Plasmodium vivax (P. vivax), Plasmodium ovale (P. ovale) and Plasmodium malariae (P. 

malariae) are known to cause malaria in humans with P. falciparum being responsible for the 

most severe cases (Kantele and Jokiranta, 2011).  Recently, Plasmodium knowlesi, the species 

that causes malaria in monkeys was found to infect humans in South East Asia (White, 2008; 

William et al., 2014).  

 

In 2016, over half of the world’s population were at risk of developing malaria (Figure 1.1).  

An estimated 216 million cases of malaria and over 445,000 deaths from malaria were reported 

worldwide, with the most cases and deaths found in Sub-Saharan Africa (WHO, 2018, 2017).  

Children under 5 years of age are predominantly vulnerable to malaria.  Although malaria 

deaths in children under 5 years of age have reduced from 440,000 in 2010 to 285,000 in 2016, 

every two minutes a child dies from malaria (WHO, 2018, 2017).  

 

Figure 1.1 Map showing the geographical population at risk of malaria.  Adapted from (Malaria 

Vaccine initiative, 2018). 
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The vast majority of malaria deaths worldwide is caused by the Plasmodium falciparum 

parasite.  There has been significant progress in the eradication of malaria over 50 years.  

Malaria has been successfully eliminated in Sri-Lanka.  Despite the global efforts to eradicate 

and control malaria, this disease remains a huge public health and socio-economic problem.  

Resistance to anti-malaria medicine has been reported in South-east Asia.  Resistance to 

artemisinin-based combination therapy (ACTs) the first line treatment for malaria has been 

found in Cambodia, Lao People’s Democratic Republic, Myanmar, Thailand and Vietnam 

(WHO, 2018).  Thus, more research into new therapies to treat malaria need to be developed to 

help in the control and eventual eradication of this disease. 

 

1.2 Life Cycle of the malaria parasite  

Malaria is transmitted when an infected Anopheles mosquito takes a blood meal and injects 

sporozoites into the blood of the human host (Figure 1.2).  The sporozoites then travel through 

the bloodstream to the hepatic sinusoids, that are made up of endothelial cells and Kupffer cells 

(specialised macrophages) (Tavares et al., 2013).  Sporozoites invade Kupffer cells before 

invading hepatocytes (Pradel and Frevert, 2001).  In the hepatocytes, the sporozoites mature 

into schizonts within 5 to 16 days (Cowman et al., 2012; Prudêncio et al., 2011).  Subsequently, 

the schizonts rupture and release approximately 10,000 to 30,000 merozoites to invade other 

red blood cells (White et al., 2014) (Figure 1.2).  Certain Plasmodium species such as P. vivax 

and P. ovale develop into hypnozoites that are dormant in the hepatocytes for weeks or even 

years after infection (Bartoloni and Zammarchi, 2012).  These hypnozoites can be reactivated 

and undergo asexual division resulting in a malarial relapse.   

Merozoites invade red blood cells and develop into immature trophozoites (0-24 hours) referred 

to as ring forms due to their morphology (Figure 1.2).  The parasite then matures into a 

trophozoite (24-36 hours) within the red blood cells and undergoes mitotic divisions to form 
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schizonts (40-48 hours).  These mature schizonts burst and release 8-32 merozoites, each of 

which can re-invade uninfected red blood cells and start the cycle again (Billig et al., 2012; 

Rowe et al., 2009) (Figure 1.2).  The erythrocytic cycle lasts approximately 48 hours in P. 

falciparum, P. vivax, P. ovale and 72 hours in P. malariae (Baron, 1996).  In P. malariae, 

chronic malaria infection due to the presence of parasites in the blood can persist for life in the 

human host (Collins and Jeffery, 2007).  This is known as recrudescence.  Recrudescence can 

occur if the parasite is resistant to antimalarial drugs (Collins et al., 2007). 

 Figure 1.2 The life cycle of Plasmodium spp.  Image obtained from (Klein, 2013). 

 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=3610176_nihms-443913-f0001.jpg
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During the erythrocytic stage of malaria infection, the Plasmodium parasite remodels the cell 

membrane of the red blood cell via the insertion of parasite derived proteins into the membrane 

(Moxon et al., 2011).  These proteins form protrusions known as knobs during the second part 

of the asexual life cycle (24-48 hours) (Zhang et al., 2015).  These knobs are responsible for 

the stiffening of the Plasmodium falciparum infected red blood cell membrane (Zhang et al., 

2015).  Plasmodium falciparum infected red blood cell (PRBC) are rigid, deformed (Figure 1.3) 

and bind to the vascular endothelium, uninfected red blood cells (rosetting), to platelets 

(clumping) to avoid destruction and clearance by the spleen (Zhang et al., 2015). 

Figure 1.3 Scanning electron micrograph of a normal uninfected red blood cell and Plasmodium 

falciparum infected red blood cell (PRBC).  Normal URBC appears biconcave and smooth.  PRBC 

have a rough and irregular surface and are no longer biconcave in shape (Moxon et al., 2011). 

 Scale bar =1µm. Image obtained from (Moxon et al., 2011). 

Some blood stage merozoites form male and female sexual stages called gametocytes that 

circulate in the peripheral blood stream.  When an Anopheles mosquito takes a blood meal it 

ingests the gametocytes.  In the mosquito gut, the microgamete (male) and macrogamete 

(female) fuse to form a zygote (Cox, 2010) (Figure 1.2).  The zygote develops into a motile 

ookinete that travels to the midgut epithelium of the mosquito and divides into oocysts (Figure 
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1.2).  The oocyst undergoes asexual multiplication and thousands of sporozoites are formed 

(Cox, 2010).  The oocyst ruptures after 8-15 days and releases sporozoites that migrate to the 

salivary glands of the mosquito.  When the infected mosquito feeds on a human, the malaria 

life cycle starts again (Cox, 2010) (Figure 1.2). 

 

1.3 Clinical symptoms of malaria  

The blood stage parasites (in all malaria species) are responsible for the clinical symptoms of 

malaria.  The early symptoms of malaria are non-specific and include headaches, chills, muscle 

aches, fatigue, abdominal discomfort usually followed by fever, chills, anorexia, nausea, 

vomiting and worsening malaise (Bartoloni et al., 2012).  Full and rapid recovery occurs if 

patients are treated at this stage.  However, if patients are not treated early this can lead to severe 

malaria.  In this study, we are going to focus on Plasmodium falciparum malaria. 

 

Table 1.1 Symptoms of severe malaria. Obtained from (WHO, 2014) 

 

 

Clinical manifestations Frequency 

Children Adults 

Impaired consciousness Common Less common 

Respiratory distress 

(acidotic breathing) 

Common Less common 

Multiple convulsions Common Rare 

Prostrations Common Common 

Shock Rare Rare 

Pulmonary oedema Uncommon Rare 

Abnormal bleeding Uncommon Rare 

Jaundice Rare Common 

Severe anaemia Common Rare 

Hypoglycaemia Common Less common 

Acidosis Common Less common 

Hyperlactataemia Common Less common 

Renal impairment Rare Common 

Hyperparasitaemia Less common Rare 



7 
 

1.3.1 Severe malaria 

Young children, pregnant women and non-immune individuals are highly susceptible to severe 

malaria in endemic areas.  Symptoms of severe malaria include liver and lung dysfunction, 

hypoglycaemia, severe anaemia, placental malaria and cerebral malaria (CM) (Table 1.1) 

(WHO, 2014).  

 

1.3.2 Cerebral malaria 

Cerebral malaria is one of the most severe forms of P. falciparum infection.  Approximately 

1% of P. falciparum infections develop into CM.  

According to WHO cerebral malaria is defined as a diffuse encephalopathy state with a 

Glasgow Coma Score of 11/15 or less for adults or a Blantyre Coma Scale of 2 out of 5, or less 

for children, an unarousable coma for at least an hour after a seizure has stopped, detection of 

asexual forms of P. falciparum parasites in peripheral blood smears and the absence of factors 

that could cause a coma such as hypoglycaemia or meningitis (Idro et al., 2010).  

The clinical hallmark of CM is the presence of a coma with convulsions (WHO, 2014).  In 

adults, CM is part of a multi-organ disorder including renal failure, pulmonary oedema and 

these rarely occur in children.  However, in African children, after 1-3 days of fever, coma 

suddenly develops (Idro et al., 2010).  Even though mortality in adults with CM is higher than 

that of children, the highest number of deaths due to malaria worldwide mostly occurs in 

children under 5 years of age (Hawkes et al., 2013).  10-20% of children who survive CM are 

left with long-term neurological sequelae such as speech impairment and learning disabilities 

(Birbeck et al., 2010; Idro et al., 2010).  A Malawian study showed that nearly one-third of 

survivors of childhood CM had neurological deficits such as epilepsy, gross motor, sensory or 

language difficulties.  Neurological deficits might occur more often in children than in adults 

because children are more susceptible to neurological injury since their brains are not fully 
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developed (Birbeck et al., 2010; Hawkes et al., 2013). 

 

1.4 The Blood-brain barrier 

Two main barriers exist in the brain, the blood-cerebrospinal fluid (CSF) barrier at the choroid 

plexuses and the blood-brain barrier found at the endothelial cells in the microvessels of the 

brain.  These barriers serve as interfaces between the periphery and the CNS (Stolp et al., 2013). 

In this thesis, we are going to focus on the blood-brain barrier.  

 

Figure 1.4 Schematic representation of the blood-brain barrier.  Image obtained from (Abbott and 

Yusof, 2010). 

 

The Blood-brain barrier (BBB) is a dynamic barrier between the blood circulation and the 

central nervous system (CNS) (Hawkins and Davis, 2005).  The BBB is composed of a tightly 

sealed monolayer of brain endothelial cells that line the cerebral capillaries, a basement 

membrane, pericytes and astrocytes (Hawkins et al., 2005) (Figure 1.4).  The BBB is regarded 

as an integrated neurovascular unit (NVU).  Transport of molecules from the blood to the brain 

is controlled by the BBB.  It also prevents molecules, plasma proteins, red blood cells and 
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leukocytes in the blood from entering into the brain and removes toxic substances from the 

brain to the blood (Yamazaki and Kanekiyo, 2017).   

 

1.4.1 Brain endothelial cells  

 Brain endothelial cells (BEC) are specifically designed to prevent movement of molecules 

across cells (transcellular movement) and between cells (paracellular movements).  They vary 

from endothelial cells in the periphery in that they have: no fenestrae, minimal pinocytic 

activity, a continuous basement membrane, a negatively charged luminal surface and the 

existence of tight junctions (Table 1.2) (De Boer and Gaillard, 2006).  BEC are joined to 

adjacent EC by cellular junctions such as adherens and tight junctions (Figure 1.5).   

 

Table 1.2 Description of the cellular properties of brain endothelial cells. Table obtained from 

(Lawther et al. 2011) 

 

1.4.1.1 Tight junctions  

Tight junctions between adjacent brain endothelial cells are mainly responsible for the barrier 

properties of the BBB.  Brain capillaries are 50-100 times tighter than peripheral microvessels 

due to the presence of tight junctions (Abbott, 2002; Abbott et al., 2010).  Tight junctions 

Cellular properties Cerebral capillary endothelium 

Enzymatic barrier (BBB specific markers) Present (metabolizing neuroactive blood-

born solutes) 

Inductive influence from astrocytes Mandatory 

Fenestrations Absent 

Tight junctions Present 

Transendothelial electrical resistance >1500 Ω cm2 (low paracellular 

permeability) 

Pinocytic vesicular transport Minimal 

Mitochondrial content Greater number and volume (increased 

energy demands of active transports 

Sucrose and K+ permeability Low 

Exposure to flow membrane Luminal 

Established polarity-polarized transporters Present e.g. Amino acids 

Carrier mediated transporters Glucose, amino acids 
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restrict paracellular movement of small ions and polar solutes between cerebral endothelial cells 

(van Meer and Simons, 1986; Wong et al., 2013).  This results in an in vivo electrical resistance 

of approximately 1500 Ω cm2 in rats (Abbott et al., 2010; Butt et al., 1990).  

Tight junctions are made up of transmembrane proteins such as occludin, claudin and junction 

adhesion molecules (JAM) and cytoplasmic scaffolding proteins including zonula occludens 

(ZO), cingulin, AF-6 and 7H6 (Figure 1.5) (Petty and Lo, 2002; Zlokovic, 2008).  

Figure 1.5  Constituents of endothelial cell tight junctions.  Obtained from (Ronaldson and Davis, 

2011). 

 

 Claudin, a 20 – 34 kDa integral membrane protein is a major component of the tight junctions 

and has been shown to play a vital role in tight junction formation.  Of the 27 claudin proteins 

that exist, claudin 1, 3, 5 and 12 are expressed in brain endothelial cells in vivo (Nitta et al., 

2003).  Claudin-5, specifically is highly expressed in brain endothelial cells (Morita et al., 1999; 

Yamazaki et al., 2017) and loss of claudin-5 can result in BBB disruption.  Deletion of claudin-

5 in mice resulted in an increase in BBB permeability and loosening of the BBB (Nitta et al., 

2003).  Occludin is another important tight junction protein and is mainly linked to zonula 
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occludens (ZO).  Occludin has been reported in the mouse and adult brains of humans but has 

not been shown in the normal newborn brain (Ballabh et al., 2004).  Reduction in barrier 

integrity was observed in vitro following occludin disruption, but this has not been observed in 

mice lacking occludin (McCarthy et al., 1996; Saitou et al., 2000; Yamazaki et al., 2017).  The 

zonula occludens consisting of ZO-1, ZO-2 and ZO-3 are members of the membrane-associated 

guanylate (MAGUK) family.  They are involved in linking integral membrane proteins to the 

actin cytoskeleton. ZO-1 acts as a scaffold connecting tight junction proteins to the actin 

cytoskeleton and loss of this protein from tight junctions is associated with an increase in 

paracellular permeability of BBB in vitro (Mark and Davis, 2002).  Besides, tight junctions, 

adherens junction proteins also regulate the permeability of the BBB.  Adherens junctions are 

found below tight junctions and create a continuous band that holds adjoining cells together 

(Petty et al., 2002).  The adherens junction protein vascular endothelial (VE)-cadherin is a 

transmembrane protein found in endothelial cells and located at the junctions of endothelial 

cells (Giampietro, 2016).  The cytoplasmic tail of VE-cadherin binds to p120 catenin and β 

catenin which in turn bind through α catenin and vinculin to the actin cytoskeleton (Cardoso et 

al., 2010; Rimm et al., 1995).  Association of vinculin with adherens junction proteins protects 

VE-cadherin junctions from being disrupted during force-dependent remodelling (Huveneers 

et al., 2012). 

Disruption of tight junction and adherens junction proteins in the CNS can contribute to 

neurological diseases such as cerebral malaria and multiple sclerosis where BBB breakdown is 

thought to occur.  A dramatic loss of claudin-5 and VE-cadherin was observed in the small 

vessels of post-mortem brain tissues of MS patients (Alvarez et al., 2015; Tietz and Engelhardt, 

2015).  Loss of junction proteins vinculin, ZO-1 and occludin were observed in the blood 

vessels of post-mortem brain sections of CM patients (Brown et al., 2001). 
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1.4.2 Basement membrane 

The basement membrane (BM) is an important component of the BBB (Figure 1.4).  At the 

BBB, two basement membranes occur, an endothelial BM and a parenchymal basement 

membrane formed by astrocytes (Baeten and Akassoglou, 2011).  Under basal conditions, these 

BMs are observed as one unit under the light microscope.  The extracellular matrix protein 

constitution in the parenchymal BM varies from that of other BMs, comprised of laminin 

isoforms 1 and 2 (Baeten et al., 2011).  The perivascular spaces are lined by the parenchymal 

BM (Baeten et al., 2011).  The basement membrane anchors endothelial cells and astrocytes, 

allowing these cells to control barrier function directly (Baeten et al., 2011).  Although 

endothelial cells and astrocytes secrete extracellular matrix (ECM) proteins, once secreted, 

ECM proteins are believed to communicate with these cells to activate and sustain barrier 

properties (Baeten et al., 2011). 

 

Disruption of the basement membrane is involved in several neurological disorders.  Secretion 

of ECM protein such as neurocan (a chondroitin sulphate proteoglycan) from activated glia 

(which include astrocytes) or leakage of plasma protein such as fibrinogen into the brain during 

CNS disorders like stroke can lead to the deposit of new ECM proteins in the parenchyma while 

BMs of the BBB are destroyed (Baeten et al., 2011; Baumann et al., 2009; Schachtrup et al., 

2010).  These alterations such as destruction of BMs may result in BBB break down and 

contribute to inflammation at the BBB (Baeten et al., 2011).   

 

1.4.3 Astrocytes 

Astrocytes are glial cells whose end feet surround >99% of the brain capillaries.  They are the 

most abundant cell type in the brain (Abbott, 2002; Abbott et al., 2006; Cardoso et al., 2010). 
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Even though astrocytes are heterogeneous, there are two main types of astrocytes that exist, 

protoplasmic and fibrous astrocytes (Figure 1.6).  The protoplasmic astrocytes can be located 

in the grey matter and they surround neuronal bodies and synapse, whereas fibrous astrocytes 

can be found in the white matter and they associate with the nodes of Ranvier (Cabezas et al., 

2014).  Both types of astrocytes have been shown to make extensive contact with blood vessels 

of the BBB (Sofroniew and Vinters, 2010).  Astrocytes cover the whole basolateral side of the 

microvessels with specialised processes known as astrocyte end feet.  These end feet have a 

high density of orthogonal array of particles (OAPs) containing the water channel aquaporin 4 

(AQP4) and the potassium ion channel Kir 4.1 (Abbott et al., 2006; Saadoun et al., 2002) and 

these are attached to the basement membrane through the dystroglycan complex (Baeten et al., 

2011; Hawkins et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The two main types of astrocytes, protoplasmic and fibrous astrocytes.  Protoplasmic 

astrocytes found in the grey matter have a thick process with many branches and fibrous astrocytes 

found in the white matter have long slender foot processes. Image obtained from (Timothy Jegla, 2015).  

 

Astrocytes have many functions in the brain (Figure 1.7).  They act as a connection between 

neurons and blood vessels.  This neurovascular coupling allows astrocytes to send signals that 

control blood flow in reaction to neuronal activity (Attwell et al., 2010; Daneman and Prat, 
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2015; Gordon et al., 2011).  Astrocytes also regulate synapse formation, provide essential 

support for neurons, protect neurons from harmful substances in blood and control brain 

homeostasis.  They are essential for the formation of a tight and functional BBB by inducing 

BBB properties (Cabezas et al., 2014).  However, an in vivo study has shown that the BBB is 

present before astrocyte generation, suggesting that astrocytes play a role in the maintenance 

and not induction of the BBB (Daneman et al., 2010, 2015). 

 

Figure 1.7 Function of astrocytes in the CNS.  Image modified from (Magnusson and Frisén, 

2016; VandenBerg, 2010). 
 

Astrocytes secrete factors such as the sonic hedgehog (SHH), Src-suppressed C-kinase 

substrate (SSeCKS), angiotensinogen (AGT) and Apolipoprotein E that modulate the BBB 

(Alvarez et al., 2013).  SHH binds and blocks the receptor Patched (PTCH) on endothelial cells 

relieving repression of Smoothened (SMO) and results in activation of the glioma-associated 

oncogene homolog 1-3 (Gli1-3) transcription factors that activate the transcription factor Sox-
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18 which has been shown to regulate expression of the tight junction protein claudin-5 and EC-

BBB functions. (Alvarez et al., 2013; Daneman et al., 2015; Fontijn et al., 2008; Obermeier et 

al., 2013)  

SHH promotes the quiescence of the human endothelial cell (EC)-BBB by reducing secretion 

of MCP-1, ICAM-1 and VCAM-1.  Also, SHH induces expression of junctional proteins 

(Alvarez et al., 2013, 2011).  In vitro, culturing human recombinant SHH with human primary 

brain endothelial cells induced the expression of the junctional proteins occludin and claudin-5 

(Alvarez et al., 2013, 2011).  Blocking of the Hh pathway in vivo caused an increase in BBB 

permeability (Alvarez et al., 2013, 2011).   

SSeCK activates astrocyte angiopoietin 1 (ANGPT-1) expression by decreasing the activity of 

the transcription factor activator protein 1 (AP-1).  ANGPT-1 can activate the TIE2 receptor 

resulting in an increased expression of ZO-1 and Claudin-1 and decrease in the EC-BBB 

permeability in vitro (Lee et al., 2003, Alvarez et al., 2013) 

Astrocytes produce the angiotensin-converting enzyme-1 (ACE-1) that cleaves angiotensin I 

(ANG1) to angiotensin II (Alvarez et al., 2013).  Angiotensin II binds to type I angiotensin 

receptors (ATI) present on brain endothelial cells and activation of AT1 restricts BBB 

permeability (Alvarez et al., 2013).  An irregular expression of occludin was observed in AT1 

knockout mice and this was associated with a leaky BBB that was permeable to the serum 

protein plasminogen thus suggesting that AT1 can enhance formation of tight junctions in brain 

endothelial cells (Alvarez et al., 2013; Wosik et al., 2007). 

Apolipoprotein E is secreted by astrocytes and delivers cholesterol and important lipids to 

neurons (Blanchette and Daneman, 2015).  In ApoE knockout mice, BBB disruption that 

increased with age was observed (Alvarez et al., 2013; Blanchette et al., 2015; Nishitsuji et al., 

2011).  A triple coculture in vitro BBB model consisting of endothelial cells and pericytes from 

wild type mice and astrocytes from ApoE3- and ApoE4- knock in mice, showed a decrease in  
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protein kinase C (PKC) activity and phosphorylation of occludin in ApoE4- against ApoE3- 

knock in  the in vitro BBB (Alvarez et al., 2013; Blanchette et al., 2015; Nishitsuji et al., 2011).  

A decrease in TEER was also observed in the in ApoE4-knock in BBB model (Alvarez et al., 

2013; Blanchette et al., 2015; Nishitsuji et al., 2011).  These results suggested that ApoE4 

secreted by astrocytes contributed to the regulation of tight junction proteins in the BBB 

(Alvarez et al., 2013; Blanchette et al., 2015; Nishitsuji et al., 2011).  Overall these studies 

show that astrocytes secrete essential factors that influence brain endothelial phenotype and that 

regulate the BBB. 

 

A human genetic disease, Alexander disease, that affects astrocytes and is associated with BBB 

disruption, may shed light on the role of astrocytes in the BBB.  

Alexander disease (AXD) is a neurodegenerative disease caused by a mutation in the glial 

fibrillary acidic protein (GFAP) gene (Sofroniew et al., 2010). GFAP forms the cytoskeleton 

of astrocytes.  In AXD clustering of intracellular GFAP, astrocytic protein aggregates 

(Rosenthal fibres) lead to astrocyte death (Sofroniew et al., 2010).  Severity of AXD varies 

according to the phenotype (infantile, juvenile or adult) (Sofroniew et al., 2010).  

Neurodegeneration in AXD is associated with BBB breakdown increase in pinocytic vesicles 

and sporadic damage of the basement membrane of the BBB (Keller, 2013; Mignot et al., 2004). 

 

Astrocyte activation occurs in response to several CNS injuries such as stroke, trauma, 

neurodegenerative diseases and CM  and can result in astrogliosis (Pekny et al., 2014; Pekny 

and Pekna, 2004).  Reactive astrocytes undergo several morphological changes and can exert 

both beneficial and harmful effects (Pekny et al., 2014, 2004).  Protein markers used to identify 

astrocytes include Glial Fibrillary Acidic Protein (GFAP), Aquaporin 4 (AQP4), S100B and 

Aldehyde dehydrogenase 1A1 (ALDH1A1).  
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GFAP is the major intermediate filament (IF) of human astrocytes (Petzold, 2015) and is the 

main biomarker for detecting astrocytes in the human brain.  GFAP is tightly arranged into 

polymers and it forms a cross-linked cytoskeletal network organised by monomers (49.8kDa), 

dimers and tetramers.  In each of these individual stages, GFAP assembly can be controlled by 

amino acid replacements produced as a result of post-translational modifications, gene 

mutations, competing isoforms of GFAP and proteins such as S100 and vimentin (Petzold, 

2015) (Tykhomyrov and Nedzvetsky, 2016).  GFAP is insoluble in intact astrocytes, however, 

astrogliosis can result in the production and release of soluble fragments of GFAP.  The protease 

calpain is thought to cause this GFAP degradation resulting in the conversion of GFAP from 

~50kDa into soluble fragments of 39-44kDa (Petzold, 2015; Yang and Wang, 2015).  GFAP 

breakdown products were observed in the serum of patients with traumatic brain injury (TBI) 

within an hour of injury (Papa et al., 2012).  Increased GFAP breakdown products (BDP) were 

linked with TBI severity (Papa et al., 2012).  GFAP is rapidly altered following stimuli and 

injury of astrocytes.  These morphological modifications can be observed in the different stages 

of astrogliosis described in chapter 5 (Petzold, 2015).   

 

1.5 CM and BBB 

Evidence from post-mortem studies, in vitro and in vivo models of CM suggest that the BBB is 

impaired during cerebral malaria.  Examination of post-mortem brain tissues of CM patients 

showed a reduction in junction proteins vinculin, ZO-1 and occludin in blood vessels where 

PRBC sequestration was present  (Brown et al., 2001, 1999).  Also, in vitro studies showed a 

reduction in endothelial electrical resistance of HBEC following coculturing of PRBC with 

HBEC (Tripathi et al., 2006).  A reduction in mRNA levels of occludin, ZO-1 and vinculin 

were observed when PRBC from patients with CM was cocultured with Human umbilical vein 

endothelial cells (HUVEC) (Susomboon et al., 2006).  However coculturing PRBC from 
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patients with severe malaria and uncomplicated malaria produced an increase and no change in 

mRNA levels of occludin, ZO-1 and vinculin respectively (Susomboon et al., 2006).  These 

results suggest that a reduction in junction proteins during cerebral malaria could result in BBB 

disruption and leakage across the BBB. 

In the post-mortem brain tissues of Vietnamese adults who died from CM, fibrinogen (found in 

the blood) was present in the perivascular space and there was some uptake of fibrinogen by 

astrocyte end feet (Brown et al., 1999; Polimeni and Prato, 2014).  Also, the perivascular 

macrophages showed an increased expression of macrophage markers, macrophage scavenger 

receptor and sialoadhesin (Brown et al., 1999; Polimeni et al., 2014).  Sialoadhesin and 

macrophage scavenger receptor are not typically expressed in the brain by the perivascular 

macrophages (Brown et al., 1999; Polimeni et al., 2014).  Hence, upregulation of these markers 

imply that plasma proteins have moved across the BBB and have been in contact with the 

perivascular macrophages in the Virchow-Robin space, a compartment surrounding small 

cerebral blood vessels that penetrate the brain parenchyma (Brown et al., 1999; Polimeni et al., 

2014).  These results suggested that BBB disruption occurred in CM, resulting in the leakage 

of proteins from the blood into the brain. 

 

Changes in CSF composition have been used to determine if the BBB integrity is compromised 

in several CNS diseases.  The albumin CSF/serum ratio was used as an indicator of BBB 

integrity (Polimeni et al., 2014).  It is thought that local alterations in the BBB will also be seen 

at the blood-CSF barrier resulting in alterations in the compositions of proteins found in the 

CSF (Medana and Turner, 2006).  In adults, CSF albumin ratios suggested that subtle BBB 

breakdown was present in some CM patients (Brown et al., 2000; Polimeni et al., 2014).  

However, in children with CM, a marginal but significant increase in the albumin CSF/plasma 

ratio was observed (Brown et al., 2001; Polimeni et al., 2014).  
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These results suggest that BBB breakdown in CM is more frequent in children than in adults.  

Indeed, CM occurs at an important stage in brain development in children and thus 

developmental changes in the neurovascular unit could be responsible for the differences and 

outcomes in clinical presentations of CM between adults and children (Adams et al., 2002; 

Hawkes et al., 2013). 

 

Several lines of evidence suggest a possible role of matrix metalloproteases (MMPs) in severe 

malaria and CM.  In human post-mortem brain tissues of CM patients, increase in MMP-1 levels 

was observed (Deininger et al., 2003).  Also, an increase in serum levels of MMP-8 and TIMP1 

was observed in serum of patients with severe malaria and uncomplicated malaria as compared 

to the serum of healthy individuals (Dietmann et al., 2008).  Results from a genome-wide 

analysis showed an increase in MMP-9 mRNA expression in blood cell samples from Kenyan 

children with severe malaria (Griffiths et al., 2005).  In vitro studies by D’Alessandro et al. 

(2013) showed that coculturing of human microvascular brain endothelial cells with PRBC 

resulted in the release of proMMP-9 and active MMP-9 (D’Alessandro et al., 2013).  MMPs 

cleave a huge variety of molecules including ECM proteins and tight junction proteins such as 

occludin, ZO-1, and claudin-5  (Giebel et al., 2005; Gurney et al., 2006; Nagase and Woessner 

Jr, 1999; Polimeni et al., 2014; Qiu et al., 2011).  Excess production of MMPs, if not controlled 

by their inhibitors could possibly contribute to BBB impairment observed in CM patients. 

 

1.5.1 Astrogliosis and cerebral malaria 

Investigations from human CM models and experimental murine cerebral malaria (EMCM) 

models implicate a role of astrocytes in cerebral malaria pathogenesis.  During CM the 

breakdown of the BBB allows leakage of normally restricted substances such as plasma 
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proteins, cytokines and malaria antigens into the brain.  This could result in the activation and/or 

damage of astrocytes in the brain.   

In the brain of Vietnamese patients who died from severe malaria, an increase in astrogliosis 

was observed (Medana et al., 2002).  Analysis of CSF markers S-100B (for astrocytes) and 

microtubule associated protein tau (for degenerated axons tau) in Kenyan children with varying 

neurological severities of malaria (Medana et al., 2007) showed that the level of tau proteins in 

CSF was significantly elevated in children with CM (coma) as compared to children with 

malaria with seizures but normal consciousness (Medana et al., 2007).  The levels of S-100B 

proteins in CSF was higher in patients with CM compared with non-CM patients however this 

was not statistically significant.  Children admitted with raised levels of S-100B had an 

increased risk of repeated seizures (Medana et al., 2007).  These results suggested that 

astrocytes contributed to seizure activity.  The data implied that the occurrence of seizures post 

admission was possibly an exhibition of neurological damage and not a cause of brain damage 

(Medana et al., 2007).  Significantly higher levels of tau observed in CM patients (coma) 

suggested that axonal injury was associated with coma that occurs in CM (Medana et al., 2007).  

Similarly, results from an autopsy study on Malawian children who died from CM showed the 

presence of axonal and myelin injury and this was linked with ring haemorrhages located in the 

white matter and brainstem of CM patients (Dorovini-Zis et al., 2011).  In this study, 

astrogliosis was observed in the brain tissues of CM patients but the severity of astrogliosis 

ranged from mild to moderate (Dorovini-Zis et al., 2011).   

 

Immunohistochemistry studies comparing astrogliosis and perivascular GFAP expression 

between EMCM and non-EMCM mice showed a higher GFAP expression in the perivascular 

area of EMCM mice than non-EMCM mice (Ampawong et al., 2014), with an increasing 
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number of large astrocytes clusters observed in EMCM mice.  These results provide evidence 

that during EMCM, astrogliosis and astrocyte hypertrophy occurs (Ampawong et al., 2014).   

 In vivo studies using mice infected with P. berghei ANKA suggest that astrocytes are activated 

during EMCM.  Medana et al. (1996) using retinal whole mount techniques, showed that 

astrocyte activation occurred prior to the onset of EMCM (Medana et al., 1996).  In this study 

breakdown of the BBB resulted in morphological changes in astrocytes.  Loss of astrocyte 

ensheathment of vessel segment was only observed in the fatal model of EMCM (Combes et 

al., 2012; Medana et al., 1996).  Treatment of fatal EMCM mice with an immunosuppressive 

and the anti-inflammatory agent dexamethasone stopped astrocyte loss (Medana et al., 2000, 

1996).  These results suggested that the inflammatory response produced during fatal EMCM 

could have been responsible for the astrocyte loss observed.  

 

Activated astrocytes are known to also release several pro- and anti-inflammatory cytokines 

such as interleukins, interferons, tumour necrosis factors and chemokines.  It has been suggested 

that astrocytes can participate in the inflammatory response that occurs in the brain parenchyma 

during CM (Garwood et al. 2011).  Immunohistochemistry studies on the brain of fatal murine 

cerebral malaria (FMCM) mice showed the presence of TNF α mRNA and proteins in 

astrocytes, microglia and cerebral vascular endothelium of FMCM mice but were absent in the 

brain of uninfected mice.  These results suggest that TNF α is a key facilitator of FMCM 

pathogenesis and that astrocytes contribute to the inflammatory response observed in FMCM 

(Medana, Hunt & Chaudhri 1997).  

The studies above implicate a role for astrocytes in the pathogenesis of cerebral malaria. 

 

Although mouse models have been used extensively to study the role of the BBB in cerebral 

malaria, the pathology of EMCM appears to be different than that of human cerebral malaria.   
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Very little or no sequestration of infected red blood cells is observed in EMCM, whereas 

sequestration of PRBC has been observed in post-mortem brain tissues of CM patients (Brown 

et al., 2001, 1999; Polimeni et al., 2014).  Also, a strong breakdown of the BBB is observed in 

EMCM whereas in human CM models moderate BBB disruption occurs (Polimeni et al., 2014).  

EMCM is characterised by marked inflammation and local vascular endothelial activation (De 

Souza et al., 2018; Hansen, 2012; Reichmann et al., 1999).  Thus, the use of EMCM as a model 

for human CM is contentious and caution must be taken when interpreting the results obtained 

from EMCM (Craig et al., 2012). 
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1.6 Hypothesis of cerebral malaria 

Despite the vast amount of research in CM, the pathogenesis resulting in CM is still not fully 

understood.  During CM, PRBC do not enter the brain parenchyma but bind to the endothelial 

cells of the blood-brain barrier causing devastating neurological damage.  This poses the 

question of how the P. falciparum parasite can induce such detrimental neurological effects in 

CM without crossing the BBB.  There are two theories that exist to explain the pathogenesis of 

CM, the sequestration hypothesis and inflammation hypothesis.  Summary of these theories can 

be seen in Figure 1.8. 

Figure 1.8 Hypothesis explaining the pathogenesis of cerebral malaria. 
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1.6.1 Sequestration hypothesis 

PRBC in the late stages of the intraerythrocytic cycle (late trophozoite and schizont stage) 

disappear from the peripheral blood and cytoadhere to the microvascular endothelium of vital 

organs including the brain (Figure 1.9), heart, kidney and liver in a process termed sequestration 

(Mebius and Kraal, 2005).  Cytoadherence is beneficial to the P. falciparum parasite, as binding 

of the parasite to the vascular endothelium prevents the parasite from being cleared by the 

spleen which recognises the loss of deformability of the PRBC (Mebius et al., 2005). 

Figure 1.9 Plasmodium falciparum infected red blood cells sequestered to blood vessels in the 

brain.  

Obtained from (Idro et al., 2005). Left: Sequestration of PRBC to post-mortem cerebral vessel of a 

Vietnamese adult with fatal malaria X400.  Middle: Electron microscopy image showing the 

ultrastructural details of a PRBC bound to an endothelial cell in vitro. P= parasite, En=endothelial cells. 

Right: freeze-fracture electron micrograph of PRBC surface showing an even distribution of knob 

proteins on the surface. Image and Legend obtained from (Idro et al., 2005). 

 

Also, cytoadherence allows the parasite to sequester into deeper tissues where it can develop 

and mature in a microaerophilic venous environment that is more suitable for the parasite. 

Sequestration of PRBC in the brain microvascular endothelium is the hallmark of CM.  

 

Even though sequestration can be found in the brain of non-CM patients, levels of sequestered 

PRBC are particularly higher in the brains of CM patients (MacPherson et al., 1985; Milner Jr 

et al., 2014).  Evidence from several post-mortem studies suggest a correlation between 
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sequestration and CM.  Post-mortem studies of Thai patients who had died from malaria showed 

a high accumulation of PRBC in the cerebral vasculature as compared to other organs such as 

the lung and kidney (MacPherson et al., 1985; Turner et al., 1994).  These results were 

consistent with post-mortem microscopy studies of Vietnamese adults who died from CM, 

where a significantly higher number of PRBC were found in the cerebral microvasculature of 

CM patients than non-CM patients (Ponsford et al., 2012).  Also, in this study, microvascular 

obstruction by PRBC and uninfected red blood cells was observed in the brains of patients with 

CM.  

Indeed, in CM, increased stiffness of PRBC and sequestration can cause vascular occlusion 

(Dunst et al., 2017; Ponsford et al., 2012).  Similarly, rosetting, the binding of uninfected red 

blood cells by PRBC and aggregation of PRBC and platelets (clumping) can also exacerbate 

microvascular obstruction in CM (Dunst et al., 2017; Rowe et al., 2009).  Malaria severity is 

associated with rosetting in several African studies.  In clinical isolates of 209 Malian children 

with severe malaria, rosetting was considerably increased in parasite isolates from patients with 

severe malaria as compared to patients with uncomplicated malaria (Doumbo et al., 2009).  

Also, in vitro studies on parasite isolates of Kenyan children with CM showed that, in the 

presence of platelets, PRBC formed clumps that were made up of 3 or more PRBC clustered 

together (Dunst et al., 2017; Pain et al., 2001).   

Microvascular congestion could result in a decrease in blood flow, ischaemia and reduced 

oxygen supply (hypoxia) (Dunst et al., 2017) and this could contribute to the CM pathology. 

 

1.6.1.1 Parasite sequestration and specific receptor mediated adhesion  

During the intraerythrocytic stage of P. falciparum life cycle, the parasite remodels the host 

cells through the transport of parasite-derived proteins such as the Plasmodium falciparum 
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erythrocyte membrane protein (PfEMP1) to the erythrocyte membrane (Baruch et al., 2002; 

Grau and Craig, 2012; Gruenberg et al., 1983; Leech et al., 1984).  

PfEMP1 is a high molecular weight protein of 240kDa, encoded by a family of approximately 

60 var genes (Guizetti and Scherf, 2013).  At any given time, a single var gene is expressed on 

the surface of the PRBC; each mature parasite expresses only one PfEMP1 variant (Baruch et 

al., 1995; Smith et al., 2013, 1995; Su et al., 1995).  P. falciparum evades the host immune 

system by switching a small population of parasite clones to a different PfEMP1 variant (Scherf 

et al., 1998).  The different binding phenotypes of PfEMP1 allow the parasite to cytoadhere 

within the microvasculature of different organs in the host (Pasternak and Dzikowski, 2009; 

Scherf et al., 2008).   

 

1.6.1.2 Structure of PfEMP1  

PfEMP1 is made up of seven Duffy Binding Like (DBL) domains and cysteine rich interdomain 

region (CIDR) domain.  PfEMP1 can be subdivided into three main groups A-C (Figure 1.10) 

(Bengtsson et al., 2013).  Based on sequence, the PfEMP1 domains can be further divided into 

domain cassettes that play a vital role in malaria.  Domain cassettes DC8 and DC13 have been 

shown to be associated with severe malaria (Figure 1.10).  PfEMP1 has variable binding 

extracellular domains that can adhere to multiple host receptors including intercellular adhesion 

molecule 1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM1), chondroitin sulphate A 

(CSA), CD36, endothelial protein C receptor (EPCR) and P-selectin (Beeson et al., 2000; 

Chakravorty and Craig, 2005; Esser et al., 2014; Ho et al., 2000; Smith and Craig, 2005; Viebig 

et al., 2007).  PfEMP-1 mediates binding of PRBC to the microvasculature of organs such as 

the brain, lung, heart, liver, kidney and placenta (El-Assaad et al., 2013). 
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Figure 1.10 Receptor-binding domains on PfEMP1. Image obtained from (Hviid and Jensen, 2015). 

 

1.6.1.3 CD36 

The receptor CD36 can be found in several tissues.  Binding of PfEMP1 to CD36 mediates 

sequestration of PRBC to varying sites in the vascular endothelium such as adipose tissue and 

skeletal muscles but not the brain.  Binding of PfEMP1 to CD36 is linked to uncomplicated 

malaria but not severe malaria.  

PRBC isolates from CM Benin patients were shown to cytoadhere better to CD36 as compared 

to that of uncomplicated malaria isolates (Almelli et al., 2014).  Although CD36 is not 

expressed by brain endothelial cells, in vitro studies showed that platelets could act as bridges 

between CD36 deficient brain endothelial cells and PRBC (that only bind CD36 expressing 

cells) and can thus contribute to sequestration of PRBC to brain endothelial cells during CM 

(Wassmer et al., 2004).  However, studies by Ochola et al. (2011) show that adhesion of 
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PfEMP-1 to CD36 is raised in parasites from uncomplicated malaria patients whereas binding 

of ICAM-1 is higher in parasite isolates from CM patients (Ochola et al., 2011).  These results 

suggest that ICAM-1 is the main receptor PRBC bind to on the endothelial cells of the BBB 

during CM. 

 

1.6.1.4 ICAM-1 

ICAM-1 is a 90-115kDa cell surface glycoprotein, composed of five immunoglobulin (Ig)-like 

domains.  It is expressed on several cell types including endothelial cells, astrocytes and 

leukocytes.  ICAM-1 has been shown to play a role in malaria.  The DBLβ2-C2 region of 

PfEMP-1 was previously thought to be the binding domain of ICAM-1 because constructs that 

contained only one domain of PfEMP-1 i.e. only the DBLβ2 or the C2 domain, did not bind 

ICAM-1 (Chakravorty et al., 2005; Smith et al., 2000a, 2000b).  

Recent studies have shown that DC4 domain cassette of PfEMP-1 binds specifically to ICAM-

1 particularly to the DBL-β3-D4 domain (Figure 1.10) (Bengtsson et al., 2013).  CIDRα1.6 

present in DC4 was observed in P. falciparum isolates from CM patients (Figure 1.10) 

(Bengtsson et al., 2013).  Also, PRBC that expressed DC4 containing PfEMP-1 proteins did 

not cytoadhere to CD36 (Bengtsson et al., 2013).  Since CD36 is not found on endothelial cells 

in the brain this suggests that during CM, DC4 domain cassette of PfEMP-1 binds specifically 

to ICAM-1 on brain endothelial cells (Bengtsson et al., 2013).  

Panning studies revealed that ICAM-1 did not bind to DC8 and DC13, domains shown to be 

associated with severe malaria.  Nonetheless, several post-mortem studies have implicated the 

role of ICAM-1 in cerebral malaria.  Post-mortem examinations of Thai patients who died from 

cerebral malaria showed an increased endothelial expression of ICAM-1 in the brain 

microvasculature in association with sequestration (Turner et al., 1994).  Parasite isolates from 

children with severe malaria showed higher binding to ICAM-1 compared to that of 



29 
 

uncomplicated malaria.  Soluble ICAM-1 (sICAM-1) can be detected in the blood after 

proteolytic cleavage from the endothelial cell surface and has also been shown to be increased 

in CM patients.  Analysis of plasma levels of sICAM-1 in 69 children with malaria, (37 with 

cerebral malaria and 32 with uncomplicated malaria), showed significantly elevated levels of 

soluble ICAM-1 in patients with CM as compared to those with uncomplicated malaria 

(Adukpo et al., 2013).  In vitro studies also support a role of ICAM-1 in sequestration and 

severe malaria.  Tripathi et al. (2006) showed that exposure of HBEC to PRBC resulted in an 

upregulation of ICAM-1 on HBEC (Tripathi et al., 2006).   

ICAM-1 expression in endothelial cells can be stimulated by inflammatory cytokines such as 

IL-1β and TNFα.  Studies by Chakravorty et al. (2007) showed that exposure of HUVEC to 

PRBC and low levels of TNFα (5pg/ml) was vital for the upregulation of ICAM-1 in endothelial 

cells in vitro (Chakravorty et al., 2007).  The authors also showed that trypsin digestion of 

PfEMP-1 from PRBC did not affect upregulation of ICAM-1 expression that was caused by 

PRBC binding to endothelial cells (Chakravorty et al., 2007).  However, when PRBC were no 

longer in contact with endothelial cells, upregulation of ICAM-1 did not occur (Chakravorty et 

al., 2007).  This study suggested that close apposition of PRBC and endothelial cells play a key 

role in the activation of endothelial cells during CM (Chakravorty et al., 2007).  

It has been suggested that ICAM-1 is not the main receptor for adherence of PfEMP-1 to 

endothelial cells during cerebral malaria.  Recent studies have implicated a role for the 

endothelial protein c receptor (EPCR) in cerebral malaria. 

 

1.6.1.5 Endothelial Protein C receptor (EPCR) 

EPCR promotes activation of Protein C and thus contributes to the anticoagulant pathway. 

Dysfunction of the Protein C anticoagulant system can result in interruption of the endothelial 

barrier function and promote inflammation.  In vitro studies show that binding of PRBC to 
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EPCR prevents EPCR facilitated induction of Protein C (Mosnier and Lavstsen, 2016; Storm 

and Craig, 2014).  This could be responsible for BBB disruption and inflammation observed in 

CM.  Recent studies implicate a role of EPCR in CM.  Post-mortem brain samples from CM 

patients showed that loss of EPCR in the cerebral microvessels was associated with 

sequestration of PRBC (Moxon et al., 2013).  These authors also showed reduced levels of 

EPCR and its coagulation partner thrombomodulin in CM patients compared to healthy controls  

(Moxon et al., 2013).  Domain cassettes (DC) of PfEMP-1 DC8 and DC13 have been shown to 

bind EPCR (Figure 1.10) (Turner et al., 2013).  Increased levels of EPCR binding to PfEMP-1 

were higher in patients with severe malaria compared to patients with asymptomatic malaria 

(asymptomatic Plasmodium falciparum) (Shabani et al., 2017). 

 

Interestingly, certain PRBC lines have also been found to bind to both ICAM-1 and EPCR 

(Ndam et al., 2017).  Ndam et al. (2017) showed that binding to ICAM-1 and EPCR was more 

frequent in PRBC isolates from CM patients than uncomplicated malaria (Ndam et al., 2017).  

Dual EPCR and ICAM-1 binding activities were observed in PRBC expression group A DC-

13 containing PfEMP-1 variants (Ndam et al., 2017).  The ability of some PfEMP-1 variants to 

bind both ICAM-1 and EPCR in CM could suggest that both receptors play a vital role in CM.   

 

In the sequestration hypothesis, cytoadherence of PRBC to the brain microvasculature causes 

obstruction of blood flow, a reduction in tissue perfusion and a decrease in the removal of waste 

metabolites (lactic acid) (Idro et al., 2010).  Impaired perfusion can cause hypoxia and this 

could result in comas (Idro et al., 2010, 2005; van der Heyde et al., 2006).  Also, lactic acid 

produced in response to microvascular obstruction is linked to disease severity of CM (van der 

Heyde et al., 2006). 
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The sequestration hypothesis on its own does not fully explain the CM pathogenesis.  Clinical 

data show a small correlation between mortality and parasitaemia.  Indeed, symptomatic 

patients sometimes show low parasitaemia whereas asymptomatic patients show high 

parasitaemia (van der Heyde et al., 2006).  This hypothesis also suggests obstruction of blood 

vessels in CM occurs like in stroke.  However, in cerebral malaria, 10% of CM patients are left 

with neurological deficits whereas in stroke 81% of survivors show motor and neurological 

deficits (van der Heyde et al., 2006).  Also, recovery occurs quickly in CM possibly ruling out 

a role for ischemic damage and necrosis in CM (van der Heyde et al., 2006).  In addition, PRBC 

sequester to endothelial cells in organs such as the small intestine and the heart without 

producing significant detrimental effects (Martins and Daniel-Ribeiro, 2013).  Moreover, 

sequestration is not present in all brain post-mortem tissues of patients who died from CM (van 

der Heyde et al., 2006).  Sequestration was absent in a fraction of post-mortem brain tissues 

from Malawian children who died from CM (Rénia et al., 2012).  Nonetheless, it is possible 

that post-mortem studies were done on CM brain tissues where the previously sequestered 

PRBC had been cleared probably by antimalarial drugs, but these treatments failed to stop the 

sequence of events resulting in CM (Rénia et al., 2012).  This might mean that other factors 

may contribute to CM. 

 

1.6.2 Inflammation hypothesis 

The inflammation hypothesis proposes that PRBC derived toxins and host intracellular 

molecules in the circulation activate a systemic inflammatory response that results in multi-

organ failure and death (Martins et al., 2013; van der Heyde et al., 2006). 

During the erythrocytic life cycle of P. falciparum malaria, rupture of schizonts releases 

parasite products such as glycosylphosphatidylinositol (GPI) and haemozoin (HZ) from the 

parasite digestive vacuole (Clark et al., 1981; Olivier et al., 2014).  
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These parasite products bind to pattern recognition receptors found in cells of the innate 

immune system and activate dendritic cells monocytes and neutrophils on the endothelial cells 

to secrete proinflammatory cytokines such as interleukin (IL)-1, IL-6, TNF (Martins et al., 

2013; van der Heyde et al., 2006).  This can lead to CD4+ and CD8+ recruitment and further 

production of proinflammatory cytokines (Martins et al., 2013).  In the initial stages of 

inflammation, the inflammation response can remove parasite products and host molecules that 

are toxic in large quantities (Martins et al., 2013).  However, when unregulated, it can have 

detrimental effects on the host.  Increasing parasitaemia results in a higher amount of Hz being 

engulfed by dendritic cells.  This can impair the functions of dendritic cells leading to 

detrimental effects on the T cell response and promoting immune suppression in acute 

Plasmodium infection (Millington et al., 2006; Urban and Todryk, 2006). 

TNF is the major cytokine involved in CM and linked with severity of malaria.  TNFα can also 

activate and increase the production of nitric oxide (NO) through the NO synthase (iNOS) and 

this has been suggested to be responsible for the coma observed in CM patients (Clark et al., 

1992; Jain et al., 2013).  NO is thought to play both a negative and positive role during cerebral 

malaria based on the amount of NO being generated (Idro et al., 2005; Jain et al., 2013).   

Increased levels of proinflammatory cytokines are associated with malaria.  High levels of 

TNFα, IFN-γ, IL-2, IL-8 were observed in the serum of malaria patients (Mandala et al., 2017). 

The inflammatory hypothesis on its own does not depict the malaria pathogenesis for the 

following reasons mentioned below. 

Serum levels of TNF α in patients with P. vivax were higher than patients with CM (Hunt et 

al., 2014; Karunaweera et al., 1992).  Also, administration of an anti-TNF monoclonal antibody 

(B7) to 610 Gambia children with CM did not improve survival of cerebral malaria in these 

patients and rather a marked increase in neurological sequelae was found in these patients (Hunt 

et al., 2014; van Hensbroek et al., 1996).   
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A review of these hypotheses suggests that the pathogenesis of cerebral malaria is a 

multifactorial process and one hypothesis cannot explain the complex events that occur in 

cerebral malaria.   

 

Although the presence of astrocyte activation has been reported in CM post-mortem studies, 

these investigations fail to explain the cause and consequence of astrogliosis in cerebral malaria. 

Also, in vivo mouse models show astrogliosis in the mouse brain, but as mentioned previously 

EMCM is not the same as human cerebral malaria and this makes it difficult to make an 

inference from the results obtained in these types of experiments.  In vitro studies exist to study 

cerebral malaria, but most of these studies focus on what happens when the PRBC bind to 

endothelial cells of the BBB and the other components that make up the BBB such as astrocytes 

are not taken into consideration.  Thus, there is a need to develop in vitro CM models where 

components of the NVU are considered.  

A population of patients who survive CM even after treatment are left with long-term 

neurological sequelae and the exact cause of these disabilities is not understood.  Astrocytes are 

in close proximity to endothelial cells of the BBB and contribute to normal functions of neurons 

in the CNS.  Thus, we hypothesise that astrocyte activation or damage contributes to the 

neurological sequelae observed in some CM survivors. 
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1.7 Aims of thesis 

The aim of my thesis is to: 

1. Develop a novel in vitro HBEC-astrocyte BBB model that mimics the BBB more 

closely in order to understand the pathogenesis of CM 

2. Investigate the effect of endothelial cell-derived factors produced in response to 

sequestration of PRBC on endothelial cells and astrocytes of the BBB during CM using 

the HBEC-astrocyte BBB model 

3. Investigate the effect of endothelial cell-derived factors produced in response to 

sequestration of PRBC on the integrity of the HBEC-astrocyte BBB model  

4. Investigate the effect of serum obtained from malaria patients on the integrity of the 

BBB  
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Chapter 2 : General Materials and Methods 
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  2.0 Materials and Methods 

 This chapter describes the materials and methods common to most of the experiments 

performed in this thesis.  The specific methods for each experiment can be seen in the chapter 

to which they are unique.  Unless specified otherwise, materials, media, reagents, antibodies 

and equipment used in this thesis are detailed in the Appendix.  Storage and disposal of human 

cells and blood was done in agreement with the Human Tissue Authority (HTA) license held 

by Keele University. 

 

  2.1 Transformed Human Brain Endothelial cells 

The transformed human brain endothelial cells (a kind gift from Dr. Monique F Stins, John 

Hopkins University, Baltimore, USA) were used in this study.  Human brain endothelial cells 

were isolated from human brains and immortalised by transfection with the simian virus 40 

large T antigen (Stins et al., 1997).  The cells were characterised and positive for VIII-Rag and 

uptake of Dil Ac LDL (Stins et al., 1997). 

Transformed Human Brain endothelial cells (HBEC) were cultured in an aseptic environment 

using a Class II biological safety cabinet with filtered laminar air flow.  HBEC were grown in 

a vented 25 cm2 cell culture flask pre-coated with 1% gelatin (Sigma).  HBEC were grown in 

Roswell Park Memorial Institute (RPMI)-1640 Medium containing 2mM L-Glutamine 

(Sigma), 100 units/ml penicillin and 100µg/ml of streptomycin per ml (Sigma), 5% new born 

calf serum (Sigma), 10% Fetal Bovine Serum (FBS) (Sigma) at 37oC in 5% CO2 humidified 

atmosphere.  Culture media of HBEC were changed every 48 hours with HBEC medium. In 

all studies, HBEC from passage 22 to 29 were used. 
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  2.2 Astrocytes 

Primary human astrocytes were cultured in an aseptic environment using a Class II biological 

safety cabinet with filtered laminar air flow.  Primary cultures of human astrocytes were 

obtained from ScienCell Research Laboratories.  Astrocytes were isolated from the cerebral 

cortex of the human brain (Sciencell).  Astrocytes were grown in a vented 25 cm2 cell culture 

flask pre-coated with 1% gelatin (Sigma).  Astrocytes were grown in astrocyte media 

(Sciencell) supplemented with 1% of 10,000 unit/ml of penicillin and 10,000µg/ml 

streptomycin (Sciencell), 20% FBS (Sciencell), 1% of 100X astrocyte growth supplement 

(Sciencell) at 37oC and 5% CO2 atmosphere.  Culture media of astrocytes were changed every 

48 hours with astrocyte medium (AM).  In all studies, astrocytes from passage 3 to 6 were 

used. 

 

  2.3 Thawing of cells 

Cryopreserved vials of astrocytes or HBEC were removed from -80oC.  Cells were thawed 

quickly by placing the lower half of the vial in a 37oC water bath.  The vial was removed from 

the water when a small amount of ice was left in the vials.  The vial exterior was sprayed with 

70% alcohol and placed in a sterile biological safety cabinet.  For HBEC, 1ml of thawed HBEC 

suspension was added to 8ml of pre-warmed HBEC medium in a centrifuge tube (Figure 2.1). 

For astrocytes, 1ml of thawed astrocytes was added to 2ml of pre-warmed astrocyte medium 

(AM) (Figure 2.1).  3 ml of HBEC suspension or astrocyte suspension was transferred into a 

25cm2 cell culture flask precoated with 1% gelatin (Figure 2.1).  The HBEC or astrocyte culture 

was viewed under an inverted microscope and placed in 37oC, 5% CO2 incubator.  Media of 

HBEC was changed 2 hours after seeding in order to remove any cells that have not adhered. 

Media of astrocytes were changed the next day after seeding.  HBEC and astrocytes were 

maintained as described in Chapter 2, section 2.1 and 2.2.  For astrocytes, astrocyte media was 
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changed the next day after seeding.  The HBEC or astrocyte cultures were placed in a 37oC, 

5% CO2 humidified incubator.  Media was changed every other day until cells were confluent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Thawing procedure of HBEC and astrocytes in vitro. 

 

  2.4 Subculturing of cells 

Complete growth media was pre-warmed in a water bath at 37oC. Trypsin/EDTA (Sigma) was 

pre-warmed to room temperature.  The culture media was aspirated from the cell culture flask 

without disturbing the cell monolayer.  1.5ml of phosphate buffered saline (PBS) (Sigma) was 

used to wash the HBEC or astrocytes.  PBS was aspirated from the cell culture flask.  1.5ml of 

Cells plated into 25cm2 flasks  
pre-coated with 1% gelatin
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pre-warmed trypsin/EDTA was added to HBEC or astrocyte monolayer (Figure 2.2).  Flasks 

were rocked gently to ensure the solution covered all the cells.  Cells were observed under the 

inverted microscope to confirm they were dissociated from each other and were rounding up. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Schematic representation of HBEC and astrocytes subculture in vitro. 

 

When majority of the cells were detached, an equal volume of complete medium was added to 

the 25cm2 flask to neutralise the trypsin/EDTA.  The culture suspension was transferred into a 

sterile 15 ml centrifuge tube.  The cell suspension was centrifuged at 480g for 3 minutes to 

pellet the cells.  The supernatant was aspirated from the tube without disturbing the cells (Figure 

2.2).  The cell pellet was re-suspended in 0.5 ml pre-warmed fresh complete media by gently 

pipetting the cells to break up the clumps (using a pipette with a tip attached to it).  Cells were 

seeded in new 25cm2 cell culture flasks at an appropriate cell density (Figure 2.2).  The newly 
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seeded 25 cm2 cell culture flasks were viewed under an inverted microscope and placed in a 

37oC, 5% CO2 humidified incubator.  Media for HBEC and astrocytes in 25cm2 flasks were 

changed as described in Chapter 2, section 2.1-2.3. 

 

  2.4.1 Cell culturing 

Before seeding of cells in all experiments, 25cm2 flasks, coverslips or 96 well plates were 

coated with 1% gelatin for 20 minutes at 37oC in a humidified incubator to facilitate adherence 

of cells.  For 96 well plates, 2x104 cells were seeded in each well and for glass coverslips 1x105 

cells were seeded on each coverslip. 

 

  2.5 Freezing of Human Brain Endothelial cells and astrocytes 

Human brain endothelial cells and astrocytes were at least 90% confluent before freezing.  Cells 

were gently detached from the cell culture flask into a centrifuge tube following the 

subculturing protocol as described in Chapter 2, section 2.4.  The cell suspensions were 

centrifuged at 480g for 3 minutes.  The supernatant was aspirated without disturbing the pellet.  

The cell pellet was resuspended in 0.5 ml of cryopreservation medium, Cryo-SFM (PromoCell).  

For HBEC, 2.5 ml of Cryo-SFM was added to the 0.5ml cell suspension.  For astrocytes 0.5ml 

of Cryo-SFM was added to the 0.5ml cell suspension.  1ml of the cell suspension was pipetted 

into cryovials. Cells were wrapped in tissue for insulation and frozen at -20oC for at least 2 

hours.  Cryovials containing HBEC and astrocytes were then transferred to -80oC freezer for 

long-term storage. 

 

  2.6 Cell Counting  

Before a cell count was performed, a glass coverslip was placed on the centre chamber of the 

haemocytometer until Newton rings were observed (Figure 2.3).  Cells were trypsinised as in 
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Chapter 2, section 2.4.  After centrifugation, the pellet was resuspended in 0.5ml of pre-warmed 

complete medium.  For HBEC, 10µl of cell suspension was placed into a microcentrifuge tube 

containing 90µl of pre-warmed complete media (1 in 10 dilution) and mixed thoroughly.  For 

astrocytes, 10µl of cell suspension was placed into a microcentrifuge tube containing 40µl of 

pre-warmed AM (1 in 5 dilution) and mixed thoroughly.  With a coverslip in place, 10µl of the 

mixture was placed in the chambers of the haemocytometer and the cells were counted in the 

middle chamber.  All the cells in the two middle chambers shown in Figure 2.3 were counted 

and the average was calculated.  The number of cells were calculated by multiplying the mean 

by 104 (conversion factor) and then multiplied by the dilution factor as seen in the formula 

below. 

Cell count formula: Mean cell count in middle chamber x 104 x dilution factor = cells/ml.  

 Dilution factor = 10 for HBEC. Dilution factor = 5 for astrocytes.  

 

 

 

 

 

 

 

Figure 2.3 Schematic of Haemocytometer.   Cells in the middle square of the two counting chambers 

were counted, averaged, multiplied by the conversion factor 104 and multiplied by the dilution factor. 

 

  2.7 Plasmodium falciparum parasite culture 

The Plasmodium falciparum ITG strain was used in this study.  The ITG strain was derived 

from the Brazilian line IT4/25/5 (Ockenhouse et al., 1992).  This strain has been well 

characterised for its ability to bind to ICAM-1 expressed on the surface of endothelial cells 

(Chakravorty et al., 2007; Gray et al., 2003; Ockenhouse et al., 1992).  ITG stabilates were 
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thawed and maintained in culture for a maximum of 3 weeks to reduce the effect of antigenic 

switching in culture (Tse et al., 2004).  The P. falciparum ITG strains of the parasite were 

cultured using the techniques described by (Trager and Jensen, 1976). 

Cultures were grown in complete growth medium supplemented with freshly isolated 50 % v/v 

haematocrit (HCT) of washed red blood cells (WRBC).  Cultures were maintained in 1% O2, 

3% CO2 and 96% N2 at 37oC.  

The Plasmodium falciparum culture was performed in a containment level 3 (CL3) facility 

which is approved by the Health and Safety Executive (HSE) for the use of Plasmodium 

falciparum according to the rules in the CL3 suite code of practice.  Leukocyte-depleted human 

blood was supplied by the National Blood Transfusion Service (NBTS) UK and stored in 50ml 

aliquots at 4oC.  Storage and disposal of blood were done in accordance with the Human Tissue 

Authority (HTA) license held by Keele University. 

 

  2.8 Preparation of growth medium for Plasmodium falciparum cultures 

Serum free medium was prepared by supplementing RPMI-1640 with 37.5mM N-2-

hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 7mM Glucose (filter sterilised), 

6mM NaOH (filter sterilised), 2mM L-glutamine and 25 µg/ml gentamicin sulphate solution.  

To prepare complete growth medium, serum free medium was supplement with 10% (v/v) 

pooled human serum.  Use of pooled human serum for use in Plasmodium falciparum cultures 

was ethically approved. 

 

  2.9 Washed human red blood cells (WRBC) 

To make a 50 % v/v washed red blood cells, 5ml of red blood cells (Type O) was mixed with 

an equal volume of serum free medium in a sterile 50ml tube.  The mixture was layered onto 

5ml of histopaque (Sigma) to remove all white blood cells (WBC).  The tube was then 
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centrifuged at 2000g for 15 minutes at room temperature.  The supernatant containing WBC 

was carefully aspirated, leaving the red blood cells pellet.  The pellet was resuspended in 25 ml 

of serum free media and centrifuged for 10 minutes at 2500g.  The packed red blood cells were 

resuspended in an equal volume of serum free medium and stored at 4oC for 7-10 days. 

 

  2.10 Reconstitution of frozen P. falciparum culture stabilates 

Ring state ITG parasites were stored in the -80oC freezer.  Thawing solutions, serum free RPMI 

and growth medium were prewarmed to 37oC.  The thawed culture was transferred to a 50 ml 

sterile tube and 12% (w/v) NaCl in PBS (0.2ml/ml of stabilate) was added dropwise very 

slowly, constantly swirling the tube and incubated at room temperature for 5 minutes.  1.8% 

(w/v) NaCl in PBS (5ml/ml of stabilate) was added slowly and incubated at room temperature 

for 5 minutes.  Then 0.9% (w/v) NaCl with 0.2% (w/v) glucose in PBS (5ml/stabilate) was 

added slowly and incubated at room temperature for 5 minutes.  The ITG parasite suspension 

was then centrifuged at 1200g for 5 minutes and the supernatant was gently aspirated.  Cells 

were resuspended in serum free medium and centrifuged at 1200g for 5 minutes.  The 

supernatant was aspirated and the pelleted was resuspended in 5 ml of serum free medium and 

transferred into a 25 cm2 tissue culture flask, gassed, sealed and placed in the 37oC incubator.  

24 hours after thawing of PRBC, 50µl of WRBC were added to the culture to enable PRBC 

reinvade uninfected red blood cells.  All cultures were maintained at a haematocrit of 1-2% and 

assessed every 48 hours to mimic the intra-erythrocytic cycle of Plasmodium falciparum.  

 

  2.11 Assessment of Plasmodium falciparum parasite culture 

Plasmodium falciparum cultures were assessed every 48 hours.  Thin blood smears were 

prepared on a glass slide, fixed with 100% methanol and stained with 10% v/v Giemsa solution 

(Acros Organics).  Microscope slides were viewed on a light microscope with the 100X oil 
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immersion objective lens.  The parasitaemia was calculated by counting the number of 

Plasmodium falciparum infected red blood cells (PRBC) in a total of at least 200 red blood cells 

over randomly selected fields on the slide.  

The percentage parasitaemia was calculated using the formula below. 

% Parasitaemia =                    Number of PRBC                    x 100 

                              Total number of red blood cells counted 
 

Plasmodium falciparum culture medium was changed every 48 hours.  The culture was 

transferred to a 50ml falcon tube and centrifuged at 1200g for 5 minutes.  The supernatant was 

aspirated, the pellet was resuspended in an appropriate volume of prewarmed complete growth 

medium and placed in a sterile non-vented 25cm2 flask.  An appropriate volume of 50% (v/v) 

WRBC was then added to the flask to adjust the parasitaemia.  The culture was gassed with 1% 

O2, 3% CO2 and 96% N2 and placed in a 37oC humidified incubator. 

 

  2.12 Freezing of Plasmodium falciparum parasites 

Plasmodium falciparum parasites at the ring-stage of the growth cycle were frozen for long 

term storage.  The culture was transferred to a clean, sterile Falcon tube and cells were pelleted 

by centrifugation in a bench-top centrifuge at 1200g for 5 minutes at room temperature.  The 

supernatant was aspirated, and pellet was gently resuspended.  Glycerolyte was added in a ratio 

of 5 volumes of glycerolyte to 3 volumes of cell pellet.  The first volume of glycerolyte was 

added slowly using a pipette and allowed to stand for 5 minutes at room temperature.  The 

remaining 4 volumes of glycerolyte were slowly added using a pipette.  The cell/glycerolyte 

mixture was transferred to sterile freezing vials and wrapped in tissue for insulation and frozen 

at -20oC for at least 2 hours.  Cryovials containing the Plasmodium falciparum parasites were 

stored at -80oC for long-term storage. 
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  2.13 Plasmagel Trophozoite enrichment 

For PRBC/HBEC coculture experiments, plasmagel flotation was used to harvest the mature 

trophozoite stage of Plasmodium falciparum.  Plasmagel solution and serum free medium were 

warmed at 37oC in a water bath.  The culture was transferred to a sterile 50ml tube and cells 

were centrifuged at 1430g for 5 minutes.  The supernatant was aspirated and resuspended in 

15ml of pre-warmed serum free medium in a 15 ml centrifuge tube.  The mixture was 

centrifuged at 1430g for 5 minutes and the packed cell volume (PCV) was estimated.  The pellet 

was thoroughly resuspended in a ratio of 2 volumes pellet to 3 volumes serum free medium and 

5 volumes Plasmion (Laboratoire Fresenius Kabi, France) and incubated upright at 37oC for 1 

hour.  A clear separation of the top and bottom layer was observed after 1 hour (Figure 2.4).  

The top layer containing trophozoites was removed carefully and transferred to a new sterile 

tube and centrifuged at 1430g for 5 minutes.  The pellet was washed twice in serum free medium 

and the parasitaemia was assessed using a Giemsa stained smear.  The desired parasitaemia for 

the coculture experiments was around 50%. 

 

  2.14 Coculture of transformed Human Brain Endothelial cells with PRBC  

Coculture experiments were done in Human Brain Endothelial Cells (HBEC) quiescent medium 

(Q 1% FBS medium) (Appendix 6).  This was made up of RPMI-1640 supplemented with 2mM 

L-glutamine, 100 units/ml penicillin and 100µg/ml of streptomycin per ml (Blank media) and 

1% FBS. HBEC was cultured in a 25cm2 flask for 48 hours or until confluent.  4 hours before 

the coculture, medium of HBEC culture was replaced with Q1% FBS medium.  Trophozoites 

were enriched to a parasitaemia of at least 50% and were adjusted to 1% haematocrit using 

Q1% FBS medium.  3ml of 1% PRBC haematocrit was added to HBEC in the flask.  Coculture 

experiments were performed for 20 hours at 37oC, CO2 in a humified incubator. 
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Figure 2.4 Schematic of Plasmagel Trophozoite Enrichment.  Image adapted from (Ranford-Cartwright et al., 2010). 
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  2.15 Conditions for coculture experiment 

PRBC was cocultured with the resting HBEC (PRBC/HBEC) for 20 hours at 37oC and 5% CO2. 

For negative controls, HBEC was cultured in Q1% FBS medium to monitor cells in a resting 

state and uninfected red blood cells at 1% haematocrit were cocultured with HBEC 

(URBC/HBEC).  HBEC were treated with 1ng/ml IL-1β diluted in Q1% FBS medium to serve 

as a positive control for HBEC activation.  The cocultures were placed in the humidified 

incubator at 37oC and 5% CO2 for 20 hours.  

 

  2.16 Harvesting of PRBC-HBEC coculture supernatant and HBEC lysate 

After 20 hours, PRBC-HBEC coculture supernatants and control coculture supernatant were 

harvested.  Supernatants from each flask were transferred into sterile 15ml tubes on ice. 

Subsequently, flasks were washed three times with ice cold blank media and media was 

aspirated.  100µl of ice cold RIPA was pipetted into each flask and incubated in the fridge at 

4oC for 3 minutes.  A cell scraper was used to scrape cells in the flask and HBEC lysate was 

transferred into a microcentrifuge tube.  The microcentrifuge tube was centrifuged at 14000g 

for 5 minutes to pellet cell debris.  Cell debris was removed, and lysate was stored at -20oC. 

Coculture supernatants on ice were centrifuged at 478g for 3 minutes to remove cell debris or 

residual URBC or PRBC.  The supernatant was then transferred to a sterile microcentrifuge 

tube and stored at -20oC for future use. 

 

  2.17 Making of the SDS PAGE gel 

SDS page gel was prepared according to Appendix 5.  The short plate was layered over the long 

plate with spacers in between them.  The casting frame was used to lock both plates together.  

The unit was then placed onto the casting stand to make a tight seal.  Water was pipetted 

between plates to make sure there was no leakage.  The resolving gel solution was prepared as 
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shown in Appendix 5.  An appropriate amount of resolving gel solution was pipetted between 

glass plates carefully to avoid the formation of air bubbles.  Water was layered on top of the gel 

solution to give a flat gel surface and to prevent exposure of gel to oxygen.  After the gel was 

polymerized, excess water was blotted off using a filter paper.  The stacking gel was prepared 

using the components in Appendix 5.  The stacking gel mixture was pipetted between the plates 

up to the edge of the short plate.  The comb was gently inserted between the two glass plates 

making sure there was no air trapped under the teeth.  After the gel had polymerized the comb 

was slowly removed.  The glass plates were then taken out of the casting frame and placed into 

the electrode assembly making sure the short plate faced inwards.  The glass plates in the 

electrode assembly were then placed in the buffer tank.  The electrode assembly (inner 

chamber) was filled with running buffer.  The outer chamber was filled with running buffer 

(Appendix 5) to the indicator mark for 2 or 4 gels depending on the number of gels being run.  

 

  2.18 Sample preparation 

All samples were mixed with the 2X sample buffer (1:1) (Appendix 5) and heated on a heating 

block at 100oC for 5 minutes to aid denaturation.  The samples were centrifuged briefly. The 

appropriate amount of protein lysates or supernatants were loaded into corresponding wells 

alongside a lane containing a Precision Plus ProteinTM Kaleidoscope prestained protein 

standards (Sigma) (Figure 2.5).  The tank was covered with the cell lid and the electrodes on 

the cell lid were connected to the power supply (Figure 2.5).  The gel was run at 35mA for 1 

hour or dependent on the size of protein being investigated.  The power supply was turned off 

and leads were disconnected after gel electrophoresis was complete. 
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2.19 Gel transfer 

Prior to gel transfer, a nitrocellulose membrane (GE Healthcare), blotting pads and filter papers 

were soaked in transfer buffer (appendix 5).  The gel was removed from its cassette and the 

stack gel wells were trimmed away.  A presoaked pad was placed on the white side of the 

cassette.  Presoaked filter papers were placed on top of the pad.  The presoaked nitrocellulose 

membrane was placed on the filter paper.  The gel was then placed on the membrane.  Presoaked 

filter papers were placed on top of the gel and a roller was used to remove trapped air bubbles.  

A presoaked pad was then placed on the filter paper and the cassette was closed (Figure 2.5).  

The gel cassette was placed in the electrode assembly, with the gel side of the cassette holder 

facing the cathode (-) and the membrane side facing the anode (+).  The gel tank was then filled 

with transfer buffer to the indicator mark for 4 gels (Figure 2.5).  The tank lid was placed on 

top of the tank and the transfer was run at 300mA for 1 hour. 
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Figure 2.5 Schematic of SDS PAGE gel electrophoresis and western blot procedure.  Images 

obtained from (Advansta, 2018; Bio-Rad, 2018). 

 

 

  2.20 Ponceau S stain 

The transfer stack was disassembled using forceps.  The membrane was stained with Ponceau 

S solution (Sigma) to verify successful transfer of proteins from the gel to the membrane and 

equal loading in each well.  Transferred bands were visible on the membrane and were 

photographed using the FluorChem E system.  The Ponceau S stain was washed off and 10ml 
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blocking buffer (Sigma) diluted in H2O was added to the membrane for 1 hour on a rocking 

platform. 

 

  2.21 Antibody incubation 

After blocking, the membrane was incubated with the appropriate primary antibodies (Table 

2.1) (diluted in TBST) (appendix 5) overnight on a rocking platform.  The membrane was 

washed in TBST three times for 15 minutes with 10ml of 1XTBST to remove excess primary 

antibodies (Figure 2.5).  The membrane was then incubated with the recommended dilution of 

HRP conjugated secondary antibody (diluted in TBST) (Table 2.2) for 2 hours at room 

temperature (Figure 2.5).  The membrane was washed in TBST twice for 5 minutes. 

 

Table 2.1 Primary Antibodies 

Name Primary antibody Dilution Supplier 

ADAMTS-4 Anti-Human ADAMTS-4 

goat polyclonal IgG antibody 

1:250 Santa Cruz 

GFAP Polyclonal Rabbit anti-GFAP 

antibody 

1:500 

1:1000 

Dako 

 

Table 2.2 Secondary Antibodies 

 

 

 

 

 

 

 

  2.22 Imaging and data analysis 

The chemiluminescent substrate (Fisher Scientific) at room temperature was applied to the 

membrane.  750µl of the detection peroxidase and 750µl of luminol enhancing solution were 

mixed in a tube.  750µl of the mixture was added to the membrane for 1 minute.  The excess 

Name Secondary Antibody Dilution Supplier 

ADAMTS-4 Donkey anti-goat IgG HRP 

antibody 

1:1000 Santa Cruz 

GFAP Goat anti-rabbit IgG HRP 

conjugated antibody 

1:1000 Biorad 
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reagents were removed, and the membrane was wrapped in cling film and viewed in the 

FluorChem E system.  

 

  2.23 Immunofluorescence analysis 

Glass coverslips were coated with 500µl of 1% gelatin and incubated for 20 minutes in a 37oC 

humidified incubator at 5% CO2 to facilitate binding of HBEC and astrocytes. 1X105 cells were 

grown on gelatin coated coverslips for 5 days.  Cells were then washed with ice cold blank 

media.  Cells were then fixed with 500µl of 4% paraformaldehyde in PBS for 20 minutes at 

4oC.  Cells were then washed three times with PBS for 3 minutes each.  Cells were blocked 

with blocking buffer as described in Chapter 3, section 3.2.2 and 3.2.3 to prevent non-specific 

binding of antibodies.  Cells were then incubated with the primary antibody overnight or for 1 

hour (details in Chapter 3, section 3.2.2 and 3.2.3).  Cells were then washed as described before 

to remove unbound antibodies.  The secondary antibody was added to cells for up to 2 hours. 

Cells were then washed as before.  Coverslips were mounted on slides using vectashield with 

DAPI (4’ 6-diamidino-2-phenylindole).  DAPI was used to visualize nuclear DNA in cells.  All 

antibody incubations were done at room temperature. 

 

  2.24 Cell based ELISA  

Cell based ELISA was used to determine GFAP and ICAM-1 expression in astrocytes and 

HBEC respectively.  2x104 cells were seeded into 96 well plates pre-coated with gelatin.  2 

hours after seeding HBEC media was changed and cells were cultured for 24 hours.  Media of 

astrocytes were changed the next day after seeding.  Astrocytes were grown in culture for a 

total of 48 hours.   
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For cell based GFAP ELISA, astrocytes were treated for 48 hours.  Cells were then washed 

with 100µl of cold PBS.  Cells were then fixed with cold 4% paraformaldehyde for 20 minutes 

at room temperature.  Astrocytes were then washed 3 times with 150µl PBS at room 

temperature to remove 4% paraformaldehyde.  50µl of blocking buffer (5% donkey serum and 

0.3% Triton in H2O) was added to each well and incubated for 30 minutes at room temperature 

to remove background caused by non-specific binding of antibodies.  50µl of the diluted 

polyclonal rabbit anti-GFAP antibody (1:500) was added to corresponding wells.  The plate 

was covered with parafilm and left overnight at 4oC.  Astrocytes were then washed as before.  

50µl of blocking buffer was added to each well for 30 minutes at room temperature.  50µl of 

the diluted goat anti-rabbit IgG HRP conjugated antibody (1:1000) was added to corresponding 

wells and incubated for 2 hours at room temperature.  Cells were then washed as before.  100µl 

of TMB solution was added to each well and incubated at room temperature in the dark for 30 

minutes or till colour changed from clear to blue.  100µl of stop solution (H2SO4) was added to 

each well to stop the reaction, changing the colour from blue to yellow.  The absorbance was 

read at 450nm immediately using a microplate reader (GLOMAXTM Multi+detection system, 

Promega).  The concentration of GFAP was directly proportional to the intensity of the yellow 

colour. 

 

After measuring the absorbance of the plate at 450nm, the plate was washed twice with 200µl 

of PBS for 5 minutes each.  The plate was air dried for 5 minutes at room temperature.  Crystal 

violet binds to nuclei and gives absorbance reading proportional to cell density at 600nm.  50µl 

of crystal violet solution was added to each well and incubated for 30 minutes at room 

temperature on the rocking platform.  Subsequently, contents in plates were tipped out to 

remove crystal violet solution and rinsed with tap water.  The plate was washed as before.  100μl 

of 1% SDS was added to each well and incubated on a rocking platform at room temperature 
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for 1 hour.  The absorbance of the plate was read at 600nm with a microplate reader.  Results 

were analysed by normalizing the absorbance at 450nm (GFAP) to absorbance at 600nm (which 

represented the cell amounts) : 

    𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒓𝒆𝒂𝒅𝒊𝒏𝒈 𝒂𝒕 𝟒𝟓𝟎𝒏𝒎 ÷ 𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒓𝒆𝒂𝒅𝒊𝒏𝒈 𝒂𝒕 𝟔𝟎𝟎𝒏𝒎 

 

For Cell based ICAM-1 ELISA, 24 hours after cells were grown in culture, media was changed 

to Q5% FBS medium.  This was done to bring HBEC into a resting state and thereby decreasing 

the noise value produced by replicating cells.  After 24 hours, different treatments were added 

to HBEC in the 96 well plates.  48 hours after treatment, supernatants were aspirated off each 

well and HBEC were washed with 150µl of cold 0.1%BSA/PBS.  Cells were then fixed with 

150µl of methanol for 5 minutes at room temperature.  Cells were then washed with 150µl of 

0.1% BSA/PBS at room temperature.  50µl of 0.05% Triton/PBS was then added to each well 

for 1 minute.  Cells were washed three times with 150µl of PBS.  To minimize background due 

to non-specific binding of the primary antibody, cells were blocked with 50µl of 1% BSA/PBS 

for 1 hour at room temperature. Blocking solution was then removed from plate by flicking and 

50µl of the 1:200 dilution of anti-ICAM-1 mouse monoclonal IgG antibody in 0.1% BSA was 

added to corresponding wells for 2 hours at room temperature.  HBEC were then washed as 

before.  50µl of the 1:2000 goat anti-mouse IgG-HRP conjugated antibody was added to 

corresponding wells.  The plate was incubated for 2 hours at room temperature in the dark.  

HBEC were then washed as before.  100µl of TMB solution was added to each well and 

incubated at room temperature in the dark for 30 minutes or till colour change from clear to 

blue.  100µl of stop solution (H2SO4) was added to each well to stop the reaction, changing the 

colour from blue to yellow.  The absorbance was read at 450nm immediately using a microplate 

reader (GLOMAXTM Multi+detection system, Promega).  The concentration of ICAM-1 was 

directly proportional to the intensity of the yellow colour. 
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  2.25 Development of in vitro HBEC and HBEC-astrocyte BBB models 

HBEC-alone BBB and HBEC-astrocyte BBB tandem BBB models were developed as 

described in Chapter 3, section 3.2.7. 

 

  2.26 Measurement of transendothelial electrical resistance (TEER) 

Transendothelial electrical resistance (TEER) was used to measure the BBB integrity of the 

HBEC-alone BBB and the HBEC-astrocyte BBB.  The TEER of the in vitro BBB models were 

measured using Endohm chamber connected to an EVOM resistance meter as described in 

Chapter 3, section 3.2.8. 

 

  2.27 FITC dextran permeability assay 

FITC dextran permeability assay was performed on HBEC-alone BBB and HBEC-astrocyte 

BBB models as described in Chapter 4, section 4.2.3  

 

  2.28 Sandwich ELISA 

Sandwich ELISA for GFAP was performed according to the manufacturer’s kit instructions and 

as described in Chapter 5, section 5.2.5.  Details of GFAP, sICAM-1, MCP-1 and ADAMTS-4 

ELISA kits can be seen in Appendix 1. 

 

sICAM-1 ELISA was done according to the manufacturer’s guidelines (Human CD54 ELISA 

kit Diaclone).  100µl of the diluted capture antibody was used to coat the 96 well plate overnight 

at 4oC.  Each well was washed with 150µl of washing solution 3 times and blocked with 250µl 

of blocking buffer per well for 2 hours at room temperature.  Serial dilutions of the standards 

were prepared to provide the concentration range from 0.25 to 8 ng/ml.  50µl of coculture 

supernatants and standards were added to the appropriate wells in duplicates.  50µl of the 
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biotinylated antibody was then added to each well and incubated at room temperature for 1 

hour.  100µl of streptavidin HRP solution was added to each well for 30 minutes at room 

temperature.  Contents of wells were emptied by flipping of plate and each well was washed 

with 150µl of washing solution. Plate was washed to remove unbound HRP.  For colour 

development 100µl of TMB was added to each well as the substrate for HRP and plate was 

incubated for 10 minutes in the dark.  100µl of H2SO4 was added to each well to stop the 

catalytic conversion of TMB substrate by HRP.  The colour change and absorbance of the plate 

was read at 450nm on a plate reader.  

 

MCP-1 sandwich ELISA was performed according to the manufacturer’s guidelines (Human 

MCP ELISA Diaclone).  96 well plates provided by the manufacturer were pre-coated with a 

capture antibody highly specific to MCP-1.  Serial dilutions of the standards were prepared to 

provide the concentration range from 31.25 to 1000 pg/ml were prepared in duplicates. 100µl 

of each standard, coculture supernatants and controls were plated in corresponding wells in 

duplicates and incubated for 1 hour at room temperature.  50µl of diluted biotinylated anti-

MCP-1 was added to each well and plate was incubated at room temperature for 30 minutes.  

Contents of the wells were discarded and the plate was washed with 150µl of washing solution 

3 times.  100µl of streptavidin-HRP solution was added to each well and plate was incubated 

for 30 minutes.  100µl of TMB was added to each well for 10 minutes.  100µl of H2SO4 was 

added to each well and absorbance of the plate was read at 450nm on a plate reader. 

 

Human ADAMTS-4 sandwich ELISA (R&D systems) were performed according to the 

manufacturer’s specifications.  96 well plates were coated with 100µl of the diluted capture 

antibody (1µg/ml) at room temperature overnight.  Each well was washed with 150µl washing 

solution 3 times and blocked with 150µl of reagent diluent (1% BSA in PBS) per well for 1 
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hour at room temperature.  100µl of coculture supernatants or standards (concentration ranging 

from 15.6-1000pg/ml) in reagent diluent (1% BSA in PBS) were added in duplicates to 

corresponding wells and incubated for 2 hours at room temperature.  The plate was washed as 

mentioned earlier.  100µl of detection antibody (0.05µg/ml) diluted in reagent diluent was 

added to each well and plate was incubated for 2 hours at room temperature.  The plate was 

washed as described earlier.  100µl of Streptavidin-HRP (1:40 dilution) was added to each well 

and plate was incubated for 20 minutes at room temperature in the dark.  100µl of substrate 

solution was added to each well and plate was incubated for 20 minutes at room temperature. 

50µl of stop solution was added to each well.  The colour change and absorbance of the plate 

was read at 450nm on a plate reader. 

 

  2.28.1 Calculation of amount of sICAM-1, MCP-1 and ADAMTS-4 

The average absorbance of each duplicate set of standards and samples were calculated.  A 

linear standard curve was produced by plotting the average absorbance of each standard on the 

vertical axis against the corresponding ICAM-1/MCP-1/ADAMTS-4 standard concentrations 

on the x-axis.  The concentration of ICAM-1, MCP-1 and ADAMTS-4 was determined by 

extrapolating the optical density values against the standard concentrations using the standard 

curve.  The concentration was then multiplied by the volume of the flask to get the total amount 

of the protein of interest. 

 

  2.29 Biorad protein assay 

The protein concentration of samples was determined using the Bio-Rad protein assay for 

microtiter plates.  This assay measured the total protein concentration in the sample.  

Dye reagent was prepared by diluting 1-part Dye reagent concentrate with 4 parts double 

distilled water.  The diluted dye reagent was filtered through a Whatman #1 filter to remove 
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particulates.  BSA standards from 1.48mg/ml-0.313mg/ml were prepared.  5 dilutions of the 

protein standards were prepared, and these were representative of the protein solution being 

tested.  10µl of each standard and samples were pipetted into separate microtiter plate wells.  

200µl of dye reagent was added to each well using a multi-channel pipette.  Plate with samples 

and standards were incubated at room temperature for 1 hour and absorbance read at 600nm.  

A standard curve was constructed and used to determine protein concentration according to the 

absorbance values read at 600nm multiplied by the dilution factor. 

 

  2.30 Statistical analysis 

Statistical analysis was performed using GraphPad Prism, version 7 (GraphPad Software Inc.) 

and data was expressed as mean + standard error of the mean (SEM).  Two groups were 

compared using unpaired two-tailed t-test. One-way analysis of variance (ANOVA), and a post 

hoc analysis using Tukey’s multiple comparison test was used to compare 3 groups or more. 

Two-way ANOVA was used to test the mean differences between groups that had been split on 

two factors. Post hoc analysis for Two-way ANOVA was carried out using Tukey’s multiple 

comparison test. 
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Chapter 3 : Development and characterisation of in vitro 

blood-brain barrier models 
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3.1 Introduction 

The blood-brain barrier (BBB) is made up of brain endothelial cells, a basement membrane, 

astrocytes and pericytes.  Several neurological disorders exist where the BBB is compromised, 

and thus many in vitro BBB models have been developed to understand these disorders.  These 

models can be 2 dimensional or 3 dimensional.  2 dimensional BBB models are based on 

monocultures of endothelial cells, coculture of endothelial cells and astrocytes or pericytes and 

triple cultures of endothelial cells, astrocytes and pericytes (Helms et al., 2016).. 

Monoculture models made of only endothelial cells do not fully depict the BBB in vivo since 

signals produced from other components of the neurovascular unit (NVU) such as astrocytes 

and pericytes are absent (Figure 3.1) (Helms et al., 2016).  These monocultures also have 

relatively low transendothelial electrical resistance (TEER).  Coculturing HBEC with 

components of the neurovascular unit (NVU) has been shown to improve BBB integrity and 

increase TEER (He et al., 2014). 

Thus, coculture models where endothelial cells and astrocytes are grown together have been 

developed.  These cocultures can either be contact or non-contact cocultures.  In the non-contact 

coculture models, endothelial cells are grown on the upper part of the transwell membrane and 

the astrocytes are grown on the bottom of the culture well (Figure 3.1) (Helms et al., 2016).  

This set up is done to enable the factors released from astrocytes at the bottom of the well to 

induce BBB properties in the endothelial cells.  This model does not fully depict the BBB in 

vivo where astrocytes and endothelial cells are in close proximity to each other.  In the contact 

coculture, astrocytes are grown on the bottom of the transwell whereas as endothelial cells are 

grown on the upper part of the transwell (Figure 3.1) (Helms et al., 2016).  In this model 

astrocyte released factors are closer to endothelial cells and have a bigger effect on endothelial 

cells since they are less dilute (Kulczar et al., 2017).  Astrocytes are known to release growth 

factors essential for the formation of a functional BBB.  Human brain endothelial cells (HBEC)-
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astrocyte cocultures have been reported to have TEER values of greater than 300Ωcm2 

compared to HBEC monolayer TEER values of 50Ωcm2 (He et al., 2014; Weksler et al., 2013).  

 

Recently triple culture models have been developed where endothelial cells are seeded on the 

upper part of the transwell, pericytes are seeded on the lower part of the transwell with 

astrocytes seeded on the bottom of the culture wells (Figure 3.1) (Helms et al., 2016).  This set 

up closely depicts the neurovascular unit and in this model all the three cell types can 

communicate and produce a slight increase in TEER compared to cocultures (Helms et al., 

2016).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Different types of in vitro BBB models. Image obtained from (Helms et al., 2016). 
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There is an increasing use of 3 dimensional BBB models that are composed of astrocytes 

embedded in collagen hydrogels and overlaid with brain endothelial cells (Sreekanthreddy et 

al., 2015).  These BBB models are a closer resemblance to the anatomical architecture of the 

neurovascular unit than that of the 2-dimensional (2D) BBB models (Gromnicova et al., 2013; 

Sreekanthreddy et al., 2015).  The 3-dimensional (3D) BBB models have a higher TEER and 

express more tight junction proteins than that of the 2D BBB models.  However, construction 

of some of these 3D models can be complicated, the inclusion of the third dimension makes 

these cultures more heterogeneous and this can influence the replication of these studies (Kaisar 

et al., 2017). 

 

Cell cultures made up of primary cells and transformed cells are widely used in developing in 

vitro BBB models.  Brain cells from humans are mostly preferred to that of animals when 

developing in vitro BBB models because they mimic the in vivo BBB phenotype better than 

brain cells derived from animals (Helms et al., 2016).  However, primary brain cells are not 

easy to obtain on a regular basis and as a result other brain cells from different animal origins 

such as rat, bovine, porcine are often used in in vitro BBB models (Helms et al., 2016).  

Although primary cells from animal origins produce high TEER, obtaining these cells can be 

laborious and there is a problem of reproducibility between laboratories.  As a result of this, 

transformed immortalised brain cells are used to develop in vitro BBB models.  Immortalised 

cell lines have several advantages.  These cells lines are easy to use and can produce a large 

number of cells.  Using immortalised cells can provide consistent and reproducible results.  

However, immortalised cell lines can only maintain endothelial cell properties for a number of 

passages after which they lose some of the distinctive properties of the BBB in vivo (Helms et 

al., 2016).  They have also been shown to express lower levels of BBB specific transporters 

and enzymes than in vivo (Helms et al., 2016).  Immortalised human brain endothelial cells are 
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more ideal for use in in vitro BBB than that of animals due to differences in species.  Results 

obtained from animal based in vitro BBB models cannot always be extrapolated to certain 

human diseases such as cerebral malaria. 

 

In vitro BBB models can serve as useful tools for studying the interactions and pathways that 

occur at the BBB during cerebral malaria.  Most in vitro CM BBB models are mainly based on 

coculturing immortalised human brain endothelial cells on the upper part of a transwell with 

Plasmodium falciparum parasites (Tripathi et al., 2007; Wassmer et al., 2006).  This model 

allows solutes or soluble factors released from endothelial cells or PRBC to move from the 

luminal to the basolateral side of the transwell and gives a closer depiction of what occurs 

during cerebral malaria in vivo.  However, this model is limited as it only shows the interactions 

and responses between Plasmodium falciparum infected red blood cells (PRBC) and 

endothelial cells of the blood-brain barrier but does not address the important components of 

the NVU such as astrocytes and pericytes (He et al., 2014).   

 

Thus, an ideal in vitro BBB model of CM should be composed of human brain endothelial cells 

and other components of the neurovascular unit such as pericytes, astrocytes and basement 

membranes.  These coculture models should produce high TEER values and would ideally be 

more representative of the human BBB in vivo.  We used the HBEC-alone BBB which has 

previously been characterised in our lab to verify the phenotype and properties of endothelial 

cells used in this study.  Immortalised human brain endothelial cells and primary human 

astrocytes were used to form an in vitro BBB model of HBEC and astrocytes grown in tandem.  

The transformed human brain endothelial cell line (HBEC) used in this study has previously 

been shown to have high TEER, uptake of Dil acLDL and upregulation of ICAM-1 (Stins et 
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al., 1997).  This BBB model has been used in several in vitro cerebral malaria studies (Tripathi 

et al., 2006).   

 

The aim of this study was to develop a more advanced in vitro model of the BBB to use in the 

study of human cerebral malaria.  

 

The overall objectives of this chapter were to:  

1. Characterise HBEC by evaluating:  

i. ICAM-1 expression on HBEC 

ii. The effect of the inflammatory cytokine IL-1β on ICAM-1 expression in HBEC.    

     Evaluation of ICAM-1 expression constitutively and in the presence of IL-1β   

     served as quality control for HBEC. 

iii. Tight and adherens junction protein expression in HBEC. 

2. Characterise primary human astrocytes by evaluating: 

i. GFAP expression in astrocytes 

ii.  Determining the optimal conditions for culturing astrocytes 

3. Develop an advanced BBB model where HBEC and astrocytes were grown in tandem 

on a transwell 
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3.2 Materials and methods 

The overall aim of this experiment was to coculture transformed human brain endothelial cells 

and primary human astrocytes together.  Before this could be done, we determined if HBEC 

and astrocytes could survive in HBEC media using an MTS assay and also determined if 

growing HBEC and astrocytes in HBEC media affected basal phenotype of the cell by 

monitoring ICAM1 and GFAP expression respectively. 

 

3.2.1 MTS assay 

An MTS assay was performed to determine if astrocytes would survive in different culture 

media.  HBEC and astrocytes were seeded in 96 well plates as described in Chapter 2, section 

2.4.1 for 24 hours.  Cells were then treated with astrocyte media (AM), HBEC media, HBEC 

quiescent medium (Q1%FBS media) containing RPMI with P/S, L-glutamine and 1% FBS, 

and AM/HBEC media containing 99% of astrocyte media and 1% of Q1%FBS media for 48 

hours.  The effect of these media on HBEC viability was then tested using the CellTiter 96 

aqueous one solution. 

 

The CellTiter 96 Aqueous one solution reagent (Promega) was thawed at room temperature for 

approximately 90 minutes.  20µl of CellTiter 96 Aqueous one solution reagent was pipetted 

into each well of the 96 well assay plate containing HBEC or astrocytes in 100µl of culture 

medium (Figure 3.2) and placed in a humidified incubator at 37oC, 5% CO2 for 4 hours (Figure 

3.2).  The quantity of formazan product measured by absorbance at 450nm is directly 

proportional to the number of living cells in the culture.  Maximum absorbance reading was 

observed at 4 hours.  
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Figure 3.2 Schematic diagram of MTS assay.  96 well plates were seeded with cells. Cells were treated 

for 48 hours. The reagent was added to each well and incubated at 37oC, 5% CO2 for 4 hours. The 

maximum absorbance at 450nm was read after 4 hours. 
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The CellTiter 96 Aqueous One Solution Cell Proliferation Reagent was used to quantify viable 

HBEC and astrocyte cells in vitro.  This reagent is made up of MTS (tetrazolium compound [3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]) 

and phenazine ethosulfate (PES) an electron coupling reagent.  This assay is based on the 

reduction of MTS tetrazolium compound by viable cells to produce a coloured formazan that is 

soluble in cell culture media (Figure 3.3).  NADPH or NADH dehydrogenase enzymes 

produced in metabolically active cells is thought to be responsible for this reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3  Conversion of MTS to a coloured formazan product.  Phenazine ethyl sulphate (PES) 

transfers an electron from NADH in the cytoplasm into the culture media and this reduces MTS to 

formazan. Image obtained from (Riss et al., 2016). 
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3.2.2 Detection of ICAM-1, Vinculin and Claudin-5 using immunofluorescence analysis 

Immunofluorescence analysis was performed to determine if HBEC expressed tight and 

adherens junction proteins vinculin and claudin-5 and the adhesion molecule ICAM-1 as 

described in Chapter 2, section 2.23.  HBEC were permeabilized in 0.2% Triton in PBS for 15 

minutes at room temperature.  HBEC were washed once in PBS and blocked in 3% BSA in 

PBS for 1.5 hours.  250µl of primary antibody diluted in 1% BSA in PBS was added (all 

antibody dilutions are listed in Table 3.1) to each coverslip for 1 hour at room temperature. 

HBEC were then washed three times with PBS for 10 minutes each.  

The secondary antibody (dilutions in Table 3.1) was then added to cells for 1 hour and washed 

as described before.  After 1 hour, coverslips were mounted on slides as described in Chapter 

2, section 2.23.  All antibody incubations were done at room temperature. 

 

Table 3.1 Antibody dilutions used for immunofluorescence. 

Primary antibody Dilution Secondary antibody Dilution 

Anti-ICAM-1 Mouse 

monoclonal IgG 

1:200 Goat Anti-Mouse 

IgG-FITC 

1:100 

Monoclonal Anti-

vinculin antibody 

produced in mouse 

1:150 

 

Anti-Mouse IgG-R- 

Phycoerythrin 

antibody 

1:100 

Anti-Claudin-5 Rabbit  

polyclonal IgG  

1:300 Sheep Anti-Rabbit 

IgG-FITC 

1:200 

Anti-Claudin-5 Rabbit  

polyclonal IgG 

1:50 CyTM-conjugated 

AffiniPure Donkey 

Anti-Rabbit IgG 

1:1000 

Polyclonal rabbit anti-

GFAP 

1:500 Goat anti-rabbit Alexa 

Fluor 488 

1:300 

 

3.2.3 Detection of Glial fibrillary acidic protein (GFAP) in astrocytes 

Qualitative analysis using immunofluorescence for detection of the astrocyte marker GFAP in 

astrocytes was performed as described in Chapter 2, section 2.23.  Astrocytes were grown on 

glass coverslips in AM as described in Chapter 2, section 2.23.  Astrocytes were blocked with 

5% new goat serum (NGS) in 1xTBST (Tris Buffered Saline with Tween®20) for 1 hour at 
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4oC.  Astrocytes were incubated with 250µl of primary antibody (rabbit anti-GFAP) diluted in 

1% NGS in 1xTBST (Table 3.1) at 4oC overnight.  The next day astrocytes were washed three 

times with PBS for 3 minutes each.  The secondary antibody (goat anti-rabbit) diluted in 1% 

NGS in TBST (Table 3.1) was then added to cells for 2 hours at room temperature in the dark.  

Cells were then washed as described before.  After 2 hours, coverslips were mounted on slides 

as described in Chapter 2, section 2.23 and viewed under the Nikon Eclipse 80i fluorescent 

microscope.   

 

3.2.4 Cell-based ELISA for detection of ICAM-1 in HBEC 

Cell-based ELISA for quantitative detection of ICAM-1 in HBEC was performed as described 

in Chapter 2, section 2.24.  ICAM-1 is basally expressed on endothelial cells and upregulated 

when stimulated with cytokines such as IL-1β (O’Carroll et al., 2015; Wertheimer et al., 1992).  

Cell-based ELISA was performed to determine ICAM-1 expression in HBEC in response to 

treatment with HBEC media, astrocyte media (AM), 1ng/ml and 15ng/ml concentration of IL-

1β for 24 hours as described in Chapter 2, section 2.24.  A 1:200 mouse anti-human ICAM-1 

antibody dilution and 1:2000 goat anti-mouse secondary antibody dilution was used in the cell-

based ELISA. 

 

3.2.5 Cell-based ELISA GFAP 

Cell-based ELISA for quantitative detection of GFAP in astrocytes was performed as described 

in Chapter 2, section 2.24.   
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3.2.5.1 Optimisation of antibody concentrations 

The optimal rabbit anti-GFAP primary antibody and goat anti-rabbit secondary antibody 

dilutions for detecting GFAP in astrocytes in a cell-based ELISA, was investigated.  The 

different antibody dilutions examined can be observed in (Table 3.2). 

 

3.2.5.2 Detection of GFAP in basal and cytokine treated astrocytes 

The effect of different media on GFAP expression was determined by cell-based ELISA as 

described in Chapter 2, section 2.24 using the optimised rabbit anti-GFAP primary antibody 

dilution of 1:2000 and goat anti-rabbit secondary antibody dilution of 1:3000.  IL-1β has been 

shown to upregulate GFAP expression in astrocytes (Brahmachari et al., 2006).  In this study 

we explored IL-1β as a positive control GFAP upregulation in astrocytes.  To determine the 

optimal concentration of IL-1β that could upregulate cell-associated GFAP expression in 

astrocytes, astrocytes were treated with 15, 30, 60 and 100ng/ml of IL-1β diluted in astrocyte 

media (AM) or AM/HBEC media and a cell-based GFAP ELISA was performed as described 

in Chapter 2, section 2.24.  

 

Table 3.2 Different anti-GFAP antibody combinations for optimisation of cell-based GFAP 

ELISA in astrocytes. 

 

 

 

 

 

Antibody combination Rabbit Anti-GFAP 

antibody dilution  

Goat anti-rabbit antibody 

HRP-conjugate 

Combination 1 1:500 1:1000 

Combination 2 1:500 1:3000 

Combination 3 1:1000 1:3000 

Combination 4 1:2000 1:3000 

Combination 5 1:2500 1:3000 

Combination 6 1:3000 1:3000 
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3.2.6 Western blot analysis for detection of GFAP in astrocytes 

Western blot analysis was performed for qualitative detection of cell-associated GFAP 

expression in astrocytes in vitro as described in Chapter 2, section 2.17-2.22.  Varying amounts 

of protein lysates 7µg, 15µg, 22µg and 44µg were run on the SDS PAGE gel to determine the 

optimal amount of astrocyte lysate needed to be loaded for GFAP detection.  

 

Western blot analysis was used for quantitative detection of soluble GFAP in the supernatant 

of astrocytes treated with 15, 30, 60 and 100ng/ml IL-1β concentrations diluted in AM and 

AM/HBEC media.  The supernatants of astrocytes were collected after 48 hours of treatment 

and western blot analysis was performed as described in Chapter 2, section 2.17-2.22.  The 

rabbit anti-GFAP antibody dilution of 1:500 and goat anti-rabbit antibody dilution of 1:1000 

were used. 

 

3.2.7 Development of in vitro BBB models 

An in vitro BBB model was developed that mimicked the BBB in vivo.  The BBB model was 

made up of an upper compartment and a lower compartment separated by a polyester membrane 

(Figure 3.5A) with a pore size of 0.4µm. Cells were grown on the top and bottom part of the 

polyester membrane which had a growth membrane area of 0.33cm2 (Corning Incorporated, 

2018).  The polyester membrane allowed cell visibility under an inverted microscopy and was 

used to monitor the growth of monolayer of cells. 

The upper compartment represented the luminal (blood side) and the lower compartment 

represented the basolateral (brain side) of the BBB (Figure 3.5A).  
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3.2.7.1 Set up of HBEC-alone BBB model 

On day 1, transwells were coated with 1% gelatin for 20 minutes to facilitate adhesion of HBEC. 

2x104 cells were seeded on the luminal side of each transwell in 200µl of HBEC complete 

media (Figure 3.4).  1300µl of HBEC medium was added to the bottom chamber (Figure 3.4).  

HBEC were grown in a 37oC, 5% CO2 humidified incubator for 2 hours after which the medium 

was changed.  The medium was changed on day 3.  The culture was maintained for 5 days 

overall to allow the formation of a confluent HBEC monolayer. 

 

 

 

 

 

 

Figure 3.4 Set up of HBEC-alone BBB model schematic. 

 

3.2.7.2 Set up of HBEC-astrocyte tandem BBB model: Protocol 1 

To set up the HBEC and astrocyte BBB model, HBEC were grown on the luminal side of the 

transwell as described above, 2 hours after astrocytes were grown on the basolateral sides of 

the transwell (Figure 3.5A).   

To facilitate adhesion of astrocytes to the membrane, transwell inserts were inverted and the 

basolateral side coated with 100µl of 1% gelatin for 20 minutes in a 37oC, 5% CO2 humidified 

incubator (Figure 3.5 B).  Gelatin was aspirated off the basolateral side of the transwells.  

Subsequently, 2x104 cells were seeded on the basolateral side of each transwell in 100µl of AM 

and allowed to adhere for 2 hours in a 37oC, 5% CO2 humidified incubator (Figure 3.5 C).   

After 2 hours once the astrocytes had adhered to the membrane, the transwell was inverted back, 

placed in 24 well plates and HBEC was then seeded on the luminal side of the transwell as 

HBEC 

Luminal side 

Basolateral side 
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described above (Figure 3.5 D).  This was counted as Day 1 of growing both HBEC and 

astrocytes in tandem. The medium from both luminal and basolateral sides of the transwell was 

changed on day 3.  HBEC and astrocytes were cocultured in tandem in HBEC media for 5 days 

in total in a 37oC, 5% CO2 humidified incubator.  However, due to the fact that astrocytes were 

observed at the bottom of the 24 well plate after seeding of the HBEC on the luminal side, 

protocol 1 was optimised and protocol 2 was adopted for all further studies. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 The experimental process for growing HBEC and astrocytes in tandem on different 

sides of the transwell membrane.  (A) Corning transwells two-compartment system. (B) The 

basolateral side of transwell was coated with 1% gelatin. (C) 2x104 astrocytes were seeded on the 

basolateral side of each transwell and allowed to adhere for 2 hours. The transwell was then flipped back 

and grown in AM for 2 days in a 37oC humidified incubator at 5% CO2. (D) After 2 hours (protocol 1) 

or 2 days (protocol 2), 2x104 HBEC were seeded on the luminal side of the transwell membrane and 

cocultured with astrocytes for 5 days in HBEC media in a 37oC incubator, at 5% CO2. 
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3.2.7.3 Set up of HBEC-astrocyte tandem BBB model: Protocol 2 

To set up the HBEC and astrocyte BBB model using protocol 2, transwell inserts were inverted 

and the basolateral side coated with 100µl of 1% gelatin as described in 3.2.7.2 (Figure 3.5 B).    

Subsequently, 2x104 astrocytes were seeded on the basolateral side of each transwell in 100µl 

of AM and allowed to adhere for 2 hours in a 37oC, 5% CO2 humidified incubator (Figure 3.5 

C).   After 2 hours once the astrocytes had adhered to the membrane, the transwell was inverted 

back, placed in 24 well plates and cultured in 1300µl of  AM for 2 days. After 2 days, HBEC 

was then seeded on the luminal side of the transwell as described above (Figure 3.5 D).  This 

was counted as Day 1 of growing both HBEC and astrocytes in tandem. The medium from both 

luminal and basolateral sides of the transwell was changed on day 3. HBEC and astrocytes were 

cocultured in tandem in HBEC media for 5 days in total in a 37oC, 5% CO2 humidified 

incubator.  Protocol 2 was adopted for all further studies. 
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3.2.8 Measurement of Transendothelial Electrical resistance (TEER) 

The structural BBB integrity of HBEC-alone and HBEC-astrocyte BBB model was evaluated 

by measuring TEER using an Endohm chamber connected to an EVOM resistance meter 

(World Precision Instruments) (Figure 3.6).  An Endohm chamber containing a silver/silver 

chloride electrode was filled with 1.5ml of pre-warmed (37oC) HBEC media.  The transwells 

were removed with sterile forceps from 24 well plates and placed in the Endohm chamber one 

at a time.  An electrode cap containing concentric electrodes was then placed on top of the cells 

and TEER measurements were recorded using the EVOM voltohmmeter in duplicate readings 

(Figure 3.6).  The positioning of electrodes on both sides of the membrane in the Endohm 

chamber produces a constant current density across the membrane (Srinivasan et al., 2015). 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Transendothelial electrical resistance (TEER) measurement of transwells.  (A). EVOM 

(left) and Endohm 6 (right) used to measure TEER. (B) Schematic drawing of the Endohm chamber 

with culture insert.  To measure TEER, transwells with HBEC-alone or HBEC-astrocyte were placed in 

the Endohm chamber and covered with the cap connected to the EVOM.  The TEER was then measured. 

 

TEER was measured daily for over 5 days, from day 1 to day 5.  Transwells without cells were 

measured as blank controls.  To calculate TEER of each transwell, TEER measurement from 
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blank controls was subtracted from the TEER reading of each well, the value obtained was then 

multiplied by the surface area of the filter membrane 0.33 cm2. The unit for TEER was Ω cm2. 

 

3.2.9 Statistical Analysis 

Data from densitometry analysis, cell based ELISA, MTS assay and TEER measurements were 

analysed for statistical significance by one-way ANOVA and 2 sample t-tests with p<0.05 

considered as statistically significant. 

 

3.2.10 Densitometry analysis  

The intensity of bands in western blot analysis was measured using Image J (NIH).  The image 

was initially captured using the FluorChem machine.  Lanes were selected on Image J and band 

densities of each lane were graphed using the Analyze Gel Plugin in Image J.  The area under 

the curve was calculated using the “magic wand” button.  These steps were repeated for each 

antigen of interest and for each lane on the ponceau image.  The optical density of each antigen 

band of interest was divided by the optical density of its corresponding protein band (loading 

control) to produce an antigen to ponceau band ratio. 
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3.3 Results 

3.3.1 Characterisation of HBEC 

3.3.1.1 ICAM-1 expression in resting HBEC 

A cobblestone morphology of HBEC was observed using an inverted microscope under basal 

conditions (Figure 3.7A).  Qualitative analysis using immunofluorescence was used to detect 

ICAM-1 expression in HBEC, to verify HBEC phenotype and properties.  ICAM-1 is expressed 

in HBEC under basal conditions (Wertheimer et al., 1992).  Immunofluorescence analysis 

showed the presence of ICAM-1 on the surface and cell membranes of HBEC (Figure 3.7 B-

D).  

 

 

 

 

 

 

 

 

 

Figure 3.7 Images of resting HBEC.  (A) HBEC viewed under an inverted microscope at 10X 

magnification. HBEC show ‘cobble stone’ morphology. B-C: Immunofluorescence analysis of the 

endothelial cell marker ICAM-1 in human brain endothelial cells. (B) Nuclei (blue) were stained with 

vectashield with DAPI (C) ICAM-1 expressed on the surface and membrane of HBEC were stained with 

FITC (green) (D) Merged image of nuclei and ICAM-1 on the cell surface and membrane of HBEC. 

The fluorescent image was captured at 20X magnification. Scale bar = 50µm. 
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3.3.1.2 HBEC viability in different media 

An MTS assay was performed to determine the best media for maintaining the HBEC-astrocyte 

BBB and to determine if HBEC could survive in media other than its usual growth media.  

Results from four separate biological replicates showed that there was no significant difference 

in cell viability between HBEC grown in HBEC media and that of HBEC grown in AM and 

AM/HBEC media (Figure 3.8).  These results suggest that HBEC could survive in both AM 

and AM/HBEC media.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 MTS assay used to determine if HBEC could survive in AM/HBEC, HBEC and 

Astrocyte media.  Error bars represent the standard error mean (SEM), n=4. 
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3.3.1.3 Detection of ICAM-1 expression in HBEC grown in AM and HBEC media 

The effect of HBEC media and AM on ICAM-1 expression in HBEC was tested using cell-

based ELISA.  Results from 3 biological replicates showed that there was no significant 

difference in ICAM-1 expression between HBEC grown in AM or HBEC media (Figure 3.9).  

Absorbance at 450nm was a reflection of ICAM-1 expression. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Determining the effect of AM and HBEC media on ICAM-1 expression in HBEC using 

cell-based ELISA. Error bars represent SEM, n=3.  
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3.3.1.4 Changes in ICAM-1 in HBEC treated with 1ng/ml of IL-1β 

The effect of the cytokine IL-1β on ICAM-1 expression in HBEC was examined.  ICAM-1 was 

constitutively expressed in resting HBEC (Figure 3.10).  Results from 3 separate biological 

replicates showed that ICAM-1 expression was significantly enhanced in HBEC stimulated 

with 1ng/ml and 15ng/ml of IL-1β diluted in Q1%FBS media compared to the control (Figure 

3.10).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Changes in ICAM-1 expression in response to treatment of HBEC with varying 

concentrations of IL-1β. Error bars represent standard error of the mean. **** denotes significance at 

p<0.0001, n=3.  
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3.3.1.5 Vinculin and Claudin-5 expressed by HBEC 

The expression of tight junction and adherens junction proteins claudin-5 and vinculin in 

HBEC, were characterised using qualitative immunofluorescence analysis.  Vinculin (red) and 

Claudin-5 (red) were observed at cell to cell junctions in HBEC (Figure 3.11B-C).  

Claudin-5 (green) staining was observed in the cytoplasm of HBEC when a 1:300 dilution of 

rabbit anti-Claudin-5 antibody (Table 3.1) was used (Figure 3.11A).  This was unexpected as 

previous studies have shown a continuous expression of Claudin-5 at cell to cell contacts in 

HBEC (Luissint et al., 2012).  Further optimisation using a 1:50 dilution of Rabbit anti-Claudin-

5 antibody (Table 3.1) showed expression of claudin-5 (red) at cell to cell contacts of HBEC 

(Figure 3.11B).   
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Figure 3.11  Expression of endothelial and BBB markers by HBEC. Immunofluorescence image of 

tight junction proteins Claudin-5.  (A) FITC stain (green) of Claudin-5 (1:300 antibody dilution) 

observed in the cytoplasm of HBEC. (B) Phycoerythrin stain (red) of Claudin-5 (1:50 antibody dilution) 

localised at cell to cell junctions of HBEC (shown by the white arrow). (C) Immunofluorescence image 

of adherens junction protein Vinculin (red) observed at cell to cell junctions (shown by the white arrow).  

Nuclei (A-C) counterstained with DAPI. Scale bar 15µm. 
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3.3.2 Characterisation of astrocytes 

3.3.2.1 Astrocyte viability in different media 

An MTS assay was performed to determine the best media for maintaining the HBEC-astrocyte 

BBB model and for growing astrocytes.  Results from 4 separate biological replicates showed 

that there was no significant difference in cell viability between astrocytes grown in AM and 

that of astrocytes grown in HBEC and AM/HBEC media (Figure 3.12). These results indicated 

that astrocytes could grow in the different media mentioned above (Figure 3.12). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12  Determining if astrocytes could survive in AM/HBEC, HBEC and Astrocyte media 

using an MTS assay.  Error bars represent standard error of the mean, n=4. 
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 3.3.2.2 GFAP expression in primary human astrocytes 

Astrocytes in vitro showed, a polygonal, fusiform and flat morphology with several branching 

processes under basal conditions (Figure 3.13A), as shown by phase-contrast microscopy.  

Astrocytes divided and achieved maximum surface coverage ie growth after 4-5 days (data not 

shown).  Subsequently, the main marker for astrocytes GFAP was characterised using 

immunofluorescence and western blot analyses.  Immunofluorescence analysis showed an 

intense cytoplasmic staining of GFAP in astrocytes (Figure 3.13C-D).  The GFAP staining 

showed a meshwork of processes throughout the cytoplasm (Figure 3.13C-D).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13  Images of primary human astrocytes in vitro.  (A) Under normal conditions, primary 

human adult astrocytes presented a polygonal, fusiform and flat morphology (arrows) as shown by phase 

contrast microscopy. Immunofluorescence analysis of GFAP expression in astrocytes. (B) Nuclei (blue) 

of astrocytes were stained with vectashield with Dapi (C) Astrocytes tested positive for GFAP (green) 

under basal conditions (20X magnification). (D) Merged image of (B and C) indicate GFAP expression 

in the cytoplasm of astrocytes.  Scale bar 50µm. 
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3.3.2.3  Optimisation of cell-based ELISA for detection of GFAP 

In this study different combinations of (primary rabbit anti human GFAP antibody) and 

(secondary goat anti rabbit antibody) concentrations were examined in order to determine the 

optimal antibody dilutions to be used in subsequent GFAP cell based ELISAs.  In the first 

instance, a 1:500 dilution of Rabbit anti-GFAP antibody and a 1:1000 dilution of goat anti-

rabbit (GAR) HRP conjugate antibody were used in cell-based ELISA to detect GFAP 

expression in astrocytes.  Results showed that upon addition of TMB, wells of ELISA plate 

turned uniformly blue quickly and the reaction colour was too intense.  This resulted in high 

absorbance values (Figure 3.14).  Further dilution of the primary and secondary antibodies 

showed that the combination of the 1:2000 dilution of rabbit anti-GFAP and 1:3000 dilution of 

Goat anti-rabbit HRP conjugate antibody produced the highest signal and lowest background 

noise (Figure 3.14). 

 

 

 

 

 

 

 

 

 

Figure 3.14  Optimized anti-GFAP antibody and Goat anti-rabbit (GAR) antibody dilutions for 

cell-based ELISA.  Based on the data shown above, the anti-GFAP antibody and GAR dilution of 

1:2000 and 1:3000 respectively were the optimal dilutions for cell-based ELISA for detection of GFAP 

in astrocytes.  Error bars represent standard error of the mean, n=3. 
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3.3.2.4 GFAP expression of astrocytes grown in different media 

The effect of different media on GFAP expression was tested using cell-based ELISA.  Results 

showed there was no significant difference in GFAP expression in astrocytes grown in HBEC 

media, AM/HBEC media compared to that of astrocytes grown in AM (Figure 3.15).  These 

results showed that the GFAP expression of astrocytes grown in the different media was not 

affected by using media other than the usual growth medium (Figure 3.15).  Results indicate 

that astrocytes could grow in any of the media mentioned above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15  Determination of GFAP expression in astrocytes treated with AM, AM/HBEC and 

HBEC media.  Error bars represent standard error of the mean, n=11. 
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3.3.2.5 Cell-associated GFAP expression in astrocytes treated with different IL-1β 

concentrations diluted in AM and AM/HBEC media 

The optimal concentration of IL-1β that could upregulate cell-associated GFAP expression in 

astrocytes, was determined using a quantitative cell-based GFAP ELISA.  The optimum GFAP 

primary and secondary antibody dilutions from previous experiments, a 1:2000 dilution of 

rabbit anti-GFAP and a 1:3000 dilution of goat anti-rabbit antibody (Figure 3.14) was used in 

this experiment.  No significant change in GFAP absorbance was observed in astrocytes treated 

with 15, 30, 60 and 100ng/ml of IL-1β diluted in AM, as compared to astrocytes grown in AM 

(Figure 3.16).  A trend towards a small increase in GFAP absorbance was observed in astrocytes 

treated with 100ng/ml IL-1β diluted in AM, however, this was not statistically significant 

(Figure 3.16).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16  Cell-associated GFAP expression in astrocytes treated with different concentrations 

of IL-1β diluted in AM.  Error bars represent standard error of the mean, n=3. 
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A significantly higher GFAP absorbance was observed in astrocytes treated with 60 and 100 

ng/ml of IL-1β diluted in AM/HBEC media (p<0.05) compared to astrocytes grown in 

AM/HBEC media (Figure 3.17).  However, treatment of astrocytes with 15 and 30ng/ml IL-1β 

diluted in AM/HBEC media caused no significant change in GFAP absorbance (Figure 3.17).  

 
 
 
 
 
 
 
 
 

 

 

 

  

 

 

 

 

 

 

Figure 3.17  Increase in cell-associated GFAP expression in astrocytes treated with different 

concentrations of IL-1β diluted in AM/HBEC media.  Error bar represents standard error of the 

mean, n=3.  
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3.3.2.6 GFAP expression in the supernatant of astrocytes treated with IL-1β diluted in AM and 

AM/HBEC media 

Western blot analysis was used to examine cell-associated GFAP in resting cells and release of 

GFAP into the supernatant of astrocytes that had been treated with 15, 30, 60 and 100ng/ml IL-

1β diluted in AM and AM/HBEC media.  Results showed the presence of bands between 48-

60 kDa in resting astrocytes (Figure 3.18) and astrocytes treated with IL-1β (Figure 3.19).   

 

 

 

 

 

 

 

 

Figure 3.18  Optimisation of protein loading of astrocytes in the resting state.  

 

In the supernatant of astrocytes treated with IL-1β diluted in AM, a trend towards a gradual 

increase in soluble GFAP was observed as the concentration of IL-1β increased from 15-

100ng/ml (Figure 3.19).  These results were quantified by densitometric analysis on the GFAP 

bands at 48-60kDA (Figure 3.19).  In the supernatant of astrocytes treated with IL-1β diluted 

in AM/HBEC media, a trend towards a gradual decrease in soluble GFAP was observed as the 

concentration of IL-1β increased from 15-100ng/ml (Figure 3.19).   
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Figure 3.19  Soluble GFAP observed in the supernatant of astrocytes treated with 15, 30, 60 and 

100ng/ml IL-1β diluted in AM and AM/HBEC media.   Lane 1 Molecular weight marker, Samples 

were treated with, Lane 2 AM, Lane 3 IL-1βAM15ng/ml, Lane 4 IL-1βAM30ng/ml, Lane 5 IL-

1βAM100ng/ml, Lane 6 AM/HBEC media, Lane 7 IL-1βAM/HBEC15ng/ml, Lane 8 IL-

1βAM/HBEC30ng/ml, Lane 9 IL-1βAM/HBEC60ng/ml, Lane 10 IL-1βAM/HBEC100ng/ml. B. 

Ponceau stain.  (C and D). Densitometry analysis on bands of GFAP between 48-60kDA. 
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3.3.3 Optimisation of HBEC-astrocyte and HBEC-BBB model 

Preliminary experiments were performed to determine the most appropriate conditions for 

growing HBEC and astrocytes in tandem using protocol 1 (section 3.2.7.2).  Astrocytes were 

grown for 2 hours on the basolateral side of the transwell, after 2 hours HBEC were grown on 

the luminal side of the transwell and TEER of the cells in vitro was measured to determine the 

number of days needed to achieve an optimal BBB reflected by achievement of maximum 

TEER.  TEER values of the HBEC-alone, astrocyte alone and HBEC-astrocyte BBB were 

recorded over 10 days.  The TEER value of the astrocyte monolayer was significantly lower 

than that of the HBEC-alone BBB and the HBEC-astrocyte BBB, with TEER values ranging 

from 0.995Ωcm2 on day 2 to 8.79Ωcm2 on day 10 (Figure 3.20).  TEER values of HBEC-

astrocyte BBB were only 11.78 Ωcm2 on day 2 but by day 10 had reached 33.51 Ωcm2 (Figure 

3.20).  TEER values of the HBEC-alone BBB increased from 11.78 Ωcm2 on day 2 to 30.94 

Ωcm2 on day 7 (p<0.05) (Figure 3.20) and plateaued from day 7 (Figure 3.20).  Although the 

TEER values of the HBEC-astrocyte BBB model were significantly higher than that of the 

HBEC-alone BBB on day 2 (p<0.005) and day 3 (p<0.01), astrocytes were observed in the 

bottom chamber of the 24 well plate.  This suggested that adding HBEC to the luminal side of 

the transwell immediately after growing astrocytes for 2 hours did not allow astrocytes to attach 

properly on the basolateral side of the transwell.  Thus, this resulted in astrocytes falling off the 

basolateral side of the transwell into the bottom of the well.  Hence, the conditions for growing 

HBEC and astrocytes in tandem were optimised and improved using protocol 2.   

 

Using protocol 2 (section 3.2.7.3), astrocytes were grown on the basolateral side of a transwell 

for 2 days after which HBEC were grown on the luminal side for 5 days (Figure 3.5). 

TEER of HBEC and HBEC-astrocyte BBB model were measured over 5 days after seeding 

HBEC.  TEER of HBEC-astrocyte BBB model was significantly higher than the HBEC-alone 
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BBB model up to day 4 (p<0.0001) (Figure 3.21).  On day 5, the TEER of both the HBEC-

astrocyte BBB and the HBEC-alone BBB model plateaued with no significant difference in 

TEER between them.  TEER of HBEC-alone BBB increased from 1.43Ωcm2 on day 1 to 

18.25Ωcm2 on day 5 (n=73) (Figure 3.21).  TEER of HBEC-astrocyte BBB model increased 

from 3.97Ωcm2 on day 1 to 19.62Ωcm2 on day 5 (n=73) (Figure 3.21).  The data showed that 

both in vitro BBB models formed a tight BBB over time with the HBEC-astrocyte BBB model 

forming a tighter BBB than that of the HBEC-alone BBB.  
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Figure 3.20  TEER of astrocyte alone, HBEC-alone BBB, and HBEC-astrocyte BBB using protocol 1.  TEER values of the HBEC-astrocyte BBB model 

were significantly higher than that of the HBEC-alone BBB on day 2 (p<0.005) and day 3 (p<0.01).  Results are described as mean+SEM, n=10.
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Figure 3.21  TEER values of HBEC-alone BBB model and HBEC-astrocyte BBB using protocol 2. TEER values of both models increased with time 

over 5 days. TEER of HBEC-astrocyte BBB model was significantly higher than that of HBEC-alone BBB models from day 1 to day 4. The values are 

presented as mean+SE (n=73). ****P<0.0001. 

TEER of HBEC-alone and HBEC-astrocyte BBB models using Protocol 2  
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3.4 Discussion 

In this study, we set out to develop an advanced human BBB model in vitro consisting of 

primary human astrocytes and immortalised human brain endothelial cells grown in tandem on 

a transwell.  

Prior to developing our advanced in vitro BBB model, the best conditions for growing HBEC 

and astrocytes together were optimised and characterised.  HBEC used in this study exhibited 

a cobblestone like morphology when confluent, expressed junction proteins claudin-5 and 

vinculin and the adhesion molecule ICAM-1 (Figure.7).  These characteristics were similar to 

other endothelial cells being grown in vitro and confirmed the endothelial lineage of the HBEC 

used in this study (Wallez and Huber, 2008)  

 

Primary human astrocytes were subsequently characterised, and results showed primary 

astrocytes possessed characteristic features of mature astrocytes.  GFAP, a primary intermediate 

filament of mature astrocytes was observed in the cytoplasm of astrocytes under basal 

conditions (Figure 3.13C-D).  GFAP expression in astrocytes is upregulated in response to 

stress or injury and thus it is one of the most widely used markers to detect astrocyte activation. 

(Sofroniew & Vinters, 2010).  IL-1β a proinflammatory cytokine was previously shown to 

upregulate GFAP expression in astrocytes and thus we explored the possibility of using IL-1β 

as a positive control for upregulation of GFAP expression in astrocytes (Brahmachari et al., 

2006). 

 

Cell based ELISA results showed that IL-1β diluted in AM or AM/HBEC media could 

upregulate GFAP expression and thus could serve as a positive control for GFAP activation in 

astrocytes (Figure 3.16, Figure 3.17).  Cell-based ELISA is not the best assay for detection of 

cell-associated GFAP since astrocytes do not form a compact monolayer when confluent and 
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thus results obtained may not be reliable.  Western blot analysis enabled the detection of the 

different GFAP forms produced in astrocytes under basal conditions and in response to stimuli. 

 

The presence of multiple GFAP bands in the supernatants of astrocytes treated with IL-1β could 

suggest that IL-1β was causing damage to astrocytes resulting in the release of GFAP which 

was then broken down into GFAP products (Figure 3.19).  In vitro, calpain was shown to 

proteolytically cleave GFAP into breakdown products between 38-44kDA (Yang et al., 2015).  

Treatment of astrocytes with higher concentrations of IL-1β diluted in AM appeared to cause 

more damage to astrocytes, resulting in the increased release of GFAP (Figure 3.19).  GFAP 

breakdown products were observed in the serum of traumatic brain injury (TBI) patients and 

this increased with severity of injury (Papa et al., 2012).  It was suggested that within hours of 

astrocyte damage from TBI, GFAP-breakdown products were released. 

 Interestingly treatment of astrocytes with higher concentrations of IL-1β diluted in AM/HBEC 

did not seem to damage astrocytes (Figure 3.19).  

These results indicated that astrocytes behaved differently depending on culture conditions such 

as media.  It is possible that components in the AM/HBEC media such as RPMI 1640 that were 

absent in the AM were making astrocytes less susceptible to damage by IL-1β. 

 

Preliminary experiments were performed to determine the best media for growing HBEC and 

astrocytes in tandem.  Cell viability assays showed that HBEC and astrocytes could grow in 

HBEC media, AM and AM/HBEC media suggested by their comparable viabilities (Figure 3.8, 

Figure 3.12).  There was no significant difference in basal ICAM-1 expression in HBEC grown 

in HBEC media or AM (Figure 3.9).  Similarly, there was no significant difference in basal 

GFAP expression in astrocytes grown in HBEC media, AM or AM/HBEC media (Figure 3.15).  

HBEC media was chosen as the best option to coculture HBEC and astrocytes because it had 
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no detrimental effect on the cell viability of astrocytes and it did not affect GFAP expression in 

astrocytes. 

 

TEER values of our optimised HBEC-astrocyte BBB model were significantly higher than that 

of the HBEC-alone BBB model from day 1 to day 4 (p<0.0001) (Figure 3.21).  In both BBB 

models the increase in TEER values over 5 days reflect maturation of tight junctions with time 

(Bauer et al., 2014).  Higher TEER values observed in HBEC-astrocyte BBB model could be 

due to the increase in expression of tight junction proteins produced as a result of cell-cell 

contact between endothelial cells and astrocytes (Bauer et al., 2014).  Cross talk between 

endothelial cells and astrocytes is essential for the formation of a functional BBB.  Direct 

contact between endothelial cells and astrocytes in the BBB allow astrocytes to directly control 

and release signals to the endothelial cells. (Nakagawa et al., 2007).  Astrocytes secrete soluble 

factors such as the Sonic Hedgehog (SHH) that promote BBB homeostasis.  SHH binds to the 

Hedgehog (Hh) receptor Patched-1 on brain endothelial cells, resulting in the activation of the 

signal transducer Smoothened (Smo).  This causes activation of Gli transcription family that in 

turn activates the transcription factor Sox-18 which has been shown to regulate expression of 

the tight junction protein claudin-5 and EC-BBB functions. (Alvarez et al., 2013; Daneman et 

al., 2015; Fontijn et al., 2008; Obermeier et al., 2013).  Activation of the SHH pathway in 

human primary brain endothelial cells induced the expression of the junctional protein claudin-

5.  Blocking of the Hh pathway in vivo caused an increase in BBB permeability (Alvarez et al., 

2013, 2011).  These studies suggest that SHH could contribute to BBB formation. 

 

Also, astrocytes can release growth factors such as vascular endothelial growth factor (VEGF), 

glial cell line derived neurotrophic factors, basic fibroblast growth factor (bFGF) and 

angiopoietin (ANGPT)-1 that are believed to be important in the development of tight junctions 
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(Cabezas et al., 2013, Alvarez et al., 2013).  Astrocytes produce the angiotensin-converting 

enzyme-1 (ACE-1) that cleaves angiotensin I (ANG1) to angiotensin II.  Angiotensin II binds 

to type I angiotensin receptors (ATI) present on brain endothelial cells and activation of AT1 

restricts BBB permeability (Alvarez et al., 2013).  The endothelial cells may also secrete factors 

essential for the development of astrocytes.  The EC-derived leukaemia inhibitory factor (LIF), 

platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF) enhanced 

differentiation of astrocytes (Alvarez et al., 2013; Cheslow and Alvarez, 2016). 

The Src suppressed C kinase substrate (SSeCKS) produced by astrocytes was shown to control 

maturation of the BBB by reducing VEGF expression and activating ANGPT-1 expression in 

astrocytes (Alvarez et al., 2013; Lee et al., 2003).  This led to an increase in ZO-1 and claudin-

1 expression and reduction in permeability of brain endothelial cells in vitro (Alvarez et al., 

2013; Lee et al., 2003). 

All the factors mentioned above could be responsible for the higher TEER observed in the 

HBEC-astrocyte BBB compared to the HBEC-alone BBB. 

 

TEER values of approximately 20Ωcm2 were observed after 5 days of growing HBEC-astrocyte 

in tandem (Figure 3.21).  Although the TEER values obtained were similar to that of Li et al, 

(2010), they appeared to be lower than some of the TEER values shown in the literature: TEER 

ranging from 30Ωcm2-80Ωcm2 (Li et al., 2010).  One likely explanation is that varying TEER 

systems were used to measure TEER.  Indeed, some of these studies recorded TEER by using 

the chopstick method which can overestimate TEER values and produce fluctuating 

measurements (Srinivasan et al., 2015).  Using the Endohm chamber to measure TEER offers 

a more accurate alternative as transwells can be placed in the Endohm chamber and a more 

uniform current density is generated across the transwell membrane by concentric electrodes 

found in the cap and chamber (Srinivasan et al., 2015).  Also, in using the Endohm chamber 
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only small variations of TEER within 1-2Ωcm2 in a particular sample occurred in comparison 

to 10-30Ωcm2 variation observed using chopstick electrodes (Srinivasan et al., 2015).  In this 

study, the Endohm chamber was used to measure TEER.  Another factor for the low TEER 

recorded in our in vitro BBB model could have been the difference in cell densities used in our 

model compared to other in vitro BBB models.  Also, the length of time endothelial cell and 

astrocytes were cocultured together in vitro could also influence the TEER. Some coculture 

models grow endothelial cells and astrocytes in vitro for longer than 5 days.   

In our study we found out that growing of HBEC-astrocyte in vitro for more than 5 days caused 

endothelial cell overgrowth producing a dense mesh (instead of the classical monolayer) 

suggesting that they change phenotype when cultured for a prolonged period of time.  Dynamic 

coculture BBB models where endothelial cells and astrocytes are grown on the luminal side and 

basolateral side of porous hollow fibres respectively, and media is pumped in to mimic shear 

stress produced by blood flow in vivo, have been shown to produce higher TEER compared to 

static cocultures (Li et al., 2010, He et al., 2014).  Although 3D BBB models resemble the NVU 

more closely than 2D BBB models they are not the best in vitro models to study the effect of 

sequestration on components of the BBB during CM.  This is because it can be quite challenging 

to investigate the response of astrocytes to sequestration of PRBC to the BBB in vitro since 

astrocytes are embedded in the hydrogels and are not easily accessible.  

 

The variations in TEER values compared to the literature could also be due to different 

components in media, temperature and transwells used in the BBB models. There is no standard 

in vitro BBB model used to study disease and differences between labs make it difficult to 

compare TEER.  Thus, in our study it was important before our experiment that the HBEC-

alone BBB model and HBEC-astrocyte BBB model were characterised. 
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In vitro cerebral malaria BBB models have just focussed on the effect of PRBC on brain 

endothelial cells and not considered the other components that make up the BBB.  Thus, in this 

study we developed a novel HBEC-astrocyte BBB model to examine the impact of the 

inflammation response mediated by sequestration of PRBC, on endothelial cells and astrocytes 

in the BBB during cerebral malaria. 
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Chapter 4 : Changes occurring at the blood barrier 

during cerebral malaria 
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4.1 Introduction 

The Plasmodium falciparum parasite does not cross the BBB during CM but remains in the 

lumen of the blood vessels of the brain causing BBB impairment and significant neurological 

disruption.   

Evidence from post-mortem and in vitro studies suggests that BBB disruption may contribute 

to the pathogenesis of cerebral malaria.  Post-mortem studies showed a reduction in junction 

proteins vinculin, ZO-1 and occludin in the brain tissues of cerebral malaria patients compared 

to that of the controls (Brown et al., 1999).  In vitro, adherence of PRBC to BBB derived 

endothelial cells (BBB-EC) caused a reduction in BBB-EC integrity (Tripathi et al., 2007).  

Sequestration of PRBC to the BBB during cerebral malaria causes activation of the endothelial 

cells of the BBB (Armah et al., 2007; O’Carroll et al., 2015; Storm et al., 2014).  This can result 

in an increased expression of adhesion molecules and chemokines such as ICAM-1 and MCP-

1 respectively and an increased production of pro-inflammatory cytokines such as TNFα and 

IL-1β (Armah et al., 2007; O’Carroll et al., 2015; Storm et al., 2014).  In vitro CM studies 

showed that ICAM-1 expression was increased following coculturing of PRBC with BBB-EC.  

Also an increased secretion of MCP-1 was observed in HUVEC that had been cocultured with 

PRBC (Viebig et al., 2005).  Moreover, elevated levels of sICAM-1 were correlated with 

cerebral malaria (Adukpo et al., 2013).  The cause of BBB damage during cerebral malaria is 

still not known.  Several factors such as proinflammatory cytokines, chemokines, 

metalloproteases have been suggested to contribute to BBB disruption during cerebral malaria.  

 

Previous studies in our laboratory by Mohd Nasir (2015) showed that treatment of the HBEC-

alone BBB with soluble factors released in response to sequestration of PRBC caused activation 

of HBEC and an upregulation of inflammatory mediators such as MCP-1, IL-8 and 

metalloproteases such as ADAMTS-4, MMP- 2 and MMP-9.  Treatment of the HBEC-alone 
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BBB with these inflammatory mediators caused a significant increase in BBB permeability 

(Mohd Nasir, 2015).  

 

In this study we set out to investigate the effect of endothelial cell derived factors produced in 

response to sequestration of PRBC on the integrity of the HBEC-alone BBB and HBEC-

astrocyte BBB using a FITC dextran permeability assay.  We first of all determined the impact 

of inflammatory mediators present in the coculture supernatant on the HBEC-alone BBB 

integrity.  Subsequently, we determined the effect of inflammatory mediators on the HBEC-

astrocyte BBB. 
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4.2 Materials and Methods 

4.2.1  Sandwich ELISA 

Sandwich ELISA was used to determine inflammatory mediators and metalloproteases released 

in response to sequestration of PRBC to HBEC in vitro. 

Sandwich ELISA of ICAM-1, MCP-1 and ADAMTS-4 were performed according to the 

manufacturer’s instructions and as described in Chapter 2, section 2.28.  Details on the 

sandwich ELISA kits used can be seen in Appendix 1.  

 

4.2.2 Western blot analysis for detection of ADAMTS-4 

Western blot analysis was used to detect change in ADAMTS-4 levels in the coculture 

supernatants that could not be detected by sandwich ELISA.  ADAMTS-4 was released in 

response to sequestration of PRBC to HBEC in vitro.  This analysis was performed as in 

Chapter 2, section 2.17-2.22.  A 1:250 dilution of donkey anti-ADAMTS-4 and a 1:1000 

dilution of donkey-anti-goat in TBST were used in the western blot analysis.   

 

4.2.3 FITC dextran permeability assay 

4.2.3.1 Seeding of HBEC for permeability assay 

The HBEC-alone BBB was set up as in Chapter 3, section 3.2.7.  On day 4 the media was 

changed to Quiescent 5% (Q5%) FBS media to equilibrate cells before the experiment.  On day 

5 the FITC dextran permeability assay was performed (Figure 4.1). 

 

 

 

 

 



105 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.1  Schematic of FITC dextran permeability assay procedure. 
 
 
 

50µl of medium from receiver well placed in 96 well plate hourly 
50µl of medium replaced into receiver well 

Compromised HBEC monolayer allows FITC 
dextran to permeate into plate well 

FITC dextran 
Treated HBEC monolayer 

Treatment and FITC dextran added to luminal side of well 

20µl of co-culture supernatants 
or HBEC lysates added Confluent HBEC monolayer 

4µl of 40kDA FITC 
dextran 

24µl media removed 

Semi-permeable membrane 
pre-coated with gelatin 

Seeded HBEC 
Cell monolayer formation 

Transwell insert 

Receiver well 

HBEC form confluent monolayer prior to treatment 

HBEC seeded into inserts in 
complete HBEC medium 

Confluent HBEC monolayer 

Day 1 

Day 5 

Fluorescence intensity is measured after 5 hours and 
represents the extent of HBEC monolayer permeability  
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4.2.3.2 Seeding the HBEC-astrocyte BBB for FITC experiments 

The HBEC-astrocyte BBB model was set up as in Chapter 3, section 3.2.7.  After the 4th day 

of coculturing HBEC and astrocytes together, media of the transwells were aspirated and 200µl 

of Q5 % FBS media was added to each transwell.  On day 5 the FITC dextran assay was 

performed. 

 

4.2.3.3 Permeability assay  

FITC dextran permeability assays were performed to investigate the effect of endothelial cell 

derived factors on HBEC-alone BBB and HBEC-astrocyte BBB models.  The following 

treatments: PRBC-HBEC coculture supernatant, URBC-HBEC coculture supernatant, control 

HBEC coculture supernatant or PRBC-HBEC lysate, URBC-HBEC lysate and control HBEC 

lysate were used in this assay. 

2 hours before the FITC dextran permeability assay, media of transwells were changed to 200µl 

of Q5% FBS media to allow cells to equilibrate to the new media before the start of the 

experiments.  Media of cells was changed carefully to avoid drying or disturbance of the cells.   

24µl of media was removed from the luminal side of the transwell and replaced by 20µl of the 

respective coculture supernatants or HBEC lysates or Q5% FBS media (Table 4.1) to achieve 

a 1 in 10 dilution for each treatment and to minimise disturbance of the cell monolayer since 

shear stress can stimulate activation of endothelial cells (DeStefano et al., 2017).  4µl of 40 kDa 

FITC dextran (stock concentration 20mg/ml) was added to the luminal side of each transwell 

to make a final concentration of 0.4mg/ml (Figure 4.1).  10 seconds after the 40kDA FITC 

dextran was added, this was time point 0, the transwells were moved to adjacent empty wells 

and medium in the receiver well (Figure 4.1) was thoroughly mixed and 50µl was pipetted from 

each receiver well to corresponding wells in a black 96 well plate for fluorescence measurement 

(Figure 4.1).  50µl of pre-warmed Q5% FBS media was placed back into each receiver well to 

compensate for the loss of media from the receiver well.  Transwells were carefully placed back 
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into receiver wells and set up was returned into the humidified incubator at 37oC and 5% CO2. 

Sampling was repeated every hour for 5 hours.  Permeability was quantified by taking 

fluorescence measurement of all the samples collected over 5 hours at the same time using a 

fluorescent plate reader at the end of the experiment. 

 

Table 4.1 Summary of treatments used in the HBEC and HBEC-astrocyte BBB model 

 

  

 

 

 

 

 

 

 

4.2.3.4 Inhibitor assays 

Inhibitor assays were performed to determine if proteases could cause disruption of the HBEC-

alone BBB model in vitro.  GM6001 is an inhibitor of metalloproteases and ADAMTS-4. 

In this assay, media was changed 2 hours before the FITC dextran permeability assay as 

described before.  44µl of media was removed from the luminal side of each transwell and 

replaced by the different treatments to minimise disturbance of the cell monolayer and 

stimulation of endothelial cells by shear stress.  20µl of coculture supernatants or 20µl of HBEC 

lysates or 20µl of Q5% FBS media was added to the luminal side of each corresponding 

transwell.  20µl of GM6001 inhibitor was then added to each transwell (Table 4.2) to achieve 

a final concentration of 25nM GM6001.  10% of DMSO, the diluent of GM6001 was added to 

Treatment 

PRBC-HBEC coculture supernatant  

URBC-HBEC coculture supernatant 

Control HBEC coculture supernatant 

PRBC-HBEC lysate  

URBC-HBEC lysate  

HBEC lysate 

Experiment control Q5% FBS medium 
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control wells where no GM6001 inhibitor was added.  4µl of 40kDA FITC dextran was added 

to each well and the permeability assay was performed as in 4.2.1.3. 

 

Table 4.2 Summary of Inhibitor concentrations used in the permeability assay 
 

 

 

 

 

4.2.3.5 Analysing the fluorescent intensity of samples 

Prior to measuring the fluorescent signal of samples, the excitation wavelength of the 

fluorescent plate reader was measured using a filter at 490nm while the emission wavelength 

was measured using a filter of range between 510nm and 570nm.  To analyse the data, the raw 

data of each treatment was normalised to the zero time point of its corresponding treatment.  

This new data was then normalised to the fluorescence value of its corresponding control.  This 

data was then plotted using a scatter plot with the normalised fluorescence on the y-axis and 

the time on the x-axis.  A 2-way ANOVA was used to determine if treatment of the in vitro 

BBB models with the coculture supernatants caused a statistically significant change with time. 

 

4.2.4 Statistics 

One-way ANOVA was used to determine if MCP-1, ADAMTS-4 and ICAM-1 levels were 

significantly higher in the PRBC-HBEC coculture supernatants compared with the URBC-

HBEC coculture supernatants and the control HBEC supernatant.  2-way ANOVA was used to 

determine if the PRBC-HBEC coculture supernatant/PRBC-HBEC lysate caused a significantly 

higher increase in HBEC-alone BBB permeability compared with the URBC-HBEC coculture 

supernatant/lysate and the control HBEC supernatant/lysate.  2-way ANOVA was also used to 

Inhibitor Final concentration in each well 

GM6001 (10mM)  25nM 

DMSO (control) 10% dilution 
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determine if the addition of the inhibitor GM6001 could cause a significant decrease in BBB 

permeability in HBEC treated with the coculture supernatants and PRBC-HBEC lysate. 

Densitometric analysis of western blot bands was calculated using Image J as described in 

Chapter 3, section 3.2.10. 
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4.3 Results 

4.3.1 Detecting MCP-1, sICAM-1 and ADAMTS-4 levels in PRBC-HBEC coculture 

supernatants 

To verify coculture experiments were in line with previous studies in our laboratory, the 

presence of inflammatory mediators MCP-1, ADAMTS-4 and sICAM-1 in the coculture 

experiments were examined.  

A 2-fold statistically significant increase in MCP-1 levels was observed in the PRBC-HBEC 

coculture supernatants as compared to the control-HBEC and URBC-HBEC coculture 

supernatants (p<0.0001) (Figure 4.2A).  MCP-1 levels in the URBC-HBEC coculture 

supernatants were comparable to that of the control HBEC supernatant (Figure 4.2A).  

 

A 4-fold statistically significant increase in sICAM-1 levels was observed in the PRBC-HBEC 

coculture supernatants compared to the control HBEC and URBC-HBEC coculture 

supernatants (p<0.0001) (Figure 4.2B).  sICAM-1 levels in the URBC-HBEC coculture 

supernatants were comparable to that of the control HBEC supernatant (Figure 4.2B).  

 

ADAMTS-4 levels in PRBC-HBEC coculture supernatants was the same as that of URBC-

HBEC coculture supernatants and control (Figure 4.2C).  This is the first time ADAMTS-4 

expression in the coculture supernatants was quantified using a sandwich ELISA.  Previous 

studies by Mohd Nasir (2015) quantified ADAMTS-4 in the coculture supernatants using 

western blot analysis (Mohd Nasir, 2015). 
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Figure 4.2  Mean MCP-1, sICAM-1 and ADAMTS-4 levels in coculture supernatants. Sandwich ELISA analysis was used to determine the amount of  

(A) MCP-1, (B) sICAM-1 and (C) ADAMTS-4 in coculture supernatants.  Error bars represent standard error of the mean (n=8, **** denotes significance at 

p<0.0001).
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 4.3.2 Changes in ADAMTS-4 levels in the PRBC-HBEC coculture supernatant  

In a pilot study western blot analysis was used to detect ADAMTS-4 levels in the coculture 

supernatants.  Western blot analysis on one sample showed ADAMTS-4 bands of 

approximately 100kDA and 47kDa were present in all the coculture supernatants.  

Densitometric analysis of the 47kDA ADAMTS-4 band showed that ADAMTS-4 was slightly 

upregulated in the PRBC-HBEC coculture supernatants compared to the controls (Figure 4.3). 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3  Detection of ADAMTS-4 in coculture supernatants in a pilot study.  (A) Representative 

western blot image for ADAMTS-4. From left protein marker (M), control HBEC media, URBC-HBEC 

coculture supernatant, PRBC-HBEC coculture supernatants. (B) Densitometric data of 47kDa 

ADAMTS-4 band (n=1). 

A 

B 

100kDa ADAMTS4 

47kDa ADAMTS4 

  

  

  

  

  

  

  
  

100   
  

   50   

37 
  

  

  

50 Ponceau 

             M       Ctrl     URBC  PRBC 
                   HBEC   HBEC   HBEC 

ADAMTS-4 (47kDA) 

kDa 

Control URBC-HBEC      PRBC-HBEC 
0.0

0.2

0.4

0.6

0.8

Co-culture supernatants

A
D

A
M

T
S

-4
 b

a
n

d
 d

e
n

si
ty

(n
o

rm
a

li
se

d
 t

o
 P

o
n

ce
a

u
 b

a
n

d
)



113 
 

 4.3.3 Alterations in HBEC-alone BBB permeability following treatment with coculture 

supernatants 

Coculture supernatants from 18 separate experiments i.e. biological replicates were examined.  

A statistically significant increase in HBEC-alone BBB permeability was observed at 2-5 hours 

following treatment of HBEC monolayer with the PRBC-HBEC coculture supernatant as 

compared to the control coculture supernatants (p<0.01) (Figure 4.4).  

The increase in HBEC-alone BBB permeability caused by the PRBC-HBEC coculture 

supernatant increased from 1-3 hours, from 3-5 hours this increase plateaued (Figure 4.4).  The 

URBC-HBEC coculture supernatant caused no increase in HBEC-alone BBB permeability as 

compared to the HBEC control supernatant (Figure 4.4).  
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Figure 4.4  Effect of coculture supernatants on HBEC-alone BBB permeability.  Alterations in BBB permeability were observed in the HBEC-alone BBB 

following treatment with PRBC-HBEC coculture supernatants (red), URBC-HBEC coculture supernatants (green) and HBEC control supernatants for over 5  

hours (blue). Statistical significance between treatments was tested using a 2-way ANOVA test and Tukey’s test (n=18, Error bars + SEM, ***p<0.001, 

**p<0.01).

HBEC-alone BBB 
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4.3.4 Alterations in HBEC-alone BBB following treatment with HBEC lysates  

After coculture experiments, HBEC lysates were harvested. This was done to investigate the 

effect of endothelial cell derived factors produced in the HBEC lysate in response to 

sequestration of PRBC on the HBEC alone BBB.  HBEC lysates from 6 separate biological 

replicates were tested.  In the HBEC-alone BBB treated with the PRBC-HBEC lysates, a trend 

towards an increase in HBEC alone BBB permeability from 0-5hours was observed.  However, 

this was not statistically significantly different from that of the controls used to treat the HBEC-

alone BBBC-alone BBB permeability (Figure 4.5).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5  Effect of HBEC lysates on HBEC-alone BBB permeability.  Alterations in BBB permeability were observed in the HBEC-alone BBB following 

treatment with PRBC-HBEC lysates (red), URBC-HBEC lysates (green) and HBEC control lysates (blue) for over 5 hours. Error bars represent SEM (n=6). 

HBEC-alone BBB 
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4.3.5 Effect of the broad spectrum metalloprotease inhibitor, GM6001 on HBEC-alone 

BBB permeability induced by PRBC-HBEC coculture supernatant  

The increase in HBEC-alone BBB permeability caused by the PRBC-HBEC coculture 

supernatants was reduced over 5 hours when the inhibitor GM6001 was present, compared to 

the DMSO control (Figure 4.6).  The URBC-HBEC coculture supernatant in the presence of 

GM6001 caused a marginal reduction in the HBEC monolayer permeability (Figure 4.6).  

Coculture supernatants from 5 separate biological replicates were analysed in this study. 

 

Addition of GM6001 to the HBEC monolayer treated with PRBC-HBEC lysate caused a 

reduction in BBB permeability over 5 hours compared to the DMSO supernatant of the same 

lysate (Figure 4.7). 
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Figure 4.6.  Changes in HBEC-alone BBB permeability following treatment with coculture supernatants and addition of DMSO (control diluent of 

inhibitor) and presence of the inhibitor (GM6001).  The graph was the mean normalised fluorescence intensity from 5 separate experiments, using 

supernatants from 5 separate coculture experiments.  Error bars represent SEM (n=5).
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Figure 4.7  Changes in HBEC-alone BBB permeability following treatment with PRBC-HBEC lysate and addition of DMSO or GM6001.  The graph 

was the mean normalised fluorescence intensity from 3 separate experiments, using lysates from 3 separate coculture experiments.  Error bars represent SEM 

(n=3).  

HBEC-alone BBB 
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4.3.6 Effect of coculture supernatants on the HBEC-astrocyte BBB model 

Coculture supernatant from 6 different biological replicates were examined.  No significant 

increase in permeability was observed following treatment of the HBEC-astrocyte BBB model 

with any of the coculture supernatants over 5 hours (Figure 4.8). 

 

4.3.7 Effect of HBEC lysates on HBEC-astrocyte BBB permeability 

HBEC lysates from 5 different biological replicates were examined.  Treatment of the HBEC-

astrocyte BBB with the HBEC-derived lysates caused no significant change in BBB 

permeability over 5 hours (Figure 4.9). 
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Figure 4.8  Effect of coculture supernatants on HBEC-astrocyte BBB permeability.  No changes in BBB permeability were observed in the HBEC-astrocyte 

BBB following treatment with PRBC-HBEC coculture supernatants (red), URBC-HBEC coculture supernatants (green) and HBEC control supernatants for 

over 5 hours (blue). Error bars represent SEM (n=8).
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Figure 4.9  Effect of HBEC lysates on HBEC-astrocyte BBB permeability.  No changes in BBB permeability were observed in the HBEC-astrocyte BBB 

following treatment with PRBC-HBEC lysates (red), URBC-HBEC lysates (green) and HBEC control lysates for over 5 hours (blue). Error bars represent 

SEM (n=5). 

HBEC-astrocyte BBB 
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4.4  Discussion 

Sequestration of PRBC to endothelial cells of the BBB is thought to play an important role in 

the pathogenesis of cerebral malaria.  However, the mechanisms that occur at the BBB 

following sequestration of PRBC during CM are still unclear.  Thus, in this study, we examined 

the effect of PRBC on the BBB endothelium using in vitro BBB models.   

Consistent with previous results by  Mohd Nasir (2015), accumulation of PRBC to HBEC in 

vitro caused activation of the HBEC-alone BBB resulting in a significant increase in sICAM-1 

and MCP-1 released into the PRBC-HBEC coculture supernatants (Figure 4.2A and 4.2B).   

Coculturing PRBC with HUVEC caused an upregulation of ICAM-1 (Viebig et al., 2005).  

Higher sICAM-1 levels were observed in the plasma of patients with cerebral malaria compared 

to that of uncomplicated malaria patients (Adukpo et al., 2013).  Earlier reports by Rollins 

(1990) showed that activation of HUVEC with IL-1β caused an increased secretion of MCP-1 

in vitro (Rollins et al., 1990).  MCP-1 levels in the post-mortem serum of CM patients were 

higher than that of patients with severe malaria and non-malaria patients (Armah et al., 2007).  

Our results and previous studies showed that PRBC caused activation of the HBEC.  

 

Quantitative sandwich ELISA showed that there was no increase in ADAMTS-4 levels in the 

PRBC-HBEC coculture supernatants compared to the controls (Figure 4.2C).  ELISA 

quantified the total amount of ADAMTS-4 in the coculture supernatant and thus we used 

western blot analysis in a pilot study to identify the different forms of ADAMTS-4 in the 

coculture supernatants.  ADAMTS-4 bands at 100kDA and 47kDA were observed in all the 

coculture supernatants (Figure 4.3).  The 100kDA proform of ADAMTS-4 is converted to the 

inactive form of 75kDa which is associated with the extracellular matrix (ECM) in cells.  

Further processing converts the 75kDA form to active forms at 60kDA and 50kDA that are 

released from the extracellular matrix (ECM) (Gao, 2002).   
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The observance of the faint proform of ADAMTS-4 at 100kDA and more distinct bands of the 

active ADAMTS-4 at 47kDA in the pilot study suggests that more of the active form of 

ADAMTS-4 was present in the coculture supernatants (Figure 4.3).  The density of the 47kDA 

ADAMTS-4 band in the PRBC-HBEC coculture supernatant was slightly higher than the 

controls.  Results from the pilot study were not consistent with studies by Mohd Nasir (2015) 

who observed ADAMTS-4 bands at 60kDA in all the coculture supernatants and significantly 

higher levels of the 30kDA ADAMTS-4 band in the PRBC-HBEC coculture supernatants 

(Mohd Nasir, 2015).  The difference in data could be due to the fact that different samples were 

analysed in this study.  ADAMTS-4 has different cleavage sites and it is possible that in 

coculture experiments by Mohd Nasir (2015), further cleavage of the 60kDA ADAMTS-4 by 

furin proteases expressed by endothelial cells could have resulted in the 30kDA ADAMTS-4 

form (Mohd Nasir, 2015).  

 

The significant increase in HBEC-alone BBB permeability we observed following treatment of 

the HBEC-alone BBB with PRBC-HBEC coculture supernatants was consistent with results by 

Mohd Nasir (2015) (Figure 4.4).  These results suggested that inflammatory mediators released 

by endothelial cells in response to sequestration of PRBC to BBB caused an increase in HBEC-

alone BBB permeability.  Previous studies have shown that chemokines such as MCP-1 and 

metalloproteases could cause an increase in BBB permeability (Stamatovic et al., 2005; Yao 

and Tsirka, 2011).  Indeed, MCP-1 has been shown to alter BBB permeability in vitro.  

Treatment of mouse brain endothelial cells in vitro with MCP-1 caused a reduction of TEER 

with an increase in BBB permeability (Stamatovic et al., 2005; Yao et al., 2011).  Tripathi et 

al. (2007) showed that PRBC could cause a reduction in electrical resistance and disruption of 

the endothelial cell BBB in vitro (Tripathi et al., 2007).  This could mean MCP-1 or 
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metalloproteases present in our PRBC-HBEC coculture supernatants were contributing to the 

increase in HBEC-alone BBB permeability we observed.   

The HBEC lysates consisted of proteases or inflammatory mediators such as MCP-1, ICAM-1 

that were upregulated or expressed in the HBEC in response to PRBC in the coculture system.  

The increase in BBB permeability following treatment of the HBEC-alone BBB with PRBC-

HBEC lysates confirmed that inflammatory mediators expressed in the HBEC in response to 

PRBC sequestration could contribute to the disruption of the BBB integrity during CM (Figure 

4.5). 

 

We further explored if proteases could be responsible for the increase in BBB permeability 

observed following treatment of HBEC monolayer with PRBC-HBEC coculture supernatants.  

Addition of the inhibitor GM6001 caused a reduction in HBEC-alone BBB permeability 

produced by the PRBC-HBEC coculture supernatant (Figure 4.6).   

GM6001 is a metalloprotease inhibitor shown to inhibit MMP-9 in mouse brain endothelial 

cells and ADAMTS-4 in bovine cartilage explants (Chen et al., 2009; Hawkins et al., 2005; He 

et al., 2015).  Previous studies have shown an upregulation of MMP-2 and MMP-9 in the 

PRBC-HBEC coculture supernatant (Mohd Nasir, 2015).  MMP-2 and MMP-9 can degrade 

specific components of the extracellular matrix such as collagen, brevican and aggrecan and 

tight junctions proteins occludin and claudin-5 (Lu et al., 2011).  ADAMTS-4  also cleaves 

versican, brevican and aggrecan (Lemarchant et al., 2013; Porter et al., 2005).   

This could mean that during CM, PRBC sequester to BBB resulting in the activation of 

endothelial cells and the release of metalloproteases such as ADAMTS-4, MMP-2 and         

MMP-9 that degrade the extracellular matrix and tight junction proteins causing the BBB to be 

leaky. As CM is a complex disease, it is possible that other mechanisms may contribute to the 

BBB disruption observed in CM. 
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The use of HBEC monolayer as an in vitro BBB model does not take into consideration the 

other components that make up the BBB such as astrocytes.  Hence, we decided to investigate 

the effect of endothelial cell derived factors on the permeability of the HBEC-astrocyte BBB 

model.  Our results showed no change in BBB permeability following treatment of the HBEC-

astrocyte BBB model with EC derived factors (Figure 4.8, Figure 4.9).  The fact that the HBEC-

astrocyte BBB used in this study had a significantly higher TEER than the HBEC-alone BBB 

from day 1 to day 4 could suggest that the HBEC-astrocyte was more resilient and less 

susceptible to inflammatory mediators in the PRBC-HBEC coculture supernatants and PRBC-

HBEC lysates after 5 hours of treatment.  Astrocytes have been shown to secrete factors that 

can protect the BBB during injury.  In response to injury soluble factors such as SHH, retinoic 

acid (RA) and ANGPT-1 are upregulated by activated astrocytes ( known as reactive astrocytes) 

(Cheslow et al., 2016).  SHH was shown to reduce the secretion of MCP-1, ICAM-1 and 

VCAM-1 expression, enhancing quiescence of human EC-BBB (Alvarez et al., 2011).  

Inhibition of the Hedgehog (Hh) pathway in experimental autoimmune encephalomyelitis (EA) 

mice (animal model of MS) caused an increase in BBB permeability and an increased 

inflammatory response (Alvarez et al., 2013). 

Reactive astrocytes produce higher levels of retinoic acid (RA).  RA was shown to promote the 

development of EC-BBB by increasing VE-cadherin, ZO-1 and TEER in hCMED/3 

(transformed brain EC line used in BBB models) in vitro and reducing VEGF expression 

(Alvarez et al., 2013; Mizee et al., 2013).  Increased levels of ANGPT-1 in humans is associated 

with an improved recovery from subarachnoid haemorrhage (Cheslow et al., 2016).  TGF-β is 

secreted by endothelial cells and astrocytes and is thought to be neuroprotective in the CNS.  In 

vitro, exposure of mouse brain endothelial cells to TGF-β caused a reduction in EC-BBB 

permeability (Dohgu et al., 2004).  This suggests that when the BBB is disrupted, astrocytes 

can release factors that help the BBB to recover and that also act as an adaptive protective 
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mechanism in response to insults to the BBB.  In our study it is possible that astrocytes in the 

HBEC-astrocyte BBB released soluble factors such as SHH, RA, ANGPT-1, TGF-β to protect 

the BBB from damage produced by the PRBC-HBEC coculture supernatants. 

 

Further studies will be to treat the HBEC-astrocyte BBB model with a higher concentration of 

endothelial cell derived factors and to increase exposure of the HBEC-astrocyte BBB to 

endothelial cell derived factors for over 5 hours to see if this will cause an increase in HBEC-

astrocyte BBB permeability.   

 

In conclusion, our results showed an increase in HBEC-alone BBB permeability after a 5 hour 

exposure of the BBB to inflammatory mediators released in response to sequestration of PRBC.  

This increase was not observed in the more resilient HBEC-astrocyte BBB suggesting that 

factors released by astrocytes were protecting this BBB from damage that could have been 

caused by inflammatory mediators present in the PRBC-HBEC coculture supernatants.  
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Chapter 5 : Investigating activation of components of 

the BBB during cerebral malaria 
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5.1 Introduction 

Disruption of the BBB in CNS disorders such as multiple sclerosis (MS), Alzheimer’s disease 

(AD) can result in activation of astrocytes that can lead to astrogliosis. 

Astrogliosis consists of a spectrum of changes that occur in astrocytes depending on the severity 

of the insult (Dossi et al., 2018; Sofroniew, 2015, 2009).  Astrocytes can undergo mild to 

moderate astrogliosis to severe astrogliosis with compact scar formation.  In mild to moderate 

astrogliosis, alterations in gene expression, increase in GFAP expression and a small amount 

of astrocyte proliferation occurs (Figure 5.1).  Cells mostly return to their normal healthy state 

(Figure 5.1)  (Sofroniew, 2015, 2009).   

 

Figure 5.1 Schematic showing the different spectrum of reactive astrogliosis that changes with 

insult severity. Image obtained from (Sofroniew, 2009). 
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Conversely, in severe astrogliosis, increased astrocyte proliferation occurs, and this can in some 

cases result in scar formation.  Structural changes that occur in astrocyte scar formation are in 

effect irreversible and still continue after resolution of the causative insult (Dossi et al., 2018; 

Sofroniew, 2015, 2009). 

Astrogliosis can be both beneficial and detrimental.  Reactive astrocytes can protect the CNS 

through the uptake of excitotoxic glutamate in mice and also by promoting blood-brain barrier 

repair in mice (Sofroniew et al., 2010; Sofroniew, 2009).  Conversely, after CNS injury reactive 

astrocytes can stop the regeneration of axons in mice (Sofroniew, 2009).   Children who survive 

cerebral malaria after treatment are sometimes left with long term neurological damage such as 

speech impairment and learning disabilities.  The exact cause of this neurological damage is 

still unknown.  Astrocytes protect and support neurons and thus if they are severely damaged 

during CM can result in neuronal damage and this might be responsible for the neurological 

sequelae observed in some CM survivors.   

 

Increased levels of GFAP, ADAMTS-4 and ICAM-1 have been observed in activated astrocytes 

in several CNS disorders such as Alzheimer’s disease (AD) and multiple sclerosis (MS) (Dossi 

et al., 2018; Haddock et al., 2006; Sue Griffin et al., 1989; Tauchi et al., 2012). 

In the CNS tissues of human MS patients, ICAM-1 expression was observed in some astrocytes 

within active MS plaques (Sobel et al., 1990).  Reactive astrocytes were observed at the 

periphery of neuritic plaques in the brains of AD patients (Akiyama et al., 1993).  Within these 

senile plaques, the leukocyte function-associated antigen-1 (LFA-1) were observed in microglia 

aggregates implying that ICAM-1 on astrocyte surface could possibly associate with LFA-1 on 

microglia in AD.  Lee et al. (2000) examined the inflammatory response produced following 

incubation of anti ICAM-1 antibody with primary rat astrocytes in vitro (Lee et al., 2000).  

Results showed increased expression of cytokines such as IL-1α, IL-1β, IL-6 and TNFα when 
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ICAM-1 was ligated to rat astrocytes in vitro (Lee et al., 2000).  These results suggested that 

increased expression of ICAM-1 on astrocytes during CNS disorders such as AD, MS possibly 

promoted the inflammatory process in these diseases (Lee et al., 2000). 

 

In post-mortem brain tissue of AD patients, increased GFAP levels were identified around 

amyloid plaques (Dossi et al., 2018; Sue Griffin et al., 1989).  GFAP breakdown (GFAP-BDP) 

products were observed in the serum of traumatic brain injury patients within an hour of injury 

and this was linked with disease severity (Papa et al., 2012).  Higher GFAP expression and 

large astrocyte clusters were observed in the perivascular area of the brain of EMCM mice than 

that of wild-type mice (Ampawong et al., 2014). The precise processes leading to increase in 

GFAP expression and GFAP-BDP in astrocytes are not fully known and could be as a result of 

astrocyte activation or damage (Okonkwo et al., 2013).   

 

ADAMTS-4 is secreted as a 100kDa proform which can be processed into 75kDa and further 

processed into active forms at 60 and 50kDA.  (Flannery et al., 2002; Gao et al., 2002; Porter 

et al., 2005).  In vitro, ADAMTS-4 is expressed basally in astrocytes and increased in response 

to stimuli such as TNFα and IL-1β  (Cross et al., 2006; Gottschall and Howell, 2015; Hamel et 

al., 2005).  In the spinal cord lysate of rats after injury, elevated levels of ADAMTS-4 and a 

significant increase in aggrecan degradation by ADAMTS4 was observed.  Also in this study, 

the ADAMTS-4 protein was found in primary rat astrocytes in vitro, suggesting that astrocytes 

were the cellular source of ADAMTS-4 in spinal cord injury (SCI) (Gurses et al., 2016; Tauchi 

et al., 2012).  ADAMTS-4 expression was markedly higher in MS lesions compared to normal 

brain white matter tissue.  In these cases, elevated ADAMTS-4 expression was associated with 

cells that had been characterised as GFAP positive astrocytes within MS lesions (Haddock et 
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al., 2006).  These studies suggest that ADAMTS-4 expression in astrocytes is upregulated 

following CNS disorders or injury.  

 

Astrogliosis was observed in post-mortem brain tissues from CM patients.  In the post-mortem 

brain tissues of CM patients, astrogliosis was observed in the white matter, cerebellum, basal 

ganglia, thalamus and brain stem (Dorovini-Zis et al., 2011).  Astrogliosis observed in CM 

patients was not associated with sequestration or myelin/axonal damage (Dorovini-Zis et al., 

2011; Medana et al., 2002).  Also, high levels of the astrocyte marker S100B in Kenyan children 

were linked with an increased risk of repeated seizures during cerebral malaria.  It was 

suggested that increased risk of seizure could be due to damaged astrocytes (Medana et al., 

2007).   

The fact that an increase in GFAP, ICAM-1 and ADAMTS-4 expression have been observed 

in astrocytes in neurological disorders where BBB disruption has occurred make them good 

candidate proteins to investigate astrocyte activation during CM. 

 

This study set out to investigate astrocyte activation in cerebral malaria using the HBEC-

astrocyte BBB model.  We investigated the effect of brain endothelial cell derived factors 

produced in response to sequestration on astrocytes when grown in tandem with endothelial 

cells. 
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5.2 Materials and methods 

5.2.1 Cell-based ELISA for detection of GFAP 

Primary human astrocytes were directly treated with a 1 in 10 dilution of supernatants from 2 

separate coculture experiments for 48 hours, to determine the direct effect of inflammatory 

mediators produced in response to sequestration on astrocytes in vitro.  A cell-based ELISA 

was performed to detect GFAP expression in astrocytes as described in chapter 2, section 2.24.  

The optimised rabbit anti-GFAP primary antibody dilution of 1:2000 and goat anti-rabbit 

secondary antibody dilution of 1:3000 were used. 

 

5.2.2 Treatment and harvesting of the HBEC-astrocyte BBB model 

HBEC-astrocyte BBB model was set up as described in chapter 3, section 3.2.7. The HBEC-

astrocyte BBB was grown in vitro for 5 days as described in chapter 3.  The HBEC-astrocyte 

BBB was treated with a 1 in 10 dilution of coculture supernatants and HBEC lysates for 48 

hours described in chapter 4, section 4.2.3.3.  After 48 hours, the supernatant from the luminal 

and basolateral side of the HBEC-astrocyte BBB model were harvested and stored at -20oC. 

The lysates from luminal and basolateral sides of the transwell were independently scraped, 

lysed and stored at -20oC for further analyses. 

 

5.2.3 Western blot analysis for detection of GFAP 

Astrocytes were directly treated with supernatants from 3 different coculture experiments for 

48 hours.  The astrocytes supernatants were harvested, and western blot analysis was performed 

on these supernatants to detect GFAP expression as described in chapter 2, section 2.17-2.22.  

The rabbit anti-GFAP primary antibody dilution of 1:500 and goat anti-rabbit secondary 

antibody dilution of 1:1000 were used. 
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5.2.4 Western blot analysis on supernatants harvested from the luminal and basolateral 

side of the HBEC-astrocyte BBB 

The HBEC-astrocyte BBB were treated with 3 different HBEC lysates as described in Chapter 

4, section 4.2.3.3 (Table 4.1) for 5 hours.  After 5 hours, these supernatants were harvested from 

luminal and basolateral sides of the HBEC-astrocyte BBB and analysed for the presence of 

soluble GFAP and ADAMTS-4 using western blot analysis as described in chapter 2, section 

2.17-2.22.  

For GFAP detection, the Rabbit anti-GFAP primary antibody dilution of 1:500 and goat anti-

rabbit secondary antibody dilution of 1:1000 were used (Appendix 4). 

For ADAMTS-4 detection, ADAMTS-4 goat polyclonal IgG antibody dilution of 1:250 and 

donkey anti-goat IgG secondary antibody dilution of 1:1000 were used (Appendix 4). 
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Figure 5.2  Summary of experiments performed to analyse GFAP, ICAM-1 and ADAMTS-4 

expression in the luminal and basolateral supernatants of the HBEC-astrocyte BBB that had 

been treated with different coculture supernatants and lysates. 
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5.2.5 Sandwich ELISA 

HBEC-astrocyte BBB was treated with coculture supernatants for 5 and 48 hours and HBEC-

lysates for 48 hours, and luminal and basolateral supernatants and lysates were harvested.  

Sandwich ELISA to determine GFAP, ADAMTS-4 and ICAM-1 expression in the luminal and 

basolateral supernatants and lysates of the HBEC-astrocyte BBB was performed as described 

in Chapter 2, section 2.28.   

Human GFAP sandwich ELISA (R&D systems) was performed according to the 

manufacturer’s guidelines. 100µl of capture antibody (5µg/ml) diluted in PBS was used to coat 

the 96 well plate overnight at 4oC.  Each well was washed with 150µl washing solution 3 times 

and blocked with 250µl of reagent diluent (1% BSA in PBS) per well for 1 hour at room 

temperature.  Serial dilutions of the standards were prepared to provide the concentration range 

from 39 to 20000pg/ml.  

50µl of basolateral supernatants and 50µl of basolateral astrocyte lysates harvested from 

HBEC-astrocyte BBB after treatment with coculture supernatants and HBEC lysates were 

added to the appropriate wells in duplicates.  100µl of detection antibody (0.05µg/ml) diluted 

in reagent diluent was then added to each well and incubated at room temperature for 4 hours.  

100µl of streptavidin HRP solution (1:40 dilution) was added to each well for 30 minutes at 

room temperature.  Contents of wells were emptied by flipping of plate and each well was 

washed with 150µl of washing solution.  Plate was washed to remove unbound HRP.  After this 

the colour development was performed as described in Chapter 4, section 4.2.1.  

 

Human ADAMTS-4 sandwich ELISA (R&D systems) were performed as described in Chapter 

2, section 2.28.  In this study detection antibody concentrations used were different from the 

concentrations used in Chapter 4, section 4.2.1.  100µl of capture antibody (1µg/ml) diluted in 

PBS was used to coat 96 well plates.  50µl of basolateral supernatants and 50µl of luminal 
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lysate and basolateral lysates harvested from the HBEC-astrocyte BBB were added to plate and 

incubated for 2 hours.  100µl of detection antibody (0.06µg/ml) diluted in reagent diluent (1% 

BSA in PBS) was added to each well and plate was incubated for 4 hours at room temperature 

instead of 2 hours reported earlier in Chapter 2, section 2.28.  This was to increase assay 

sensitivity for detection of ADAMTS-4.  Also, 100µl of Streptavidin-HRP (1:40 dilution) was 

added to each well and plate was incubated for 30 minutes at room temperature in the dark 

instead of 20 minutes as reported in Chapter 2, section 2.28 to increase assay sensitivity.   

 

Sandwich ELISA of ICAM-1 was performed as described in Chapter 2, section 2.28.  

Basolateral supernatants and a 1 in 10 dilution of the basolateral lysates harvested from the 

HBEC-astrocyte BBB were used in this sandwich ELISA as described in Chapter 2, section 

2.28. 

 

5.2.5.1 Calculation of results 

Calculation of protein of interest after sandwich ELISA experiments 

The mean of duplicate readings of each well was calculated.  A linear standard curve was 

calculated by plotting the average optical density of each standard on the vertical axis against 

the corresponding GFAP or ICAM-1 or ADAMTS-4 concentration on the horizontal axis.  The 

concentration of GFAP, ICAM-1 or ADAMTS-4 in each sample was determined by 

extrapolating the optical density values against the standard concentrations.  The amount of the 

protein of interest was obtained by multiplying the concentration of the protein by the volume 

of the basolateral supernatant.  

To calculate the ratio of protein of interest to the total protein in the astrocyte lysate, the 

concentration of the protein of interest was multiplied by the dilution factor to obtain the actual 

concentration of the protein of interest. The actual concentration was then divided by the total 

concentration of protein in the given sample. 
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Calculation of ratio = Actual concentration of desired protein 

                                    Total concentration of protein in sample 

 

  

5.2.6 Densitometry analysis  

Densitometric analysis of western blot was calculated using Image J as described in Chapter 3, 

section 3.2.10. 
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5.3 Results 

5.3.1 Effect of coculture supernatants on GFAP expression in astrocytes 

Cell-based ELISA was used to detect GFAP expression in astrocytes that had been treated with 

coculture supernatants.  GFAP expression was unchanged in astrocytes directly treated with the 

control media, URBC-HBEC coculture supernatant and PRBC-HBEC coculture supernatants 

at 48 hours (Figure 5.3A).   

 

Visually, 3 GFAP bands between 45-60 kDa were observed in all the supernatants of astrocytes 

directly treated with the different coculture supernatants (Figure 5.3B).  A more prominent band 

intensity of GFAP was observed in the supernatant of astrocytes that had been directly treated 

with the PRBC-HBEC coculture supernatant.  Semi-quantitative analysis by densitometry on 

the 45-60kDA GFAP bands was done.  The 45-60kDA GFAP bands were marginally higher in 

the supernatant of astrocytes that had been treated with the PRBC-HBEC coculture supernatants 

compared to the controls, however this was not statistically significant (Figure 5.3C).
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Figure 5.3  GFAP expression in astrocytes directly treated with coculture supernatants. (A) Cell-associated GFAP expression in astrocytes treated with 

coculture supernatants (n=4).  Soluble GFAP expression in supernatant of astrocytes directly treated with coculture supernatants.  (B) Western blot for 

detection of GFAP (C) Densitometry analysis of western blot   n=3. Error bars represent standard error mean (SEM).   
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5.3.2 Changes in GFAP expression in the HBEC-astrocyte BBB  

Sandwich ELISA was used to detect GFAP expression in the astrocyte supernatant and 

astrocyte lysate of the HBEC-astrocyte BBB treated with coculture supernatants.  A trend 

towards a decrease in GFAP expression was observed in the astrocyte supernatants of the 

HBEC-astrocyte BBB that had been treated with the PRBC-HBEC coculture supernatant for 5 

hours, however, this was not statistically significant (Figure 5.4A). 

 

Interestingly, a trend towards an increase in GFAP expression was observed in the astrocyte 

supernatant in response to treatment of the HBEC-astrocyte BBB model with PRBC-HBEC 

coculture supernatants and URBC-HBEC coculture supernatants for 48 hours compared to the 

controls, however this was not statistically significant (Figure 5.4B).  
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Figure 5.4  Changes in GFAP expression in the astrocyte supernatant of astrocytes following treatment of the HBEC-astrocyte BBB model with 

coculture supernatants for (A) 5 hours (n=3) and (B) 48 hours (n=10). Error bars represent SEM.
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A trend towards a decrease in cell associated GFAP expression in astrocyte lysates was 

observed following treatment of the HBEC-astrocyte BBB model with PRBC-HBEC and 

URBC-HBEC coculture supernatants for 48 hours compared to the control (Figure 5.5).  

 
 

 

Figure 5.5  Alteration in cell-associated GFAP expression following treatment of the HBEC-

astrocyte BBB model with the different coculture supernatants.  Error bar represents SEM (n=8). 
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5.3.3 Alterations in ADAMTS-4 expression in astrocytes of the HBEC-astrocyte BBB 

Sandwich ELISA was used to detect ADAMTS-4 expression in astrocyte supernatants and 

lysates of the HBEC-astrocyte BBB treated with coculture supernatants. 

A trend towards an increase in ADAMTS-4 expression was observed in the astrocyte 

supernatants following treatment of the HBEC-astrocyte BBB model with PRBC-HBEC and 

URBC-HBEC coculture supernatants for 5 hours compared to the control HBEC supernatants, 

however this was not statistically significant (Figure 5.6A).   

 

ADAMTS-4 expression was the same in the supernatant of astrocytes from the HBEC-astrocyte 

BBB treated with PRBC-HBEC, URBC-HBEC and HBEC coculture supernatants for 48 hours 

(Figure 5.6B).   
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Figure 5.6  Alterations in ADAMTS-4 expression in astrocytes supernatants following treatment of the HBEC-astrocyte BBB model with coculture 

supernatants for (A) 5 hours (n=6) (B) 48 hours (n=10).  Error bars represent SEM.        

ADAMTS-4 release at 5 hours ADAMTS-4 release at 48 hours A B 
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A trend towards an increase in ADAMTS-4 expression was observed in the astrocyte lysate 

from the HBEC-astrocyte BBB model treated with the PRBC-HBEC coculture supernatants 

for 48 hours compared to the controls, however this was not statistically significant (Figure 

5.7). 

 

 

Figure 5.7  Changes in ADAMTS-4 expression in astrocyte lysates following treatment of the 

HBEC-astrocyte BBB model with coculture supernatants for 48 hours. Error bars represent the 

standard error of the mean, n=8. 
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5.3.4 Alterations in ICAM-1 expression in astrocytes of the HBEC-astrocyte BBB  

Sandwich ELISA was used to detect ICAM-1 expression in astrocyte supernatants and astrocyte 

lysates of the HBEC-astrocyte BBB treated with coculture supernatants. 

A statistically significant increase in ICAM-1 expression was observed in astrocyte 

supernatants from the HBEC-astrocyte BBB that had been treated with PRBC-HBEC coculture 

supernatants for 48 hours compared to the URBC-HBEC coculture supernatants (p<0.1) and 

control supernatants (p<0.05) (Figure 5.8B).   

 

A trend towards an increase in ICAM-1 expression was observed in astrocyte supernatants, 

following treatment of the HBEC-astrocyte BBB with PRBC-HBEC coculture supernatants for 

5 hours, compared to the controls, however, this was not statistically significant (Figure 5.8A).  

Interestingly, sICAM-1 levels in the astrocyte supernatant (basolateral) was significantly higher 

after the HBEC-astrocyte BBB had been treated with PRBC-HBEC coculture supernatants for 

48 hours (Figure 5.8B), compared to 5 hours treatment (Figure 5.8A).  
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Figure 5.8.  Alterations in ICAM-1 expression in astrocytes following treatment of the HBEC-astrocyte BBB model with coculture supernatants for 5 

hours (n=9) and 48 hours (n=8) * p<0.1. Error bars represent the SEM. 
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A trend towards a decrease in ICAM-1 expression was observed in astrocyte lysates from the 

HBEC-astrocyte BBB treated with PRBC-HBEC coculture supernatants for 48 hours, however, 

this was not statistically significant (Figure 5.9).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.9  Alterations in ICAM-1 expression in astrocytes following treatment of the HBEC-

astrocyte BBB model with coculture supernatants for 48 hours. Error bar represents the standard 

error of the mean, n=10. 
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5.3.5 GFAP expression in astrocytes following treatment of the HBEC-astrocyte BBB 

model with HBEC lysates 

Double bands of GFAP between 38-50kDa were detected in the luminal supernatants from the 

HBEC-astrocyte BBB, that had been treated with the different HBEC lysates (Figure 5.10A).  

A more intense GFAP band was observed in the luminal supernatants, following treatment with 

PRBC-HBEC lysate (Figure 5.10A).  Densitometric analysis showed that the 38-50kDA band 

density of GFAP were higher in the luminal supernatants from the HBEC-astrocyte BBB that 

had been treated with PRBC-HBEC lysates as compared to the controls (Figure 5.10B).  

 

A single GFAP band of approximately 45kDa was observed in the basolateral supernatants 

from the HBEC-astrocyte BBB that had been treated with the HBEC lysates (Figure 5.10A).  

Densitometric analysis on the 45kDA band showed GFAP band density was higher in the 

basolateral supernatants of the HBEC-astrocyte BBB that had been treated with PRBC-HBEC 

lysates compared to the controls, although this was not statistically significant (Figure 5.10C).   
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Figure 5.10  Soluble GFAP expression in luminal and basolateral supernatants of HBEC-astrocyte 

BBB that has been treated with HBEC lysates. (A) Western blot analysis showed 2 GFAP bands 

between 38-50kDA in the supernatants from the luminal side.  Single GFAP bands were observed at 

approximately 45kDA in the basolateral supernatants. Following treatment of the HBEC-astrocyte BBB 

with PRBC-HBEC lysate (B) Densitometry analysis showed an increase in GFAP expression in luminal 

supernatants (n=3). (C) Densitometry analysis showed an increase in GFAP expression in the basolateral 

supernatant (n=3). 
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5.3.6 Alterations in ADAMTS-4 expression in astrocytes following treatment of the 

HBEC-astrocyte BBB model with HBEC lysates 

Two distinct bands of ADAMTS-4 at 100kDA and 47kDA approximately were observed in the 

luminal and basolateral side of the HBEC-astrocyte BBB that had been treated with the HBEC 

lysates (Figure 5.11, Figure 5.12).  Visually, a more intense ADAMTS-4 band at 100kDA was 

observed in samples from the luminal side of the HBEC-astrocyte BBB, that had been treated 

with the PRBC-HBEC lysates compared to the controls (Figure 5.11A).  Semiquantitative 

densitometric analysis showed that the 100kDA ADAMTS-4 band density was higher in the 

luminal supernatant from the HBEC-astrocyte BBB that had been treated with PRBC-HBEC 

lysates (Figure 5.11B) compared to the controls.  The 47kDA ADAMTS-4 band density was 

marginally higher in the luminal supernatant from the HBEC-astrocyte BBB that had been 

treated with PRBC-HBEC lysates.  (Figure 5.11C).  
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Figure 5.11  ADAMTS-4 expression in luminal supernatant of astrocytes following treatment of 

the HBEC-astrocyte BBB model with HBEC lysates.  (A) In the luminal side, ADAMTS-4 bands at 

100kDA and 47kDA present. Densitometry analysis on the 100kDA band (B) and 47kDa band (C) 

showed a higher band density in luminal supernatants following treatment with PRBC-HBEC lysate 

(n=2).  
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Visually, ADAMTS-4 band intensities at 100kDA and 47kDA were the same in all the 

basolateral supernatants from the HBEC-astrocyte model that had been treated with the 

different HBEC lysate conditions. (Figure 5.12A).  However, semiquantitative densitometric 

analysis showed that the 100kDA and 47kDA ADAMTS-4 band density was higher in the 

basolateral supernatant from the HBEC-astrocyte BBB that had been treated with the PRBC-

HBEC lysates compared to the controls (Figure 5.12B, Figure 5.12C).  100kDA and 47kDA 

ADAMTS-4 bands were also observed in all the coculture supernatants (Figure 4.3). 
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Figure 5.12  ADAMTS-4 expression in basolateral supernatant of astrocytes following treatment 

of the HBEC-astrocyte BBB with HBEC lysates.  (A) In the basolateral side ADAMTS-4 bands at 

100kDA and 47kDA were observed. Densitometry analysis on the 100kDA band (B) and 47kDa band 

(C) showed a higher band density in basolateral supernatants following treatment with PRBC-HBEC 

lysate (n=2).  
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5.4 Discussion 

In this study we set out to investigate the indirect effect of sequestration of PRBC on astrocytes 

and HBEC in the HBEC-astrocyte BBB.  To do this we studied GFAP, ICAM-1 and ADAMTS-

4 expression in astrocytes. 

GFAP has been shown to be upregulated during astrocyte activation and damage and is one of 

the most widely used markers to study astrocyte activation in disease (Sofroniew et al., 2010; 

Sofroniew, 2015, 2009). 

Cell based ELISA showed GFAP expression was unchanged in astrocytes treated with 

coculture supernatants (Figure 5.3A).  Cell based ELISA measured the total amount of GFAP 

and did not consider the different forms of GFAP produced by astrocytes in response to 

different inflammatory mediators.  Western blot analysis showed the presence of 3 bands of 

GFAP between 45-60kDA (Figure 5.3B).  The band at 60kDA could be the GFAP isoform, 

GFAPδ produced as a result of alternative splicing of GFAP (Roelofs et al., 2005).  Increased 

GFAPδ isoforms have been observed in a subpopulation of astrocytes present in lesions 

associated with epilepsy (Martinian et al., 2009).  GFAP bands at 45kDA could be proteolytic 

fragments of GFAP.  Proteolytic fragments of GFAP between 38-50kDA can be found in the 

CSF of traumatic brain injury (TBI) patients (Zhang et al., 2014).  

Our results suggest that inflammatory mediators present in the PRBC-HBEC coculture 

supernatants possibly caused damage to astrocytes resulting in the release of GFAPδ and GFAP 

breakdown products (GFAP-BDP) into the supernatant (Figure 5.3C). 

 

Although this analysis was not physiological, it represented the scenario where the BBB was 

compromised and inflammatory mediators in the luminal side of the BBB had leaked to the 

basolateral side and were in direct contact with astrocytes.  
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GFAP expression in vitro is upregulated even without stimulation of astrocyte cultures and this 

depicts a state different from that of in vivo normal resting astrocytes.  A trend towards a 

decrease in GFAP expression was observed in the astrocyte supernatant after a 5-hour exposure 

of the HBEC-astrocyte BBB to inflammatory mediators present in the PRBC-HBEC coculture 

supernatant (Figure 5.4A).  This could have been due to a protective response produced by 

astrocytes to protect the BBB from damage.  Astrocytes may release factors like the sonic 

hedgehog (SHH) that can reduce proinflammatory cytokines and can also reduce BBB 

permeability (Alvarez et al., 2013).   

 

Interestingly, our results suggest that longer exposure (48 hours) of the HBEC-astrocyte BBB 

to inflammatory mediators present in the PRBC-HBEC coculture supernatant could have 

caused damage to astrocytes, resulting in the increased release of cell-associated GFAP from 

astrocytes into the supernatant (Figure 5.4B and 5.5).  Elevated GFAP levels were observed in 

the serum and CSF of children with severe TBI within 24 hours of admission.  It was suggested 

that increased levels of GFAP in the serum could be due to BBB disruption during TBI resulting 

in GFAP leakage into the blood (Fraser et al., 2011).  Disruption of the BBB during TBI could 

result in and an increased GFAP expression in astrocytes and this could ultimately get released 

into the luminal side of the BBB (Fraser et al., 2011).   

 

It is well known that ADAMTS-4 is produced by astrocytes and these proteases can breakdown 

aggrecan and brevican components of the extracellular matrix of the BBB.  In the spinal cord 

lysates of rats increased degradation of aggrecan by ADAMTS-4 was observed.  ADAMTS-4 

was shown to degrade recombinant brevican into proteolytic fragments.  Thus, in this study we 

also examined ADAMTS-4 as a marker for astrocyte activation following exposure of the 

HBEC-astrocyte BBB to endothelial cell derived factors. 
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An increase in ADAMTS-4 expression in the astrocyte lysate was observed, following exposure 

of the HBEC-astrocyte BBB to PRBC-HBEC coculture supernatant for 48 hours (Figure 5.7).  

Increased expression of ADAMTS-4 is thought to be beneficial during CNS injury.  Following 

spinal cord injury increased ADAMTS-4 expression and cleavage by aggrecan were observed 

(Gottschall et al., 2015; Tauchi et al., 2012).  In the same study, administration of ADAMTS-

4 after spinal cord injury (SCI) into the rat spinal cord, stimulated motor functional recovery 

(Gottschall et al., 2015; Tauchi et al., 2012).  In our study increased ADAMTS-4 levels 

observed could have been a neurorepair mechanism.  

 

We also examined ICAM-1 as a marker for astrocyte activation in cerebral malaria.  ICAM-1 

is constitutively expressed at very low levels in astrocytes and upregulated by astrocytes in 

response to inflammatory stimuli such as TNFα and IL-1β in vitro (Hurwitz et al., 1992; Lee et 

al., 2000).  A significant increase in sICAM-1 levels was observed in astrocyte supernatant 

following exposure of the HBEC-astrocyte BBB to inflammatory mediators present in the 

PRBC-HBEC coculture supernatant for 48 hours (Figure 5.8B).  Significantly higher levels of 

sICAM-1 observed at 48 hours compared to 5 hours (Figure 5.8A and Figure 5.8B) suggest that 

longer exposure of HBEC-astrocyte BBB to inflammatory mediators present in the PRBC-

HBEC coculture supernatant caused activation of astrocytes leading to an increased expression 

and cleavage of sICAM-1.  Studies by Lyons and Benveniste (1998), showed that ICAM-1 was 

cleaved from astrocyte surface and released into the cell culture supernatant following treatment 

of astrocytes with TNFα for 21 hours (Lyons and Benveniste, 1998).  ICAM-1 expression on 

astrocytes has been observed in some neurological disorders.  High levels of sICAM-1 were 

observed in the serum of CM patients (Adukpo et al., 2013).  In TBI, elevated sICAM-1 levels 

were observed in the CSF of patients with severe BBB damage whereas there was no increase 

in sICAM-1 levels in patients with mild BBB damage (Pleines et al., 1998).  Reactive astrocytes 
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were observed at the periphery of neuritic plaques in the brains of AD patients (Akiyama et al., 

1993).  In MS where BBB disruption occurs, astrocytes present in MS plaques irregularly 

expressed ICAM-1 (Sobel et al., 1990).  In vitro, incubation of murine astrocytes with sICAM-

1 resulted in the secretion of the proinflammatory chemokine (macrophage inflammatory 

protein-2) (Otto et al., 2002).  The significant increase in sICAM-1 levels in the astrocyte 

supernatant from 5 to 48 hours (p<0.05) suggests a higher inflammatory response occurs the 

longer the BBB is exposed to inflammatory mediators and this can eventually be detrimental to 

neurons.   This could explain why survivors of CM are left with long term neurological deficits. 

 

Previously in chapter 4, treatment of the HBEC-alone BBB with PRBC-HBEC lysates caused 

a trend towards an increase in BBB permeability.  In this study we wanted to see if these lysates 

would cause any changes to astrocytes in the HBEC-astrocyte BBB by examining GFAP and 

ADAMTS-4 expression. 

Western blot analysis showed the presence of 2 bands (between 38-50kDa) in the luminal 

supernatants whereas only one GFAP band was present in the basolateral supernatant (Figure 

5.10A).  GFAP bands observed in the luminal supernatants suggest that astrocytes on the 

basolateral side of the transwell crossed the permeable membrane separating the HBEC and 

astrocyte on the transwell (Figure 5.10A).  These results were consistent with data from 

Takeshita et al. (2014) which showed that human astrocytes in vitro crossed the transwell 

membrane to the luminal side and were in close proximity with BBB-EC (Takeshita et al., 

2014).  These results indicated that our HBEC-astrocyte BBB model allows endothelial cells 

and astrocytes to position themselves in close proximity around each other to facilitate 

communication with each other, as is the case within the NVU in vivo.   
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Endothelial cell-derived proteases such as calpain produced by HBEC in the BBB or HBEC 

lysates (from coculture experiments) could have caused breakdown of GFAP in astrocytes 

found on the luminal side of the HBEC-astrocyte BBB into bands between 38-50kDa.   

GFAP is susceptible to calpain-mediated induced proteolysis resulting in breakdown products 

between 38-44kDA (Yang and Wang, 2015).  Calpain was shown to be upregulated in 

endothelial cells of the brain cortex after traumatic brain injury in humans (Alluri et al., 2016; 

Bralic and Stemberga, 2012).  Proteolytic fragments of GFAP between 38-50kDA can be found 

in the CSF of traumatic brain injury patients (Zhang et al., 2014).  

Increased exposure of the HBEC-astrocyte BBB to PRBC HBEC lysate possibly caused 

damage to astrocytes causing an increased release of GFAP into the basolateral supernatant.  

The presence of only one band of GFAP in the basolateral supernatant, suggests that GFAP had 

not undergone proteolytic cleavage such as the astrocytes in the luminal side of the BBB and 

were not in contact with calpain produced by HBEC (Figure 5.10A).   

Direct exposure of astrocytes to different stimuli may cause damage to astrocytes, resulting in 

the release of GFAP breakdown products of different sizes.  This was observed in this study 

where direct exposure of astrocytes to inflammatory mediators present in the coculture 

supernatants and to IL-1β produced GFAP bands between 45-60kDa and GFAP BDP between 

38-50kDa respectively (Figure 3.19 and Figure 5.3).  

 

Western blot analysis showed 2 bands of ADAMTS-4 at 100kDA and 47kDa (Figure 5.11 A, 

Figure 12A).  The 100kDA proform of ADAMTS-4 is converted by a furin-like protease to the 

inactive form of 75kDa which is associated with the ECM in cells (Gao et al., 2002; Hashimoto 

et al., 2004).  The 75kDA form is further processed in the ECM to produce the 60kDA and 

50kDA forms that are released into the culture medium (Gao et al., 2002; Hashimoto et al., 

2004).  Elevated levels of the 47kDA ADAMTS-4 form was shown to increase following 
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treatment of cartilage with IL-1α and it was suggested that this form had strong aggrecanase 

activity (Kashiwagi et al., 2004).  More of the 100kDA proform of ADAMTS-4 was expressed 

in the luminal supernatant compared to the basolateral supernatant from the HBEC-astrocyte 

BBB treated with the PRBC-HBEC lysate (Figure 5.11A, Figure 5.12A).  This suggested that 

more of the 47kDA active form of ADAMTS-4 was being produced in the basolateral side. 

Increased activation of astrocytes in the HBEC-astrocyte BBB could have resulted in 

astrogliosis causing astrocytes to produce an increase in the chondroitin sulphate proteoglycans 

(CSPG) that prevent neurite growth (Cross et al., 2006).  An increased production of active 

ADAMTS-4 by astrocytes would have resulted in the breakdown of CSPG acting as a 

neurorepair mechanism.  

Differential expression of GFAP, ICAM-1 and ADAMTS-4 observed in this study could 

represent the broad spectrum of changes that occur during astrogliosis in cerebral malaria. 

It could be that where moderate astrogliosis occurs, an increase in GFAP or ICAM-1 expression 

can be observed in the astrocytes.  However, in cases where a more severe astrogliosis occurs 

then increased ICAM-1 or GFAP is released from astrocytes into the culture supernatants.  Mild 

to moderate astrogliosis can result in repair of tissues (Sofroniew, 2015, 2009).  Increased levels 

of ADAMTS-4 can be a neurorepair mechanism and this could be why some survivors of 

cerebral malaria are not left with long-term neurological sequelae.  However, mild to moderate 

astrogliosis can also result in abnormal astrogliosis and eventually result in neurological 

dysfunction and this could be responsible for the neurological sequelae observed in some 

survivors of cerebral malaria (Hunt et al., 2006).  Nonetheless, variations between samples were 

observed in this study.  GFAP and ADAMTS-4 levels in the astrocyte supernatant following 

treatment of the HBEC-astrocyte BBB with PRBC-HBEC coculture supernatants were more 

variable than ICAM-1.  In the case of ICAM-1, 5 out of 8 samples showed an increase in 
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sICAM-1 levels after treatment of the HBEC-astrocyte BBB with PRBC-HBEC coculture 

supernatants. 

 

In conclusion, we have demonstrated that inflammatory mediators present in the PRBC-HBEC 

coculture supernatant can result in an increased release of ICAM-1, suggesting activation of 

astrocytes in the HBEC-astrocyte BBB.  Astrocyte activation during cerebral malaria may be 

both beneficial and detrimental to the brain depending on the degree of astrogliosis. 

This is the first-time astrocyte activation in cerebral malaria has been investigated using an in 

vitro HBEC-astrocyte BBB model. 
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Chapter 6 : Effect of serum from malaria patients on 

BBB permeability in vitro 
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6.1 Introduction  

Clinical Plasmodium falciparum malaria presents either as uncomplicated malaria, severe 

malaria or cerebral malaria (CM).  Although the pathogenesis of cerebral malaria has been 

extensively investigated, the exact cause of this disease is yet to be determined.  Sequestration 

of PRBC to the BBB, secretion of cytokines and chemokines, BBB breakdown have all been 

suggested to contribute to CM pathogenesis.  During CM, sequestration of PRBC to endothelial 

cells is believed to cause activation of the endothelium. 

Proinflammatory cytokines such as TNF-α, IFN-γ, IL-6, IL-1, IL-4 and IL-8 were significantly 

elevated in the serum of patients with CM compared to patients with severe and uncomplicated 

malaria, (Mandala et al., 2017).  These cytokines were also shown to cause disruption of the 

endothelial cell (EC)-BBB in vitro (de Vries et al., 1996; Yu et al., 2013).   

Chemokines such as MCP-1 were found in the serum of malaria patients and were shown to 

reduce TEER and increase permeability of mouse brain endothelial cells in vitro (Stamatovic 

et al., 2005; Yao and Tsirka, 2014).   

 

Although inflammatory mediators have been shown to be present in the serum of malaria 

patients in different studies, there is no existing study to date showing the effect of these 

mediators on BBB integrity during cerebral malaria. 

Results from previous studies (Chapter 4) showed that inflammatory mediators produced in 

response to sequestration of PRBC to endothelial cells caused a statistically significant increase 

in the HBEC-alone BBB permeability.  In this study we set out to investigate the effect of 

inflammatory mediators present in the serum of malaria patients on the integrity of the HBEC-

alone BBB. 
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6.2 Methods  

6.2.1 Serum from malaria patients 

Serum samples were obtained from children as part of an ongoing study by Professor Ben Gyan 

at the Noguchi Memorial Institute for Medical Research (NMIMR), Ghana.  Written informed 

consent was obtained from parents/guardians of the children in Ghana by Professor Gyan.  All 

consent forms are retained by Professor Gyan.  Ethical approval for these samples was obtained 

from the Institute Review Board of the NMIMR and the Ghana Health Service Ethical 

Committee.  The serum samples were provided as anonymised serum samples via a Material 

Transfer Agreement between NMIMR and Keele University, UK (appendix 7) which was 

approved by the Keele University Ethical Review Panel on 5th April 2017, for this pilot study. 

Serum samples used in this study were frozen archived samples and transported from NMIMR 

to Keele University using approved carrier services.  Serum samples were stored at -20oC in 

the Human Tissue Act (HTA) approved freezer HTA-25 in room156B of the Huxley Building, 

Keele University.  Once thawed for use in an experiment, the samples were aliquoted into 

eppendorf tubes at smaller volumes of 20µl (to avoid repeated freeze/thaw cycles).  These 

aliquots were also stored at -20oC in the Human Tissue Act (HTA) approved freezer HTA-25 

in room156B of the Huxley Building, Keele University. 

 

Patient samples were grouped in the following categories; patients with complicated malaria, 

severe malaria, cerebral malaria and healthy controls.  All malaria patients had asexual blood 

parasitaemia ranging between 32-212880 parasite density/µl on admission.  Body temperature 

of the patients were taken at time of admission and ranged from 37oC to 40oC.  3 different 

patient serum samples from the 4 different cohorts were analysed in this pilot study. 
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6.2.2 FITC dextran permeability assay 

The in vitro HBEC-alone BBB was used to investigate the effect of malaria serum samples and 

healthy control serum samples on BBB permeability using the FITC dextran permeability assay, 

described in Chapter 4, section 4.2.3.  The HBEC-alone BBB was set up as in Chapter 3, section 

3.2.7.  

HBEC was treated with a 1 in 10 dilution of serum samples from healthy control, uncomplicated 

malaria, severe malaria and cerebral malaria patients (Table 6.1) as described in Chapter 4, 

section 4.2.3 and a FITC dextran permeability assay was performed as in Chapter 4, section 

4.2.3 (Figure 6.1).   

 

Table 6.1 Summary of patient serum used in the treatment of the HBEC-alone BBB model 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Treatment Temperature (oC) Parasitaemia 

(density/µl) 

Healthy Control  36oC-37oC 0 

Uncomplicated malaria 40oC 3120-59000 

Severe malaria 37oC-40oC 2240-212880 

Cerebral malaria 37oC-38oC 32-82000 
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Figure 6.1  Schematic showing FITC dextran permeability assay of HBEC-alone BBB treated 

with serum from malaria patients. 

HBEC seeded into inserts in 

complete HBEC medium 
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Confluent HBEC monolayer 
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HBEC form confluent monolayer prior to treatment 

Malaria serum and FITC dextran added to luminal side of the well 

Compromised HBEC monolayer allows 

FITC dextran to permeate into plate well 

Fluorescence intensity is measured after 5 hours and 

represents the extent of HBEC monolayer permeability  

50µl of medium from receiver well placed in 96 well plate hourly 

Day 5 
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6.2.3 Statistical analysis 

Results from FITC dextran permeability assay were normalised against the healthy controls. 

FITC dextran permeability assay was analysed as in Chapter 4, section 4.2.1.1. 

A 2-way ANOVA was used to analyse the effect of the different serum samples on HBEC-

alone BBB permeability over 5 hours. 
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6.3 Results  

6.3.1 Effect of serum from malaria patients on HBEC-alone BBB permeability  

FITC dextran permeability assays were performed to determine the effect of serum from 

malaria patients on HBEC-alone BBB integrity.  3 different patient serum samples from the 4 

different cohorts were analysed in this study.  All the serum from malaria samples caused an 

increase in HBEC-alone BBB permeability from 1 to 3 hours compared to the control serum 

from healthy patients (Figure 6.2).  After 3 hours, variable effects on the HBEC-alone BBB 

permeability was observed (Figure 6.2).  Serum from CM patients caused a further marked 

increase in HBEC-alone BBB permeability whereas serum from severe malaria and 

uncomplicated malaria patients produced only small fluctuations with permeability decreasing 

by 5 hours (Figure 6.2).  Overall, serum from CM patients caused a bigger increase in HBEC-

alone BBB permeability compared to serum from severe and uncomplicated malaria patients 

(Figure 6.2). 
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Figure 6.2  Effect of serum from malaria patients on HBEC-alone BBB permeability.  A trend towards an increase in BBB permeability was observed in 

the HBEC monolayer treated with serum from malaria patients as compared to serum from healthy patients. N=3 Error bars + 1 SEM.  
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6.4 Discussion 

This the first study in malaria research where the effect of serum from malaria patients on 

HBEC-alone BBB permeability has been investigated.  Results showed that all serum samples 

from malaria patients caused an increase in HBEC-alone BBB permeability (Figure 6.2).  

Serum from CM patients produced the biggest increase in HBEC-alone BBB permeability. 

Although the serum samples from malaria patients used in this study were diluted, they still had 

a pronounced effect on HBEC-alone BBB permeability.  Thus, if the HBEC-alone BBB was 

treated with neat serum samples from malaria patients, a bigger increase in BBB permeability 

may have been observed.  Our results suggest that factors present in the serum of malaria 

patients could be causing the HBEC-alone BBB disruption we observed. 

 

Several factors such as inflammatory mediators, chemokines, angiogenic factors, 

metalloproteases and parasite derived factors have been found in the serum of malaria patients 

and can contribute to BBB disruption (Armah et al., 2005).   

Proinflammatory mediators such as TNFα, IFNγ, IL-6, IL-1 were significantly higher in the 

serum of CM patients, moderately elevated in severe malaria and marginally but significantly 

raised in serum of patients with uncomplicated malaria (Mandala et al., 2017).  IL-4 and IL-8 

levels were considerably elevated in serum of CM patients compared to serum from severe and 

uncomplicated malaria patients (Mandala et al., 2017).  These inflammatory mediators have 

previously been shown to cause BBB disruption and an increase in BBB permeability in vitro.  

Indeed, a reduction in EC-BBB in vitro was observed following treatment of rat cerebral 

endothelial cells with  IL-6, TNFα and IL-1 (de Vries et al., 1996).  Similarly, treatment of 

HUVEC with IL-8 caused an increase in EC-BBB permeability and a reduction in tight junction 

proteins occludin, ZO-1 and Claudin-5 (Yu et al., 2013).  The chemokine MCP-1 has also been 

observed in the serum of malaria patients.  MCP-1 caused a redistribution of tight junction 
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proteins ZO-1 and occludin and caused an increase in permeability of mouse brain endothelial 

cells in vitro (Stamatovic et al., 2005; Yao et al., 2014).  It is possible that the inflammatory 

mediators and chemokines discussed above could be present in the serum of malaria patient 

samples used and could be responsible for the increase in HBEC-alone BBB permeability 

observed. 

 

Angiogenic factors, Angiopoietin (ANGPT) and Vascular endothelial growth factor (VEGF) 

that have been found in the serum and plasma of malaria patients could also be present in the 

serum of malaria patients used in this study.  Angiopoietin-1 (ANGPT-1) is found in endothelial 

cells under basal conditions and preserve vascular quiescence (Lovegrove et al., 2009).  This 

function is interrupted by ANGPT-2 which enhances endothelial cell permeability (Lovegrove 

et al., 2009).  An increase in ANGPT-2 is linked with an increase in vascular permeability 

(Lovegrove et al., 2009).  Serum levels of ANGPT-1 were significantly reduced whereas 

ANGPT-2 levels were significantly upregulated in CM patients compared to uncomplicated 

malaria patients (Lovegrove et al., 2009).  Vascular endothelial cell growth factor (VEGF) 

induces proliferation of endothelial cells and microvascular permeability (Furuta et al., 2010).  

Raised levels of VEGF were observed in the plasma of patients with uncomplicated malaria 

compared with healthy controls (Furuta et al., 2010).  Thus, it is possible that VEGF and 

increased levels of ANGPT-2 were present in the serum of malaria patients used in this study 

and may have contributed to the increase in BBB permeability observed. 

 

Matrix metalloproteases (MMPs) are proteolytic enzymes that can degrade tight junction 

proteins, extracellular matrix (ECM) proteins and cleave proinflammatory cytokines and thus 

if these proteases were present in the serum of malaria patients used in this study, they could 

have caused breakdown of the HBEC-alone BBB resulting in an increase BBB permeability.  
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Indeed, MMP-9, MMP-8 and tissue inhibitors of matrix metalloproteinases (TIMP)-1, have 

been observed in the serum of malaria patients (Dietmann et al., 2008; Polimeni et al., 2014).  

MMP-8 and TIMP-1 levels in the serum from severe malaria patients were higher than that of 

uncomplicated malaria patients (Dietmann et al., 2008). 

 

When testing serum of malaria patients, parasite derived factors need to also be considered.  

Parasite derived factors such as glycosylphosphatidylinositol (GPI) and histidine-rich protein 2 

(HRP2)  released through rupture of PRBC during the intraerythrocytic life cycle of malaria, 

can be found in the serum of malaria patients and have been shown to cause an increase in EC-

BBB permeability in vitro (Coronado et al., 2014; Pal et al., 2016).  In vitro studies have 

implicated a role of HRP2 in BBB disruption during CM.  Pal et al. (2016) showed a time 

dependent reduction in TEER occurred following addition of PRBC to HBEC in vitro (Pal et 

al., 2016).  Interestingly, only a small change in BBB disruption was observed when a PRBC 

clone that contained a deletion of the HRP2 was added to HBEC in vitro (Pal et al., 2016).  

Also, immunohistochemical analysis showed HRP2 caused rearrangement of tight junction 

proteins Claudin-5 and adherens junction proteins VE-cadherin in HBEC in vitro (Pal et al., 

2016). 

Purified Plasmodium falciparum-GPI was shown to cause a reduction in TEER of human 

dermal microvascular endothelial cells in vitro (Gillrie et al., 2007).  Thus, if the parasite 

derived factors HRP2 and GPI were present in the serum of malaria patients tested in this study, 

they could have contributed to the disruption in HBEC-alone BBB integrity observed. 

 

Higher levels of proinflammatory cytokines such as TNFα, IFNγ, IL-6, IL-1 were observed in 

the serum of CM patients compared to severe and uncomplicated malaria patients.  These 

cytokines were previously shown to cause BBB disruption in vitro.  It is possible that higher 
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levels of proinflammatory cytokines in the serum of cerebral malaria patients used in this study 

may have caused a bigger increase in HBEC-alone BBB permeability than that of serum from 

severe and uncomplicated malaria patients.  Also, factors present in the serum of CM patients 

but absent in the serum of uncomplicated and severe malaria patients could be the reason 

HBEC-alone BBB permeability was higher in CM patients than serum from other malaria 

patients.  Although the increase in HBEC-alone BBB permeability caused by serum from 

malaria samples were consistent in all studies, only 3 malaria serum samples from each cohort 

that is cerebral, severe and uncomplicated malaria and healthy patients were tested.  Thus, we 

must be cautious in interpreting results observed in this study and a bigger cohort study using 

more serum samples from malaria patients needs to be performed to verify the results obtained 

in this study.  It will be interesting to investigate what factors are present in the serum of malaria 

patients used in this study by proteomics.  After identification of these proteins, the exact roles 

of these factors in BBB disruption will be further investigated. 

 

The bigger increase in BBB permeability induced by the serum from malaria patients compared 

to PRBC-HBEC coculture supernatants was not surprising, considering serum has a larger 

range of soluble factors such as angiogenic factors, proinflammatory cytokines, proteases, 

parasite derived factors that have the potential to cause increased permeability of the endothelial 

cell monolayer. However, the PRBC-HBEC coculture supernatants only represented 

inflammatory mediators released from endothelial cells in response to direct contact with 

PRBC.   

 

The next phase in this study will be to investigate the effect of serum from malaria patients on 

HBEC-astrocyte BBB permeability and components of the HBEC-astrocyte BBB such as 

endothelial cells and astrocytes. This will provide a better understanding on the effect of 
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mediators released during cerebral malaria on the different components of the NVU such as 

astrocytes.  Since astrocytes are found on the basolateral side of the BBB, understanding what 

happens to astrocytes during cerebral malaria could give an improved comprehension on how 

activation of astrocytes might affect neurons and could contribute to neurological damage 

observed in CM survivors. 
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Chapter 7 : Final discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



177 
 

7.1 General discussion 

In this study we used the HBEC-alone BBB and our newly developed BBB model composed 

of HBEC and astrocytes grown in tandem to better understand the CM pathogenesis.  Previous 

studies in our laboratory studied the effect of inflammatory mediators released in response to 

sequestration of PRBC to the BBB during CM using an in vitro HBEC-alone BBB model.  

However, using the HBEC monolayer as a model for CM in vitro did not fully depict the effect 

of sequestration of PRBC on the other components of the BBB such as endothelial cells and 

astrocytes, that are involved in the development and maintenance of a functional BBB.   

 

The HBEC-astrocyte BBB mimicked the BBB in vivo closer than the HBEC-alone BBB.  The 

close proximity of HBEC on the luminal side and astrocytes on the basolateral side of the 

transwell allowed communication between the two cell types.  Detection of GFAP in the 

luminal side of the transwell suggested that astrocytes end feet had crossed the membrane and 

was communicating with endothelial cells.  The HBEC-astrocyte BBB formed a tighter BBB 

as indicated by the significantly higher TEER than the HBEC-alone BBB (Chapter 3).  

Astrocytes secrete soluble factors such as the vascular endothelial growth factor (VEGF), basic 

fibroblast growth factor (bFGF), transforming growth factor (TGF)-β, glial derived 

neurotrophic factor (GDNF), ANGPT-1, Sonic Hedgehog (member of the hedgehog family) 

that are essential for the formation of tight junction proteins and maintenance of the BBB  

(Alvarez et al., 2013; Cheslow et al., 2016).  Endothelial cells also secrete leukemia inhibitor 

factor, platelet derived growth factor (PDGF) and basic fibroblast growth factor and these have 

been shown to enhance development of astrocyte processes in vitro (Cheslow et al., 2016; Levy 

et al., 2014).  Crosstalk between these two cells allow for the formation of a functional BBB.  

Release of these factors by the endothelial cells and astrocytes could have caused an increase 
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in tight junction formation in the HBEC-astrocyte BBB resulting in the higher TEER than the 

HBEC-alone BBB. 

 

Inflammatory mediators released in response to sequestration of PRBC to BBB were previously 

shown to cause a significant increase in the HBEC-alone BBB permeability.  Treatment of the 

HBEC-astrocyte BBB with these inflammatory mediators caused no change in BBB 

permeability (Chapter 4).  This suggested that the HBEC-astrocyte BBB was more resilient to 

inflammatory mediators present in the PRBC-HBEC coculture supernatants than the HBEC-

alone BBB.  

Astrocytes are known to release factors such as SHH, retinoic acid (RA) and ANGPT-1 in 

response to BBB injury (Cheslow et al., 2016).  Apart from increasing the expression of 

junctional proteins in endothelial cells, SHH can reduce the secretion of MCP-1 and stop pro-

inflammatory immune cells from entering the BBB (Cheslow et al., 2016).  RA also increases 

the expression of junctional proteins VE-cadherin, ZO-1 of endothelial cells and decreases 

binding of monocytes to endothelial cells (Cheslow et al., 2016).  ANGPT-1 enhances tight 

junction formation (Cheslow et al., 2016).  If these factors were released by the astrocytes in 

the HBEC-astrocyte BBB in response to inflammatory mediators present in the PRBC-HBEC 

coculture supernatant they could have provided a neuroprotective mechanism protecting BBB 

breakdown.  It is possible exposure of the HBEC-astrocyte BBB to the PRBC-HBEC coculture 

supernatants for longer than 5 hours may cause an increase in BBB permeability.  Prolonged 

exposure of the HBEC-astrocyte BBB to inflammatory mediators in the PRBC-HBEC coculture 

supernatant may cause astrocytes to release proinflammatory cytokines such as IL-1β, VEGF 

that can cause BBB disruption and an increase in BBB permeability (Cheslow et al., 2016). 
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We examined the effect of inflammatory mediators released in response to sequestration of 

PRBC to HBEC, on astrocytes alone and also on the HBEC-astrocyte BBB.  

Inflammatory mediators present in the PRBC-HBEC coculture supernatants caused activation 

of astrocytes resulting in the release of GFAP breakdown products from 38-50kDA (Chapter 

5).  These results were comparable to traumatic brain injury (TBI) studies where GFAP 

breakdown products between 38-50kDA were observed in the CSF (Zhang et al., 2014).  These 

results indicated that direct exposure of astrocytes to inflammatory mediators such as TNFα, 

IL-1β and MCP-1 could have caused damage to astrocytes. 

Short term exposure in the HBEC-astrocyte BBB to inflammatory mediators in the PRBC-

HBEC coculture supernatant caused no change in GFAP expression in astrocytes (Chapter 5). 

This suggested that astrocytes induced neuroprotective response by releasing factors such as 

SHH, ANGPT-1, RA known to reduce proinflammatory cytokines.  Interestingly, longer 

exposure of the HBEC-astrocyte BBB to inflammatory mediators present in the PRBC-HBEC 

coculture supernatant for 48 hours caused damage to astrocytes and an increased release of 

GFAP (Chapter 5).  This indicates that GFAP in astrocytes were susceptible to degradation by 

inflammatory mediators. 

 

Increased exposure of the HBEC-astrocyte BBB to inflammatory mediators present in the 

PRBC-HBEC coculture supernatant caused overactivation of astrocytes and increased shedding 

of ICAM-1 from astrocytes (Chapter 5).  Activation of ICAM-1 has been found in astrocytes 

in diseases like AD and MS (Lee et al., 2000).  sICAM-1 is produced through proteolytic 

cleavage of membrane bound ICAM-1.  MMP-9 was shown to cleave ICAM-1 from human 

saphenous vein endothelial cells in vitro (Sultan et al., 2004).  This protease produced by 

astrocytes could be responsible for cleaving sICAM-1 into the astrocyte supernatant from the 
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HBEC-astrocyte BBB.  High sICAM-1 levels are associated with CM; thus, our results suggest 

continuing immunological activation occurs in the brain during CM.   

Activation of astrocytes can result in reactive astrogliosis and the formation of glial scar which 

is composed of chondroitin sulphate proteoglycans (CSPG) (Sofroniew, 2015).  Formation of 

the glial scar can have detrimental consequences, preventing neurite regeneration (Gottschall 

et al., 2015; Tauchi et al., 2012).   ADAMTS-4 was shown to cleave proteins of  CSPG known 

to be elevated following SCI (Gottschall et al., 2015; Tauchi et al., 2012).  Addition of 

ADAMTS-4 after spinal cord injury into the rat spinal cord, reversed neurite outgrowth and 

stimulated motor functional recovery (Gottschall et al., 2015; Tauchi et al., 2012).  Thus, in 

this study it is possible that increased ADAMTS-4 levels produced by activated astrocytes in 

the HBEC-astrocyte BBB in response to inflammatory mediators produced in response to 

sequestration of PRBC (Chapter 5), was causing cleavage of CSPG proteins in the glial scar 

and enhancing neurorepair. 

 

A broad spectrum of changes occur during astrogliosis in CM.  Post-mortem brain tissues of 

Malawian patients showed mild to moderate astrogliosis (Dorovini-Zis et al., 2011).  Our 

results could represent moderate astrogliosis where the astrocytes are damaged and release 

GFAP and ICAM-1 into the supernatant after treatment of the HBEC-astrocyte BBB with the 

PRBC-HBEC coculture supernatant, although there were variations between samples.  

Moderate astrogliosis can progress to severe astrogliosis which is irreversible and can result in 

neurological dysfunction observed in some CM survivors (Hunt et al., 2006).  Mild to moderate 

astrogliosis could also be represented by the increase in ADAMTS-4 levels produced as a 

neurorepair mechanism following astrocyte activation, although there were considerable 

variations between the samples.  This could be the reason some survivors of CM are left with 

no neurological sequelae.  Astrocytes are known to uptake glutamate in the brain and protect 



181 
 

neurons that are vulnerable to glutamate excitotoxicity (Becerra-Calixto and Cardona-Gómez, 

2017; Bush et al., 1999).  If astrocytes are injured during cerebral malaria, the detrimental 

accumulation of glutamate can occur in the brain resulting in neuronal damage and may lead to 

neuronal damage in CM survivors. 

 

Increased levels of proinflammatory mediators in the serum of malaria patients are associated 

with disease severity during malaria.  In this study we showed that serum from malaria patients 

caused an increase in HBEC-alone BBB permeability as described earlier (Chapter 6).  Factors 

present in the malaria serum such as proinflammatory cytokines, angiogenic factors, matrix 

metalloproteases (MMP) that were low in the serum from healthy controls could be responsible 

for this permeability change.  TNF-α, IFN-γ, IL-6, IL-1, IL-4, IL-8, MCP-1, ANGPT-1, 

ANGPT-2, VEGF, MMP-8, MMP-9 have been shown to cause BBB disruption and an increase 

in BBB permeability in vitro (de Vries et al., 1996; Dietmann et al., 2008; Furuta et al., 2010; 

Lovegrove et al., 2009).  Higher levels of inflammatory mediators present in the serum from 

CM patients could have caused the bigger increase in HBEC-alone BBB permeability observed.  

This is the first study to investigate the effect of serum from malaria patients on BBB integrity 

in vitro. Thus, it will be interesting to further investigate the effect of serum from malaria 

patients on the HBEC-astrocyte BBB model. 

 

Conclusion 

We have successfully developed in vitro HBEC-alone BBB and HBEC-astrocyte BBB models 

that can be used to investigate mechanisms and processes involved in BBB disruption during 

cerebral malaria.  Our studies suggest inflammatory mediators released in response to 

sequestration of PRBC to BBB can cause disruption of endothelial cells.  Activated and 

damaged endothelial cells send signals to astrocytes and this can cause astrocyte activation. 
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Activated astrocytes release GFAP, sICAM-1, ADAMTS-4 in the brain.  sICAM-1 can activate 

microglia the immune cells of the brain.  sICAM-1 can also bind to the LFA-1 receptor on 

microglia activating it.  Overactivation of microglia can result in the production of TNFα, 

reactive oxygen species (ROS) that can cause direct damage to neurons and even loss of 

neurons.  Also, activated astrocyte can release proinflammatory cytokines such as nitric oxide 

(NO), TNFα, that can directly damage neurons, and this may lead to neurological sequelae in 

some CM patients.  Based on the data in these studies, mechanisms involved in CM 

pathogenesis can be speculated as shown in Figure 7.1. 
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Figure 7.1  The proposed effect of sequestration of PRBC to the BBB during cerebral malaria. During cerebral malaria PRBC sequester to endothelial 

cells of the BBB (2) resulting in the activation of endothelial and the release of endothelial cell derived factors such as ADAMTS-4, ICAM-1 and MCP-1.  

(3) These factors may cause activation of endothelial cells. Endothelial cells can send signals to (4) activate astrocytes resulting in the release of (5) GFAP, 

cleavage of (5) ADAMTS-4 and (5) ICAM-1 from astrocytes. Astrocyte activation and astrocyte damage could eventually lead to (6) activation of microglia.  

Activated microglia can release reactive oxygen species that can cause damage to neurons and this can lead to (7) neurological damage in some survivors of 

cerebral malaria.
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  7.2 Limitations and Future studies 

Although this thesis showed the effect of inflammatory mediators released in response to 

sequestration of PRBC to BBB during CM on the HBEC-alone BBB and the HBEC-astrocyte 

BBB, there are limitations in this study that need to be addressed in future experiments. 

 

Despite the fact that the HBEC-astrocyte BBB better mirrors the anatomical structure of the 

BBB in vivo than the HBEC-alone BBB, this model lacks physiological shear stress which is 

vital for differentiation of endothelial cells and maintenance of the BBB.  The use of a more 

dynamic in vitro BBB can overcome these limitations.  Dynamic BBB models exist for studying 

interactions between PRBC and endothelial cells.  In these models brains endothelial cells are 

grown under flow-based conditions to mimic blood flow in the microvascular environment in 

vivo (Cooke et al., 2002; Gray et al., 2003; Phiri et al., 2009).  The introduction of shear stress 

to in vitro BBB models can increase tight and adherens junctions in vitro (Cucullo et al., 2011, 

2008) and provides a more accurate picture of what occurs during sequestration in cerebral 

malaria.  To better understand what happens to astrocytes that sit at the basolateral side of the 

BBB during CM, a more advanced BBB model where HBEC-astrocytes are cocultured on a 

chip side by side can be used.  One of such models is the BBB on a chip model where endothelial 

cells are grown in a vascular channel, while astrocytes are grown in the tissue compartment 

(Figure 7.2) (Deosarkar et al., 2015).  An interface along the vascular channels allows the tissue 

compartment and vascular channels to communicate (Deosarkar et al., 2015).  The vascular 

channels are 3 dimensional in geometry and this allows shear force and flow patterns similar to 

the BBB in vivo (Deosarkar et al., 2015) (Figure 7.2).  This model will be ideal for studying the 

effect of sequestration of PRBC on the BBB.  Inflammatory mediators released in response to 

sequestration of PRBC can be injected into the vascular channels on endothelial cells, while 

astrocytes sit in the tissue compartment.  Subsequently, the supernatants and lysates of HBEC 
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and astrocytes can then be harvested from the chip set up and their response to sequestration of 

PRBC examined.  This will give a better understanding of endothelial and astrocyte activation 

during cerebral malaria and might shed light on the processes involved in neurological damage 

observed in CM survivors. 

 

Figure 7.2  BBB on-chip model (A) Illustration of the B3C made up of the tissue compartment in the 

middle of the device with two vascular channels with flow access openings.  (B) Schematic of cell 

culture of endothelial cells in the vascular channel with astrocytes in the tissue compartment. (C) Device 

assembled on a microscope glass slide with plastic tubes (dark blue) allowing access to vascular 

channels and tissue compartment.  Image and legend obtained from (Deosarkar et al., 2015). 

 

Future studies will be to identify if specific inflammatory mediators such as IL-8, MCP-1, 

MMP-8, MMP-9 are present in the serum of malaria patients analysed in this study using an 

AimPlex multiplex assay (AimPlex Biosciences, 2017).  These proteins have been found in the 

serum of malaria patients and have been shown to cause BBB disruption in vitro (de Vries et 

al., 1996; Dietmann et al., 2008; Mandala et al., 2017; Nagase et al., 1999; Polimeni et al., 

2014; Stamatovic et al., 2005; Yao et al., 2014).  In this assay, beads coated with specific 

capture antibodies will be used to trap proteins of interest (such as IL-8, MCP-1, MMP-8, 

MMP-9).  Biotinylated detection antibodies that are specific to the proteins of interest will 
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subsequently be added to the assay to form an antigen-antibody sandwich to allow detection of 

specific proteins present in the sample.  If IL-8, MCP-1, MMP-8, MMP-9 are identified in the 

serum of malaria patients tested, inhibitor assays will be performed where specific inhibitors 

against these proteins will be added to the in vitro BBB treated with serum of malaria patients.  

If addition of these inhibitors results in a decrease in permeability of EC-BBB treated with 

malaria serum, it suggests these proteins could be involved in BBB breakdown during CM.  

These proteins can then be further developed into adjunct therapies.  Current malaria therapies 

just target the Plasmodium falciparum parasite and thus there is a need to develop adjunct 

therapies that can be used in combination with antimalarial drugs to prevent BBB disruption, 

address the inflammatory response produced in CM and reduce the neurological sequelae 

observed in survivors of CM. 

 

The HBEC-astrocyte BBB used in this study just addressed 2 components of the BBB, 

astrocytes and endothelial cells but the BBB is part of a neurovascular unit composed of 

pericytes, endothelial cells, astrocytes and neurons.  Thus, it will be ideal to develop a tri cell-

culture BBB model made up of neurons, astrocytes and endothelial cells to investigate the effect 

of sequestration of PRBC on components of the tri cell culture BBB during cerebral malaria.  

This investigation will shed more light on the effect of astrocyte activation on neuronal 

dysfunction and how this might be responsible for the neurological sequelae observed in some 

survivors of CM.  
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  Appendix 1: List of kits 

Name Catalogue 

number 

Manufacturer 

Human ADAMTS-4 DY4307-05 R&D systems 

Human GFAP DY2594-05 R&D systems 

Human CD54/ICAM-1 ELISA kit 851590005 Diaclone 

 

 

  Appendix 2: List of reagents and chemicals 

Reagent and chemical Catalogue 

number 

Supplier 

10% Sodium Dodecyl Sulphate 

solution (SDS) 

10265153 Fisher Scientific 

10X Blocking buffer B6429 Sigma-Aldrich 

Ammonium persulfate 10744171 Fisher Scientific 

Astrocyte medium 1801 ScienCell 

Biorad protein assay Dye reagent 

concentrate 

500-0006 Biorad 

Bis-Acrylamide 29:1 (40% solution) BP1408 Fisher Scientific 

Bovine serum albumin solution  A7284 Sigma-Aldrich 

Bromophenol blue 114391 Sigma-Aldrich 

Cryo-SFM C-29910 Promocell 

Donkey serum D9663 Sigma-Aldrich 

Dulbecco's Phosphate buffered saline D8537 Sigma-Aldrich 

Fluorescein isothiocyanate–dextran 

(Mw 40,000) 

FD40S Sigma-Aldrich 

Foetal Bovine serum F9665 Sigma-Aldrich 

Gelatin solution (Type-B) G1393 Sigma-Aldrich 

Gentamicin 1405410 Sigma 

Giemsa stain  295595000 Acros Organics 

Glycerol BPE229 Fisher Scientific 

Glycine BP381 Fisher Scientific 

GM6001 364206 Calbiochem 
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HEPES buffer solution H0887 Sigma-Aldrich 

Histopaque®-1077 10771 Sigma-Aldrich 

Hydrogen Peroxide solution H1009 Sigma-Aldrich 

IL-1β (Human, Recombinant) 201-LB R&D system 

L-Glutamine G7513 Sigma-Aldrich 

Methanol BP110 Sigma-Aldrich 

New born-calf serum (Bovine) N4762 Sigma-Aldrich 

Normal goat serum (NGS) S-1000 Vector laboratories 

Paraformaldehyde P6148 Sigma-Aldrich 

Penicillin-Streptomycin P0781 Sigma-Aldrich 

PierceTM ECL western blotting 

substrate 

32209 Thermo Scientific 

Ponceau S 81462 Fluka 

Precision PlusTM Protein Ladder 161-0375 Bio Rad 

Protein assay standard (II) Bovine 

serum albumin 

500-0007 Biorad 

RIPA buffer R0278 Sigma-Aldrich 

RPMI-1640 R0833 Sigma-Aldrich 

Sodium Chloride BPE358 Fisher Scientific 

Sulphuric acid solution J/8420/17 Fisher Scientific 

TEMED T9281 Sigma-Aldrich 

TMB peroxidase substrate 172-1068 Bio Rad 

Tris Base BP152 Fisher Scientific 

Tris Hydrochloric BP153 Fisher Scientific 

Triton X-100 BP151 Fisher Scientific 

Trypsin-EDTA solution T4049 Sigma-Aldrich 

Tween 20 BPE337 Fisher Scientific 
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  Appendix 3: List of equipment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equipment Manufacturer 

Benchtop centrifuge Sigma 

Benchtop centrifuge, Midispin Eppendorf 

Benchtop centrifuge, Minispin  Eppendorf 

Biosafety cabinet, Category III NuAIRE 

Biosafety cabinet SterilGard 

CO2 incubator Galaxy R 

Compound microscope CETI 

Deionised water ELGA 

Endohm EVOM Precision instrument 

FluorChem M  Protein simple 

Fluorescence microscope Nikon Eclipse 80i microscope 

Images acquired using a Hamamatsu 

ORCA camera 

Glomax Multi+ Detection System Promega 

Haemocytometer Hawksley 

Heat block Grant 

Inverted microscope Motic 

Magnetic Stirrer Scientific Laboratories Supplies 

pH meter Denver instrument 

Pump Star lab 

Rocking platform Luckham 

Vortex mixer Stuart Scientific laboratory supplies 

Water bath Stuart Scientific 

MiniProtean 3 Bio-Rad Laboartories 
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  Appendix 4: List of antibodies 

Antibody Catalogue 

number 

Supplier 

Anti-ADAMTS-4 (K-20) sc-16533 Santa Cruz Biotechnology 

Anti-Claudin-5 (H-52) sc-28670 Santa Cruz Biotechnology 

Anti-ICAM-1 (15.2) sc-107 Santa Cruz Biotechnology 

Anti-Mouse IgG-FITC F0257 Sigma-Aldrich 

Anti-Mouse IgG-R- 

Phycoerythrin antibody 

P9670 Sigma-Aldrich 

Anti-Rabbit IgG-FITC F7512 Sigma-Aldrich 

Anti-Vinculin V9264 Sigma-Aldrich 

CyTM-conjugated AffiniPure 

Donkey Anti-Rabbit IgG 

711-165-152 Jackson Immuno Research 

Laboratories 

Donkey anti-goat IgG sc-2020 Santa Cruz 

Goat anti-mouse HRP conjugate 170-6516 Biorad 

Goat anti-rabbit Alex Fluor 488 FP-SA5000 Cheshire Sciences 

Goat anti-rabbit HRP conjugate 172-1019 Biorad 

Polyclonal Rabbit Anti-GFAP Z0334 Dako 
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  Appendix 5: Table of Buffers 

1x SDS-PAGE running buffer pH 8.3 

Chemical Final concentration Weight/Volume 

Tris-base 25mM 3.03g 

Glycine 192mM 14.4g 

SDS 0.1% (w/v) 1g 

Makeup to 1L with dH2O  

 

1X Transfer buffer   

Chemical Final concentration Weight/Volume 

Tris-base 25mM 6.06g 

Glycine 192mM 28.8 

Methanol 10% (v/v) 400 

Makeup to 2L with dH2O 

 

Tris-base 1.5M 

Chemical Weight/Volume 

Tris-Cl 36.33g 

Makeup to 200ml with dH2O 

 

Tris-Cl 1M 

Chemical Weight/Volume 

Tris-base 24.22g  

Makeup to 200ml with dH2O 

 

APS 10% (w/v) 

Chemical Weight/Volume 

Ammonium sulphate 1g 

Makeup to 10ml with dH2O 
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1X Blocking solution 

Chemical Weight/Volume 

10X Blocking Buffer  5ml 

dH2O 45ml 

Total volume 50ml 

 

1X TBST pH 7.6   

Chemical Final concentration Weight/Volume 

Tris base  20mM 2.4 g 

 150mM 8.0 g 

dH2O - 800 ml 

Total volume  1L 

 

Resolving and stacking gel preparation for SDS PAGE gel 

 10% resolving 

gel 

5% stacking gel  

40% Polyacrylamide 5 ml 1.25 ml Fisher Scientific 

1.5 M Tris Cl (pH 8.8) 5 ml - Fisher Scientific 

1 M Tris Cl (pH 6.8) - 1.25 ml Fisher Scientific 

dH2O 9.6 ml 7.3 ml  

10% SDS 0.2 ml 0.1 ml Fisher Scientific 

10% APS 135µl 0.1 ml Biorad 

TEMED 12µl 12 µl Sigma 

Final volume 20 ml 10 ml  
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  Appendix 6: Media and components used in media 

HBEC complete medium 

Media components Quantity 

RPMI 500ml 

Foetal bovine serum  50ml (10% final) 

Newborn calf serum 25ml (5% final) 

L-glutamine 5ml (1% final) 

P/S 5ml (1% final) 

 

Blank media 

Media components Quantity 

RPMI 500ml 

L-glutamine 5ml (1% final) 

P/S 5ml (1% final) 

 

Quiescent media 5% FBS (Q5% FBS media) 

Media components Quantity 

Blank media 50ml  

Foetal bovine serum 2.5ml (5% final) 

 

Quiescent media 1% FBS (Q1% FBS media) 

Media components Quantity 

Blank media 50ml 

Foetal bovine serum 500µl (1%) 
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AM 

Media components Quantity 

Astrocyte medium 500ml 

Foetal bovine serum 10ml 

Penicillin/streptomycin 5ml 

5ml 100X astrocyte growth 

supplement 

 

AM/HBEC media 

Media components Quantity 

Astrocyte medium 49.5ml 

1% of Q1% FBS media  500µl 
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   Appendix 7: Materials Transfer Agreement 
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