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Abstract  

The blood-brain barrier (BBB) tightly regulates substance and cell exchange 

between neural tissue and the systemic environment. For its full functionality, cerebral 

blood vessels rely on a network of endothelial and mural cells, referred to as 

neurovascular unit (NVU). Caveolae are membrane lipid rafts and multifunctional cell 

signalling and sensing platforms that also have vesicular transport capability. Previous 

work in our lab has shown that the central nervous system (CNS) stimulant 

methamphetamine (METH) induces hyperpermeability in cultures of BBB endothelial 

cells (ECs) via endothelial nitric oxide synthase (eNOS)-mediated vesicular transport. 

Here, I hypothesise that caveolar transport operates at the intact NVU and that 

transport-competent caveolae can be used for CNS drug delivery. Our data shows that 

METH induces a high number of transport-competent vesicles with ultrastructural 

features of caveolae in rodent brains ex vivo. This leads to vessel leakage, which was 

absent at 4°C and in caveolae-deficient mice, indicating that caveolar transport can be 

induced at the NVU. Mechanistically, activation of eNOS, p38 and AMPK is required 

for METH-induced leakage, as are phosphorylation of Caveolin-1 (Cav-1) and 

upregulation of plasmalemma vesicle associated protein (PLVAP). Interestingly, 

transport-incompetent caveolae are induced at the BBB by lysophosphatidic acid 

(LPA), a permeability mediator that exclusively triggers paracellular transport. Lastly, 

low dose METH markedly enhances the BBB penetration of doxorubicin (DOX) and 

aflibercept (AFL). In a mouse xerograph model of human glioblastoma (GBM), 

METH significantly improved the therapeutic efficacy of DOX with a 25% increase 
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in median survival time. In conclusion, caveolae transport occurs at the intact BBB 

and could be exploited for CNS drug delivery. 
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Impact statement 

This study generates insights in both fundamental science and some more 

clinically relevant researches such as drug development. It firstly provides basic 

understating of caveolar transport in BBB leakage and uncovers its key regulator in 

the signalling networks. This will open the field to further study the pathophysiological 

sides of BBB transport which involves mechanistically different leakage inducers as 

well as the crosstalk between transport pathways. For CNS vascular diseases such as 

stroke and vascular dementia, the findings in this study will allow future studies to 

characterise their pathogenesis more precisely at cell biology or molecular biology 

level. These in turn will benefit the development of more targeted treatment. More 

importantly, studying the transport of BBB will directly impact the research in CNS 

drug delivery. The inducible caveolar transport uncovered in this thesis potentially will 

facilitate the emerging immunotherapy or gene therapy to deliver their novel 

therapeutic agents across BBB. 
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Chapter 1   Introduction 

1.1 Vascular organisation and organotypic vascular beds 

In vascular biology, vascular networks can be categorised into macro- and 

micro-vasculature (Yuan SY, 2010). Large vessels, arteries and veins constitute the 

macrovasculature which transports blood towards and away from organs. 

Microvasculature is comprised of 3 types of small vessels with diameters < 10 nm: 

arterioles, capillaries and venules. While arterioles regulate local tissue perfusion by 

vascular smooth muscle activity, substance exchange takes place in capillaries and 

post-capillary venules. These are the exchange microvessels where nutrient delivery 

and waste removal occur. 

In the traditional model of cardiovascular physiology, all vessels serve as 

conduits of blood and play a passive role in substance exchange. The capillary wall is 

modelled as a semipermeable membrane with pores. Fluid movement across the 

vascular wall is governed by hydrostatic pressure and oncotic pressure, according to 

the Starling equation and the pore theory (Civetta, 1979, Allen et al., 1988, Erstad, 

2020). Although this framework has been proven to accurately describe fluid transport 

in single vessel segments and provides a good conceptual model to understand 

vascular functions (Turowski, 2017, Levick and Michel, 2010, Yuan SY, 2010), it does 

not account for specific cellular structures and specialised vessel-mediated activities.  

Microvessels, especially the ECs lining the lumen, are the interface between 

systemic and local environments. They are platforms of general and tissue-specific 

biological activities. In other words, vessels actively participate in homeostasis and 
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metabolism, inflammation and immune response, tissue regeneration, development 

and organ-specific physiologies. Glucose, for example, is transported across the 

microvascular wall regardless of the concentration gradient. Renal vasculature is 

highly specialised to support kidney functions such as filtration, reabsorption and acid-

base balance. In the liver, sinusoidal ECs are antigen-presenting cells and central vein 

ECs regulate hepatocyte homeostatic renewal and zonation by enhancing hepatocyte 

Wnt signalling (Augustin and Koh, 2017). In the intestines, the gut vascular barrier 

prevents enteric pathogens entering the systemic circulation through portal system 

(Spadoni et al., 2015). In short, microvessels are dynamic barriers where ECs act as 

multifunctional gatekeepers regulating substance and fluid movements. More 

importantly, the composition and characteristics of the vasculature are heterogeneous 

and highly diverse across and within organs, depending on the required function. It is, 

therefore, crucial to understand its general and organ-specific permeability, which 

keeps the vascular walls selectively permeable and yet serves as a barrier.  

In physics, permeability describes the ability of a porous material to allow a 

liquid or gas to travel through. To clarify, “vascular permeability” here refers to the 

normal physiological property of a vessel, permitting a substance across the vascular 

wall into the parenchyma. This is essential in maintaining homeostasis and metabolism, 

and this property varies across different tissues. “Vascular leakage” refers to a 

pathological process where a leakage inducer changes the permeability of a vessel, 

leading to acute, excessive protein and water flux into the parenchyma. The latter 

causes tissue oedema and can be due to different underlying diseases as part of local 
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or systemic inflammatory response. Moreover, “hyperpermeability” in this thesis 

describes the increased permeability observed in cultured cells.   

There are two routes for substances to cross the vessel wall, the paracellular 

pathway and the transcellular pathway. The paracellular pathway refers to those 

substances entering the interstitium through the intercellular space, whereas via 

transcellular pathway they travel through the ECs. Both pathways involve complex 

mechanisms and require tissue-specific cellular structures. Depending on the target 

organ supplied by a vessel, the barrier function of ECs varies largely.  

 

1.2 Blood neural barriers 

1.2.1 Function 

Neurons receive and integrate electrical and chemical signals to operate the 

nervous system, so a highly controlled microenvironment, with sophisticated 

regulation, is essential in the CNS. There are specialized vascular barriers, only 

permeable to select substances, between circulating blood and neural tissue. These 

unique barriers can be found in brain, spinal cord and the extensions of the CNS- retina 

and the inner ear (Choi and Kim, 2008). The primary function of these barriers is to 

segregate the neural parenchyma from the intravascular environment at structural and 

functional levels. This maintains a stable environment for synapses and protects the 

CNS from circulating hazards.  

Many endogenous circulating proteins are neurotoxic, such as albumin, pro- 

thrombin and plasminogen (Gingrich and Traynelis, 2000). Pro-thrombin and 
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plasminogen are the precursors of thrombin and plasmin respectively. Accumulation 

of either thrombin or plasmin in brain parenchyma can trigger cell death, glial 

activation, scarring and result in seizure (Gingrich and Traynelis, 2000). Glutamine is 

the most abundant free circulating amino acid, especially after ingestion of food 

(Brosnan, 2003). As an excitatory neurotransmitter, an uncontrolled elevation of the 

glutamine level in brain interstitium causes permanent neurotoxic damage (Abbott et 

al., 2006, Bernacki et al., 2008). Other than endogenous neurotoxins, blood-neural 

barriers also prevent exogenous substances from entering the CNS, including a variety 

of peripherally effective drugs. ATP-binding cassette (ABC) efflux transporters 

actively pump these cytotoxic or xenobiotic compounds, along with metabolic wastes, 

into circulating blood.  

Despite being a restrictive barrier, the neural vasculature also supports cell 

metabolism and maintains homeostasis. The nervous system has no local energy 

reservoirs (Sweeney et al., 2019, Roy and Sherrington, 1890). Thus, most nutrients, 

such as glucose, amino acids and vitamins, are transported into the brain parenchyma 

by specific mechanisms. Glucose is the sole energy source of the CNS and its transport 

into the brain is mediated by the specific membrane carrier protein, glucose transporter 

1 (GLUT1). Specific receptors for insulin, holotransferrin or low-density lipoprotein 

(LDL) initiate their transport across vascular barriers. Furthermore, an optimal ionic 

environment is maintained by multiple ion channels and carriers on neural vascular 

barriers to facilitate the synaptic function (Abbott et al., 2010). Therefore, the 

permeability of blood-neural barriers is unique and the balance between restrictive 
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barrier and permeable transportation pathway in the neural vasculature is far more 

important than other vascular beds.  

1.2.2 BBB  

In the brain, several barriers segregate the neural tissue and the systemic 

environment: BBB, glia limitans, blood-cerebrospinal fluid (CSF) barrier and the 

arachnoid barrier (Abbott et al., 2010, Quintana, 2017). The arachnoid is the middle 

layer of meninges and is impermeable to the dural spaces where meningeal vessels 

travel and lymph exists. Non-vascular epithelial cells in the choroid plexus secrete 

CSF and interconnect with one another forming the barrier between CSF and 

circulating blood. Glia limitans (glia limiting membrane) is the outermost neural tissue 

lying underneath the pia mater and also found along the perivascular space. It is 

composed of astrocyte endfeet and the juxtaposed basal lamina. The glia limitans 

separates neuronal tissue from the systemic environment as its outmost layer while the 

BBB is the barrier directly contacting the circulating blood in the CNS (Sofroniew, 

2015).   

A dense cellular network contributes to the BBB. They are cerebral ECs, 

pericytes, astrocytes, microglia, perivascular macrophages, excitatory neurons and 

interneurons, as well as non-cellular components: glycocalyx and basement membrane 

(BM) (Brown et al., 2019, Bhowmik et al., 2015). The BBB cells are not only 

physically integrated but also functionally coordinated as the NVU, maintaining and 

regulating the barrier properties (Daneman, 2012, Kim and Filosa, 2012) (Figure 1.1).  
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Figure 1.1. BBB structure. The neurovascular ECs are continuous and joined by tight junctions. 

Pericytes embedded in a double-layered BM and astrocyte endfeet further enwrap the tubular structure. 

(Adapted from: Abbott et al., Structure and function of the blood-brain barrier. Neurobiol Dis 37, 13-

25.) (Abbott et al., 2010)  

 

The barrier properties of the NVU are conferred by a number of biochemical 

and cellular structures. Starting from the vessel lumens, the glycocalyx lining the 

luminal side of ECs is the first functional layer of BBB. It is a mucopolysaccharide 

structure rich in proteoglycans, glycoproteins, and glycosaminoglycan aggregates 

(Ando et al., 2018). Cerebrovascular ECs act as the next, and possibly most important 

barrier component of the NVU. They are tightly joined together by junction 

complexes, thus forming a continuous and mostly impermeable vascular wall. On the 

abluminal side, these ECs are supported by BM. In general BBB permeability is mostly 

the result of the combined contribution of glycocalyx, ECs and BM (Chang, 2015, 

Harder et al., 2002). 

In the CNS, there are two layers of the vascular BM: an inner endothelial BM 

and an outer parenchymal BM (Daneman, 2012). Pericytes, the mural cells attached to 

the long axis of vessels, are embedded in the inner endothelial BM. Pericytes 
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contribute to BM composition and surround ECs in a non-continuous pattern (Sorokin, 

2010). This vascular structure is further embedded in the outer parenchymal BM, 

which consists of extracellular matrix proteins secreted by astrocytes, the CNS 

supporting cells. Finally, astrocytic foot processes ensheath the entire tubular 

structure, with an additional contribution to the BBB as its outermost layer.  

1.2.2.1 Brain microvascular endothelial cells (BMECs) 

BMECs are the specialized ECs in the cerebral vasculature. They are highly 

polarized and play the central role in limiting substance movement across the BBB 

through various critical functional and structural features, especially the tight junctions 

(TJs) and an absence of vesicular transportation (Chang, 2015, Matter and Balda, 

2003, Gloor et al., 2001).   

The intercellular space of BMECs is closed by adherens junctions (AJs) and 

TJs, the two junctional complexes providing contact between ECs. AJs consist mainly 

of vascular endothelial cadherin (VE-cadherin), whereas in TJs, claudins are the most 

important transmembrane protein, especially claudins 5 and 12 at the BBB (Schrade 

et al., 2012, Matter and Balda, 2003). Transmembrane proteins of AJs or TJs form 

homodimers extracellularly with one another from the same as well as the 

neighbouring cell. Intracellularly, their cytoplasmic domains anchor TJs to the actin 

cytoskeletons (Tietz and Engelhardt, 2015, Wolburg and Lippoldt, 2002). Therefore, 

they join adjacent BMECs together and seal the paracellular space to form a 

continuous single-layered cell sheet as the innermost vascular wall. Conformational 

changes of either these junctional proteins or the cytoskeleton can alter barrier 

function.  
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TJs are the most important barrier structure of integral proteins and are 

abundant in the BBB. They restrict the passage of all macromolecules through the 

intercellular cleft by a series of focal contacts (Ross, 2002). While the transepithelial 

electrical resistance (TEER) of rat cerebral capillaries is measured at ~3000 Ω*cm2, 

it is 100 times lower in peripheral vasculature where TJs are markedly lower in number 

and their composition differs markedly (Dejana, 2004, Nagasawa et al., 2006). In brain 

injury, after breakdown of TJs, AJs do not impede substances entering the interstitial 

space (Nag, 2011). Despite the complicated combination of transmembrane and 

cytoplasmic proteins, claudin 5 (Cld-5) plays a central role in barrier function 

(Daneman, 2012). Knocking out Cld-5 gene causes a size-selective transport defect in 

rat BBB (Nitta et al., 2003). Cld-5 expression is sufficient to form TJ-like strands and 

it decreases permeability significantly when expressed exogenously in cultured cells 

(Ohtsuki et al., 2007). Other important TJ proteins include occludin and junctional 

adhesion molecules (JAMs). The former is a tetraspan integral membrane protein 

which participates in redox regulation of TJs (Blasig et al., 2011); the latter are integral 

membrane proteins belonging to the immunoglobulin superfamily. JAMs also 

contribute to cell polarity by binding to PAR3, a polarity-related protein (Itoh et al., 

2001).  

At the BBB, AJs and TJs are structurally intermingled and functionally 

connected to each other. Although the roles of AJs are not fully elucidated, it has been 

shown that AJs are required for the formation of TJs. In murine EC cells, expression 

of VE-cadherin leads to the phosphorylation of Akt and PI(3)K, which inhibits 

downstream transcription factor forkhead box factor 1 (FoxO1). On the other hand, 
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VE-cadherin recruits β-catenin at the plasma membrane and prevents its nuclear 

translocation. FoxO1 and β-catenin both bind to the Cld-5 promoter and suppress gene 

expression. Therefore, in the presence of VE-cadherin, Cld-5 transcription is not 

inhibited by FoxO1 and β-catenin (Taddei et al., 2008). This relationship suggests AJs 

may play a role in junctional maturation.  

The interdependency of the two junction types is also implicated by other 

functional links during BBB development. AJs initiate cell-to-cell contacts before the 

formation of TJs and VE-cadherin is essential for endothelial survival, vascular 

assembly and stabilization (Tietz and Engelhardt, 2015). It suggests AJs contribute to 

the barrier function in early developmental stage and might be the transient foundation 

of barrier building. Furthermore, it is thought that the crosstalk between TJs and AJs 

affects junctional dynamics in matured BBB, where BMECs express a characteristic 

combination of high levels of Cld-5, occludin and low levels of VE-cadherin (Citi et 

al., 2014). In conclusion, along with TJs, AJs separate the luminal from the abluminal 

surface and contribute to the restriction of substance transport through the inter-

endothelial space.  

1.2.2.2 Pericytes and astrocytes  

Pericytes and astrocytes are both supportive cells in circulatory and neural 

systems, respectively. In the BBB, pericytes and astrocytes primarily affect 

permeability through paracrine regulation of BMECs (Chang, 2015, Harder et al., 

2002, Abbott et al., 2006).  

In the CNS, pericytes are mural cells present in precapillary arterioles, 

capillaries and postcapillary venules. They are pluripotential and heterogenic in 
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morphology, physiology and biochemistry depending on the organ or tissue their 

vasculature supports (Nag, 2011). In the BBB, pericytes cover the ECs intensively 

with a pericyte-to-endothelial ratio of 1:3, while in peripheral vasculatures this is only 

1:10 (Stewart and Tuor, 1994). They maintain homeostasis locally via crosstalk with 

BMECs as well as astrocytes, and by secreting extracellular matrix proteins. Pericytes 

control capillary diameter, affecting cerebral blood flow in neurovascular coupling, 

which directs the blood flow towards active neurons (Brown et al., 2019). In addition, 

they provide immunological defence by macrophage-like activities and serve as an 

adult stem cell source (Bergers and Song, 2005).  

Although the function of pericytes is not entirely understood, especially at the 

molecular level, recent studies have shown they play essential roles in angiogenesis, 

vascular maturation, stabilization and blood flow regulation. During BBB 

development, recruitment of pericytes to sprouting cerebral vessels is one of the key 

steps of barrier genesis (Daneman et al., 2010). Complete loss of pericytes results in 

TJ dysfunction, leads to increased vascular permeability, capillary microhemorrhages 

and embryonic death in mice model (Daneman et al., 2010). In matured BBB, a lack 

of pericytes increases transcytosis activities. Pericytes regulate gene expression 

responsible for BBB barrier properties in BMECs and morphologically increase 

membrane folding and cytoplasmic vesicle numbers (Armulik et al., 2010). They 

suppress PLVAP expression in ECs. The expression of PLVAP is increased in 

pathological conditions, resulting in vesicle or fenestration formation (Daneman, 

2012, Dai et al., 2018). Major facilitator superfamily domain containing 2a (Mfsd2a) 

is a BMEC-specific Na+ lysophosphatidylcholine (LPC) antiporter that flips DHA-
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containing lysolipid from the outer to the inner plasma membrane leaflet. It interferes 

with focal membrane cholesterol accumulation and consequently the formation of 

caveolar pits (Andreone et al., 2017). Mfsd2a knockout (K/O) mice present with a 

leaky BBB and an increased transcytosis while pericyte-deficient mice show a 

reduction of Mfsd2a level and also an increased vesicular transport. This suggests 

pericytes increase BBB permeability by regulating Mfsd2a expression (Keaney and 

Campbell, 2015). Pericytes also affect paracellular transport. Pericyte-deficient mice 

display alignment and structural abnormalities of TJs with a markedly decreased 

TEER (Al Ahmad et al., 2009, Bell et al., 2010, Daneman et al., 2010). Serum proteins 

and neurotoxic macromolecules accumulate subsequently and demonstrate the 

breakdown of BBB (Bell et al., 2010). 

Astrocytes are glial cells. They are supportive cells that modulate 

neurotransmitter transmission at the synapses and regulate local immune reactions to 

maintain homeostasis in the neural microenvironment (Keaney and Campbell, 2015, 

Armulik et al., 2010, Abbott et al., 2006). Astrocytes also couple neuronal signals to 

vascular activity. They are highly secretory and able to release a large number of 

regulatory molecules such as morphogens, tropic factors, cytokines, chemokines and 

gliotransmitters (Spampinato et al., 2019). Although their role in BBB permeability is 

yet to be fully elucidated, it is believed that they maintain and regulate the BBB in 

response to neural function, either directly through astrocytic endfeet or indirectly by 

changing the microenvironment of the outer parenchymal basement membrane 

(Armulik et al., 2010, Chang, 2015, Abbott et al., 2006). Sonic hedgehog (Shh)-

mediated barrier function enhancement is the most well-studied astrocyte-induced 
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regulation of BBB. Shh plays a crucial role in developing and maintaining cell polarity. 

Astrocytes are the main source of Shh in the CNS during BBB formation and 

maintenance (Spampinato et al., 2019). After CNS injury, Shh is overexpressed and 

released by astrocytes in a paracrine fashion. In turn, Shh binds to patched homolog 1 

(PTC-1) receptor on cerebral ECs and results in loss of PTC-1 inhibition on smoothen. 

It leads to activation of Gli transcription factors and expression of Shh-regulated genes, 

such as VE-cadherin, Cld-5, occludin and JAM-A. Ultimately, astrocytes presence 

leads to tightening of the junctions (Ugbode et al., 2017, Sweeney et al., 2019, 

Cheslow and Alvarez, 2016).  

Currently, there is no evidence that astrocytes regulate transcytosis. However, 

it is important to note that the communication between different cell types of the BBB 

is highly active. Astrocytes, thus, are potentially able to regulate the transcellular 

pathway via astrocyte-pericyte or astrocyte-EC crosstalk. 

1.2.2.3 CNS permeable zones outside BBB 

There are structures and areas within the CNS vasculature that do not display 

a tightly regulated BBB. These special permeable zones are usually part of the 

endocrine system, such as the pituitary and pineal gland, or are the chemosensors used 

by the brain to detect the peripheral environment changes via the signals carried by 

circulating blood. The circumventricular organs (CVOs), around the third and fourth 

ventricles, are the classic structures responsible for the neurohumoral exchange, 

endocrine feedbacks and homeostasis (Kaur and Ling, 2017). They are namely area 

postrema, the subfornical organ, vascular organ of lamina terminalis, the 

subcommissural organ, neurohypophysis, median eminence and the pineal gland. In 
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these brain regions, capillaries are fenestrated and lack TJs. They contact both blood 

and CSF. Moreover, there are “intermediate zones” such as nucleus tractus solitarii 

and hypothalamic arcuate nucleus where the microvessels are hybrids of typical BBB 

and fenestrated vessels.  

1.2.3 BRB 

During the embryonic period, eyes rise from the forebrain as two optic vesicles 

which are connected to the primitive forebrain by optic stalks. These neuroectodermal 

vesicles later fold inwards and form optic cups while lenses are developed. The inner 

layer of optic cup becomes the retina whereas the outer layer gives rise to the retinal 

pigment epithelium (RPE); the optic stalks are developed into optic nerves (Graw, 

2010). The retina and optic nerve are extensions of the CNS and share many properties 

with it, such as vascular structures and barrier functions.  

There are two parts of BRB: the outer and the inner BRB (Figure 1.2). The 

outer BRB, formed by TJ-linked RPE cells, is a barrier between neural retina and the 

fenestrated capillaries in the choroid. The inner BRB is formed by the ECs of the 

retinal vasculature and provides controlled trafficking of substances between the 

systemic circulation and the retina (Cunha-Vaz et al., 2011). The inner BRB is very 

similar to the BBB with features such as non-fenestrated vascular walls, TJ-joined ECs 

and low pinocytotic activity (Greenwood, 1992). The first major difference between 

these two vascular endothelial barriers is the higher pericyte-EC coverage ratio in the 

retinal microvessels. The pericyte-EC coverage is 1:1 and 1:3 in the BRB and BBB, 

respectively (Sa-Pereira et al., 2012). Secondly, Müller cells, microglia and astrocytes 

are the retinal glial cells, these different neuroretinal supporting cells form distinct  
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Figure 1.2. BRB structure. The outer BRB is formed by TJ-linking RPE cells as the barrier between 

retina and the fenestrated vessels in the choroid. The inner BRB is the retinal vascular ECs bound by 

TJs and regulates the transport between systemic circulation and local retinal parenchyma. The inner 

BRB comprises several vascular networks. The superficial vascular plexus lies primarily in the ganglion 

cell layer, while the intermediate and deep plexuses are above and below the inner nuclear layer which 

is composed of the retinal bipolar cells. (Adapted from: Forrester and Xu et al., Good news–bad news: 

the Yin and Yang of immune privilege in the eye. Front Immunol, 3, 338.)  (Forrester and Xu, 2012) 

 

tissue architectures in the retinal NVU. Both endfoot processes of astrocytes and 

Müller cells are able to enwrap the microvessels, forming the retinal glial sheath. 

While astrocytes exclusively exist in the nerve fibre layer, Müller cells, which form 
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the supporting structure for retinal tissue, are found in all layers of retina and envelop 

the capillaries within them (Newman, 2015). These two types of glial cells take up 

neurotransmitters from nerve terminals and release vasoactive metabolites or agents 

(Gaucher et al., 2007, Bringmann et al., 2006). For example, Müller cells regulate 

vascular tone in response to neuronal activities and contribute to neurovascular 

coupling (Newman, 2015, Iadecola et al., 1993, Iadecola, 1998). To summarize, while 

pericytes play the pivotal role supporting and regulating ECs, astrocytes and Müller 

cells enable the communication between neurons and ECs, coordinating the vascular 

and neural systems. 

 

1.3 BBB leakage 

1.3.1 Transportation mechanisms in the healthy BBB 

In the healthy BBB, both paracellular and transcellular transportation operate 

but are tightly regulated. A continuous layer of ECs maintained by junctional 

complexes block the paracellular pathway. All substances >800 Da are restricted from 

entering the intercellular space and the passage of small molecules is gated by Cld-5 

(Nitta et al., 2003). Therefore, the major route of transportation across BBB is the 

transcellular pathway, which is also restrictive to specific substances.  

Various mechanisms are involved in the transcellular pathway to fulfil the 

brain’s high metabolic demand. They can be non-specific or mediated by receptors 

and carriers. The transportation direction can be energy-independent, in which it relies 

on the concentration gradient, or energy-dependent, where substances can be 
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transported along or against the gradient. Structurally, they can be categorized into 

vesicular and non-vesicular transportation.  

1.3.1.1 Non-Vesicular Transportation 

Passive diffusion permits highly lipophilic small molecules with molecular 

mass <500 Da entering BBB freely. This includes O2, CO2 and some psychoactive 

substances, such as alcohol, caffeine, nicotine, cocaine, heroin and METH (Georgieva 

et al., 2014, Mikitsh and Chacko, 2014). Energy-dependent and -independent solute 

carriers specifically transport small blood solutes, mainly nutritional metabolites into 

the brain parenchyma. The classical example is the blood-to-brain glucose flux 

mediated by GLUT1 (De Bock et al., 2016). GLUT1 is an energy-independent carrier 

facilitating glucose transportation along the concentration gradient. Interestingly, 

because these gradient-dependent carriers cannot move substances from a low 

concentration to a high concentration, their location is important to the regulation of 

metabolite transportation. Furthermore, connexin and pannexin, the membrane 

proteins which potentially form conductance channels, have been hypothesized to play 

a role in transcellular transportation in the BBB (De Bock et al., 2016). Finally, ABC 

efflux transporters remove metabolic wastes, toxins and drugs from the brain 

parenchyma to circulating blood in the energy-dependent fashion.  

1.3.1.2 Vesicular transportation 

Vesicular transportation involves endocytosis, transcytosis and exocytosis. 

Extracellular cargo is engulfed at the surface membrane, the cargo-filled vesicles 

travel through the cytoplasm and then fuse with the target cell membrane to release 
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their contents (De Bock et al., 2016). Although vesicular transportation across the BBB 

is far less studied than other trafficking mechanisms, it has been shown that vesicular 

transport is able to increase BBB permeability without the modifications of TJs (De 

Bock et al., 2016, Sandvig et al., 2018).  At the BBB, the active mechanisms of 

vesicular transport, or specifically the manners of fluid-phase endocytosis, are 

macropinocytosis, clathrin-dependent and -independent endocytosis (De Bock et al., 

2016). 

Macropinocytosis, or “cell drinking” refers to the nonspecific engulfment of a 

large volume of blood solutes by the motile plasma membrane ruffles protruding from 

the cell surface. The actin filaments in such membrane ruffles fold backwards and fuse 

with the surface membrane. Subsequently, both extracellular substances and cell 

membrane structures are internalized, forming macropinosome, a large non-clathrin-

coated intracellular vesicle with diameter of 200-500 nm (Swanson and Watts, 1995, 

Chang, 2015, De Bock et al., 2016).  

Clathrin-dependent endocytosis is the most studied mechanism of vesicular 

transportation. It is usually mediated by receptors or carriers, internalizes specific 

substances and involves the regulation of surface protein expression, signalling 

pathway modulation and nutrient delivery (McMahon and Boucrot, 2011). The classic 

example is iron transportation across BBB. Clathrin-rich invaginations form pit-like 

structures in the luminal membrane of ECs. After transferrin-bound iron binds to its 

receptor in these clathrin-coated pits, the vesicle starts budding and more clathrin is 

recruited to form the coated vesicle (McCarthy and Kosman, 2015). GTPase dynamin 

breaks the attaching membrane and releases the vesicle into cytoplasm (McMahon and 
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Boucrot, 2011). The diameter of clathrin-coated vesicles ranges from 70~150 nm and 

mainly depends on the cargo (McMahon and Boucrot, 2011).  

Clathrin-independent endocytosis is mediated by lipid rafts (Le Roy and 

Wrana, 2005). This non-classic route of endocytosis employs various membrane 

domains, including caveolae.  

1.3.1.3 Caveolae 

Caveolae are the flask-shaped smooth invaginations that appear on both 

luminal and abluminal membranes. These membrane invaginations can form small 

uncoated cytoplasmic vesicles ranging from 50~100 nm in diameter with 10~40 nm 

wide necks enclosed by stomatal diaphragms, which are composed of PLVAP (De 

Bock et al., 2016). Caveolae are identified and defined by their characteristic 

morphology under EM. Their shape and size are constant, but in non-endothelial cells 

or non-neural vasculatures they can also form structural complexes such as clusters 

and rosettes (Yeow et al., 2017, Lo et al., 2015). The membrane of caveolae is rich in 

highly ordered sphingolipids, saturated phospholipids and cholesterol (Parton and del 

Pozo, 2013). Other than the lipids, caveolin protein family are the dominant membrane 

components and the scaffolding proteins. Cav-1 is essential for caveolae formation and 

therefore a specific marker for its induction (Bastiani and Parton, 2010, Quest et al., 

2004). Moreover, Cav-1 directly interacts with actin cytoskeleton and it has been 

suggested that Cav-1 is related to caveolae internalization (Quest et al., 2004). It also 

involves heavily in extracellular matrix organization, membrane cholesterol 

distribution, cell signalling, migration and cell metabolism (Meyer et al., 2013, Liu et 

al., 2002, Nwosu et al., 2016). 
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Caveolae are known as multifunctional microdomains. Through caveolin’s 

scaffold domain it physically interacts with proteins such as eNOS, inducible nitric 

oxide synthase (iNOS), neuronal nitric oxide synthase (nNOS) and matrix 

metalloproteinase (MMP)-2. Therefore, caveolae serve as a signalling platform for the 

regulation of permeability, shear stress response, cell signalling, apoptosis, membrane 

lipid composition and cholesterol transport (Bastiani and Parton, 2010). For example, 

Cav-1 reversibly binds to eNOS and inhibits its activation. After Src-mediated 

phosphorylation of Cav-1 and Akt-dependent eNOS phosphorylation take place, 

caveolae are scissored from plasma membrane and eNOS is released from Cav-1 

(Maniatis et al., 2006). The sequestration of eNOS is crucial for its enzymatic activity 

and subsequent NO production. It has been shown that dissociation of eNOS from 

caveolae is strongly associated with endothelial hyperpermeability or leakage in 

inflammation (Tiruppathi et al., 2008). eNOS-mediated permeability change can be 

attenuated in the presence of an antennapedia-conjugated Cav-1 scaffold domain 

peptide, which binds to eNOS and subsequently decreases NO synthesis (Bucci et al., 

2000). In general, caveolae couple the signalling cascade involving permeability 

regulation with vesicle release.  

In ECs at BBB, caveolae formation is suppressed by Mfsd2a, a sodium-

dependent lysophosphatidylcholine symporter 1, or Na+ antiporter as mentioned above 

(Andreone et al., 2017). Mfsd2a is specifically and exclusively expressed in BMECs 

and previously known as a membrane transport protein for docosahexaenoic acid 

(DHA) which is essential for brain development and the maintenance of normal brain 

function (Lauritzen et al., 2016). DHA is highly enriched in the cell membrane of 
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neurons and associated with multiple neurophysiological functions (cell-survival, 

neuroinflammation and BBB permeability) by its physical contact with integral 

membrane proteins such as receptors and ion channels (Sinclair, 2019, Fujimoto and 

Parmryd, 2016). Recent evidence has revealed that Mfsd2a flips DHA-containing 

phospholipids from the outer to the inner leaflet of the plasma membrane. This results 

in elevated DHA levels in the inner leaflet and an altered membrane lipid composition 

(Andreone et al., 2017). These subsequently disturb the highly ordered lipid content 

required for caveolae formation and ultimately impede transcytosis.  

1.3.2 BBB leakage 

The route of neurovascular leakage has not been fully elucidated due to the 

impermeable nature of BBB and its tight regulation. Key regulators in both transport 

pathways have been studied but the understanding is partial and within the context of 

different pathologies. 

1.3.2.1 Paracellular leakage 

The paracellular pathway has historically been the suspected leakage route in 

the BBB because transcellular transportation is almost completely inactive here. The 

dynamic nature of junctional structure and its link to the intracellular cytoskeleton 

further supports this rationale. In theory, junctions break down when pathological 

stimuli induce changes in their organization, both intra- and extra-cellularly, and leads 

to intravascular substances leak through the gaps between ECs. Junctional protein 

expression can be downregulated, functionally affected by post-translational 

modifications and digested by proteases (Taddei et al., 2008, Yuan et al., 2012). For 
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example, MMPs are protease degrading, extracellular matrix proteins and are involved 

in the cleavage of cell surface receptors. Triggered by inflammation, activation of 

MMPs, especially MMP-2 and -9, results in BM degradation, TJ disruption and 

ultimately loss of BBB architecture. The glucocorticoid, dexamethasone, can decrease 

vascular leakage by suppressing the expression of histone demethylase. It leads to the 

decreased expression of MMP- 2, -3 and -9 via transcriptional and post-transcriptional 

regulation and, as a result, attenuates the cleavage of TJs and preserves BBB integrity 

(Na et al., 2017).  

However, there are two weaknesses in this theory: lack of definitive evidence 

to support junctional breakdown in pathological conditions; a chronological mismatch 

between vascular leakage and junctional structure disruption.  

In a rat embolic stroke model, vascular leakage developed around vessels with 

intact TJs in both hyperacute (5 h) and acute stages (25 h) of disease (Krueger et al., 

2013, Knowland et al., 2014). Quantitative analysis of occludin expression showed no 

difference in areas of embolic stroke and normal vasculatures. Electron microscopy 

(EM) studies revealed intact junctions between the ECs in oedematous regions of brain 

parenchyma. Interestingly, the ECs in the ischemic area showed a ruffled surface with 

many cytoplasmic vesicles. Similar observations were found in a mouse amyotrophic 

lateral sclerosis (ALS) model. In both the early and late stages of disease, TJs remained 

intact regardless of the severity of oedema in the neural tissue. Inside the ECs, 

abundant intracellular vacuoles were found by EM studies (Garbuzova-Davis et al., 

2007). In Alzheimer's disease a reduction of TJ length and TJ density was noted, but 

the number of pinocytotic vesicles was also substantially increased in biopsy samples 
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from patients (Baloyannis, 2015, Claudio, 1996). Therefore, paracellular leakage may 

not be the only leakage pathway at the BBB.  

The chronological mismatch is best explained in the stroke model, where acute 

and hyperacute pathologies can be easily observed. 6 h after transient occlusion of the 

middle cerebral artery, small molecular tracers leak out from vessels with intact 

junctions. Structural defects in TJs only appear 48 h after the ischemic event 

(Knowland et al., 2014). The impaired barrier function at the hyperacute stage suggests 

that transcellular transportation initiates the leakage event and is followed by 

junctional breakdown. This also explains the clinical course of ischemic stroke. 

Haemorrhagic transformation, a major complication in acute stroke, develops usually 

around 48 h after the ischemic insult and leads to deterioration of the patient’s 

condition and prognosis.  

1.3.2.2 Transcellular leakage and caveolae 

The trafficking mechanism of transcellular leakage is such a highly debated 

subject that in the past researchers rejected the possibility of transcellular leakage in 

the neural vasculature. However, increasing evidence suggests that vesicular transport 

plays a role in the diseased BBB (De Bock et al., 2016). Caveolar transport in particular 

has become the focus of research in BBB transport. Currently, there is no clear 

consensus in the field and data both for and against the role of caveolae in vascular 

leakage has been published.  

It has been shown that substances such as LDL can be internalized by caveolae 

and detected in the brain parenchyma (Candela et al., 2008). Cav-1 expression has 

been reported to be essential for macromolecule transcytosis and associated with early 
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cerebral oedema (Nag et al., 2007, Oh et al., 2007). Vascular endothelial growth factor 

(VEGF)- and bradykinin- induced pinocytotic vesicles in BRB and blood-tumour 

barrier endothelium showed increased expression of Cav-1 and Cav-2 (Liu et al., 2010, 

Zhao et al., 2011). In a rodent cerebral ischemic-reperfusion model, acute stage BBB 

leakage was associated with increased cytoplasmic caveolae while this observation 

was absent in Cav-1 K/O mice (Knowland et al., 2014). It has been shown that caveolar 

transport is required for lymphocytic transcellular migration in the BBB (Lutz et al., 

2017). Most importantly, the studies of Mfsd2a, a crucial BBB regulator, reveal that 

caveolae-mediated transcytosis occurs at the BBB (Andreone et al., 2017). In the rat 

model of surgical brain injury, protein expression of Mfsd2a and Cld-5 decreases while 

Cav-1 expression is upregulated after partial resection of the frontal lobe (Eser Ocak 

et al., 2020). After administration of Mfsd2a CRISPR activation plasmids, Mfsd2a 

upregulation causes significant reduction of Cav-1 expression and attenuates brain 

oedema leading to an improved neurological outcome (Eser Ocak et al., 2020). 

However, few of these studies have demonstrated direct evidence that caveolae 

transport blood solutes that contribute to oedema. In other words, caveolae and 

vascular leakage coexist but the definitive causative relationship remains 

indeterminant.  

Published data contrary to the findings in these studies shows that the presence 

of caveolae reduces vascular leakage. Decreased expression of Cav-1 correlates with 

increased pulmonary vascular permeability (Miyawaki-Shimizu et al., 2006). 

Administration of the caveolin scaffold domain inhibits eNOS-mediated 

microvascular hyperpermeability (Hatakeyama et al., 2006). More importantly, data 
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from studies of Cav-1 K/O mice shows a negative or no relationship between caveolae 

and vascular leakage. Cav-1 K/O mice exhibits microvascular baseline 

hyperpermeability which can be reversed by N(G)-nitro-L-arginine Methyl Ester (L-

NAME) (Schubert et al., 2002). However, whilst this observation relates to basal 

permeability it is noteworthy that in the same mice VEGF-induced hyperpermeability 

is suppressed (Chang et al., 2009). 

In fact, since the discovery of caveolae in the 1950s, their functional 

significance in cell transport has been the subject of debate. There are several 

explanations. Firstly, their cargos can be non-specific and the potential transported 

substances usually do not depend on caveolae trafficking solely (Razani et al., 2002, 

Echarri and Del Pozo, 2012). For example, caveolae are able to internalize simian virus 

40 (SV40) but lack of caveolae does not block the virus entering the BBB (Damm et 

al., 2005). Secondly, it has been reported that caveolae-mediated endocytosis 

structurally and functionally disrupts actin polymerization and TJs (Shen and Turner, 

2005). A hypothesized mechanism was once proposed as that the formation of 

caveolae leads to junction modulation and paracellular leakage (Duran et al., 2013). 

The crosstalk between two transport or leakage pathways causes difficulty 

distinguishing the predominant route. Thirdly, it is challenging, methodologically, to 

target the extracellular domains of caveolae specifically by conventional antibodies in 

immunofluorescent assays, and hard to detect the caveolae-related molecules in the 

whole membrane fractions from tissue or cultured cell lysates (Schnitzer, 2001). 

Moreover, due to the leaky nature of their BBB, experiments using Cav-1 deficient 
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mice show discrepancies in results of permeability assays. Finally, the low transcytosis 

rate in the BBB further contributes to the debate.   

1.3.3 Leakage inducers 

A variety of substances is able to regulate BBB permeability and mediate 

vascular leakage in the CNS. The classic example is VEGF. VEGF-A is known to be 

a key regulator of vascular permeability (Bates, 2010, Senger et al., 1983). By binding 

to VEGF receptor 2 (VEGFR2) homodimer at the basal side of neurovascular 

endothelium, VEGF-A activates p38 signalling and induces leakage (Dragoni and 

Turowski, 2018). The VEGF-mediated leakage is observed immediately after 

stimulation and can be sustained chronically with development of abnormal vascular 

remodelling. Mechanisms of both paracellular and transcellular transports are involved 

in isolation or combination. Diseases directly related to VEGF-induced leakage in the 

neurovasculature include diabetic retinopathy and age-related macular degeneration 

(Mitchell et al., 2018, Stitt et al., 2016). Treatments targeting VEGF signalling are one 

of the mainstays in treating retinal vascular diseases and have been attempted for other 

CNS vasculopathies (Dzietko et al., 2013). 

In this project, we investigated four leakage inducers: METH, 

levomethamphetamine (LEVO), LPC and LPA.  

1.3.3.1 METH and LEVO 

METH (N-methyl-alpha-methylphenethylamine) is a widely abused 

psychostimulant drug and a sympathomimetic amine related to amphetamine and 
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ephedrine. LEVO is the laevorotary form of METH and a vasoconstrictor used as a 

nasal decongestant.  

As a small lipophilic molecule, METH enters the cerebral parenchyma rapidly 

while the organic cation transporters on BMECs can also actively transport it across 

BBB (Friedrich et al., 2003). METH is neurotoxic and damages monoaminergic nerve 

terminals by reduction of BBB efflux pump activity, mitochondrial dysfunction, 

neurotransmitter release, hyperthermia, inflammation and oxidative stress (Northrop 

and Yamamoto, 2015). More importantly, it impairs BBB function in two ways 

(Turowski and Kenny, 2015). Either indirectly through METH-mediated 

inflammatory responses, which leads to BBB breakdown, or alternatively, METH acts 

directly on BMECs and induce a hyperacute form of leakage. This double effect theory 

of METH action is based on the chronological discrepancy of the onset of the METH-

induced leakage in the in vitro and in vivo studies. In experiments of cultured 

monolayer ECs, METH usually causes leakage at approximately 1 h (Martins et al., 

2011, Martins et al., 2013). However, in the in vivo studies, leakages in rodent brains 

only are observed hours to days after administration of METH (Turowski and Kenny, 

2015, Kousik et al., 2011, ElAli et al., 2012). 

The indirect effects of METH on BBB are mediated by similar mechanisms 

damaging neuronal tissues and often observed in METH studies using high to lethal 

doses (Turowski and Kenny, 2015). These mechanisms are toxicity of excessive 

neurotransmitters, mitochondrial dysfunction and hyperthermia (Chang, 2015). For 

example, METH causes excessive release of neurotransmitters, such as glutamate. 

Glutamate reduces occludin expression, generates reactive oxygen species (ROS) and 
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increases oxidative stress (Andras et al., 2007, Neuhaus et al., 2011). Additionally, a 

high extracellular glutamate concentration can trigger nitric oxide synthase (NOS) 

activation and the formation of reactive nitrogen species (RNS) (Dawson et al., 1991, 

Obata, 2002). ROS and RNS damage nerve terminals as well as the BBB (Itzhak and 

Ali, 1996, Fukami et al., 2004, Eyerman and Yamamoto, 2007).  

Our group focuses on the early and direct effects of METH on BBB at a non-

lethal dose. According to our previous work, METH and LEVO both increase ECs 

tracer uptake in vitro (Kenny, 2015, Martins et al., 2013). METH enhances 

transendothelial flux of BMECs, and the induced leakage is independent of solute size 

and maximal at the dose of 1 μM, which is in the same range that has been typically 

found circulating in METH abusers (Kenny, 2015). At this concentration METH does 

not disturb BMEC junctional integrity, neither functionally nor morphologically 

(Figure 1.3). Instead, METH increases non-junctional flux via a transcytotic pathway. 

The transport vesicles induced by METH resemble caveolae, morphologically. METH 

also induces eNOS phosphorylation and its inhibition abolishes all transcytotic leakage 

(Martins et al., 2013). In summary, our previous studies in cultured BBB ECs revealed 

that METH induces BBB leakage via eNOS-driven fluid phase transcytosis which is 

likely to involve caveolae-mediated endocytosis. 
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Figure 1.3. METH-induced leakage in cultured BMECs. Our previous studies using cultured 

monolayer BMEC have shown that METH promotes eNOS-mediated vesicular transport in BBB.  (A-

C) METH induces non-size selective flux, and the flux was abolished when the ECs were pre-treated 

with L-NAME. (D) While METH causes flux of tracers, the TEER remains constant. (E) Confocal 

imagery of untreated and METH-treated BMECs stained for junctional proteins: VE-cadherin (VEC), 

Cld-5, occludin and ZO-1. METH does not disrupt junctional organisation. Scale bar = 5 μm. (F) In the 

presence of horseradish peroxidase (HRP), primary BMECs were left untreated, treated with 1 μM 

METH for 1 h and pre-treated with L-NAME before 1 h METH stimulation. EM analysis revealed in 

the METH-treated BMECs the tracers are within non-clathrin coated intracellular vesicles, and these 

tracer-filled vesicles are significantly more abundant in the METH-treated ECs. In the L-NAME-

pretreated ECs, number of vesicles is lower. Scale bar = 250 nm. (G) Immunoblotting using anti-

phospho-S1177 eNOS antibodies of total protein extracts from untreated BMECs and BMECs treated 

with METH for the indicated time. METH induces S1177 phosphorylation, which indicates the 

activation of eNOS. The eNOS phosphorylation starts 30 min after METH stimulation and plateaued 

after 1h.	*P < 0.05, **P < 0.01 (Dunnett’s post-test vs NT); #P < 0.05, ##P < 0.01 (Bonferroni’s post-

test vs METH) (Modified from: Martins et al., Methamphetamine-induced nitroic oxide promotes 

vesicular transport in blood-brain barrier. Neuropharmacology, 65, 74-82.)(Martins et al., 2013) 

 

 Clinically, symptoms and signs specific to METH-related BBB damages are 

difficult to be observed without the CNS stimulant’s neurological effects (Brown M., 

2018). Seizure and convulsions, for example, can be explained by catecholamine 

toxicity as well as the flux of circulating endogenous neurotoxins. It is worthy to note 

that cerebral oedema has not been reported clinically without the development of 

hyperthermia, suggesting a minor role of BBB damage in METH-related CNS 

complications. However, the effect of METH on cardiovascular system outside CNS 

is profound. Cardiovascular disease ranging from coronary artery diseases, cardiac 

arrythmias to cardiomyopathy is the second leading cause of death of METH abusers 

(Darke et al., 2017). Again, it is due to the METH-induced endothelial damages 
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resulting from ROS formation, mitochondrial dysfunction, inflammation, increased 

permeability and endothelial activation (Kevil et al., 2019). 

1.3.3.2 LPC and LPA 

Both LPC and LPA are bioactive lipids related to phosphatidylcholine, the 

major lipid component of plasma lipoproteins, especially in very-low-density 

lipoprotein (VLDL). After secretion by the liver into the circulation, 

phosphatidylcholine on lipoproteins is cleaved by phospholipase A2 (PLA2) producing 

LPC which can be further catalysed by autotaxin into LPA (Paramjit S. Tappia, 2014). 

 

LPC is an important factor associated with cardiovascular and 

neurodegenerative diseases. For example, serum LPC level is positively correlated 

with artherogenesis and LPC causes CNS demyelination, mimicking the myelination 

defects in multiple sclerosis (MS) (Lehto et al., 2017, Zahednasab et al., 2014). 

Generally, LPC induces proinflammatory effects via activation of G protein-coupled 

receptor G2A and Toll-like receptors (Carneiro et al., 2013). In the vascular system, it 

increases oxidative stress, modulates chemokine expressions in the ECs, inhibits cell 

proliferation and migration, and causes pericyte loss (Qiao et al., 2006, Murakami et 

al., 2004). LPC is known to enhance permeability in ECs of dermal and pulmonary 

origin in vitro (Iwase et al. 2008, Huang et al. 2005). In neural vasculature, it increases 
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both transcellular and paracellular transport in vitro and in vivo (Canning et al., 2016). 

Interestingly, Mfsd2a does not transport DHA as unesterified fatty acid but only when 

it is in the form of LPC (Nguyen et al., 2014).  

LPA (1-acyl-glycerol-3-phosphate), the simplest glycerophospholipid, is a 

precursor of phospholipid biosynthesis and a serum signalling molecule. Other than 

the circulating lysophospholipids, active platelets are the main source of LPA 

(Moolenaar, 1995). LPA plays a role in cell proliferation, angiogenesis, cytoskeletal 

reorganization, cell motility and takes part in proinflammatory reactions, including 

vascular permeability regulation or inducing leakage. On the cell surface it binds to 

specific  G-protein coupled receptors (GPCRs), LPA receptor1-6 (LPAR1-6), thus 

activating downstream signalling molecules (Lee et al., 2019, Teo et al., 2009) (Figure 

1.4). In BMECs, more than one subtype of LPA receptor is expressed (Chen et al., 

2019, On et al., 2013). By acting directly on BMECs, LPA induces a rapid, reversible 

and dose-dependent drop of TEER in conjunction with a paracellular flux (Schulze et 

al., 1997). Both in vitro and in vivo experiments have shown that LPA increases BBB 

permeability and mediates cerebrovascular leakage in disease models such as ischemic 

stroke and hepatic encephalopathy (Sarker et al., 2010, Masago et al., 2018, Ritter et 

al., 2005).  
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Figure 1.4. LPA signalling pathways. LPA is able to bind to GPCRs and non-GPCR and triggers 

various signalling cascade resulting in both physiological and pathological cell response including 

angiogenesis and inflammation. (Adapted from: Lee et al., Lysophosphatidic acid signaling in diabetic 

nephropathy. Int J Mol Sci, 20.) (Lee et al., 2019) 

  

1.4 CNS drug delivery 

1.4.1 CNS drug delivery 

The BBB impedes the penetration of drugs by up to 100% for large molecule 

drugs or 98% for small-molecule drugs (Peluffo et al., 2015, Pardridge, 2005). This 

restriction is of the major interests in neuropharmacology. BBB penetration largely 

determines the efficacy of an agent targeted at treating CNS disease. Based on the 

treatment’s delivery methods, current clinical approaches can be summarised into 3 

categories: invasive, non-invasive and alternative delivery method (Lu et al., 2014).  

Non-invasive drug delivery aims to produce a drug, or an appropriate drug 

carrier, that can cross the BBB with adequate bioavailablilty without developing 
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toxicity when administered systemically. Lipidization, for instance, involves 

chemically modifying a drug into a more lipophilic analog. The main limitations of 

these lipophilic analogs are poor tissue distribution, increased affinity with plasma 

proteins and potentially altered metabolism (Bodor and Buchwald, 1999). Prodrugs 

and chemical drug delivery systems share a similar concept, where a compound 

requires further metabolism after administration to be converted into its active form. 

Levodopa for Parkinson’s’ disease and certain preparations of morphine are prodrugs 

used clinically. There are also methods targeting receptor-mediated transportation 

pathways (Pulgar, 2018). The non-transportable therapeutic peptide or protein is 

tethered to a ligand which is recognized and permitted by membrane receptors 

mediating BBB vesicular transport. Other non-invasive delivery methods include drug 

efflux transporter inhibitors, cell-penetrating peptide or virus-mediated drug delivery 

and colloidal drug carriers (micelles, microemulsions, liposomes, various 

nanoparticles, dendrimers). However, most of the treatments adapting novel drug 

delivery methods failed at phase II clinical trials (van Tellingen et al., 2015). 

Invasive approaches can be divided into procedure-required or procedure-free 

delivery methods. Procedure-required methods refer to any methods which require a 

surgical intervention or an endovascular procedure. This includes procedures where a 

foreign body is introduced, permanently or temporarily, into the intracranial cavity, 

such as a catheter or an implant. For example, Gliadel® is an FDA approved bis-

chloroethylnitrosourea (BCNU) polymer wafer used to treat recurrent high-grade 

gliomas (Westphal et al., 2003). It requires an operation with general anaesthesia to 

implant the drug matrix. Generally, all procedure-required invasive approaches are 
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associated with a high risk of CNS infection, procedure-related complications and 

sometimes the patient’s general condition prevents the use. More importantly, drug 

distribution is a concern due to their local administration.  

Procedure-free invasive delivery method generally refers to BBB disruption 

(BBBD) strategies, except the convection-enhanced delivery, which involves 

stereotactic intracranial catheter injections. BBBD strategies share a common feature, 

the BBB is disrupted at the molecular or cellular level either regionally or systemically. 

The delivery route and mechanism of action for BBB breakdown vary largely. Osmotic 

BBBD was first described in 1972 (Kraemer et al., 2001, McAllister et al., 2000). 

Infusion of a hyperosmotic agent causes cerebrovascular ECs shrinkage, separates 

junctional proteins, subsequently impairs BBB barrier function and increases drug 

penetration. However, complications associated with neurotoxicity often develop. 

Therefore, osmotic BBBD is not commonly used clinically (Neuwelt et al., 1983). The 

same rationale applies to infusion of vasoactive agents, such as leukotrienes, 

bradykinin and histamine. They selectively induce leakage in diseased cerebrovascular 

beds and this biochemical BBBD strategy has shown some reliable preclinical results, 

but failed in the randomized, double blind, placebo-controlled phase 2 study in which 

a bradykinin analog was administrated in combination with carboplatin (Cloughesy 

and Black, 1995, Inamura et al., 1994)). The use of ultrasound has also been explored. 

This method requires infusion of the pre-prepared microbubbles, which are loaded 

with the drug. Ultrasonic waves are then used to cavitate the microbubbles at the 

desired location (Lu et al., 2014). Cavitation, the oscillation of bubbles in an acoustic 

field, can also transduce mechanical energy to ECs, which results in a series of 
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biochemical responses (Sutton et al., 2013). Lastly, alternative delivery methods 

include the olfactory or trigeminal routes for drug delivery and iontophoretic delivery.  

It is important to note that, except drug design, many delivery methods focus 

on disrupting BBB structurally to allow pharmacotherapeutic agents access the target 

tissue. It potentially causes a safety issue at clinical settings and increases morbidity 

and mortality rate of the patients. Instead, more BBB “openers” should be identified 

from the known vascular leakage mediators. Ideally it would transiently induce BBB 

permeability for the penetration of a therapeutic agent. Alternatively, studying the 

mechanism of known leakage inducers could provide structural or chemical solutions 

for drug development.  

1.4.2 BBB opening to assist glioblastoma treatment 

Glioblastoma, or glioblastoma multiforme (GBM), is the most common 

primary brain tumour, originating from the local brain tissue. The global incidence is 

less than 10 per 100,000 people, but the high malignancy has made it an important 

public health issue with median survival of 14.6 months after current standard 

treatments (Iacob and Dinca, 2009, Stupp et al., 2005, Thakkar et al., 2014). Patients 

of GMB usually suffer from headache, papilledema, seizure, focal neurological 

deficits and cognitive dysfunctions due to tumour local invasion and compression of 

adjacent structures. 

Histologically, GBM rises from astrocytes and belongs to the family of 

astrocytoma. GBM is a highly proliferating tumour forming a necrotic core. The 

surrounding tumour zone has no defined margin microscopically between tumour 

mass and normal brain parenchyma. The interface is mixed with malignant infiltrates 
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and benign parenchymal cells. The integrity of the BBB is regionally variable within 

the tumour zone whereas in the infiltrating zone it is relatively intact. This 

demonstrates one of the major difficulties in treatment. Due to the infiltrating nature 

and aggressive behaviour, GBM is classified as a Grade IV astrocytoma, one of the 

high grade gliomas, in World Health Organization (WHO) classification.  

The current gold standard for GBM treatment is maximal surgical resection, 

followed by Stupp protocol which is a regimen of radiotherapy plus concomitant and 

adjuvant chemotherapy with temozolomide (TMZ) (Stupp et al., 2005). The strategy 

is to firstly remove the tumour mass as much as possible by surgical debulking. As 

GBM is an infiltrating disease, it is followed by radiotherapy to further reduce the 

tumour load locally. In 2000, European Organisation for Research and Treatment of 

Cancer (EORTC) Brain Tumor and Radiotherapy Groups and the National Cancer 

Institute of Canada (NCIC) Clinical Trials Group conducted a randomized, 

multicentre, phase 3 trial comparing radiotherapy alone with a chemoradiotherapy of 

concomitant and adjuvant TMZ in patients with newly diagnosed GBM. It showed a 

37% relative reduction of 28-month mortality risk in patients treated with radiotherapy 

plus TMZ (Stupp et al., 2005). Therefore, after publication in 2005, the 

chemoradiotherapy regimen named after the article’s first author, Dr. Roger Stupp, has 

become the standard of care in GBM treatment. Currently, all novel therapies are 

designed for use in combination with the Stupp protocol to improve the treatment 

efficacy. These therapies target the tumour cells as well as the microenvironment. 

They include neutralising mononuclear antibodies against VEGF/VEGFR, platelet-

derived growth factor (PDGF) and epidermal growth factor receptor (EGFR); 
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personalized medicine and innate immunotherapy; oncolytic viruses; and small-

molecule inhibitors such as Wnt pathway inhibitor SEN461 (Carlsson et al., 2014).  

It is important to note that the principles of therapy are dominated by local 

treatments, namely surgery and radiotherapy, assisted with a chemotherapeutic agent 

and occasionally an additional novel treatment. This is largely due to the restrictive 

nature of the BBB, which limits the drug penetration via systemic administration, 

especially in the infiltrating zone where the BBB usually displays normal barrier 

function and immune privilege. In other words, treating a diffuse disease with local 

treatment methods fundamentally limits the efficacy and there are no advances in 

GBM treatment in recent years compared with other solid tumours. Therefore, it is 

important to improve drug delivery across the BBB in order to eradicate the 

disseminated tumour niches which are unresectionable or radioresistant. 

In 2007, METH was first proposed as a BBB opener to assist the drug delivery 

of chemotherapy in treating brain tumours (Kast, 2007). It has been shown that METH 

transiently but significantly impairs the barrier function of BBB in rodents (Bowyer 

and Ali, 2006, Quinton and Yamamoto, 2006, Sharma and Ali, 2006). According to 

our previous in vitro studies, METH induces pinocytosis in BMECs and increases 

transcellular transportation across the BBB, irrespective of the cargo composition or 

size. Mechanistically METH is an ideal candidate as an adjuvant agent for 

chemotherapy and it is available in pharmaceutical grade. Desoxyn® 

(methamphetamine hydrochloride tablets, USP; 5mg; Ovation Pharmaceuticals) is a 

FDA approved drug for treating attention-deficit/hyperactivity disorder (ADHD), 

exogenous obesity and narcolepsy (off-label use). It is rapidly absorbed in the 
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gastrointestinal tract with nearly 100% bioavailability, predominately metabolised in 

the liver and primarily excreted in urine. The half-life elimination is 4 to 5 h. Severe 

adverse effects include cardiovascular events and serotonin syndrome, but develop 

infrequently and in patients with predisposing conditions. The concern of drug abuse 

and potential neurotoxicity with long term use is less important in GBM patients, due 

to the short survival length.  

Furthermore, the L-enantiomer of METH, LEVO, shares most of the chemical 

and pharmacological properties of METH. As a sympathomimetic agent, LEVO is 

FDA approved for use in nasal decongestants (Mendelson et al., 2008). According to 

our previous work, LEVO enhances horseradish peroxidase (HRP) uptake and 

potentially induces permeability in vitro in similar fashion as METH (Kenny, 2015). 

LEVO also enters BBB and acts centrally. However, interestingly, it does not induce 

euphoria and cause addiction. This might suggest LEVO is potentially a superior BBB 

opener then METH with wider therapeutic applications other than malignancies or 

terminal cancer.  

 

1.5 Aim of the study 

I hypothesize that 1) a transcellular leakage pathway mediated by caveolae 

induces leakage at the intact NVU, and 2) METH enhances uptake of circulating drugs 

to the brain. 

Therefore, I aim to investigate BBB leakage induced by METH, LEVO, LPC 

and LPA. Specifically, the objectives of this work are to 
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- Develop an animal model in order to test leakage inducers at tissue or organ 

level; 

- Demonstrate that leakage inducers promote vascular leakage in intact 

BBB; 

- Identify the individual leakage route; 

- Map the signalling pathway and identify the transport ultrastructure to 

investigate the mechanism; 

- Test whether METH increases the drug penetration as a BBB opener in 

GBM model; 

- Investigate if METH facilitates the transportation of biopharmaceutical 

agents across the BBB.  
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Chapter 2   Materials and Methods 

2.1 Materials  

2.1.1 General laboratory materials  

All general chemical agents were purchased from Sigma-Aldrich Company 

Ltd. (Poole, Dorset, UK) unless otherwise mentioned in the relevant sections. Water 

used was Milli-Q reagent grade (Millipore). 

2.1.2 Category 1 drugs 

 (+)-Methamphetamine (METH) was purchased as a hydrochloride salt, R(-)-

Methamphetamine (LEVO) as a 1 mg/mL solution in MeOH. LEVO was concentrated 

to 10 mg/mL by MeOH evaporation in a SpeedVac� system.  

The category 1 drugs and all aliquots were stored and their use recorded 

according to Home Office regulations. 

2.1.3 In vitro, ex vivo and in vivo experiments  

2.1.3.1 Leakage inducers, drugs and inhibitors 

LPA, DOX, L-NAME and compound C were purchased from Sigma-Aldrich. 

LPC was from Tocris Bioscience (Abingdon, UK). AFL was provided from Roche 

(Welwyn Garden City, UK). SB202190 and U0126 were purchased from and 

Cambridge Biosciences (Cambridge, UK) and Promega (Southampton, UK), 

respectively.  
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2.1.3.2 Cell culture 

Foetal calf serum (FCS; heat inactivated, European origin), foetal bovine 

serum (FBS; certified, US origin), Hank’s buffered saline solution (HBSS) both with, 

and without, Ca2+ and Mg2+, Dulbecco’s phosphate buffered saline (PBS) without Ca2+ 

and Mg2+, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), penicillin-

streptomycin and Ham’s F-10 nutrient mix with Glutamax™ were all purchased from 

Thermo Fisher Scientific (Paisley, UK). EBM�-2 and EGM�-2 MV Single Quots 

were from Lonza-Biowhittaker. Deoxyribonucelase 1 from bovine pancreas (DNase 

1), puromycin dihydrochloride from Streptomyces alboniger powder, Percoll, 

Collagenase/Dispase®, basic fibroblast growth factor (bFGF; basic, human), Nα-

Tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK), trypsin (from porcine 

pancreas), collagen IV (from human placenta), bovine serum albumin-fatty acid free 

and basic fibroblast growth factor (bFGF: basic, human), ethylenediaminetetraacetic 

acid (EDTA) and heparin for cell culture were purchased from Sigma-Aldrich. 22% 

bovine serum albumin (BSA) in PBS was purchased from First Link (Birmingham, 

UK) and collagen-1 (high concentration, rat tail) from BD Biosciences (Oxford, UK).  

Polycarbonate Transwells inserts of 0.4 μM pore-size and 12 mm in diameter 

were purchased from Corning (Massachusetts, USA). All other plastic-wares were 

from Nunc (Paisley, UK). 

2.1.3.3 Ex vivo perfusion experiments 

Isoproterenol and Evens Blue were purchased from Sigma-Aldrich. Heparin 

for injection was from Wockhardt Health Care Ltd. (Wrexham, UK). 3.5 French 
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polyurethane cannulae used in perfusion experiments were acquired from SAI Infusion 

Technologies (Illinois, USA).  

2.1.3.4 METH and LEVO pharmacokinetic studies 

EDTA was purchased from Sigma-Aldrich. Heparin-free capillary blood 

collection tubes (Greiner Bio-One MiniCollect™ Capillary Blood Collection System 

Tubes) are from Thermo Fisher Scientific. 

2.1.4 Immunohistochemistry 

Table 2.1. List of primary and secondary antibodies  
Primary antibodies 

Antigen Antibody Dilutions Reference Manufacturer 
Bovine Albumin  Sheep anti-BSA 1:200 A10-113A Bethyl 

Laboratories 
 

Cav-1 Mouse anti-
human/mouse/rat/
sheep 

1:200 NB-100 Novus 
Biologicals 

Cld-5 
 

Mouse anti-
human/mouse/rat 
 

1:200 35-2500 Thermo Fisher 
Scientific 

p-Cav-1 (Y14) Mouse anti- 
human/mouse/rat 

1:200 sc-373837 Santa Cruz 
Biotechnology 

p-eNOs  Rabbit anti- 
human/mouse/rat 

1:200 9571 Cell signalling 

p-ERK1/2 Rabbit anti- 
human/mouse/rat 

1:200 9102 Cell signalling 

p-p38 Rabbit anti- 
human/mouse/rat 

1:200 9212 Cell signalling 

Secondary antibodies 
Host species Target species Fluorochrome Dilution Reference Manufacturer 

Donkey Mouse Alexa Flour ™ 488 1:200 A21202 Thermo Fisher 
Scientific 

Donkey Rabbit Alexa Flour ™ 488 1:200 A21206 Thermo Fisher 
Scientific 

Donkey Sheep Alexa Flour ™ 555 1:200 A21436 Thermo Fisher 
Scientific 

Goat Rabbit Alexa Flour ™ 555 1:200 A21429 Thermo Fisher 
Scientific 

Donkey Mouse Alexa Flour ™ 594 1:200 A21203 Thermo Fisher 
Scientific 

Goat Mouse Alexa Flour ™ 594 1:200 A11032 Thermo Fisher 
Scientific 

 



 64 

Primary and secondary antibodies used in this project were listed in Table 2.1. 

Additionally, both Tomato Lectin (DyLight® 594 GSL I-B4 isolectin) and FITC-

conjugated IB4 (Biotinylated GSL I - isolectin B4) were purchased from Vector 

Laboratories (Cambridgeshire, UK). Hoechst for cell staining was from Sigma-Aldrich. 

2.1.5 Electron microscopy  

Karnovsky's EM fixative (3% (v/v) glutaraldehyde, 1% (v/v) paraformaldehyde 

in 0.08M sodium cacodylate buffered to pH 7.4 with 0.1M HCl) was kindly provided 

from IoO microscopy unit. HRP and 3,3’-Diaminobenzidine HCl (DAB) tablets were 

purchased from Sigma-Aldrich and TAAB laboratory and microscopy (Berk, 

England), respectively. Potassium ferricyanide, osmium tetroxide, Araldyte resin 

CY212, Dodecenyl succinic anhydride (DDSA) and DMP30 were from Electron 

microscopy science (Hatfield, UK). 

2.1.6 Animals 

All wild type (WT) animals (female Wistar rats and C57BL6 mice) were from 

Charles River Laboratories Inc. (Oxford, UK). Dr. Ben Nichols (LMB, Cambridge) 

provided Tie2-GFP 1 and Tie2-GFP Cav-1 K/O mice.  

All animal experiments were carried out in accordance with the UK Home 

Office Guide on the Operation of Animal (Scientific Procedures) Act of 1986. 
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2.2 In vitro experiments 

2.2.1 Immortalised rat brain microvascular endothelial cells (GPNT) 

Table 2.2. Buffers and medium for GPNT cell culture 

Buffers and Medium 
Growth medium F-10 supplemented with 10% FCS, 2 μg/mL bFGF, 80 μg/mL 

heparin, 100 i.u/mL penicillin, 100 μg/mL streptomycin 

Tissue Culture Plastics Coating 
Collagen 1 coating solution: 2.5 % (w/v) Collagen 1 in filtered water containing 0.1 mM acetic 

acid. Diluted 20-fold with HBSS (Ca2+/Mg2+) before use. 

Trypsinization 
2.5% Trypsin/EDTA solution. 1:10 dilution in PBS. 

 

GPNT cells are derived from an immortalised Lewis rat BMEC cell line GP8 

(Regina et al., 1999). Frozen cells were thawed and maintained in growth medium at 

37°C with 5 % CO2 and grown on collagen-1-coated plasticwares. Collagen-1 coating 

was conducted for minimal 2 h before rinsing with HBSS containing Ca2+/Mg2+. After 

reaching confluence, GPNT cells were trypsinized and passaged at a plating density 

of 31,250/cm2. 

2.2.2 Primary rat brain microvascular endothelial cell (BMEC) isolation 

Table 2.3. Buffers and medium for BMEC cell culture 

Buffers and Medium 
Working buffer 100 mL HBSS (Ca2+/Mg2+) containing 2.25 mL of 22% (w/v) BSA 

in PBS, 10 mM HEPES and 100 IU/mL penicillin, 100 μg/mL 

streptomycin 

Complete digest medium 100 mL HBSS (without Ca2+/Mg2+) containing 0.5 mg/mL 

collagenase and dispase, 10 mM HEPES, 100 IU/mL penicillin, 100 

μg/mL streptomycin sterile-filtered followed by addition of 20 U/mL 

DNase 1 and 0.147 μg/mL TLCK. Stored at -20°C. 

Percoll solution For a 50% solution, 50 mL Percoll, 5 mL 10X HBSS (Ca2+/Mg2+) and 

45 mL HBSS (Ca2+/Mg2+) combined. Stored at 4°C. 
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Growth medium EBM®-2 MV supplemented with 5% FBS, hFGF, VEGF, ascorbic 

acid, hEGF, R3-IGF-1, hydrocortisone and GA-1000 according to 

manufacturer’s instructions. 

Tissue Culture Plastics Coating 
One polycarbonate Transwell of 0.4 μM pore-size and diameter 12 mm was coated with 150 

μL/well coating solution consisting of 100 μg/mL collagen IV and 50 μg/mL fibronectin in tissue-

culture water. After at least 1 hour in 37°C incubator, the coating solution was aspirated. The 

Transwell was washed three times with PBS before plating. 

Preparation for Density Gradient Centrifuge 
A 10 mL Du Pont tube centrifuge tube was sterile in 70% EtOH and washed 3 times by HBSS 

containing Ca2+/Mg2+. After coated with working buffer for at least 1 hour, it was filled with 7 mL 

Percoll solution and centrifuged at 25,000 g at 4°C for 1 hour to build the gradient. 

 

Three 6-8 weeks old Wistar rats, weighting 100-120 g, were sacrificed by CO2 

asphyxia. After sterilization of the neck region by 70% EtOH, the heads were removed. 

Brains were taken out from the skull and collected in a universal tube containing 20 

mL working buffer and kept on ice. They were further dissected to remove meninges 

and white matter in a sterile Class 2 flow cabinet, and subsequently collected in another 

universal tube with 20 mL fresh cold working buffer. All dissected hemispheres were 

chopped by scalpel and triturated by 5 mL pipette to generate an even suspension of 

1-2 mm tissue fragments. The tissue suspension was centrifuged at 600 g at 4°C for 5 

min. The working buffer was replaced by 15 mL complete digestive medium to start 

the first digestion in 37°C incubator for 1 h. The digests were agitated every 15 min. 

The first digestion was terminated by placing the universal tube on ice. 

Two Pasteur pipettes were used to further triturate the digests with one of them 

slightly narrowed by flaming on a Bunsen burner. After transferred to a new universal 

tube, the tissue suspension was centrifuged at 600 g at 4°C for 5 min. The supernatant 

was removed. The pellet was resuspended in 20 mL 22% (w/v) BSA in PBS and 
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centrifuged at 1,000 g at 4°C for 20 min. The floating white myelin plug was collected 

in an universal tube with some supernatant to repeat the trituration/centrifuge to collect 

extra microvessels. The red pellet in the bottom was resuspended in total 5 mL of 

working buffer in another fresh universal tube and spun at 600 g at 4°C for 5 min. After 

centrifuge, working buffer was replaced by 5 mL of complete digestive medium to 

start the 3-hour second digestion in 37 ° C incubator. After repeated 

trituration/centrifuge, the extra red pellet from the white myelin plug was resuspended 

in 5 mL working buffer. Again, it was centrifuged at 600 g at 4°C for 5 min and added 

to the previous digests to carry on the 3-hour digestion. 

After the 3-hour second digestion, the digests were centrifuged at 600 g at 4°C 

for 5 min. The supernatant was removed and the pellet was resuspended in 1 mL 

working buffer. The suspension was gently layered onto the pre-equilibrated 50% 

Percoll solution and centrifuged at 1,000 g at 4 °C for 20 min. The microvessel 

fragments were collected by a plugged Pasteur pipette from the middle layer of 

gradient suspension in Percoll solution. They were further suspended in 20 mL 

working buffer and centrifuged at 600 g at 4°C for 5 min to release microvessel 

fragments from Percoll solution. Finally, the final red plug was resuspended in 3 mL 

growth medium and plate directly into Transwells. The plating density was 0.5 

mL/cm2 or approximately 6 cm2/brain. An aliquot of the preparation was inspected 

under the inverted microscope after isolation to ensure the presence of vessel 

fragments which had the appearance of bunches of grapes. 

Puromycin selection was done in the following day after the preparation was 

left in 37 °C incubation overnight. The medium was changed to growth medium 
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containing 5 μg/mL puromycin. After another 3-day incubation, the puromycin-

containing medium was replaced by normal growth medium to terminate the antibiotic 

selection. Usually the cells reach confluence within one week. TEER was measured 

weekly to ensure an adequate barrier had developed.  

2.2.3 Flux assay 

Fluorescent tracer, 4 kD FITC-dextran, was dissolved in EBM®-2 culture 

medium to the concentration of 50 mg/mL. In a 96-well black plate, 50 μL PBS and 

50 μL EBM®-2 were mixed in the wells at the first row as the blank reading for each 

measurement. 10 μL of the tracer were added to the apical side of primary rat BMECs 

plated on 12 mm Transwell filters in conditioned media. 50 μL aliquots were sampled 

from the basal side of each Tanswell to the black 96-well plate, which was kept in 

dark, and mixed with 50 μL PBS. The lost volume in the bottom well was replaced by 

adding 50 μL fresh starvation medium. Sampling and volume replenishment were 

repeated for 1 h to plot the baseline permeability. Designated treatments were added 

after the baseline were plotted and measurements were continued for at least another 

2 h. The fluorescence was measured in FLUOstar OPTIMA microplate reader with 

excitation and emission wavelengths of 490 nm and 520 nm, respectively. Finally, the 

values of fluorescence were plotted against time using Microsoft Excel. The dextran 

flux differences were determined from the linear slope changes before and after 

treatments. 
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2.3 Ex vivo perfusion experiments 

2.3.1 Method of sacrifice  

Animals were sacrificed by CO2 asphyxiation, without dislocation of the neck. 

2.3.2 Ex vivo brain and retina study 

2.3.2.1 Carotid artery cannulation  

After animals were placed in dorsal recumbency, horizontal incisions above 

the clavicles and at the midline of the neck were made. Bilateral external and internal 

jugular veins were exposed and transected. Common carotid, proximal external and 

proximal internal carotid arteries were isolated and both external carotid arteries were 

ligated. Polyurethane cannulae (3.5 French for rat and 1 French for mouse experiment) 

filled with heparin solution (300 U/mL in saline or cardioplegic solution) were inserted 

up to 3 mm below the carotid bifurcations (Figure 2.1). The perfusion system was 

sealed by double silk sutures distal to the insertion sites.  
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Figure 2.1. Rat carotid artery cannulation. (A) Schematic diagram of the procedure. After a sufficient 

surgical window was made by two neck incisions, sternocleidomastoid (SCM) muscles were cut from 

its muscular origin at clavicle to reveal the underneath external and internal jugular veins which were 

subsequently transected in order to create the outlet for blood and perfusates. Common carotid, proximal 

internal and external carotid arteries were isolated. After ligation of external carotid artery, a cannula 

was inserted to ca. 3 mm below the bifurcation. (B) Experimental photograph illustrating a successful 

cannulation. (Modified from: Chang J. 2015. Methamphetamine-induced increase in vascular 

permeability- the in situ rat carotid duel perfusion model. MSc dissertation, UCL.)(Chang, 2015) 

 

2.3.2.2 In situ carotid dual perfusion  

Head and neck vasculatures were heparinized immediately after cannulation 

and cardioplegic solution (10 mM MgCl2 • 6 H2O, 110 mM NaCl, 8 mM KCl, 10 mM 

HEPES, 1 mM CaCl2 and 10 μM isoproterenol; buffered to pH 7.0 ± 0.05) was injected 

via both cannulae. All solutions throughout the experiment were injected 

simultaneously to both hemispheres at equal pressure. For all experiments, one side of 

the animal was treated with substance of interest, while the contralateral side served 

as control and received vehicle perfusate. Treatments were mixed in the perfusate and 
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administrated alternatively via the right or left carotid artery in order to avoid perfusion 

artefacts. The designated treatments, such as the substances of interest and the dosages 

used in each experiment, are detailed along with the results presented from chapter 3 

to 7. It is important to note that to avoid analysing a potential artefact, an experiment 

will be excluded from further studies when the control hemisphere shows a sign of 

leakage. Only experiments validated by its intrinsic control will be included in the final 

dataset.  

2.3.2.3 Dissection  

2.3.2.3.1 Removal of brain  

Eyeballs were excised from the sockets and kept in PBS for later isolation of 

the retinae. Subsequently, the skull was exposed, one longitudinal cut along the 

midline bony suture was made with bilateral mediolateral cuts through the residual 

spinal canal. The bony flaps were subsequently cleaned, and the entire brain was lifted 

out. It was immediately immersed in 4% PFA and left for at least 24 h before further 

processing. 

2.3.2.3.2 Isolation of retinae 

Under a dissecting microscope, cornea was removed by a 360° cut along the 

corneoscleral junction in order to retract the lens and leaving an intact eye cup. After 

optic nerve stalk was cut, retina was separated from the sclera and then fixed in 4% 

PFA for 1 h. 
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2.3.2.4 Vibratome® sectioning 

The olfactory bulbs and cerebellum were removed before making agarose 

tissue block. The brain was embedded with 3% low-melting-temperature agarose in a 

5 mL plastic disposable mold. Subsequently, the agarose block was sectioned with a 

Vibratome® 1000 Plus Sectioning System (FEDELCO, S.L.). Three consecutive 100-

μm thin slices were cut, followed by a single 500-μm thicker one. This was repeated 

throughout the entire tissue block. 100-μm thin sections were used in following 

immunohistochemistry (IHC) studies or EM analysis, while 500-μm thick sections 

were directly imaged by stereomicroscope for observing the gross changes.  

2.3.2.5 Tissue preservation and fixation 

Both perfusion and immersive fixation with 4% PFA were carried out in 

samples, which were not processed for EM analysis. When perfusates were meant to 

be retained inside the vasculatures, only immersive fixation was done for minimal 48 

h.  

All EM samples were fixed in Karnovsky's EM fixative. In order to preserve 

the enzyme activity for DAB staining, brains were only kept in Karnovsky's solution 

for maximal 24 h with prior perfusion fixation and no longer than 48 h when only 

immersive fixation was done.  

2.3.3 Hind limb perfusion experiment  

2.3.3.1 Procedure  

 Adult female Wistar rats, weighting 180-200 g, were euthanized by Schedule 

1 method using CO2 asphyxiation and neck dislocation. Fur on the lower abdominal 
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region, back and bilateral lower limbs was removed. After skin preparation, the animal 

was placed in dorsal recumbancy. A ~3 cm skin incision was made along the inguinal 

fold and the soft tissues were carefully dissected. The inguinal fat pad and supplying 

vessels were pushed aside by a retractor with minimal tissue and vascular injury. The 

external iliac and femoral arteries were isolated (Figure 2.2). A 1 French polyurethane 

cannula filled with heparin solution was inserted antegradely to femoral artery from 

external iliac artery. The perfusion system was sealed by double silk sutures distal to 

the insertion site. The external iliac vein was isolated and ligated before being 

transected distally to the ligation site. Immediately, 3 mL heparin solution was injected 

after vascular access was built. The same procedure was repeated in the contralateral 

limb.  

After both femoral arteries were cannulated, heparin solution was slowly 

injected simultaneously via both cannulae. To prevent tissue edema, the injection was 

discontinued once the drained fluids showed no signs of blood.  

Total 6 mL (3 mL per side) of perfusate containing Evans Blue-Albumin (EB-

Alb; 5.0 g/L Evans Blue dye, 10% albumin in cardioplegic solution) with or without 

treatment drug was injected simultaneously via both cannulae. On the treatment side 

the solution given contained 1μM METH. After 1 h of incubation, the entire 

vasculature was perfused with cardioplegic solution until clear of Evans Blue. A 

minimal amount of fluid was used to wash out the dye to avoid oedema.  

Muscle samples were taken from quadriceps femoris and medial hamstrings. 

Skin samples were taken from dorsal and ventral part of the thigh.  
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Figure 2.2. Rat iliac and femoral arteries. After the inguinal soft tissues were carefully dissected, iliac 

and femoral vessels were exposed. Each segment was short with limited working length. It is 

noteworthy that the cannula was placed proximally to any branches rising for the femoral artery to avoid 

non-perfused areas. 

 

2.3.3.2 Evans Blue extraction 

All samples were cut into ca. 5 × 5 mm tissue fragments and left in the 

dissection hood overnight with the ventilation system on. After the tissue samples were 

completely dried, they were transferred to microcentrifuge tubes and weighed. 500 μL 

formamide was added to each tube and then incubated at 55°C for 48 h. Samples were 

centrifuged to pellet the tissue fragments. 200 μL of Evans Blue-formamide liquid was 

sampled from each tube. The absorbance was measured in FLUOstar OPTIMA 

microplate reader at 610 nm while 200 μL formamide was used as the blank. All the 

measurements were normalized by the weights and analysed. 
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2.4 In vivo experiments 

2.4.1 Pharmacokinetic study of METH and LEVO 

C57BL6 mice, weighting 17.5 g in average, were allocated randomly to control 

and dosing groups (3 mice each). Dosing groups in the METH study were 0.75 mg/kg, 

2.5 mg/kg and 7.5 mg/kg with a 60-min incubation. The fourth METH group was 

dosed at 7.5 mg/kg but incubated for only 30 min. For the LEVO pharmacokinetic 

study, there were two groups: 2.5 mg/kg and 7.5 mg/kg. The incubation time was 60 

min. METH was dissolved in sterilized normal saline to the concentration of 10 μg/μL. 

According to the dose of interest, both METH and LEVO were further reconstituted 

into a saline-based preparation. The final injection volume of every experiment was 

200 μL. 

 The designated drugs at the dose of interest were intraperitoneally injected to 

the animals. After 30 or 60 min of incubation, the animals were sacrificed by neck 

dislocation and blood was collected by heparin-free capillary blood collection tubes. 

Bloods were centrifuged at 1,000 g for 10 min to separate the plasma from whole blood. 

200 μL of plasma from each animal was transferred to an eppendorf tube, immediately 

frozen down and kept in -80°C before shipment. The ensuing by LC-MS/MS analysis 

was carried out by Cyprotex (Cheshire, UK). 

2.4.2 GBM xenograft mouse model 

The following experiments were carried out in Dr Matthew Campbell's group 

at Trinity College Dublin and carried out in accordance with Animal Welfare Ethical 

Review Body (AWERB) and Association for Research in Vision and Ophthalmology 
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(ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research 

guidelines and under a Health Product Regulatory Authority Ireland licence. D270 

cells, isolated from a GBM tumour (Humphrey et al., 1988) were maintained in MEM 

zinc option media containing 2.383 g/L HEPES buffer, 5 mg/L insulin, 584 mg/L L-

glutamine, 5 µg/L selenium and 2.2 g/L sodium bicarbonate. Anaesthetised Balb/c 

nude mice (CAnN.Cg-Foxn1nu/Crl) were placed in a stereotaxic frame and a burr hole 

above the frontal cortex (coordinates from bregma: A/P = +0.5 mm; M/L = -2.5 mm; 

D/V = +3.0 mm). Ca. 1x105 cells (in 3 µL) were slowly injected at a rate of 0.2 µl/min. 

To prevent fluid reflux the injection needle was not removed for at least 5 min. Once 

sutured, mice were then returned to an incubator until they had fully recovered from 

the surgery. All animals were subsequently treated on days 3, 6, 9, 12 and 15 by 

intraperitoneal injection of DOX (6 mg/kg in saline). Prior to DOX treatment, mice 

were assigned to randomised groups and then also treated with an intraperitoneal 

injection of saline or METH (2.5 mg/kg in saline). Mice were sacrificed when body 

weight loss exceeded 20 % or showed severe pain or distress. Brains were then 

surgically removed and fixed (4 % PFA) overnight at 4oC and, following PBS washes 

immersed in 10 %, 20 % and 30 % sucrose before being snap-frozen in OCT 

compound. 
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2.5 Immunohistochemistry 

2.5.1 Cultured cells 

After the designated stimulation in each experiment, cells were fixed with 4% 

PFA for 15 min, permeabilised in -20°C acetone, which was then gradually replaced 

by PBS, and subsequently blocked with blocking buffer (0.5% BSA, 0.05% Sodium 

Azide; buffered in 1X PBS) for 1 h.  Later on, cells were incubated with primary 

antibody (1:100 dilution in blocking buffer) for 1 h and secondary antibody and 

Hoechst (1:200 and 1:100, respectively, in blocking buffer) for 30 min. Incubation 

temperature was 37°C. After washing with PBS and briefly with water, samples were 

covered with a drop of mounting solution and a coverslip and stored at 4°C in dark 

before inspection under a microscope.  

2.5.2 Free-floating tissue samples 

Sections were incubated in RWMR (2X PBS containing 1% FBS, 3% Triton 

X-100, 0.5% Tween-20, 0.2% NaN3) for 1 h and then in primary antibody (1:200) at 

4°C with gentle agitation overnight. Then, the specimen were rinsed three times in 

RWMR for 20 min, followed by exposure to secondary antibody (1:200 dilution) at 

room temperature in the dark for 2 h. Before mounting on microscope slides, specimen 

were washed with RWMR another three times for 20 min. The primary and secondary 

antibodies used are listed in section 2.1.4. 

2.5.3 Bright field and fluorescent imaging 

Gross images of 500 μm and 100 μm brain sections were taken using a colour 

camera mounted on a stereo fluorescence microscopes (Olympus). High resolution 
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imaging was done on an Axioscope (Carl Zeiss), or a CLSM 700 confocal laser 

scanning microscopy (Carl Zeiss).  

 

2.6 Conventional electron microscopy 

2.6.1 DAB reaction 

Samples were rinsed with 0.1 M Tris (pH 7.6) for 3 times and immersed in 

DAB-peroxidase substrate solution (0.075% DAB, 0.02% H2O2 in 0.1 M Tris, pH 7.6) 

for 30 min in the dark with gentle agitation. After 30 min, samples were again washed 

in 0.1 M Tris (pH 7.6) and post-fixed in Karnovsky's fixative. 

2.6.2 Embedding 

2.6.2.1 Cells cultured on Transwell membranes 

After fixation and DAB reaction, membranes of the Transwell plates 

containing the cells were cut out and washed with 0.1 M cacodylate and incubated 

with 1.5% potassium ferricyanide and 1% osmium tetroxide for 1 h at 4˚C in the dark. 

They were subsequently washed with water and dehydrated by using 70%, 90%, and 

100% EtOH for 10 min (2 times each). Subsequently, the Transwell membranes were 

immersed in neat Epon resin (mixture of 20mL Araldyte resin CY212, 25mL 

Dodecenyl succinic anhydride (DDSA) and 0.8mL DMP30) for minimal 2 h and 

transferred to fresh Epon for another 1 h. Finally, samples were cut into adequate sizes, 

embedded in Epon-containing coffin moulds and baked overnight at 60°C. 
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2.6.2.2 Brain sections 

After subjecting sections to EM fixation and DAB reaction, ca. 3 × 3 mm2 areas 

of interest were cut out. Similar to the embedding of cultured cells, samples were then 

washed with 0.1 M cacodylate, incubated in 1.5% potassium ferricyanide and 1% 

osmium tetroxide for 1 h at 4˚C in the dark and washed with water and dehydrated 

using serially diluted EtOH. Subsequently, the samples were treated with 1:1 mixture 

of propylene oxide (PO) and Epon in glass containers for at least 1 h. The 1:1 PO-

Epon mixture then was replaced by neat Epon and left on a horizontal rotor for 2 h. 

The Epon was then replaced with fresh neat Epon for another 2-h incubation. Finally, 

the samples were transferred to microscope slides using a plastic pipette. Epon-filled 

stub molds were placed onto the samples upside down on the microscope slides and 

baked overnight in the oven at 60°C. The microscope slides were removed by 

immersing the samples in liquid nitrogen.  

2.6.3 Conventional microtome sectioning 

Sectioning was carried out on Leica Ultra Cut 7 microtone (Leica). Specimens 

were first cut into a small square on the block-face close to the embedded sample. It 

was then polished using glass knives and sectioned into 70 nm slides using a 4 mm, 

45o Diatome diamond knife (Diatome). After neutralization of the tissue compression 

by exposing the ultra thin sections to chloroform vapour, samples were mounted onto 

300 mesh EM grids.  
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2.6.4 Lead staining 

Half of the sections were stained by lead citrate while the other half of the 

sections from the same sample remain unstained as a control group for HRP staining. 

A 100 × 15 mm Petri dish was used as a staining chamber. The bottom of the Petri 

dish was padded with parafilm and the lid was kept on for a few min with several 

NaOH pellets inside to absorb CO2. EM grids were left on the lead citrate droplets for 

less than 5 min with the sample side down and then washed with water for at least 5 

times by transferring samples from one water droplet to another. 

2.6.5 EM Imaging 

The samples were visualized and imaged using a JEOL1010 transmission 

electron microscope run at 80 kV and a Gatan digital camera controlled by Digital 

Micrograph software (Gatan). 

 

2.7 Quantification and statistics 

Quantification of all image data was done by Image J 1.51j8. Numeric data are 

expressed as mean ± standard error of the mean (SEM) using Prism.  
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Chapter 3   Results: An in situ dual carotid 

perfusion model to study leakage in the intact 

rodent brain 
 

Currently, most studies of BBB permeability, or leakage, in association with 

various leakage inducers are carried out in cultured ECs. Other than the general 

limitations of in vitro studies, the cell culture system lacks other components of the 

NVU, especially pericytes. This is particularly important to the study of vesicular 

transport, since it is believed that pericytes suppress transcytotic vesicles, presumably 

through the inhibition of PLVAP and Mfsd2a in BMECs (Andreone et al., 2017). 

Therefore, a study performed on intact NVU at tissue or organ level was deemed 

necessary to observe the combined behaviour of all BBB components and investigate 

the vascular transport in neural vascular barriers.  

In 1982, Takasato et al. first developed the in situ carotid perfusion technique 

(Takasato et al., 1984). The original procedure is carried out in live animals under 

general anaesthesia. The right external carotid artery is cannulated while the common 

carotid, pterygopalatine, occipital and superior thyroid arteries of the same side are 

ligated (Figure 3.1). Perfusates are delivered via the right internal carotid artery, 

supplying the right hemisphere and subsequently entering the systemic circulation. 

The contralateral hemisphere remains within the systemic circulation and is perfused 

by the heart. It is important to note that there is a complicated vascular communication  
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Figure 3.1. Takasato’s in situ rat carotid perfusion. This schematic diagram, from the original 

research article, illustrates the cannulation and perfusion circuit in the Takasato method. Instead of the 

common carotid artery, the external carotid artery was cannulated. The perfusate was pumped into the 

external carotid artery and then retrogradely entered the common carotid artery and brain circulation. 

Due to the ligated branches of carotid arteries, the perfusion was limited to the brain, not other structures 

in the head and neck region. In Takasato’s perfusion method, one hemisphere was still supported by the 

spontaneous circulation (Left) while the other hemisphere was controlled by the pumping system 

(Right). The separation of perfusion was achieved by a well-controlled perfusion pressure. Com.: 

common. Ext.: external. Int.: internal. A.: artery. ACA: anterior cerebral artery. MCA: middle cerebral 

artery. PCA: posterior cerebral artery. (Adapted from: Takasato et al., An in situ brain perfusion 

technique to study cerebrovascular transport in the rat, Am. J. Physiol. 247:R484-R493.)(Takasato et 

al., 1984)  

 

in the skull base, the Circle of Willis. It is the alternative route for blood entering the 

contralateral hemisphere in order to supply the tissue when its feeding vessels fail to 

meet the perfusion demand. The Takasato method segregates the circulation to the two 
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hemispheres and allows the artificial perfusion to be adjusted by controlling the 

infusion rate and pressure. Takasato’s in situ carotid perfusion is a sensitive in vivo 

experiment model to investigate unstable or rapidly degraded substances and those 

which are easily metabolised in the periphery.  

At the beginning of the project, I developed an ex vivo brain perfusion method 

based on Takasato’s technique. The concept of the method was further extended and 

applied to mouse experiments in order to study the BBB transport in the genetically 

modified animals, especially caveolae-deficient mice. 

 

3.1 Baseline tissue perfusion and permeability changes  

Despite being a good model for neurophysiology and CNS pharmacology research, 

Takasato’s original method is technically complicated and requires various specialised 

equipment. Also, the required anaesthesia could cause drug-drug interaction during 

the experiment. Therefore, I modified this method into an ex vivo perfusion model. As 

detailed in the methods chapter, soon after the animal is sacrificed by CO2 

asphyxiation, both carotid arteries are cannulated. The vasculature is mechanically 

cleared by perfusates and fully heparinized to avoid thrombosis. Cardioplegic solution 

perfusion further provides tissue viability up to 4 h after death (Warboys et al., 2009). 

Perfusates with or without treatments are infused simultaneously with the same 

delivery pressure to each hemisphere. The work from my MSc project demonstrated 

that a single hemisphere can be perfused with treatment in isolation with this simplified 

method, even in the presence of the Circle of Willis (Chang, 2015) (Figure 3.2).  
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Figure 3.2. A single hemisphere can be perfused in isolation by the in situ dual carotid perfusion 

method. Female Wister rat was sacrificed by CO2 asphyxiation. After heparinization and infusion of 

cardioplegic solution, rat brain hemispheres were perfused with or without Tomato lectin perfusates 

(100 μg/mL DyLight® 594 GSL I-B4 isolectin in cardioplegic solution). After 1 h incubation, the 

perfusates were flushed out. Brain and eyes were collected and both retinae were isolated. After tissue 

fixation and sectioning of the brain, samples were imaged by a stereo dissecting microscope equipped 

with four solid-state lasers. (A) Grossly, except the vessels adjacent to the midline, only those within 

the Tomato lectin-perfused hemisphere were labelled. (B) At low power field, florescent signals were 

only detectable in the hemisphere and retina where Tomato lectin was. Scale bar (cortex) = 500 μm; 

Scale bar (retina) = 100 μm (Modified from: Chang J. 2015. Methamphetamine-induced increase in 

vascular permeability- the in situ rat carotid duel perfusion model. MSc dissertation, UCL.)(Chang, 

2015) 

 

In order to ensure that premortem hypoxia does not affect the perfusion system 

by causing vessel constriction, rats receive either CO2 euthanasia or intraperitoneal 

injection of 200 mg/kg pentobarbital as the Schedule 1 procedure. The brains are then 

perfused and stained with FITC-conjugated IB4 and Tomato lectin, respectively 

(Figure 3.3). There is no prominent difference observed in these two groups such as 

large perfusion defects, suggesting CO2 euthanasia does not significantly compromise 

the perfusion. Subsequently, a validation test was carried out to determine the  
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Figure 3.3. Effects of CO2 asphyxiation and barbiturate overdose on brain vasculature are non-

detectable. Shown are representative images of vessels in thalamus from animals sacrificed by CO2 

asphyxiation and barbiturate overdose. While the perfused FTIC-IB4 (100 μg/mL in cardioplegic 

solution) revealed the degree of perfusion, the staining of Tomato lectin (100 μg/mL in cardioplegic 

solution) showed the outline of the vasculatures. In both samples, I did not detect marked change of 

vessel size or large areas of perfusion defects. Scale bar = 50 μm. 

 

penetration of the perfusate throughout the brain and to ensure that the EB-Alb 

perfusate alone does not cause leakage. After cannulation of carotid arteries, 

heparinisation and injection of cardioplegic solution, EB-Alb (5.0 g/L Evans Blue dye,  
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Figure 3.4. Rat cerebral EB-Alb angiography. (A) Gross view of 500 μm brain sections demonstrates 

uneven EB-Alb retention within each brain area, especially the hippocampus. All areas are perfused. 

(B) Different vascular density and architecture were noted in fluorescent imageries of 100 μm brain 

sections where the vessels were stained with FITC-IB4. Gray matter was more vascularized than the 

white matter. In striatum, hypothalamus, pallidum and diencephalon, the vessels were particularly 

tortuous. Vessels in the hippocampus were generally narrower compared with other areas. (C) 

Evaluation of the baseline vascular leakage by fluorescent imagery. Evans Blue is fluorescent in Cy5. 

There was no extravasation of EB-Alb perfusate in any areas throughout the brain. Scale bar = 50 μm. 

 

10% albumin in cardioplegic solution) was retained inside the vascular bed without 

washout and perfusion fixation. All areas of a hemisphere were perfused, including 

the hippocampus (Figure 3.4A). EB-Alb perfusate accumulated strongly in 

vasculatures of pallidum, amygdala, preoptic area, hypothalamus, diencephalon, 

substantia nigra and some nuclei in midbrain and hindbrain. However, perfusion of 

hippocampal formation varied in different regions. More importantly, no leakage was 

induced by the procedure. All EB-Alb perfusate was retained inside the lumen (Figure 

3.4C). 

 

3.2 Mouse model 

The same procedure was carried out in mice where results show a similar 

perfusion pattern (Figure 3.5). However, it was less robust than the rat model. The 

degree of perfusate delivery varies across the hemisphere, but importantly the entire 

hemisphere is fully accessible in smaller animals. 
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Figure 3.5. Mouse angiography. EB-Alb was perfused from the left carotid artery and retained in the 

vasculature. Similar perfusion pattern was noted in the mouse model.  

 

3.3 Discussion  

In this chapter, I demonstrated the in situ dual carotid perfusion method, 

developed previously, and further validated this ex vivo method by monitoring the 

baseline perfusion and vascular leakage caused by the procedure. Also, I successfully 

applied the method to mice in which the vascular diameter is much smaller.  

The in situ dual carotid perfusion model is an ex vivo animal model modified 

from its previous in vivo method. Despite not using a live animal, the modified 

protocol holds several important advantages. Firstly, simultaneous perfusion of 

bilateral hemispheres creates a matched intrinsic control in the non-treated hemisphere 

for every experiment. The perfusion is under absolute external control and the systemic 

circulation is absent. Technically there is no need to apply this method to a live animal 

because the natural vascular circuit is interrupted by transection of all jugular veins so 

a pumping heart could not circulate the blood. Even with a cardiopulmonary bypass 

system, the area perfused by systemic circulation is confined to the cerebellum.  

EB-Alb NT
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Secondly, compared with the semi-nonrecirculating system in Takasato’s 

original perfusion model, where the perfusate re-enters the cerebral circulation, the 

total non-recirculating system in our model allows a targeted delivery of treatments at 

well-defined concentrations and durations with minimal systemic metabolism 

(Takasato et al., 1984). Also, the shortened total experiment time allowed us to study 

the hyperacute and acute changes of vascular leakage in the intact brain. This is 

particularly important for studies of METH-induced leakage. When administrated to 

mice in vivo intraperitoneally, METH accumulation in plasma and brain peaks at 1 h, 

drops significantly within 4 h and becomes undetectable after 24 h (Martins et al., 

2011). However, significant leakage can only be demonstrated after 24 h in the same 

animals while the majority of in vitro studies demonstrate that endothelial leakage 

occurs within 2 h (Martins et al., 2011, Turowski and Kenny, 2015). This discrepancy 

suggests that acute leakage is not measurable in vivo. Our modified in situ carotid 

perfusion model upheld the sensitivity of in vitro permeability assays whilst it was 

unlikely to induce secondary BBB breakdown.  

The major concerns of an ex vivo experiment is the tissue viability. However, 

NVUs remain fully functional after death for several hours (Mishra et al., 2014). 

Perfusion of cardioplegic solution further protects the tissue. Cardioplegic solution is 

a solution commonly used in open-heart surgery and developed for myocardial 

protection to sustain the electromechanical stability and washout the metabolic wastes 

during the bypass surgery. Cardioplegic solution keeps the retinal vasculature viable 

for at least 4 h with no observable change in BRB properties (Warboys et al., 2009).  
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Other important concerns, specific to the method, are the tissue perfusion, 

vascular permeability change after infusion of an artificial perfusate, and lack of blood 

flow during the stimulation of a leakage inducer. Perfusion of the tissue directly affects 

the delivery of the substance of interest. In the retention experiment for model 

validation and baseline data collection, all brain areas could be accessed, but the 

perfusion was uneven, especially in hippocampus and mouse brain. It is probably due 

to the significantly smaller vessel diameter of mouse brain and hippocampus. Also, 

the hippocampal vascular networks share a different vascular architecture from other 

brain vasculatures (Zhang et al., 2019).  

Regarding the post-perfusion baseline permeability change in this model, the 

treatment-free EB-Alb perfusate does not induce any leakage, suggesting it is an ideal 

perfusate to study the properties of different leakage inducers. However, once the 

treatment-containing perfusate is given, the system is static. Given that blood flow and 

sheer stress modulate vascular permeability (Chistiakov et al., 2017), it is important to 

note that lack of flow is a weakness of this model. 

Lastly, in terms of studying BBB in intact brain, ex vivo models avoid feedback 

effects from the neurons. This is particularly relevant to studies with METH, as it acts 

directly on dopaminergic neurons where it triggers mitochondrial dysfunction, 

inflammation, neurotransmitter release and oxidative stress. Thus, METH-induced 

leakage in vivo is likely to be associated with a secondary response resulting from 

METH brain toxicity. In that regard, hyperthermia observed in most METH-treated 

animals may represent a secondary trigger to affect BBB integrity (da Silva et al., 

2014).  
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The development of this perfusion technique is important to fill our research gap 

when studying vascular permeability. Our previous work demonstrates clear evidence 

of active vesicular transportation induced by METH and other leakage inducers at the 

BBB, but these studies were limited to data from cultured BMECs. The METH-

induced leakage involves fluid-phase transcytosis, most likely via caveolae (Martins 

et al., 2013). However, caveolae induction at the BBB appears to be regulated by 

adjacent pericytes at the intact BBB in vivo (Armulik et al., 2010). Thus in vitro 

monocultures of BMECs are not sufficient to reflect the BBB physiology with respect 

to fluid-phase transcytosis. The ex vivo perfusion model is a simple and quick method 

to study fully intact BBB with half the number of animals needed due the separated 

perfusion in two hemispheres. In our group, we also combined it with another well-

established perfusion method measuring retinal vascular permeability (Dragoni et al., 

2019).   

 

3.4 Conclusion  

The in situ dual carotid perfusion is a valid model to study leakage in intact 

rodent brain. The EB-Alb perfusate was able to access all parts of both mouse and rat 

brain without inducing vascular leakage.   
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Chapter 4   Results: METH induces 

transcellular leakage in the intact brain 
 

In cultured BMECs, METH induces BBB leakage via fluid phase transcytosis, 

which is likely to involve caveolae-mediated transcytosis. In this chapter I demonstrate 

that METH induces leakage in the ex vivo brain perfusion model and characterize the 

leakage at the intact tissue-organ level. Also, I investigate the mechanism and the 

subcellular structures involved in METH-induced solute flux. 

In order to provide a comprehensive dataset, three experiments from my MSc 

project are included and are clearly labelled in the figures.  

  

4.1 METH-induced vascular leakage in the ex vivo brain perfusion model 

Whole brains of adult female Wistar rats are perfused via both carotid arteries with or 

without METH (1 μM in EB-Alb perfusate) and incubated for 1 h before washing out 

the intravascular perfusate. Grossly, the grey matter of the treated hemisphere becomes 

markedly bluish, while the contralateral hemisphere shows no colour change (Figure 

4.1). The involved areas are diffuse. They are cortex, hippocampus, thalamus, 

hypothalamus, subthalamus and basal ganglia. Similar leakage is observed in retinal 

preparations, with METH-treated retinae becoming grossly blue. Fluorescent images 

of both brain sections and retina wholemounts show EB-Alb extravasation in the 

treated hemisphere and eye.  
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Figure 4.1. METH-induced vascular leakage in ex vivo brain perfusion model. (A) The left 

hemisphere is perfused with METH-containing perfusate while the right hemisphere receives untreated 

perfusate. After 1 h incubation, all intraluminal perfusates were flushed out. Coronal sections of the 

whole brain from a representative experiment show the EB-Alb remained within the METH-treated 

hemisphere. (B) Vessels labeled with FITC-conjugated IB4. At low power field, fluorescent images of 

both brain sections and retinal wholemounts reveal the accumulation of EB-Alb in the tissue 

parenchyma of the METH-treated hemisphere or eye. Scale bar (left/right) = 500/100 μm. (C) 3D 

reconstruction of confocal z-stacks with optical thickness 60 μm. The images of a microvessel in the 
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brain cortex confirm the EB-Alb extravasation. Scale bar = 10 μm (Panel B and C are modified from: 

Chang J. 2015. Methamphetamine-induced increase in vascular permeability- the in situ rat carotid duel 

perfusion model. MSc dissertation, UCL.)(Chang, 2015) 

 

4.2 Topography of METH-induced leakage 

Three ex vivo brains where one hemisphere was treated with 1 μM METH for 

1 h by dual in situ perfusion method were randomly selected and analyzed. The brain 

areas consistently showing EB-Alb leakages include neocortex, globus pallidus, 

thalamus, hypothalamus, brain stem, entorhinal areas, superior colliculus (Figure 4.2).  
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Figure 4.2. Topography of METH-induced leakage. (A) Three representative experiments and 10 to 

11 colour images of 500-μm thick sections from each study were analysed by Image J. (B) Based on 

the analysed data, the brain areas constantly showing leakage and their anatomical locations were 

marked in colour in the schema of brain coronal sections. Neocortex, globus pallidus, thalamus, 

hypothalamus, brain stem, entorhinal areas and superior colliculus consistently show leakage. 

 

4.3 Junctional integrity is maintained in METH-induced BBB leakage  

To investigate the METH-induced vascular leakage in relation to TJ integrity, 

brain sections were stained for Cld-5 and BSA. The majority of the BSA is 

extravasated in the treated hemisphere in a dispersed dotted pattern (Figure 4.3). Cld-

5 staining shows a typical and normal organization of TJs in all preparations. 

Comparing large vessels and branching smaller vessels in the treated and non-treated 

hemispheres, confocal microscopy analysis shows a grossly identical pattern of 

junctional staining.  
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Figure 4.3. METH does not affect Cld-5 distribution staining. (A) Brain sections were stained for 

Cld-5, EB-Alb is labeled with anti-BSA antibody. In low power field, treated and non-treated 

vasculature shows no prominent difference of TJ staining. EB-Alb is found in the parenchyma in the 

METH-treated hemisphere. (B) Data from 3 individual brain sections of METH-treaded or control 
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vasculature. Mean pixel intensity was measured in the corresponding channel. There is no statistical 

significance between the 2 groups (p = 0.7138; t-test). (C) In the higher power view, Cld-5 staining 

shows a linear and continuous distribution along the vessels. There is no notable difference in the treated 

and non-treated tissues. Scale bar = 50 μm. (Modified from: Chang J. 2015. Methamphetamine-induced 

increase in vascular permeability- the in situ rat carotid duel perfusion model. MSc dissertation, 

UCL.)(Chang, 2015) 

 

4.4 Increased Cav-1 tyrosine-14 (Y14) phosphorylation and PLVAP 

expression in METH-induced leakage 

Subsequently, I stained the ex vivo rat brain with one hemisphere treated with 

METH (1 μM) for phospho-caveolin-1 (pCav-1) (Y14) and PLVAP. In the METH-

treated vasculature, phosphorylation of Cav-1 and PLVAP expression is increased, 

suggesting the formation of caveolae (Figure 4.4).  
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Figure 4.4. Cav-1 Y14 phosphorylation and PLVAP expression were increased in METH-induced 

leakage. Shown are representative images of METH-treated and non-treated vascular beds. Vessels 

were outlined by IB4 staining (blue) and the leakage was visualized by EB-Alb intrinsic fluorescence 
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(magenta). The phosphorylation of Cav-1 (A, C) and the expression of PLVAP (B, D) are significantly 

increased with P value of 0.0003 and 0.0007 (t-test), respectively. Scale bar = 100 μm. 

 

4.5 Absence of METH-induced leakage at low temperature 

Vesicular transport is suppressed by cold temperatures (Boulenc et al., 1993, 

Jungmann et al., 2008). In order to investigate the relationship between METH-

induced EB-Alb leakage and vesicular transport, the perfusion system was cooled 

down to 4°C. Under these conditions METH did not induce any leakage of EB-Alb as 

detected by light and fluorescent microscopies in either brain or retina (Figure 4.5). It 

is however noteworthy that paracellular transport can be impacted by lowering the 

experiment temperature.  
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Figure 4.5. METH-induced EB-Alb leakage is completely abolished at 4°C. (A) Cross sections of 

the whole brain from a representative cold experiment show no EB-Alb in any part of the brain. (B) 

Brain sections and retinae from the METH-treated hemisphere and eye were examined by fluorescent 

microscope. Vessels are labeled with FITC-conjugated IB4. No intrinsic fluorescence of EB-Alb is 

detectable. Scale bar = 100 μm. (Panel B is modified from: Chang J. 2015. Methamphetamine-induced 

increase in vascular permeability- the in situ rat carotid duel perfusion model. MSc dissertation, 

UCL.)(Chang, 2015) 

 

4.6 Induction of transport-competent caveolae after METH stimulation 

METH did not cause prominent junctional breakdown ex vivo while inducing 

EB-Alb leakage, and leakage was totally suppressed by lowering the temperature. 

Based on these observations and the previous in vitro data, the vascular leakage is 
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likely to be mediated by transcellular transportation. To further confirm this and to 

identify the trafficking ultrastructure, EM analysis was carried out. 

Ex vivo brain was perfused with double tracer, EB-Alb and HRP. Grossly, the 

DAB staining shows a pattern matching the leakage areas in EB-Alb studies (Figure 

4.6A). EM images reveal that after 1-hour incubation with METH, samples from the 

control hemisphere show normal vessels with non-oedematous brain parenchyma and 

no HRP deposits in the tissue. Vessels from the same brain but in the treated 

hemisphere are all collapsed with HRP trapped in the BM (Figure 4.6B). Severe 

oedematous perivascular structures are noted, especially affecting the astrocyte 

endfeet. At high magnification, I do not detect any DAB-filled intracellular vesicles.  
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Figure 4.6. 1 h METH treatment causes severe tissue oedema in the brain. (A) sections from brains 

perfused with two tracers, EB-Alb and HRP, were imaged by a dissection microscope equipped with a 

colour camera as well as a stereo fluorescent microscope. The pattern of DAB staining matches the area 

of EB-Alb leakage detected by its intrinsic fluorescence. (B) At low magnification, the METH-treated 

vasculature shows prominent parenchymal oedema with severe swelling of astrocyte endfeet. Vessels 

are collapsed with HRP trapped in BM. (Small schemata of the imaged vessels are shown in the left 

lower corner.) In the non-treated vasculature, the lumen of vessels is empty but not collapsed and the 

parenchyma is densely filled with dendrites, myelinated axons (arrows) and CNS cell bodies. (C) At 
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higher magnification, HRP is present in BM (arrow heads) while no tracer-filled vesicles are observed. 

(D) There is no prominent difference of TJ morphology after treating the vasculatures with METH for 

1 h.  (Asterisk: pericyte) Scale bar (B) = 1 μm; Scale bar (C/D) = 1 nm. 

 

To study the METH-induced transport at an earlier time point, when leakage 

may not have affected tissue integrity as much, the same perfusion method was carried 

out in the rat ex vivo model with a shorter incubation time of 15 min. METH-containing 

perfusate was not washed out and I did not perform perfusion fixation in order to retain 

the HRP-containing perfusate inside the vasculature. The images show that METH-

treated vessels are HRP-filled with some, milder perivascular oedema in the treated 

hemisphere (Figure 4.7). At high magnification, caveolae can clearly be identified in 

the EC. Importantly, they are mostly filled with HRP, and present in the cytoplasm but 

also connected to the luminal as well as the abluminal cell membranes. Some larger 

vesicles (> 100 nm) are also detected with EM features resembling lysosomes. They 

are non-clathrin-coated and filled with small and fine electron-dense granules 

homogenously. Three brains and total 20 microvessel cross-sections from METH-

treated or non-treated hemisphere have been evaluated. The number of < 100 nm, 

HRP-filled vesicles in the METH-treated vessels is significantly higher than it is in the 

non-treated hemisphere (P <0.001). In METH-treated vasculature, small (< 100 nm), 

HRP-filled vesicles are also significantly more abundant than all other vesicles (P 

<0.001).  
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Figure 4.7. METH increases the number of HRP-filled caveolae.  (A) HRP is successfully retained 

within the lumen in both vasculatures. After 15 min of METH stimulation, perivascular oedema 

develops in the METH-treated hemisphere. The leakage results in a “shrunken” appearance of the 

vessels.  (B) In the non-treated vasculature, almost no vesicles can be detected. Very scant caveolae 

(arrow) can be found, but they are not filled with HRP. The number of vesicles is markedly increased 

in the treated vasculature. HRP-filled caveolae (arrowhead) are present in the cytoplasm, and also 

connected to both luminal and abluminal cell membranes. Lysosomes (asterisk) are frequently noted in 

the METH-treated samples. (C) Junctional appearance is identical in both vasculatures. An HRP-filled 

caveola is noted in the METH-treated sample. (D) Quantification of the vesicles. HRP-filled vesicles 

with diameter < 100 nm are significantly more abundant than all other vesicles in the METH-treated or 

non-treated samples (P <0.001; ANOVA test). Scale bar (A) = 1 μm; scale bar (B/C) = 1 nm. 

 

4.7 METH-induce BBB leakage is Cav-1 dependent 

I repeated the perfusion experiment in Cav-1 K/O mice to examine the 

dependency of caveolae transport and METH-induced vascular leakage. A total of 9 

animals (3 wild type, 3 Tie2-GFP and 3 Tie2-GFP Cav-1 K/O mice) underwent the 

dual carotid perfusion with one hemisphere treated with 1 µM METH for 30 min. In  
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Figure 4.8. No detectable EB-Alb leakage in brains of Cav K/O mice after 30 min of METH 

treatment.  (A) Shown are the representative sections at the similar coronal plane from each experiment. 
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Despite the different degree of leakage, only Cav K/O mice show no EB-Alb in the brains after 30-min 

METH treatment. (B) Vessels are outlined by FITC-conjugated IB4. No EB-Alb could be detected by 

fluorescent microscope. Scale bar = 50 μm. 

 

the wild type and Tie2-GFP mice, all 6 brains show leakage in the METH-treated 

hemispheres, despite the different degree of perfusions in each brain (Figure 4.8). In 

Cav-1 K/O mice, no EB-Alb leakage is detected in any of the three experiments. 

 

4.8 Hindlimb study 

I also investigated the response of METH in peripheral vasculatures. This is 

the first time the effect of METH on vascular permeability outside the brain has been 

studied. 

Hindlimbs of 4 adult female Wistar rats were perfused with or without 1 µM 

METH. After 1 h treatment, total 19 skin and 20 muscle samples from the METH-

treated legs or the non-treated legs were collected for Evens Blue extraction. By direct 

observation, the accumulation of EB in the METH-treated skin and muscle samples 

seems to be higher than the non-treated tissues. However, after extraction and 

quantification, it is only statistically significant in skin samples (P = 0.0025) and all 

data points in both groups are spread out widely with a high standard deviation (SD) 

(Figure 4.9). 
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Figure 4.9. METH and EB-Alb leakage in dermal and muscular vasculatures.  (A) Similar perfusion 

experiment was carried out in rat hindlimbs via femoral arteries. EB-Alb accumulation seems higher in 

the METH-treated tissues by direct observation. (B) EB was extracted and quantified by 

spectrophotometer. Only leakage in dermal vasculature shows a statistically significant difference (P = 

0.0025). 

 

4.9 LEVO-induced BBB leakage 

As the enantiomer of METH, LEVO presumably induces BBB vesicular 

transport similar to METH and previous studies showed that LEVO enhances HRP 

uptake in the cultured BMEC monolayer system (Kenny, 2015). I, therefore, 

investigated whether LEVO can increase BBB permeability in cultured primary 

BMEC monolayer and if the increased permeability can be translated to vascular 

leakage in intact NVU. 

Confluent BMECs plated on Transwells were exposed to 4 kD FITC-dextran 

apically. After baseline permeability was measured, the cells were treated with 3 μM 

or 10 μM LEVO and 1 μM METH, respectively. The METH-treated cells served as 

positive control. The permeability curve was plotted with trendline slopes calculated 

by logistic regression. After stimulation, the permeability slopes were higher and  
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Figure 4.10. LEVO increases transcellular flux in vivo and promotes vascular leakage ex vivo. 

BMECs were cultured on Transwells and 4 kD dextran was administrated to the top wells. Every 20 

min the media containing tracers permeated from the top wells were collected from the bottom wells. 

Treatments were given at 120 min as 1 μM METH, 3 μM LEVO and 10 μM LEVO. Linear regression 

was performed to plot the trendlines (red solid lines with 95% confidence bands of dotted black lines). 

Data points are mean values ± SEM from 3 independent experiments. (A, B, C) Tracer amount detected 

by spectrometer after BMECs were stimulated with designated treatments. The p values of slope 
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difference are (A) 0.0120 in 1 μM METH group, (B) 0.0063 in 3 μM LEVO and (C) 0.0002 in 10 μM 

LEVO. (D) Fold increases of 4 kD dextran flux after treatments. (E) Shown is the representative brain 

section of ex vivo perfusion experiment where the left hemisphere was treated with 1 μM LEVO. 

 

significantly different from the pre-treatment curve with p values of 0.0120, 0.0063, 

0.0002 in 1 μM METH, 3 μM LEVO and 10 μM LEVO group, respectively, indicating 

an increased flux after stimulation by LEVO (Figure 4.10). Comparing the baseline 

FITC-dextran flux, 3 μM and 10 μM LEVO experiments show approximately 1.5-fold 

increase in permeability and this is similar to the METH-treated group. Subsequently, 

EB-Alb perfusate containing 1 μM LEVO was perfused into one hemisphere of the rat 

brain ex vivo, while the contralateral hemisphere received the vehicle perfusate. After 

1-h treatment, intravascular perfusates were washed out leaving the extravasated dye 

in the parenchyma. The LEVO-treated vasculature shows prominent EB-Alb leakage, 

similar to that seen in comparable METH experiments. 

 

4.10 Discussion 

In line with the previous data demonstrating METH increases permeability in 

cultured BMECs, data from this work shows that METH induces EB-Alb leakage in 

intact BBB ex vivo (Martins et al., 2013). The METH-induced leakage varies within a 

brain area or brain areas locally and across different experiments. This is likely due to 

the uneven artificial tissue perfusion and the vascular architecture. The contralateral 

hemispheres which were not treated with METH therefore serves an important role as 

the intrinsic control validating each experiment. Although most results reported 
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concern the hemisphere on-the-whole, and should be interpreted conservatively, I also 

analyzed the leakage topography across different brain regions. Neocortex, globus 

pallidus, thalamus, hypothalamus, brain stem, entorhinal areas and superior colliculus 

show conserved leakage despite the heterogenous leakage pattern between the 3 

randomly chosen experiments. 

There are several areas in the brain and their responses to METH need to be 

addressed. They are the hippocampus and the CNS permeable zones. In the 

hippocampus, I do not detect consistent leakage and this observation contradicts 

published data showing leakage in the hippocampus following treatment with METH 

in vivo (Bowyer and Ali, 2006, Sharma and Kiyatkin, 2009, Martins et al., 2011, 

Montagne et al., 2015). Because of the limitations of the artificial perfusion method, 

this finding was in fact expected and coherent to the results of baseline perfusion tests 

demonstrated in the previous chapter at the model-building stage. However, it is 

important to note that the animals in the experiments of the previous publications were 

dosed at much higher range, 3 to 40 mg/kg, with a markedly longer exposure time of 

>1 h to 9 days to METH (Turowski and Kenny, 2015). These significant experimental 

differences render comparisons of results difficult and likely immaterial. 

CVOs and hypothalamus are brain areas “outside” the BBB and are supplied 

by permeable microvessels as part of the neuroendocrine system. The hypothalamus 

consistently shows leakage in the ex vivo perfusion model, even at baseline, 

presumably due to its vasculature belonging to the hypophyseal portal system where 

the capillaries are fenestrated and highly permeable in order to rapidly transport 

hormones and detect changes in the systemic environment (Kaur and Ling, 2017). 
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Therefore, this area should not be considered as part of the BBB. Consequently, 

samples from hypothalamus were excluded from all further analysis. Interestingly, at 

low temperature, and in the Cav-1 K/O mice, leakage in these areas was also markedly 

attenuated in most experiments. I could not exclude that all leakage might be 

diminished at 4°C. However, illumination provided by a dissection lamp while 

imaging the brain coronal sections made the data difficult to be compared across 

different set of experiment.  

The treatment dose of METH is 1 µM in all our experiments and is the 

concentration resulting in maximal acute hyperpermeability in vitro (Martins et al., 

2011). Compared with other in vivo studies which were performed with a high to lethal 

dose of METH, ranging from 10 to 50 μM in vitro and 4 to 40 mg/kg in vivo, I worked 

at a much lower dose (Turowski and Kenny, 2015). This dose is closer to the serum 

METH level found in drug abusers (Turowski, 2017, Martins et al., 2011, Cook et al., 

1992, Melega et al., 2007). METH at higher concentrations also effectively induces 

hyperpermeability, but it occurs only after prolonged exposures to the drug. In cultured 

cells, TEER drops significantly when BMECs are treated with 50 μM METH for 3 h 

(Coelho-Santos et al., 2015). The opening of junctions at higher doses and later 

timepoints can confound the experiment and potentially involves endothelial 

inflammation related to drug toxicity. Instead, the lower concentration of 1 μM appears 

to affect the ECs directly and acutely. Therefore, I decided to use this low dose along 

with a short incubation time to pinpoint the effects of METH at the BBB.  

Our experiments do not entirely exclude paracellular leakage in response to 

METH. Unfortunately, it is technically challenging to measure the TEER (as pure 
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measure of junction opening) in the intact brain. Although the electrophysiologic 

evaluation is hard to achieve, Cld-5 staining and the intact junctions observed in EM 

analysis provide a good morphological, and some functional information, on TJs. 

Based on the results of the previous in vitro studies and the indirect evidence from the 

cold experiment, the paracellular pathway is unlikely to play a role in acute METH-

induced leakage.  

On the other hand, Cav-1 phosphorylation and PLVAP expression support the 

theory that caveolar transport occurs in the METH-induced BBB leakage. EM analysis 

of the WT rats and experiments on caveolae deficient mice further confirm that 

METH-induced leakage is mediated by vesicular transport involving caveolae. It is 

worthy to note that PLVAP is also the protein component of fenestration diaphragms 

in the ECs (Stan, 2007, Stan et al., 1999, Ioannidou et al., 2006) and Plvap is an 

indicator gene for the CNS fenestrated vessels (Dai et al., 2018). However, EM 

analysis revealed continuous ECs and fenestrations were not detected in our studies. 

More importantly, I used two tracers to detect features of vascular leakage by EM. 

After 1 h of stimulation, HRP was trapped in the BM and fluids were accumulated 

inside the aquaporin-rich astrocyte endfeet. Vessels were collapsed by external 

compression of the oedematous perivascular structures with no intraluminal contents 

or vesicles in the cytoplasm. When the treatment time was shortened to 15 min, I 

observed a significant amount of HRP-filled caveolae in the METH-treated BBB 

vessels. This finding is in line with a previous observation in a model of stroke where 

caveolae-dependent transcytosis develops prior to junctional breakdown, within 6 h 

after the ischemic insult (Knowland et al., 2014). Also, the lack of vesicles at the 1-
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hour time point might suggest that there was no backflow of caveolae transport 

removing HRP from the BM back into the lumen. However, this interpretation needs 

to be further examined because in an ex vivo model biological activities could be lower 

over time. Finally, the absence of leakage in Cav-1 K/O mice demonstrates the direct 

dependency of METH-induced vascular leakage on structurally intact caveolae.  

It is important to address the swollen astrocyte endfeet revealed by the EM 

studies in the METH-treated vasculatures. There are two types of brain oedema: 

vasogenic oedema and cytotoxic brain oedema (Michinaga and Koyama, 2015). 

Vasogenic oedema is caused by the primary BBB disruption, leading to intravascular 

protein and fluid leakage. Cytotoxic brain oedema is secondary to neural cell damages 

(Simard et al., 2007). After a pathological insult to the brain tissue, mitochondrial 

dysfunction and oxidative stress develop and cause extra-intracellular ion imbalance. 

Na+ and water leave the interstitium and enter the cells. This results in a compensatory 

flux of intravascular fluids into the interstitial space from the vascular lumen. In fact, 

astrocyte swelling is the hallmark of cytotoxic brain oedema and it is commonly 

observed in ischemic stroke and hepatic encephalopathy (Sepehrinezhad et al., 2020, 

Nahirney et al., 2016). We cannot exclude the possibility that METH causes astrocyte 

injuries and cytotoxic brain oedema where caveolar transport plays a role to facilitate 

intravascular substance crossing BBB.  

Also, I show for the first time that METH induces leakage in retinal and 

peripheral vasculatures. It is predictable that the BRB is susceptible to METH-induced 

vascular leakage due to its morphological and cytological similarity with the BBB. 

Unfortunately, peripheral vasculatures, such as those supplying the dermal tissue and 
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musculature, are much more permeable than the BBB. Therefore, the amount of EB 

extracted from each sample varies largely and it is difficult to evaluate the leakage 

accurately. Our observation in hindlimb preparations suggests that METH possibly 

induces vascular leakage and oedema in the skin, but further investigation is needed. 

It is noteworthy that the peripheral vasculature is replete with caveolae due to the 

absence of Mfsd2a expression (Andreone et al., 2017) and, as such, any METH-

induced increase of caveolae would likely be very limited. 

Finally, LEVO increases transcellular flux in vitro and promotes vascular 

leakage ex vivo. The enhanced BMEC HRP uptake demonstrated in the previous work 

of our lab is able to be translated to EB-Alb leakage ex vivo. However, the permeability 

change could also be explained by the decline of barrier function in the culture system 

over time. A negative control should be included in the experiment and the 

measurements should be taken throughout the whole experiment time. 

 

4.11 Conclusion  

METH induces EB-Alb leakage at BBB without junctional breakdown. EM 

analysis shows tracer-filled caveolae in the METH-treated CNS vasculature. The 

leakage could be blocked by reducing the temperature and METH failed to induce 

vascular leakage in caveolae deficient mice. Caveolae trafficking, therefore, mediates 

this process. Additionally, METH also induces leakage at BRB and in the dermal 

vasculature.  
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Chapter 5   Results: Signalling pathways 

involved in METH-induced leakage 
 

The mechanistic understanding of METH-induced vascular leakage is limited. 

It has been suggested that METH affects ECs in similar ways to how it damages 

neurons (Turowski and Kenny, 2015). For example, the excess neural transmitters 

induced by METH generate ROS and NOS which harm both neurons and ECs (Lukic-

Panin et al., 2010, Sajja et al., 2016). However, these observations describe the general 

effects of METH. They are not specific to ECs and often develop after the tissues have 

been exposed to the drug for a considerable duration. The mechanism of METH-

induced leakage at the hyperacute and acute stages remains unclear, particularly in 

ECs. Therefore, our long-term aim is to identify the METH receptor in BMECs and 

the signalling underlying METH-induced leakage. This chapter describes analyses 

working towards to this aim. Specifically, I compared different databases and 

examined several signalling molecules as well as their relationship with METH-

induced leakage. The signalling pathways I investigated were eNOS, mitogen-

activated protein kinases (MAPKs) and AMPKs signalling. 

Our group previously discovered that eNOS mediates METH-induced leakage 

in BMECs (Martins et al., 2013). eNOS is a calcium/calmodulin-dependent enzyme 

that synthesizes NO, a potent vasodilator, and also increases vascular permeability 

(Duran et al., 2010). eNOS is localized on the peripheral Golgi complex and the 

cholesterol-rich microdomains of plasma membrane especially the caveolae (Shu et 



 118 

al., 2015). Cav-1 is one of the primary regulatory proteins of eNOS activity and 

inhibits eNOS activation by binding to calmodulin. It is generally accepted that eNOS 

activity is coupled to caveolar fission (Maniatis et al., 2006). Interestingly, in human 

umbilical vein endothelial cells (HUVECs) there is a reciprocal regulation between 

Cav-1 and eNOS, which is also involved in insulin and albumin endocytosis, 

presumably via caveolae. (Bonini et al., 2014, Chen et al., 2018).   

MAPKs are serine-threonine protein kinases generally involved in the cell 

cycle, apoptosis, inflammation and immunity (Kim and Choi, 2015). They also 

modulate epithelial and endothelial TJ complexes which are regulated by 

phosphorylation and have been reported to modulate transcytosis at the BBB 

(Gonzalez-Mariscal et al., 2008, Miller et al., 2005). More importantly, when high 

dose METH induces an inflammatory response, it activates downstream MAPK 

signalling, regulating MMP-9 expression, and ultimately decreases BBB integrity 

(O'Shea et al., 2014).  

p38 MAPKs are one of the four subgroups of MAPKs. In vascular cells, the 

p38 signalling pathway plays multiple roles in inflammation, and is involved in stress 

responses such as osmolarity changes, ischemia and reperfusion (Corre et al., 2017, 

Ono and Han, 2000). Other than environmental stresses, p38 MAPKs also respond to 

growth factors, such as VEGF, in the ECs. p38 is involved in regulating permeability 

changes (Stamatovic et al., 2008). VEGF triggers hyperpermeability of ECs at the 

BBB and BRB via p38 signalling (Dragoni and Turowski, 2018) and there are many 

examples of BBB leakage and brain oedema which are dependent on the p38 MAPK 



 119 

pathway. Consequently, reduction of p38 activity has also been reported to be 

neuroprotective (Kim et al., 2016, Han et al., 2018). 

Another subgroup of MAPKs, the extracellular-signal-regulated kinases 

(ERKs), often integrated into the Ras/Raf/MEK/ERK cascade, is responsible for cell 

proliferation, survival and metastasis, and therefore very important in cancer research 

(Salaroglio et al., 2019). In vascular biology, ERK signalling is associated with CNS 

vascular diseases such as ischemic  stroke, haemorrhagic transformation of ischemic 

stroke, Alzheimer’s disease and cerebral vascular injuries after exposure to microwave 

(Tang et al., 2015, Wang et al., 2015, Sun et al., 2019, Yang et al., 2016). Similarly, 

to p38, ERK responds to growth factor stimulation, mainly from epidermal growth 

factor (EGF), and modulates TJ complexes when oxidative stress is increased 

(Basuroy et al., 2006). Although many studies have suggested that ERK promotes 

hyperpermeability, it is not involved in VEGF-induced acute leakage of the BBB or 

BRB, despite being strongly activated (Hudson et al., 2014). 

Lastly, AMPK is the main cellular energy sensor that shifts anabolic activities 

to catabolic activities when metabolic stress occurs during both physiologic and 

pathologic conditions such as hypoxia and ischemia (Steinberg and Carling, 2019). Its 

influence on endothelial permeability is not clear and recently our laboratory has 

focused on its potential role during induction of acute hyperpermeability in the retina. 

AMPK is activated by VEGF-A and bradykinin in BRB ECs and is key to subsequent 

acute hyperpermeability, with eNOS/VE-cadherin and p38/hsp27 downstream 

effectors, indicating that AMPK may be an important regulator of neurovascular 
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permeability (Dragoni et al., 2019). Therefore, AMPK became another focus in our 

study of the signalling of METH-induced BBB leakage. 

 

5.1 Monoamine oxidase (MAO), a potential METH-binding protein, is 

strongly expressed in BMECs 

Although METH can diffuse through the cell membrane as a small lipophilic 

molecule, it is possible there is a specific receptor on BMECs which binds to METH 

and triggers vascular leakage. This hypothesis is based on the observation that an 

extremely low concentration of METH, at submicromolar to low micromolar level, 

can markedly and rapidly increase permeability in in vitro experiments (Mahajan et 

al., 2008, Turowski and Kenny, 2015, Martins et al., 2013). A total of 11 neuronal 

METH-binding proteins were found in the literatures and their corresponding genes 

are listed in Table 4.  I analysed their expression patterns in cells of the NVU by 

interrogating a single cell RNA-seq gene expression database  

(http://betsholtzlab.org/VascularSingleCells/database.html) (Vanlandewijck et al., 

2018, He et al., 2018). Expression data in this database is derived from vessel isolates 

from mouse brains that were separated into single cells and their mRNA sequenced. 

Based on the expression profile of a panel of marker genes, the isolated vascular cells 

cover astrocytes, pericytes, fibroblasts, smooth muscle cells, microglia, 

oligodendrocytes and various subtypes of endothelial cells; thus, importantly all cells 

associated with the NVU. 
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Table 4. METH targets and the coding genes in the neurons. 

 

Of these 11 putative METH-binding proteins, expression of Taar1 was not 

detected in this dataset. Very low expression was found for Slc6a3, Slc6a4, Slc6a2, 

Slc18a1, Adra2a, Adra2b and Adra2c in some but not all EC subtypes with average 

counts of ca. 10 or less (Figure 5.1). In contrast, expression of Maoa and Maob was 

strong (average counts ca. 200 and 50, respectively) and seen throughout all types of 

ECs in the brain microvasculature. A similar expression pattern was detected in 

pericytes where METH-binding proteins were almost undetectable, except those of 

Maoa and Maob (average counts ca. 20). In astrocytes, Adra2a, Maoa and Maob 

expressions were strong with the average counts of ca. 40, 60 and 100, respectively, 

while other protein expressions were generally very low.  



 122 
 



 123 
 



 124 
 



 125 
 



 126 
 



 127 

Figure 5.1. Gene expression of METH targets in BMECs. Betsholtz’s lab created a molecular atlas 

of cell types and zonation in the brain vasculature by using single cell RNA sequencing and 

bioinformatics. The BMECs are categorised into 6 groups: arterial, venous and capillary ECs (aEC, 

vEC, capilEC, respectively), and 3 additional clusters (EC1-3) which are active in protein synthesis. 

The upper graph in each panel shows the expression of the gene of interest in the individual cell. The 

lower graph demonstrates the average expression, with standard error, in each cluster. Expression of 

Maoa and Maob were detected in all NVU cells, including pericytes and astrocytes, with a consistent 

expression in the individual cells (upper graph) and average counts ranging from ca. 20 to 300. While 

Adra2a was expressed in astrocytes, expressions of all other proteins were very low and only detected 

sporadically in each cell type (upper graph). Note the scale of vertical axis is different in each panel 

which was directly acquired from the database. (Modified from: 

http://betsholtzlab.org/VascularSingleCells/database.html) 

 

5.2 eNOS mediates METH-induced BBB leakage 

Based on the finding in cultured BMECs that eNOS mediates METH-induced 

caveolae transport, I further investigated the causative relationship of eNOS activation 

and METH-induced leakage in the intact NVU of our ex vivo brain perfusion model. 

Cerebral hemispheres from the same ex vivo rat brain are perfused by EB-Alb 

perfusates with or without 1 µM METH and stained for p-eNOS. The phosphorylation 

of eNOS is markedly increased in the METH-treated vasculature and enhanced p-

eNOS staining correlates to the EB-Alb leakage areas (Figure 5.2).  
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Figure 5.2. METH promotes phosphorylation of eNOS in intact cerebral vasculature.  Isolated 

hemispheres from ex vivo rat brains are treated with METH-containing EB-Alb perfusate for 1 h or 

control perfusate. The vasculatures are subsequently stained with anti-phospho-S1177 eNOS antibody 

and IB4, leakage is indicated by EB-Alb extravasation and its intrinsic fluorescence. (A) 

Phosphorylation of eNOS increases in the METH-treated vasculature, especially in the areas showing 

severe EB-Alb leakage. Scale bar = 50 μm. (B) Quantification of the p-eNOS staining. P = 0.0001 (t-

test) 

 

I subsequently co-administrated the eNOS inhibitor, L-NAME, with METH to 

investigate the direct relationship of eNOS activation and METH-induced vascular 

leakage. Firstly, the whole brain is pre-treated with L-NAME before 1-hour METH 

stimulation. The METH-induced leakage is completely abolished in the presence of L-

NAME (Figure 5.3A). In the second experiment, the ex vivo rat brain is treated with 

METH on both sides and additionally L-NAME into one hemisphere. Again, there is 

no EB-Alb leakage when L-NAME was co-administered whilst METH alone still 

induces tracer extravasation (Figure 5.3B). Therefore, the METH-induced BBB 

leakage is NOS-dependent.  
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Figure 5.3. L-NAME abolishes the METH-induced BBB leakage. (A) Cardioplegic solution 

containing 1 µM of L-NAME is perfused into the ex vivo brain prior to the treatments. Subsequently, 

EB-Alb perfusates with 1 µM METH/L-NAME or 1 µM L-NAME alone are administered to each 

hemisphere. The intravascular tracers are flushed out after 1 h incubation and the vasculatures are 

labelled with fluorescent IB4. No EB Alb leakage is observed. (B) A similar perfusion experiment was 

carried out when the METH-pre-treated brain was perfused with 1 µM METH or 1 µM METH/L-NAME 

to each hemisphere. METH successfully induces vascular leakage but not in the presence of L-NAME. 

Scale bar = 50 μm. 

 

I further stained the METH and METH/L-NAME -treated vasculatures for 

PLVAP and pCav-1 (Y14) (Figure 5.4). When METH-induced leakage is not 

attenuated by co-treatment with an eNOS inhibitor, the leaky cerebral vasculature  
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Figure 5.4. METH induces PLVAP expression and Y14 phosphorylation of Cav-1. Whole ex vivo 

rat brain pre-treated with METH before parallel perfusion of the 2 hemispheres with EB-Alb perfusate 

containing METH/L-NAME or METH only. The brain sections are stained for PLVAP and pCav-1 

(Y14) and imaged at the midline showing the difference in the vasculatures after different stimulations. 

(A) In the METH-treated hemisphere (left), EB-Alb leakage occurs and PLVAP expression is 

upregulated, while the METH/L-NAME-treated hemisphere (right) shows no leakage and markedly 

lower PLVAP expression. (B) Y14 phosphorylation of Cav-1 is higher in the METH-treated 
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vasculature, compared to those from the METH/L-NAME-treated vasculature in the contralateral 

hemisphere (right). Scale bar = 50 μm. 

 

shows upregulated PLVAP expression and phosphorylation of Cav-1, indicating the 

formation of caveolae. 

 

5.3 METH induces activation of MAPKs 

5.3.1 METH-induced leakage is associated with p38 activation 

I stained the METH-treated and non-treated vasculatures in the ex vivo rat brain 

with phospho-p38 (p-p38) antibody (Figure 5.5). The METH-treated vasculature 

shows an increased phosphorylation of p38. When p38 inhibitor, SB202190 4-(4-

fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)-imidazole, is co-administered, 

METH-induced leakage is decreased.  
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Figure 5.5. METH-induced leakage is associated with p38 activation. (A, B) Ex vivo rat brain 

perfused with METH (1 µM) and vehicle only perfusate in opposite hemispheres are stained with anti-
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p-p38 antibody while all vessels are labelled with IB4. Phosphorylation of p38 is significantly increased 

in the METH-treated vasculature (P = 0.0095; t-test). (C) Whole brain pre-treated with METH ex vivo 

and subsequently perfused with EB-Alb perfusate containing 10 µM SB202190/1 µM METH or 1 µM 

METH alone, respectively to opposite hemispheres. Shown are a full set of brain sections from a 

representative experiment. By direct observation, the EB-Alb leakage is decreased when SB202190 is 

co-administered. (D) Leakage quantification. EB-Alb leakage is quantified by measuring the grey 

values after images were converted into black and white signals. Shown are pixel intensities of each 

hemisphere from 13 individual brain sections demonstrated in (B). The pixel intensities are lower in the 

SB202190/METH-treated hemisphere across all level of the brains. (F) Total EB-Alb leakage in each 

hemisphere. Summation of the EB intensities of the right or left hemispheres in the 11 brain sections 

shown in (B). (SB: SB202190) Scale bar = 50 μm. 

 

5.3.2 MAPK/ERK pathway or Ras/Raf/MEK/ERK cascade 

I also investigated the relationship between the Ras/Raf/MEK/ERK cascade 

and METH-induced vascular leakage with immunohistochemistry and the ex vivo 

perfusion assay.  

Firstly, immunofluorescence staining of phospho-ERK (p-ERK) was 

performed in METH-treated and non-treated vasculatures from the same ex vivo rat 

brain (Figure 5.6A). Phosphorylation of ERK is observed in the METH-treated. 

However, the background staining is strong. I next perfused one hemisphere of the ex 

vivo rat brain with the ERK inhibitor U0126 (10 µM), in the METH-containing EB-

Alb perfusate (Figure 5.6B). There is no significant difference in METH-induced 

leakage when ERK activation is inhibited using U0126, suggesting that the ERK 

cascade is not involved in METH-induced leakage at the BBB. 
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Figure 5.6. METH-induced BBB leakage and MAPK/ERK pathway. (A) Ex vivo rat brain treated 

with 1 µM METH or vehicle perfusate in each hemisphere. Immunofluorescence for p-ERK  

(arrow) is detected in the METH-treated vasculature with high background. (B) The whole ex vivo brain 

was pre-treated with 1 µM METH and 2 hemispheres were perfused with EB-Alb perfusate containing 

10 µM U0126/1 µM METH or 1 µM METH alone, respectively. Shown are a full set of brain sections 

from a representative experiment. By direct observation, there is no clear difference of the EB-Alb 

leakage in both vasculatures. (C) Leakage quantification. EB-Alb leakage is quantified by measuring 

the grey values after images were converted in to black and white signals. The pixel intensities of each 

hemisphere in 9 individual brain sections demonstrated in (B) are plotted. There is a significant 

difference between the leakage and the treatments. (D) Total EB-Alb leakage in each hemisphere. 

Summation of the EB intensities of the right or left hemispheres in the 11 brain sections shown in (B). 

Scale bar = 50 μm. 

 

5.4 AMPK inhibition decreases METH-induced leakage  

Activation of AMPK was also investigated using phospho-specific antibodies 

against AMPK. However, despite using a variety of protocols, including one 

successfully used in the lab to detect AMPK activation in retinal microvessels 

(Dragoni et al., 2019), I were unable to achieve any specific staining for p-AMPK.  

To ascertain if AMPK is involved in METH-induced leakage I used Compound 

C, a commonly used AMPK inhibitor, in METH-stimulated ex vivo brains. Perfusate 

containing METH with or without Compound C was administered to each hemisphere 

in the same ex vivo brain. Both vasculatures show EB-Alb leakage across the whole 

brain (Figure 5.7). Quantification of the leakage demonstrates that all Compound C 

co-treated vasculatures have less extravasated EB-Alb than the corresponding METH 

alone treated vasculatures, in 3 independent experiments.   
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Figure 5.7. AMPK inhibitor co-treatment decreases METH-induced leakage. The whole brain was 

pre-treated with 1 µM METH and 2 hemispheres were perfused with EB-Alb perfusate containing 10 

µM Compound C/1 µM METH or 1 µM METH alone. (A) Shown are a full set of brain sections from 

a representative experiment. EB-Alb leakage occurred in both hemispheres. (B) Leakage quantification. 

EB-Alb leakage was quantified by measuring the grey values after images were converted into black 

and white signals. Shown are pixel intensities of each hemisphere from 10 individual brain sections 
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demonstrated in (A). The pixel intensities were lower in Compound C/METH-treated hemisphere across 

all level of the brains. (C) Total EB-Alb leakage in each hemisphere. Summation of the EB intensities 

of the right or left hemispheres in the 11 brain sections shown in (B). 

 

5.5 Discussion 

In this chapter, I attempt to understand the mechanism of METH-induced BBB 

leakage at the molecular level. Some of the data are preliminary and highlight future 

research directions, since vesicular transport at the BBB has not been well explored. 

Other studies have expanded on earlier work from our lab and the results presented 

here are in line with these previous findings. The roles of the putative signalling 

pathways involving METH-induced caveolar transport are summarized in Figure 5.8. 

According to the single cell RNA-seq gene expression database, Maoa and 

Maob are strongly expressed in BMECs while the gene expression of other METH-

binding proteins is trivial. Surprisingly, Taar1, the main METH receptor in neurons is 

not found in the EC populations of these datasets.  

Slc6a, Slc18a2 and Adra2b are detected in the individual BMECs sporadically 

with low average counts, less than ca. 10. This could be explained by false labelling 

and categorisation of other cells as ECs, during clustering analysis. A Similar pitfall 

has been recently reported by the same group in a study of pericyte-specific expression 

of SARS-CoV-2 receptor ACE2 (He et al., 2020). In terms of methodology, comparing 

a single cell RNA-seq gene expression database from BMECs with the known METH 

binding proteins in neuronal cells was a quick way not only to identify the potential 

METH receptors but, more importantly, to eliminate unlikely candidates. However, 
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single cell RNA sequencing technology heavily depends on computational methods 

for data analysis due to its high noise and the data complexity (Chen et al., 2019). 

More experiments are certainly required to verify the search results, as well as to 

investigate novel METH targets which could be cell membrane receptors or 

intracellular cytokines.  

 

Figure 5.8. The roles of the putative signalling pathways involving METH-induced caveolar 

transport. As Cav-1 phosphorylation and PLVAP upregulation are required for caveolae formation, 

METH-induced BBB leakage is mediated by eNOS signalling. Also, activation of p38 and AMPK, but 

not ERK, is associated with METH-induced leakage. MAO could be a potential binding protein for 

METH in the BMEC. 

 

Maoa and Maob encode METH target proteins and are strongly expressed in 

all NVU cells. The encoded proteins, monoamine oxidase type A and B (MAO-A and 
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MAO-B), are mitochondrial enzymes catalyzing oxidative deamination of 

monoamines such as norepinephrine, dopamine and serotonin (Finberg and Rabey, 

2016). Generally, their function is to protect neurons from the toxicity of excessive 

amine neurotransmitters. At the BBB, MAO-B prevents xenobiotics and toxic 

neurotransmitters entering the CNS as a metabolic barrier (Di Lisa et al., 2009). METH 

is a non-selective MAO inhibitor causing monoamines, mainly dopamine, to 

accumulate and results in neurotoxicity (Egashira et al., 1987, Thomas et al., 2008). 

Although it has been reported that cerebral vascular leakage develops after animals are 

exposed to excessive dopamine (Carvey et al., 2005), it is unclear if METH-inhibited 

MAO activities affect BMECs directly. There is no report that MAO inhibitors, widely 

used as antidepressants and antianxiety agents, induce BBB hyperpermeability or 

leakage. However, decreased expression of MAO-A is observed along with low eNOS 

expression in the study of preeclampsia (Seto et al., 2009), and concomitant MAO-A 

and p38 activation are noted in the staurosporine-induced apoptosis of human 

neuroblastoma cells (Fitzgerald et al., 2007). These findings imply a molecular link 

between MAO and METH-induced barrier dysfunction. In additional verification 

experiments for these genes by qPCR, the MAO involvement in BBB leakage could 

be investigated by its widely available inhibitors such as Moclobemide and less ideally 

dopamine agonists which are commonly used agents in the research of MAO-related 

neurobiophysiology, pathology or neuropharmacology (Kong et al., 2015).        

In line with previous in vitro studies, eNOS mediates METH-induced BBB 

leakage in the whole brain with intact BBB. Activation of eNOS is observed in METH-

treated vasculatures and corresponds to the leakage areas. When co-administered with 
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L-NAME, the leakage was totally abolished. Immunohistochemistry shows expression 

of PLVAP and phosphorylation of Cav-1 in the METH-treated vasculatures which can 

also be blocked by L-NAME. This not only indicates the induced leakage is associated 

with caveolae formation but also suggests that eNOS might directly regulate 

phosphorylation of Cav-1 and PLVAP expression. This, interestingly, implies a 

positive feedback loop that activation of eNOS increases Cav-1 phosphorylation which 

at least partially contributes to the release of eNOS from its binding site on caveolae. 

Cav-1 is known to repress eNOS physically and functionally. Chen et al. have further 

shown that activated eNOS rapidly colocalises with Cav-1, increases Cav-1 S-

nitrosylation, destabilizes of Cav-1 oligomers and ultimately eNOS-derived NO 

mediates caveolar endocytosis (Chen et al., 2018). The results in our project agree with 

the reciprocal regulation of eNOS and Cav-1. In fact, the interaction of eNOS and Cav-

1 has been studied in various vascular disease models such as diabetic vasculopathy, 

ischemic stroke and pulmonary hypertension (Bonini et al., 2014, Williams and 

Lisanti, 2004). The balance of eNOS activation and Cav-1 expression and the resulting 

NO production are crucial to endothelial homoeostasis or dysfunction. Moreover, this 

is the first time eNOS activation has been associated with the expression of PLVAP. 

Although this finding could be explained by caveolae formation, it is possible that 

eNOS also contributes to PLVAP expression. Further investigation is required to 

understand this potential new insight into eNOS functionality.  

Data presented here also indicates that p38, but not ERK, signalling is 

positively associated with METH-induced BBB leakage. This finding is similar to the 

observation in our other studies focused on VEGF-induced leakage in the neural 
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vasculatures (Dragoni and Turowski, 2018). It shows that VEFG-A binds to VEGFR2 

homodimers at the basal side of the endothelium, results in activation of p38 and 

subsequently induces both paracellular and transcellular leakage in BBB/BRB, while 

ERK is activated but not triggering permeability changes (Hudson et al., 2014, Dragoni 

and Turowski, 2018, Dragoni et al., 2019, Kenny, 2015). In fact, it has been reported 

that VEGF induces caveolar transport and VEGFR2 signalling regulates PLVAP 

expression in a p38-dependent manner (Feng et al., 1999, Bosma et al., 2018). The 

structural protein forming the caveolar diaphragm, PLVAP, is only expressed in the 

neural vascular ECs when BBB or BRB function is compromised, and therefore 

strongly related to neural vascular leakage and transcellular transport (potentially 

caveolar transport). Despite the lack of detailed mechanism or definitive causative 

relationship linking p38 signalling to PLVAP expression and caveolar transport, our 

data supports their positive connection at the BBB.   

AMPK is the other signalling molecule linked to METH-induced leakage in 

this thesis. Recently, AMPK has been identified as a novel leakage mediator in VEGF- 

and bradykinin-induced permeability in another project of our lab, and one of 

signalling molecules downstream to AMPK is eNOS (Dragoni et al., 2019). Although 

it is unclear if this indirect relationship is meaningful to the mechanistic study of 

METH-induced leakage, follow-up investigations are required to establish direct 

evidence of AMPK activation in METH-induced BBB leakage by other methods such 

as western blotting of brain lysates.  

In the MAPK and AMPK inhibitor studies, statistical analysis was the main 

technical challenge. The inter-experiment difference of EB-Alb extravasation made it 
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difficult to statistically summarise the quantified data from the individual experiments 

into an average value representing the central tendency. For example, it is impossible 

to normalise the pixel intensities due to the lack of brain tissues without any treatment 

as a baseline. Therefore, it is not feasible to statistically compare the leakage in the 

inhibitor-treated hemispheres against that in the inhibitor-free hemispheres across 

different experiments or brains. For this reason, only one representative experiment is 

shown in the figures and the leakage is only compared within the same brain in an 

observational manner. It shows that a quantitative method, such as Evens Blue 

extraction, is necessary to understand signalling pathways involved in METH-induced 

BBB leakage.   

 

5.6 Conclusion   

eNOS mediates METH-induced EB-Alb leakage at the BBB ex vivo. While 

MAO was found to be a potential METH-binding protein in BMECs, p38 and AMPK 

signalling pathways are involved in METH-induced leakage in the ex vivo perfusion 

model.  
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Chapter 6   Results: Bioactive lipids as leakage 

inducers 
 

There is clear evidence that LPA and LPC regulate vascular permeability as 

extracellular signal molecules (Sevastou et al., 2013). Our previously published data 

demonstrates both LPA and LPC increase macromolecular flux across the BBB 

(Hudson et al., 2014, Canning et al., 2016) (Figure 6.1). LPA induces a marked drop 

in TEER of cultured BMECs without detectable transcellular transport, indicating 

LPA mediates paracellular trafficking predominantly (Martins et al., 2013, Kenny, 

2015) (Figure 6.1A-C). Interestingly, non-transporting caveolae are observed in the 

LPA-treated BMECs upon EM analysis (Figure 6.1D).  

According to our previous work, LPC induces dose-dependent 4 kDa Dextran 

flux across a BMEC monolayer (Canning et al., 2016) (Figure 6.1E). The temporal 

disconnect between electrical and molecular barrier breakdown suggests there are two 

separate pathways, paracellular and transcellular, participating in LPC-mediated 

permeability (Kenny, 2015) (Figure 6.1F-G). Furthermore, in the in vivo rat model, 

which uses pial microvessels to observe extravasation of intravascular dye in real time, 

LPC enhances the baseline permeability by ca. 2.6 times with a 40 s delay (Canning 

et al., 2016) (Figure 6.1H).  

In this chapter, I further investigate LPA- and LPC-induced neural vascular 

leakage in the newly developed ex vivo perfusion model.  
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Figure 6.1. LPA and LPC in BBB permeability. (A, B, C) In monolayer primary BEMCs either 

cultured on Transwells (A, B) or grown on a gold electrode (C), both METH (1 μM) and LPA (10 μM) 
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induce significant HRP flux (A). However, the transcellular transport of HRP was non-specific in LPA-

treated samples (B) and only LPA induces a drop of TEER (C). Shown are means ± SEM. **, p < 0.01, 

***, p < 0.001, ****, p < 0.0001 (Student’s T- test) (D) EM analysis of cultured BMECs treated with 

HRP and stimulated with METH (1 μM) or LPA (10 μM). Both METH- and LPA-stimulated samples 

show increased caveolae formation. However, DAB staining revealed that only caveolae in the METH-

treated cells are loaded with HRP. Numerous non-tracer-filled caveolae palisading along the cell 

membrane are observed in the LPA group. Scale bar = 250 nm. (E) LPC increases 4 kDa dextran flux 

across cultured primary rat BMECs (p = 0.022). Shown are means ± SEM. *, p < 0.05, **, p < 0.01. 

(One-way ANOVA with Bonferroni post-hoc tests) (H) TEER of BMECs is recorded continuously and 

drops after administration of LPC (10 μM) and recovers to the baseline within 1 h. (G) In the same rat 

primary BMCEs cultured in a Transwell system, increased 4 kDa dextran flux continues after 1 h post-

LPC treatment (10 μM), indicating the persistent molecular barrier breakdown. Shown are means ± 

SEM. (F) LPC leads to increased loss of sulforhodamine B (580 Da) from the occluded rat pial 

microvessels in vivo. Real time recording of the intraluminal sulforhodamine mean densitometric 

fluorescent intensities after intracarotid injection of LPC (10-15 μg/L) and the representative images of 

pseudo-coloured microvessels at indicated times (min). The mean permeability change is ca. 2.7 times 

LPC stimulation (p < 0.05). (Student’s T- test) (Panel A/B are modified from: Kenny, B. A. 2015. 

Defining novel mediators and mechanisms of neural microvasculature permeability. PhD thesis, UCL. 

Panel C/D are modified from: Martins et al., Methamphetamine-induced nitroic oxide promotes 

vesicular transport in blood-brain barrier. Neuropharmacology, 65, 74-82. Panel E/F/H are modified 

from: Canning et al., Lipoprotein-associated phospholipase A2 (Lp-PLA2) as a therapeutic target to 

prevent retinal vasopermeability during diabetes. Proc Natl Acad Sci U S A, 113, 7213-8. Panel G is 

the reanalysed data based on Dr, Natalie Hudson’s unpublished work.)(Martins et al., 2013, Kenny, 

2015, Canning et al., 2016) 

 

6.1 LPA 

6.1.1 LPA induces caveolae-independent BBB leakage ex vivo 

EB-Alb perfusate containing LPA (10 μM) or vehicle solution was delivered 

to opposite brain hemisphere ex vivo, and subsequently washed out to assess the 

leakage.  At room temperature, the LPA-treated vasculature showed parenchymal  
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Figure 6.2. LPA induced EB-Alb leakage at room temperature, 4ºC and in Cav-1 K/O mice ex 

vivo. Brains of Wister rats (A, B), C57BL6 mice and Cav-1 K/O mice (C) were perfused with EB-Alb 

perfusate ex vivo, while additional LPA (10 μM) or METH (1 μM) was added to the vehicle perfusate 

administrated into one of the hemispheres. After treatments (1 h for rat brains and 30 min for mouse 

brains), the intravascular perfusate was flushed out leaving the extravasated dye in the brain. Shown are 

the representative coronal sections at similar level from three independent experiments in each group. 

(A, B) EB-Alb leakage is observed in the LPA-treated vasculatures at both room temperature and 4ºC. 

(C) LPA successfully induces vascular leakage in Cav-1 K/O mouse brains in which METH-induced 

EB-Alb extravasation was abolished.  
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EB-Alb retention (Figure 6.2A). A similar dye retention was observed at 4oC in the 

hemisphere treated with LPA (Figure 6.2B). Moreover, in Cav-1 K/O mice, while 

METH-induced leakage was abolished, the LPA-treated vasculature still showed 

marked EB-Alb retention as observed in the WT mouse, suggesting the leakage route 

did not involve vesicular nor caveolae transport (Figure 6.2C). 

 

6.1.2 Functional distinct caveolae were induced by LPA in vitro  

In order to study the ultrastructure related to LPA-induced leakage, EM 

analysis was carried out using HRP as a tracer. Primary BMECs were cultured to 

confluence and stimulated with LPA (10 μM) or METH (1 μM) for 1 h. Confirming 

the previous work in our lab, EM revealed caveolae palisading along the cell 

membrane without HRP-DAB products inside them, suggesting the LPA-induced 

caveolae are not transport-competent (Figure 6.3). Subsequently, GPNT cells, 

immortalised Lewis rat brain vascular ECs, were cultured to subconfluence and 

stimulated with LPA (10 μM) or METH (1 μM) for 30 min. LPA-treated cells show a 

strong increase of Cav-1 but non-detectable Cav-1 phosphorylation on Y14 and 

expression of PLVAP. In contrast, METH induces marked Cav-1 Y14 phosphorylation 

and increased expression of PLVAP which accumulates at the cell membrane.  
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Figure 6.3. LPA induced non-transport competent caveolae formation in vitro. (A) BMECs cultured 

on Transwell membranes and stimulated with METH (1 μM) or LPA (10 μM) while HRP was 

administered at the same time as the tracer. After 1-hour treatment, samples were EM fixed, underwent 

HRP DAB staining, sectioned into 70 μm ultrasections and visualised by a transmission electron 

microscope. Compared with the control samples, both METH- and LPA- treated BMECs show 

numerous non-clathrin-coated small vesicles with diameter of ca. 70 nm. DAB is only detected in the 

METH-treated samples (arrow). LPA induces non-tracer-filled caveolae (arrowhead) with a palisading 

pattern along the cell membrane. Shown are representative images from 3 independent experiments. *: 

lysosome. (B) GPNT cells stained for Cav-1, pCav-1 (Y14) and PLVAP. Scale bar (A/B) = 100 nm/50 

μm. 
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6.1.3 LPA-induced leakage ex vivo  

EM analysis was also performed in the ex vivo perfusion experiment. Rat brain 

was perfused with HRP-containing perfusate with LPA (10 μM) or vehicle, for 1 h. 

After treatment, the intravascular perfusate was retained and the whole brain 

underwent EM fixation, DAB staining, sectioning, lead staining and visualisation by 

electron microscopy. Compared with the non-treated hemisphere, the LPA-treated 

vasculature shows severe oedema of the brain parenchyma with collapsed vessel 

lumen (Figure 6.4). HRP is found trapped in the BM. At higher magnification, I do not 

detect caveolae in the cytoplasm.  
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Figure 6.4. LPA induced BBB leakage ex vivo. (A) In the non-treated vasculature (left), microvessels 

are filled with tracer-containing perfusate and the adjacent parenchyma is not oedematous. However, in 

the LPA-treated vasculature (right), severe oedematous parenchyma and collapsed vessel lumen with 

electron-dense BM are observed, indicating prominent water and tracer leakage. (B) In the higher 

magnification image, caveolae are not detected. Shown are representative images of experimental and 

control hemispheres from the same rat brain. Two schematics demonstrating the shape of vessels in the 

oedematous tissue with EC and BM in red and white, respectively; vessel lumens are in white. N.: nerve. 

BM: basement membrane. White scale bar: 100 nm; black scale bar: 1 μm. 
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Figure 6.5. Cav-1 phosphorylation and the expression of PLVAP are not detectable at sites of LPA 

induced BBB leakage ex vivo. Shown are brain sections from ex vivo perfusion experiments. Vessels 

are labelled with IB4 and (A) pCav-1 and (B) PLVAP. No staining is observed for either makers. Scale 

bar: 50 μm. 

 

I also stained the samples of ex vivo brain treated with LPA for pCav-1 (Y14) 

and PLVAP. Both Y14 phosphorylation of Cav-1 and the expression of PLVAP are 

not detected in these experiments (Figure 6.5).  
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6.1.4 LPA4 and LPA6 are potentially the LPA receptors in BMECs 

Lastly, I utilized a single cell RNA-seq gene expression database to identify 

potential LPA-binding proteins in the neural vascular ECs. Of the 6 identified LPA 

receptors, LPAR1-6, Lpar4 and Lpar6 are expressed in all types of BMECs and 

astrocytes. The average counts of Lpar4 and Lpar6 were 5 ~ 15 and 50 ~ 150 

respectively, in comparison to the other LPARs which almost are un-detectable in 

BMECs and astrocytes. In pericytes, expression of Lpar1 and Lpar6 is detected with 

average counts of ca. 10 and 20 while other LPA receptors are not detected (Figure 

6.6). 



 153 
 



 154 
 



 155 
 



 156 

Figure 6.6. Gene expressions of LPA receptors in BMECs. The single cell RNA-seq gene expression 

database created by Betsholtz’s lab was used. The BMECs are categorised into 6 groups: arterial, venous 

and capillary ECs (aEC, vEC, capilEC, respectively), and 3 additional clusters (EC1-3) which are active 

in protein synthesis. Expression of Lpar6 is detected in all NVU cells, including pericytes and 

astrocytes, with a consistent expression in the individual cells (upper graph). While Lpar1 is expressed 

additionally in pericytes, astrocytes and BMECs also express Lpar4 other than Lpar6. Note the scale of 

vertical axis is different in each panel which was directly acquired from the database. (Modified from: 

http://betsholtzlab.org/VascularSingleCells/database.html) 

 

6.2 LPC 

EB-Alb perfusate with LPC (10 μM) or vehicle solution was injected into either 

hemisphere of a rat brain ex vivo. After 1-hour treatment, the intravascular perfusate 

was flushed out and I do not observe prominent residual EB-Alb retained in the brain 

parenchyma (Figure 6.7).  

 
Figure 6.7. LPC does not induce EB-Alb leakage in rat brain ex vivo. Shown are coronal brain 

sections from a representative experiment. Except the paraventricular areas next to the CVOs, no 

prominent colour change is evident in either LPC-treated or vehicle-treated vasculatures.  

 

 

LPC NT
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6.3 Discussion 

In this chapter, I investigate two bioactive lipids and their effects on BBB 

permeability utilizing the ex vivo rodent brain perfusion model.  

Firstly, the studies using LPA show marked leakage in the intact BBB ex vivo. 

When temperature is lowered to 4ºC or in Cav-1 K/O mice, the induced leakage is 

maintained. Therefore, inhibiting vesicular transport, including via caveolae transport, 

does not inhibit LPA-induced leakage. This is in line with our previous studies that 

show LPA induces permeability by the paracellular pathway only and that, METH and 

LPA-induced leakage are mechanistically different (Canning et al., 2016, Martins et 

al., 2013). It also suggests that both can be used as paradigms to study paracellular and 

transcellular leakage, in isolation, at the BBB.  

Interestingly, EM analysis of LPA-treated BMECs confirms the previously 

discovered induction of caveolae, which are not filled with HRP and thus appear to be 

non-transporting. The experiments in this thesis further show differences in the 

regulation of proteins that are involved in caveolae formation. While METH promotes 

Cav-1 Y14 phosphorylation and PLVAP expression, LPA markedly increases Cav-1 

expression but not its phosphorylation on Y14 or PLVAP expression. Phosphorylation 

of Cav-1 on Y14 is important for caveolar dynamics and may be involved in triggering 

vesiculation (Aoki et al., 1999). It has also been associated with integrin-mediated 

membrane domain internalisation (del Pozo et al., 2005). In fact, phosphorylation of 

Cav-1 on Y14 may differentially expose a protein contacting site thus triggering a wide 

variety of dynamic changes (Wong et al., 2020). Our findings not only suggest a 

distinct function of caveolae associated with LPA-induced vascular leakage but 
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support these evidences. The signalling towards transport competent and incompetent 

caveolae varies and phosphorylation of Cav-1 on Y14 is essential for the transporting 

function of caveolae (Aoki et al., 1999). The functional difference of these 

morphologically identical caveolae should be further investigated biochemically.  

I do not detect caveolae induction in the ex vivo perfusion experiments where 

LPA is given for 1 h. Immunofluorescence assays do not provide more information 

because the Cav-1 antibody stained neurons instead of the BMCEs in the brain sections. 

This is a limitation of antibody selection for whole brain immunofluorescence assays 

that I noted early in the project. These inconsistent findings are observed in different 

models, cell culture and ex vivo intact tissue, which could explain the discrepancies in 

our findings. However, I cannot exclude the other possible technical reasons such as 

the different endpoints used and the limitations of ex vivo model. Similar to the initial 

METH EM studies in chapter 4, the observation made at 1 h could be too late to detect 

the dynamic changes in the ECs, such as caveolae formation. An earlier timepoint 

could capture the activities of ECs during active leakage. Also, the tissue in the ex vivo 

model may be unable to form the LPA-induced caveolae. For confirmation that LPA 

treatment induces formation of transport-incompetent caveolae, an in vivo perfusion 

model is needed. This could be achieved by adopting the pial prep model used in 

Hudson et al (Hudson et al., 2014). 

Lastly, I failed to demonstrate the well-documented permeability inducing 

properties of LPC in the ex vivo rodent brain perfusion model (Canning et al., 2016). 

It is not clear whether LPC induces leakage directly by binding to its own receptor or 

by conversion into LPA by a phospholipase D. Two GPCRs, G2A and GPR4, were 
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postulated as LPC binding proteins but the papers have since been retracted 

(Kabarowski et al., 2001, Murakami et al., 2004, Makide et al., 2014). No putative 

LPC receptor has been identified, therefore I suspect that LPC is converted into LPA 

which subsequently induces leakage. Autotaxin is a secreted glycoprotein produced 

by leptomeningeal cells and oligodendrocyte precursor cells in the brain, and is also 

expressed by ECs (Savaskan et al., 2007, Ptaszynska et al., 2010). It is present in 

various bodily fluids, especially in the serum. In our perfusion method, I prepare the 

vasculature by flushing all the blood out and the perfusate contained no serum 

component. There are no circulating platelets or blood cells to produce autotaxin when 

LPC is administered. Locally, the main autotaxin producing cells are either localised 

in meninges or within the brain parenchyma. Autotaxin is expressed in ECs, however 

these cells may not produce sufficient enzyme to produce an effective dose of LPA. 

Therefore, it is possible that autotaxin secretion and catalysis was absent from our ex 

vivo perfusion model. An in vitro experiment using cultured BMECs should be firstly 

carried out to establish that LPC-induced leakage is autotaxin-dependent and followed 

by in vivo studies to further investigate the mechanism of action.  

 

6.4 Conclusion   

LPA promotes paracellular leakage at BBB ex vivo. Interestingly, non-

transporting and functionally distinct caveolae are observed in the LPA-induced 

vasopermeability in vitro. LPC failed to show any effect on BBB permeability, 

presumably due to the lack of autotaxin.  
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Chapter 7   Results: METH and LEVO enhance 

caveolar transport of therapeutic drugs across 

the rodent BBB 
 

The tightly regulated BBB restricts drug delivery and has always been a 

therapeutic challenge in treating CNS diseases. Various attempts have been made to 

increase drug penetration. Over the past decade, drugs targeting BBB transport 

mechanisms have been developed. These emerging therapies mainly fall into two 

categories to improve drug penetrance in the CNS: employing receptor-mediated 

transport and inhibiting the drug efflux transporters (van Tellingen et al., 2015). The 

rationale is to utilise the innate mechanisms of the BBB to either carry 

pharmacological agents cross the barrier or to prevent the permeable reagents being 

pumped out of BMECs without structurally disrupting BBB integrity. Unfortunately, 

experimental drugs developed based on both strategies have not successfully 

demonstrated clinical efficacies or safety. Pharmaceutical agents designed to target 

BBB receptors are all still in phase I or phase II studies without conclusive reports 

published, while ABC-transport inhibitors failed in phase II studies (van Tellingen et 

al., 2015, Bauer et al., 2019). Together with the limitations of current clinical 

therapeutics mentioned in the introduction, this reflects the R&D challenges in CNS 

drug delivery and the urgent need of new approaches. Therefore, I attempt to adapt 

caveolar transport to facilitate the BBB penetration of pharmaceutical agents.  
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In this chapter, I apply the findings described in the previous chapters to more 

clinically relevant investigations. Firstly, I selected two pharmacotherapeutic agents: 

DOX and AFL, to represent chemically distinct classes of drugs. DOX is a small 

molecule anthracycline antibiotic (molecular weight: 543.52 g/mol) with antimitotic 

and cytotoxic activities (Vardanyan R., 2006). AFL is a 115 kDa recombinant protein 

comprising the binding domains of human VEGF receptor and the FC portion of 

human IgG1 (Ciombor and Berlin, 2014). Both DOX and AFL penetrate the BBB 

poorly and are easily detected by immunohistochemistry. Therefore, they are good 

paradigms to study drug transport during METH-induced vascular leakage.  

 Furthermore, I collaborated with Dr. Matthew Campbell’s group in Smurfit 

Institute of Genetics, Trinity College Dublin, Dublin and we investigated whether this 

finding can be translated into therapeutic efficacy in vivo. GBM is a rapid-developing 

cancer with a short natural course. It is therefore a good model to study the relationship 

between drug delivery across BBB and the overall treatment response. Additionally, 

no treatment breakthroughs have been made in the 15 years since the current standard 

treatment was published. The slow progression of GBM treatment is related to low 

drug penetration of the BBB which is still a considerable hurdle for novel 

pharmaceutical agents. 

 

7.1 METH enhances the transportation of DOX and AFL across the BBB 

DOX (10 μg/mL) and AFL (0.5 mg/mL) are administered with or without 

METH (1 μM) to each hemisphere of the ex vivo brains by the dual carotid perfusion 
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method. After 1 h treatment, the brains are fixed for 24 h, sectioned by vibratome and 

the vessels are subsequently labelled by FTIC-conjugated IB4. DOX is visualised by 

its intrinsic florescence. The maximum excitation and emission wavelength of DOX 

are 470 and 560 nm, so theocratically it can be detected across a broad range of 

wavelengths (Kauffman et al., 2016). However, the spectrum can be shifted depending 

on the preparation such as the solvent used, pH level and the concentrations of the 

solution (Motlagh et al., 2016). The DOX preparation used in our experiments shows 

strong fluorescent signal in the TRITC channel (peak excitation/emission wavelength:  

544/570 nm) and the signal was trivial in the FITC channel (peak excitation/emission 

wavelength:  495/519 nm).  The human IgG1 FC portion of AFL is labelled by a goat 

polyclonal anti-human IgG Fc antibody and a matching fluorophore-conjugated 

secondary antibody.  

DOX and AFL accumulation is markedly higher in the parenchyma of the 

hemispheres co-administered with METH. (Figure 7.1). After normalisation for vessel 

density, a statistically significant ca. 2-fold (** p = 0.0028) and ca. 7-fold (** p = 

0.0011) increase in parenchymal drug accumulation is observed in DOX and AFL 

studies, respectively.  
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Figure 7.1. METH enhanced drug transport across the BBB. (A, B) Ex vivo rat brain perfused with 

cardioplegic solution-based perfusate containing 10 μg/mL DOX/1 µM METH or 10 μg/mL 

DOX/saline into each hemisphere. Since the autofluorescence of white matter is also detectable in 

TRITC, only brain areas away from the white matter were imaged. Fluorescence intensity was qualified 

by Image J. When METH is co-administered, the accumulation of DOX in brain parenchyma is ca. 2 

times higher than it is in the control vasculature. ** p = 0.0028. (t-test; data from 3 individual 

experiments) (C, D) Similar experiments carried out with 0.5 mg/mL AFL/1 µM METH and 10 μg/mL 

DOX/saline. A ca. 7-fold increase of AFL parenchymal accumulation is noted ** p = 0.0011. (t-test; 

data from 3 individual brain sections.) Scale bars, 50 μm. 
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7.2 Co-treatment of METH with DOX increases the survival of human GBM 

xenograft mice  

7.2.1 Pharmacokinetic study for METH and LEVO dosing 

It has been reported that the plasma concentration of METH peaks within 1 h 

of intraperitoneal (IP) injection and the half-life is less than 4 h in mice (Martins et al., 

2011). Based on this published data, I set up pharmacokinetic studies to estimate 

mouse dosing for the in vivo experiments. 

METH and LEVO were given intraperitoneally at 3 different doses (0.75, 2.5 

and 7.5 mg/kg) and the blood was collected after 0, 30, 60 min. Plasma concentration 

of METH or LEVO was determined by LC-MS/MS (conducted by Cyprotex; Table 

5). A pharmacokinetic approximation was achieved by fitting the data set of the 7.5 

mg/kg METH experiment to a polynomial function: y = a*x2+b*x. According to the 

resulting equation y = -0.0042x2 + 0.3019x, the peak plasma concentrations occur at 

ca. 30 mins after IP injection. The peak plasma concentrations corresponding to 0.75 

and 2.5 mg/kg METH IP injections were estimated to be ca. 0.5 and 1 μM. For 2.5 and 

7.5 mg/kg LEVO given intraperitoneally, they are ca. 2 and 8 μM, respectively (Figure 

7.2). Compared with METH injection at the same IP dose, LEVO has 1.66 times higher 

plasma concentrations on average. More importantly, I decided the lowest dose to be 

used in the remaining GBM experiments would be 2.5 mg/kg IP, due to the 

corresponding plasma concentration of 1 μM. 
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Table 5. METH or LEVO Plasma Levels 

Sample Reference Measured Conc. 
(ng/mL) 

Measured Conc. 
(uM) 

Average 

Control 1 9.52 0.063789869  
Control 2* 38.1   
Control 3 5.07 0.033972125 0.05 
METH  
0.75mg/kg; 
60mins 

Sample 1 53.6 0.359153042  
Sample 2 29.6 0.198338247  
Sample 3 33.8 0.226480836 0.26 

2.5mg/kg; 
60mins 

Sample 1 137 0.917984455  
Sample 2 111 0.743768427  
Sample 3 108 0.723666577 0.80 

7.5mg/kg; 
30mins 

Sample 1 828 5.548110426  
Sample 2 952 6.378986867  
Sample 3 598 4.006968641 5.31 

7.5mg/kg; 
60mins 

Sample 1 308 2.063789869  
Sample 2 567 3.799249531  
Sample 3 461 3.088984187 2.98 

LEVO     
2.5 mg/kg; 
60mins 

Sample 1 183 1.226212812  
Sample 2 215 1.440632538  
Sample 3 218 1.460734388 1.38 

7.5 mg/kg; 
60mins 

Sample 1 684 4.583221656  
Sample 2 848 5.682122755  
Sample 3 520 3.484320557 4.58 

* Value of control 2 was neglected and a possible data artefact. (The analysis was done by Cyprotex.) 
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Figure 7.2. Estimation of pharmacokinetics of METH and LEVO in mice. Data points are means ± 

SEM from 3 independent experiments. 

 

7.2.2  METH increased the therapeutic efficacy of chemotherapy in mice with 

human GBM xenograft  

Brains of Balb/c nude mice are grafted with GBM tumours by injecting human-

derived D270 GBM cells (Miao et al., 2014). The xenograft mice receive either DOX 

alone (6 mg/kg IP) or DOX in conjunction with METH at 3 different doses (low dose: 

2.5 mg/kg, intermediate dose: 7.5 mg/kg, high dose: 22.5 mg/kg IP) on days 3, 6, 9, 

12 and 15 after tumour cell inoculation. A significant difference in survival of the 

mice receiving DOX alone and DOX with low dose METH is observed (Figure 7.3). 

Median survival in the DOX alone group (n= 16) is 17.5 (± 1.1) days while in  
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Figure 7.3. Low dose METH increases the survival of human GBM xenograft mice treated with 

DOX. (A) Survival analysis. DOX + 2.5 mg/kg METH group shows significant survival benefit 

compared with mice treated with DOX alone (p = 0.0012; Mantel-Cox Log-rank test). (B) Throughout 

the treatment regimens and during disease progression, body weights of all mice declined gradually 

with no significant difference between treatment groups. Data shown as mean ± SEM. (C) Post-mortem 

histopathological analysis. H&E and Vimentin staining of coronal sections of brains from DOX alone 

and DOX + 2.5 mg/kg METH group.  

 

DOX + 2.5 mg/kg METH group (n= 19) it is 22 (±1.5) days, showing a significant 

increase by approximately 25% (p= 0.0062). The body weights in both groups are 

indistinguishable. Post-mortem histopathologic analyses (performed by Division of 

Neuropathology, UCL Queen Square Institute of Neurology) reveal large tumour 

growths which are similar in DOX alone and DOX + 2.5 mg/kg METH group. 

In the intermediate and high dose groups, the preliminary experiment (n= 8 in 

each groups) shows same median survival of 17 days, which was not statistically 

different than the median survival of 17.5 day in the DOX alone group (Figure 7.4). 

Comparing the survival curves, the P values of the 7.5 mg/kg and 22.5 mg/kg groups 

are 0.8766 and 0.3437, respectively. Therefore, the further studies were not carried 

out. 
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Figure 7.4. Intermediate and high dose METH did not affect the survival of human GBM 

xenograft mice treated with DOX. In the preliminary experiment, both (A) intermediate and (B) high 

METH groups show no significant difference in their survival curves with P value of 0.8766 and 0.3437, 

respectively (Mantel-Cox Log-rank test). 

 

(This part of the project was in collaboration with Dr. Matthew Campbell’s 

group in Smurfit Institute of Genetics, Trinity College Dublin, Dublin. The in vivo 

experiments for figure 37 and 38 were conducted by Dr. Chris Greene. Data analysis 

and the preparation of figures were done by myself.) 
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7.3 Discussion 

I selected DOX and AFL to represent two categories of pharmacological 

agents. DOX is commonly used clinically to treat breast cancer and other solid tumours 

such as bladder carcinoma, as well as lymphoma and leukaemia (Rivankar, 2014). 

AFL binds to free VEGF as a decoy ligand and supresses VEGF-induced 

neovascularization and vascular permeability through competitive inhibition 

(Ciombor and Berlin, 2014). Anti-VEGF therapy is the standard of care for 

neovascular eye disease and AFL is a well-known ophthalmic agent treating 

neovascular age-related macular degeneration and diabetic retinopathy. Also, when 

given systemically and in combination with 5-fluorouracil, leucovorin and irinotecan-

(FOLFIRI), AFL is part of the chemotherapy regimen for metastatic colorectal 

carcinoma (Macarulla et al., 2014). In fact, I chose DOX and AFL mainly for their size 

difference and distinct chemical nature to investigate the transport of categorically 

different drugs at BBB. Additionally, both DOX and AFL are easily detected by 

immunofluorescent assay. DOX is an ideal tool in research because of its intrinsic 

fluorescence, especially for imaging (Chen et al., 2012, Lankelma et al., 1999). Among 

the novel biopharmaceutical agents, AFL also easily detected due to its human IgG1 

FC portion which can be targeted by commercially available antibodies. Therefore, 

they are good indicators of the accompanied drug transport during METH-induced 

vascular leakage.  

Both DOX and AFL accumulate in the brain parenchyma during METH-

induced leakage, suggesting METH-induced caveolae may facilitates non-specific 
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transport across the BBB. Therefore, it was important to investigate if the increased 

drug penetrance could enhance their overall therapeutic efficacy.  

I chose GBM and a human xenograft mouse model as the disease and 

experiment model. The D270-inoculated Balb/c mouse model possesses various 

characteristics of human GBM, including producing diffuse and invasive tumours 

(Miao et al., 2014). Firstly, median survival in the DOX alone group was ca. 18 days 

which was similar to the survival of human GBM D270 xenograft mice without any 

intervention (Miao et al., 2014). This reflects the poor therapeutic efficacy of DOX 

due to the impedance of the BBB. Secondly, in line with our previous in vitro studies, 

significant survival benefit is observed only in mice treated with 2.5 mg/kg METH, 

which results in a serum concentration of ca. 1-2 µM. This survival improvement was 

similar to that seen when D270 tumour grafts are targeted with specifically designed 

chimeric antigen receptor T cells (Miao et al., 2014) Thirdly, there is no difference in 

weight loss among groups treated with or without METH, suggesting METH at the 

given dose in our regimens does not affect general health prominently and does not 

confound the final outcomes significantly.  

Despite these promising results, there is a discrepancy of tumour size and 

survival length in our study. It is important to understand that post-mortem 

histopathological analysis only shows that all experiment animals reached the end 

point of the study with the same terminal presentation of the disease. In other words, 

the combined treatment of METH and DOX might have slowed the disease 

progression but the tumour is not able to be eradicated. Also,  GBM is a disseminating 



 172 

disease and the tumour size is not a prognostic factor (Walid, 2008, Liang et al., 2020). 

Therefore, it is not associated with the survival length.  

Also, there is no dose effect of METH observed in our study. Higher 

concentration of METH does not show any effect on GBM survival mediated by DOX. 

The reason can be technical as the high dose experiment might not be adequately 

powered. However, the biological or pharmacological explanation cannot be ignored. 

It has been shown that 1 µM but not 10 µM METH induces tracer transportation at 

BBB in vitro (Martins et al., 2011, Martins et al., 2013), and the pharmacokinetic 

estimation suggests that the low and high METH IP doses correspond to 1 and 10 µM 

plasma concentration, respectively (Figure 7.2). 

In general, this in vivo experiment is a simple proof of principal study to 

demonstrate that METH can enhance therapeutic efficacy of some drugs by enhancing 

drug delivery to the CNS. In terms of GBM management, although DOX is frequently 

used in glioma research (Luo et al., 2019), current treatment of choice is TMZ. TMZ 

has good BBB penetration and radiosensitising properties, therefore is an unfair 

comparison for our studies where the aim was not to improve GBM treatment per se. 

Moreover, the consensus of GBM treatment is to target the unresectable or 

radioresistant disseminated lesions. Despite the D270-inoculated Balb/c mouse being 

a model of invasive brain tumours, hardly any disseminating lesions were noted in the 

post-mortem histopathological analysis of our experiments. It would be valuable to 

observe the response of the discrete tumour niches in the infiltration zone, where BBB 

is theoretically intact, to the METH-combined chemo regimen. Recently, Krusche et 

al. generated a xenograft mouse GBM model using genetically modified glioblastoma 
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stem-like cells expressing Efnb2 to effectively study the tumour spreading and its 

perivascular invasion (Krusche et al., 2016). It would be ideal to use a similar animal 

model focusing on the tumour vascular interaction.  

Furthermore, multimodality and more evaluations of the treatment response 

are needed. Post-mortem histopathological analysis was not enough to fully elucidate 

the change of the disease course after treatment. Regular brain imaging, such as MRI 

for example, can offer good observations during the experiment. More importantly, 

the focus of both GBM research and its clinical management has been moved to 

develop a targeted therapy which uses drugs specifically targeted at cancer cells or the 

tumour microenvironment. Those novel therapeutic agents are often large molecules 

such as antibodies for immunotherapy. Because METH also promoted BBB 

penetration of AFL, co-administration of METH is possible to facilitate more 

biopharmaceutical agents reaching their CNS targets.    

Lastly, in order to comply with the principles of the 3Rs (http://www.3rs-

reduction.co.uk), I and my collaborators massively reduced the number of animals 

used in our animal experiments. In the METH/LEVO pharmacokinetic study, a 

pharmacokinetic approximation was achieved with minimum required datapoints. In 

the GBM in vitro experiments, when the intermediate and high METH dose groups 

failed to show survival benefit in the preliminary studies, we stopped the following 

investigations involving animal work.  
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7.4 Conclusion   

METH-induced vascular leakage facilitated the BBB penetration of a small-

molecule drug, DOX, and a large-protein biopharmaceutical agent, AFL, ex vivo. 

METH also enhanced the therapeutic efficacy of DOX in a human GBM xenograft 

mouse model in vivo.  
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Chapter 8   Discussion and Future Work 

8.1 General Discussion 

8.1.1 Caveolar transport at the BBB 

8.1.1.1 Caveolae as endothelial transport organelles 

Caveolae were discovered in 1953 and used to be purely a cytological feature 

observed using EM (Palade, 1953). Since then functional studies of caveolae have 

always been a target of research. Based on the ultrastructural features, Palade and 

colleagues immediately proposed an endocytotic/transcytotic transport function. Soon 

thereafter, extensive EM studies, combined with the use of various tracers, showed 

that the tracers could be found in luminal caveolae, the interstitium and in abluminal 

caveolae with time (Schnitzer, 2001). However, evidence from these studies did not 

eliminate the role of paracellular transport or the backfilling of luminal caveolae in 

these instances. Crucially, tracer-filled, cytosolic caveolae (without detectable 

connection to any plasma membrane) were rarely observed (Simionescu et al., 2002, 

Komarova and Malik, 2010). Moreover, the majority of tracers used in these studies 

lacked specificity for targeting caveolae at the molecular level. Therefore, the transport 

function of caveolae remains unclear. Currently, there are similar numbers of reports 

published in favour of opposing ideas which dispute one another (Parton, 2018).  

When genetic manipulations were introduced to explore the cell biology of 

caveolae, studies using Cav-1 K/O mice provided evidence that caveolae do not 

possess transporting properties (Schubert et al., 2002, Miyawaki-Shimizu et al., 2006)). 



 176 

Schubert et al. showed, contrary to predictions, increased microvascular permeability 

in Cav-1 K/O mice (Schubert et al., 2002). However, it is important to note that a 

compensatory paracellular transport occurs in this model (Schubert et al., 2002). Also, 

most of these studies, including Schubert’s work, did not look at the brain 

microvasculature or focus on the behaviour of BMECs and, to date, it is not clear 

whether caveolae play different roles in different tissues. More importantly, while the 

basal permeability of Cav-1 K/O mice is increased, other studies have shown that 

induced permeability (i.e. hyperpermeability or leakage) is significantly lower (Chang 

et al., 2009), suggesting caveolae may not play a major role in physiological 

permeability but are important in pathological leakage.  

Interestingly, caveolae are also important plasma membrane signalling hubs 

responsible for multiple cell functions, including the regulation of paracellular 

permeability. Therefore, when using endothelial permeability as a readout for the 

transport activity of caveolae, unequivocal conclusions are often impossible to make 

due to the existence of crosstalk between transcellular and paracellular leakage 

pathways. These two pathways share regulatory mechanisms with multiple key 

proteins involved in both processes. The most well-known example is eNOS signalling 

which is closely associated with caveolae scission and a known regulator of vesicular 

and junctional transport (Komarova and Malik, 2010). PLVAP is also reported to 

regulate VEGF-induced paracellular and transcellular leakage at the BRB in vitro and 

ex vivo (Wisniewska-Kruk et al., 2016). In cultured bovine retinal ECs, when PLVAP 

expression is attenuated by lentiviral-delivered small hairpin RNA (shRNA), TEER 

increases with loss of Cld-5 staining after VEGF stimulation. In ex vivo cultured 
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human retinas, PLVAP knockdown by shRNA inhibits VEGF-induced caveolae 

formation without rescuing TJ integrity affected by the presence of VEGF.  

In contrast, recent studies focusing on BBB transport have made breakthroughs 

in assigning transport function to caveolae. Increased caveolae number at the BBB, 

achieved by genetic manipulations, correlates strongly with neurovascular leakage, 

while TJs remain intact (Andreone et al., 2017, Brown et al., 2019, Daneman et al., 

2010). Indeed, data presented in this thesis, along with other published work from our 

lab, provide clear evidence of caveolar transport at the BBB. I demonstrate that 

BMECs form caveolae, which were filled with tracers only administrated into the 

vessel lumen. HRP was trapped in the BM with marked astrocyte endfoot swelling and 

oedematous cerebral parenchyma, suggesting fluids and solutes enter the neural tissue 

across the BBB. At the same time I did not find any evidence of paracellular breach. 

Additionally, an earlier in vitro study has shown low dose METH does not affect 

junctional integrity after short-term exposure (Martins et al., 2013). Absence of 

leakage at 4°C further suggests that leakage occurs transcellularly, not via TJs. It is 

important to note that the majority of published data only shows a correlation between 

caveolae number or caveolar proteins and vascular leakage but not actual leakage 

tracer within endothelial caveolae. In contrast, data in this thesis provided direct 

evidence of induction of transport-caveolae causing tissue oedema.   

The findings of the project are not only in agreement with several landmark 

publications mentioned above but also recent studies in the context of various cerebral 

model pathologies (Knowland et al., 2014, Lutz et al., 2017, Hofman et al., 2000). 

Whilst the work by Knowland et al. and Lutz et al. show a requirement for caveolae 
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in stroke-associated leakage and leukocyte transendothelial migration, respectively, 

Hofman et al. detect a higher number of IgG-transporting caveolae at the BRB in the 

case of chronic exposure of the retinal vasculature to high-dose VEGF in vivo 

(Hofman et al., 2000).  

8.1.1.2 Induction of transport-competent caveolae at the BBB 

Formation of caveolae requires structural proteins and a specific membrane 

lipid environment. The structural proteins include members of the caveolin and cavin 

families. In general, caveolae biogenesis occurs along with caveolin biosynthesis 

(Bastiani and Parton, 2010). Caveolin is synthesized in the endoplasmic reticulum 

(ER) and is transported to the plasma membrane via the Golgi complex by exocytic 

caveolar carriers. Caveolae are formed once caveolin reaches the cell membrane and 

they maintain intracellular links with the actin cytoskeleton and microtubules. While 

caveolae formation in the endothelium is Cav-1 dependent, cavins are required for 

their stabilization (Bastiani and Parton, 2010, Drab et al., 2001, Fra et al., 1995, Razani 

et al., 2001, Hill et al., 2008, Liu and Pilch, 2008). There are four members of the cavin 

family and each of them regulates different aspects of caveolar function. Cavin-1 is 

particularly important in caveolae biogenesis, as its absence is associated with 

increased Cav-1 degradation and reduction of caveolae formation. Furthermore, 

PLVAP is an EC-specific type II membrane N-glycosylated glycoprotein which forms 

homodimers organised in an octagonal wheel-like symmetry. It is the only known 

molecular component of the caveolar diaphragm. The expression of PLVAP indicates 

vesicular formation and PLVAP itself regulates basal permeability (Guo et al., 2016). 

Finally, similar to other lipid rafts, the caveolar lipid membrane is enriched in 
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sphingolipids along with a mixture of phospholipids and cholesterol. Cholesterol is 

essential to caveolae formation. Depletion of cholesterol flattens caveolae. Notably, 

the presence of DHA-containing species in the outer plasma membrane of ECs is 

particularly important to caveolar formation. At the BBB, by flipping DHA from outer 

to inner membrane leaflet, Mfsd2a inhibits caveolae formation (Andreone et al., 2017).  

Neurovascular ECs only develop their barrier properties after being exposed to 

the neural environment in the early embryonic stage. While TJs are immediately 

formed when vessel sprouts enter the CNS, transcellular transport is supressed 

gradually during barriergenesis (Langen et al., 2019). Before embryonic day 

15.5 (E15.5), murine BMECs express PLVAP and still contain transcytotic vesicles 

(Ben-Zvi et al., 2014, Daneman et al., 2010). The inhibition of transcytosis activity is 

essential for neurovascular barrier maturation. The mechanism actively supressing 

transcellular transport at BBB is largely unclear. Mfsd2a is a recently identified CNS 

transcytosis inhibitor and loss of inhibition of Mfsd2a results in active caveolar 

transport (Andreone et al., 2017). In addition, pericytes supress PLVAP expression 

and stabilize BMEC’s barrier function (Shue et al., 2008, Daneman, 2012). Animals 

with pericyte deficiency have increased caveolar transport and low levels of Mfsd2a 

expression (Keaney and Campbell, 2015). These data not only suggest that the 

supressed caveolae could potentially be induced but the inhibition or downregulation 

of Mfsd2a is sufficient for their induction while the remaining machinery is present.  

Observations in studies of CNS diseases support these basic findings. In 

subarachnoid haemorrhage (SAH), Mfsd2a expression is negatively correlated to BBB 

damage (Zhao et al., 2020). Overexpression of Mfsd2a reverses the increased albumin 
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or Evens Blue detected in the whole tissue lysates after SAH develops. This 

neuroprotective effect of Mfsd2a depends on the presence of DHA and inhibits Cav-1 

expression, suggesting the BBB damage is strongly related to caveolar transport. Also, 

hematogenous viral encephalitis and alphaviruses (Venezuelan, western, and eastern 

equine encephalitis viruses) infect the CNS while the endothelial TEER remains 

constant in vitro and no change of in vivo BBB permeability is detected (Salimi et al., 

2020). According to immune-EM and confirmatory IHC studies, caveolar formation 

is enhanced after the BBB endothelium is exposed to the alphaviruses. Viral particles 

are found in cytoplasmic caveola-like vesicular structures as well as in the early 

endosome. Administration of cholesterol oxidase, an inhibitor of caveolar transport, 

significantly reduces the transcytosis of alphaviruses. Thus, the lack of transcytosis or 

caveolar transport is not intrinsic to BMECs but a property that is inhibited by the CNS 

microenvironment and could, in theory, be induced by de-inhibition. Data in this 

thesis, namely the observations of METH-induced caveolar transport, support this 

theory.  

Formation of caveolae at the BBB can be induced by an agonist. It has been 

reported that okadaic acid, a phosphatase inhibitor, can trigger the formation of 

caveolae (Parton et al., 1994). Nevertheless, it is a novel discovery that METH 

promotes caveolar formation in the intact BBB. METH induces caveolae relatively 

fast. According to the experiments in this thesis, along with the earlier work in my 

master’s project, METH-induced leakage develops within ca. 30 min at both BBB and 

BRB in the ex vivo perfusion model without detectable junctional impairment (Chang, 

2015). This suggests that caveolar transport can take place in the initial phase of 
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leakage, prior to the development of junctional impairment. In fact, it has been shown 

that METH induces junction opening after the occurrence of transcellular leakage (da 

Silva et al., 2014) and caveolae internalization regulates junctional permeability by 

eNOS activation and NO‐mediated inhibition of p190RhoGAP activity (Siddiqui et 

al., 2011). METH-induced BBB leakage is very similar to the leakage observed in a 

stroke model. Knowland et al. discovered that in cerebral infarction and reperfusion, 

caveolae-mediated transcellular leakage was firstly triggered by the ischemic insult in 

the hyperacute stage and followed by junctional breakdown and paracellular leakage 

(Knowland et al., 2014). Caveolar transport preceding junctional breakdown as an 

initial step of BBB damage has also been observed in haemorrhagic stroke, as well as 

traumatic brain injury (Haley and Lawrence, 2017, Sadeghian et al., 2018). Thus 

METH-induced neurovascular leakage may be a good paradigm to model vesicular 

transport associated with cerebral vascular damage. 

Mfsd2a is a master suppressor of caveolae at the BBB. In this thesis, no link 

between Mfsd2a and METH-mediated caveolar induction has been explored. 

Experiments not shown in this thesis explored a potential link between Mfsd2a and 

METH by exogenously expressing WT and mutant Mfsd2a in transfectable EC cell 

lines, however, these pilot experiments did not reveal an obvious mechanistic link and 

were not further pursued. Instead, I noted a number of features and signalling events 

linked to METH in cultured primary BBB ECs and ex vivo brains. 

Given that a transport role of caveolae in vascular leakage has not been 

generally accepted and only the few recent publications mentioned above have 

renewed traction in this area of research, very few signalling pathways can be assigned 
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to the regulation of transport by caveolae. Obviously PLVAP, Cav-1 and eNOS as 

structural and signalling components of caveolae, respectively, may play a role. 

However, they are unlikely to be unique to the induction of transport competency of 

caveolae. Nevertheless, I found METH-induced BBB leakage is eNOS dependent and 

associated with PLVAP expression and tyrosine phosphorylation of Cav-1. 

Data about the molecular mechanism of caveolar transport is limited. One 

proposed signalling mechanism of caveolae-mediated albumin transport is that Cav-1 

assembly is initiated in lipid rafts after albumin binding to its cell surface binding 

protein, gp60 (Minshall et al., 2000, Tiruppathi et al., 1997, Komarova and Malik, 

2010). Cav-1 further recruits Src-kinase family members (c-Src and Fyn) and 

heterotrimeric G proteins (Gαi and Gαq) into caveolae. Triggered by activated gp60 and 

clustered Cav-1, Gβγ are dissociated from Gαi and the activated Gαi causes downstream 

c-Src and Fyn phosphorylation to initiate the caveolar fission. c-Src in turn 

phosphorylates Cav-1 and dynamin leading to caveolar scission. 

In addition, I found clear dependency of caveolar leakage on p38 and AMPK. 

Intriguingly, both are also important for paracellular leakage, as is eNOS. c-Src, Rho 

GTPase and Ca2+ signalling pathways are the major and interdependent signalling 

transduction mechanisms in paracellular transport regulation (Komarova and Malik, 

2010). c-Src-mediated signalling is responsible for AJ destabilization and actomyosin 

contractility. Activation of c-Src directly and indirectly causes VE-cadherin 

internalization, resulting in disassembly of AJs (Singh et al., 2007a, Allingham et al., 

2007). Also, c-Src-mediated phosphorylation of T-lymphoma invasion and metastasis-

inducing protein 1 (Tiam-1) and myosin light-chain kinase (MLCK) leads to actin 
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cytoskeleton reorganisation (Woodcock et al., 2009, Komarova and Malik, 2010). Ca2+ 

signalling increases BBB permeability, mainly through an increased cytosolic Ca2+ 

concentration activating PKCα, a key EC permeability regulator (Komarova and 

Malik, 2010). PKCα subsequently phosphorylates p115RhoGEF and GDI-1 resulting 

in RhoA activation. Activation of RhoA, along with Ca2+-mediated MLCK-210 and 

MLC phosphorylation, causes actin cytoskeleton reorganisation and AJ disassembly. 

PKCα also phosphorylates p120-catenin leading to VE-cadherin dissociation and AJ 

disassembly. Lastly, Rho GTPase family proteins Cdc42, Rac and RhoA are involved 

in vascular permeability through their roles in endothelial filopodial and lamellipodial 

activity as well as actin stress fibre organisation. 

p38, AMPK and eNOS are all associated with these signalling networks. 

Firstly, p38 is the downstream MAPK to Rac1-Cdc42 in response to growth factors 

(VEGF), cytokines (TNFα) and oxidative stress (Corre et al., 2017). Also, the 

Rac/MEKK3/MKK3 complex or OSM (osmosensing scaffold for MEKK3) activates 

p38 which involves scaffold protein organization (Uhlik et al., 2003). Secondly, eNOS 

produces NO which decreases actin stabilization by lowering Rac activation (Di 

Lorenzo et al., 2013). The presence of NO supresses the recruitment and adhesion of 

Rac guanine-nucleotide-exchange factor (GEF) Tiam-1 to VE-cadherin. This 

increases the activation of Rho and leads to cytoskeletal reorganization and 

permeability changes. Additionally, eNOS activity is also associated with VE-

cadherin phosphorylation as well as c-Src localization to the junctions. Finally, AMPK 

is a newly identified permeability regulator and mediates VEGF- and bradykinin- 

induced permeability through the non-canonical Ca2+/AMPK/eNOS pathway 
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(Dragoni et al., 2019). Interestingly, it has been reported that AMPK and Ca2+ mediates 

VEGF-stimulated eNOS activity (Reihill et al., 2007). 

How p38 and AMPK regulate caveolae formation or their transport 

competence remains unclear. In rat lung microvessel endothelial cells, 

phosphorylation of p38 is observed concomitantly with Cav-1 expression and 

caveolae-mediated endocytosis (Siddiqui et al., 2007). In extramedullary disease of 

acute lymphocytic leukaemia, the migration of leukaemia cells out of bone marrow is 

mediated mainly by placental derived growth factor (PLGF). In an acute myeloid 

leukaemia (AML) cell line, PLGF induces p38 phosphorylation and activation of Rac-

1 and RoA, leading to increased expression of Cav-1 and more caveolae-like structures 

in AML cells (Casalou et al., 2007). Furthermore, it has been reported that in the study 

of cellular stress using NIH 3T3 cells, p38 is able to induce phosphorylation of Cav-1 

on Y14 (Volonte et al., 2001).  

Data about the relationship between AMPK and caveolae is very limited. 

However, a recent study investigating the role of cavin-1 in caveolae-mediated LDL 

transcytosis revealed a positive feedback loop linking cavin-1 to AMPK/eNOS 

activation and enhanced expression of eNOS and Cav-1 during LDL receptor 

transcytosis in HUVECs, which assigns key roles to AMPK and eNOS in the 

biogenesis of, at least LDL transporting caveolae (Bai et al., 2017).  

Even less is known about the link between METH and MAOs in the context of 

the BBB. To the best of our knowledge there are no publications exploring the impact 

of MAOs-mediated METH effects on BBB permeability. Based on studies in other 

systems and pathologies, p38 signalling is involved in METH-induced Kv2.1 neuronal 
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channelopathies (Zhu et al., 2018). In addition, MAO-A acts downstream of p38 

MAPK and promotes cell apoptosis in human neuroblastoma and medulloblastoma 

cell lines (Ou et al., 2006).  

8.1.1.3 Cargo transported by caveolar transport 

Caveolae appear to be unselective and their size suggests that small viruses 

could be incorporated and transported. Indeed, a number of biological entities, 

including infectious agents, have been reported to adapt caveolae for their 

transportation. LDL, fluorescent glycosphingolipids, folate, antibody-clustered GPI-

anchored proteins, albumin-gold complexes, cholera toxin B subunit, tetanus toxin and 

SV40, can be transported by receptor-mediated caveolar trafficking (Mayor and 

Pagano, 2007, Shvets et al., 2015, Zhang and Fernández-Hernando, 2020), (Mulkearns 

and Cooper, 2012, Schnitzer, 2001). For instance, SV40, a non-enveloped DNA virus 

with a diameter of 50 nm, infects cells via caveolar endocytosis (Pelkmans and 

Helenius, 2002). SV40 attaches to the cell surface by binding to the major 

histocompatibility complex (MHC) class I molecules which are found over the whole 

plasma membrane. Subsequently, the virus moves along the cell surface until it is 

trapped in caveolae by binding to gangliosides on the caveolar membrane (Dangoria 

et al., 1996, Singh et al., 2007b, Tsai et al., 2003, Wang et al., 2002). Once in the 

caveolae, SV40 induces tyrosine phosphorylation of a caveolar protein, which leads to 

dynamin recruitment and reorganisation of actin cytoskeleton to allow internalization 

of the virus-laden caveolae (Pelkmans and Helenius, 2002).  

Other non-specific transport occurs via caveolae, involving fluid-phase 

endocytosis (De Bock et al., 2016). Our work in this thesis shows that one small 
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molecule (DOX) and two proteins (albumin and AFL) of different sizes and structures 

can be successfully transported by METH-induced caveolae. This indicates that 

caveolae can handle chemically distinct cargos in a non-specific manner. 

Lastly it should be mentioned that none of the reported caveolar cargos in the 

published data are exclusively transported by caveolae (Parton, 2018, Echarri and Del 

Pozo, 2012). And lack of caveolae does not impede their accumulation in the tissue 

parenchyma. For example, SV40 successfully infects Cav-1 deficient-cells via an 

alternative route (Damm et al., 2005). This is in agreement with the suspected minor 

role of caveolae in physiological permeability. However, compared with debating 

caveolae’s physiological significance in transcytosis, confirming that the inducible 

caveolar transport occurs is far more important because it may provide a flexible route 

of drug delivery into BBB. 

 

8.1.2 Transport-incompetent caveolae at the BBB 

Caveolae regulate multiple biological processes including cholesterol 

trafficking and membrane homeostasis. They serve as a mechanotransducer on the cell 

membrane and are the signalling hub associated with cell growth and oncogenesis 

(Parton, 2018, Martinez-Outschoorn et al., 2015). Therefore, the presence of caveolae 

during ultrastructure investigations does not directly translate to their functional 

involvement in BBB transport, especially considering their role in regulating 

junctional permeability.  

In this thesis, data from the ex vivo LPA studies were consistent with the 

previous in vitro analysis and showed that LPA induced BBB leakage regardless of 
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the inhibition of vesicular activity by lowering the temperature or the lack of caveolae 

in Cav-1 K/O mice (Martins et al., 2013, Canning et al., 2016). Interestingly, the 

repeated EM analysis of LPA-stimulated BMECs confirmed that the junctional 

leakage promoter, LPA, induced transport incompetent caveolae in vitro. The LPA-

induced caveolae in cultured BMECs were further characterised by 

immunohistochemistry. Whilst caveolin was strongly induced I did not observe its 

phosphorylation, which was in sharp contrast to what was observed in response to 

METH. PLVAP expression was also absent, suggesting that the METH- and LPA-

induced caveolae possess different functionalities, in particular the absence of Cav-1 

phosphorylation.  

There is limited evidence in the literature linking LPA directly to caveolae 

formation, but G protein receptors and their downstream effectors are known to 

localise inside caveolae or signalling microdomains such as lipid rafts (Insel et al., 

2005, de Laurentiis et al., 2007). It has been shown in one study using porcine BMECs 

that LPAR1 is transported to the cell nucleus by caveolae to regulate pro-inflammatory 

gene expression (Gobeil et al., 2003). Thus, it is possible that during LPA signalling, 

G protein receptors, cognate heterometric G proteins and their effectors interact with 

one another causing formation of morphologically identical but functionally distinct 

caveolae.  

8.1.3 Use of caveolae for delivery of pharmaceuticals across the BBB 

The ability to pharmacologically induce caveolae at the BBB provides a novel 

mechanism to deliver drugs more efficiently to the brain. Both DOX and AFL 

penetrated the BBB and entered the brain parenchyma during METH-induced BBB 
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leakage ex vivo. More importantly, METH also significantly improved the therapeutic 

efficacy of DOX in the mouse xenograft GBM model in vivo. These results support 

the use of METH as an adjuvant agent to enhance BBB drug delivery.   

An adjuvant therapy is an additional treatment given to facilitate the 

concomitant primary treatment. The idea originates from the cancer management and 

attempts have made to adapt similar concepts to improve BBB drug delivery in treating 

CNS disease. Bradykinin-induced receptor-mediated BBB opening is the closest 

example with experimental drugs developed. Bradykinin stimulates BMECs by acting 

on GPCRs B1 and B2 and ultimately triggers junctional opening. The primary drug 

treating the CNS disease, therefore, can enter the brain parenchyma across the BBB 

(Claesson-Welsh, 2015, van Tellingen et al., 2015). However, due to safety concerns 

and unproven therapeutic efficacy, Bradykinin analogues have not been used 

clinically. In fact, the majority of emerging experimental drugs have failed at phase II 

clinical trial where the drug safety testing starts (van Tellingen et al., 2015).  

I describe the first use of caveolar transport for drug delivery to the CNS. This 

is the first time that BBB penetration of distinct drugs has been achieved without 

chemical modifications to the pharmaceutical agents, physical disruption of the BBB, 

or the use of artificial delivery systems, such as nanoparticles. Therefore, I predict that 

exploiting caveolar transport will be safer for clinical use than other methods because 

junctional integrity is preserved and the transported pharmaceutical agents do not need 

to be vectorised.  

There are several other advantages to adapting caveolae for drug delivery. 

Caveolae take up various cargos ranging from protein to virus (Razani et al., 2002). 
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Cholera toxin B and SV 40 can be incorporated into caveolae, internalised and 

transported across the EC (Bastiani and Parton, 2010). Caveolae provide an 

opportunity to deliver novel biopharmaceutical agents into the CNS, such as 

recombinant antibodies for immunotherapy and viruses for gene therapy. Secondly, 

according to our experiments, caveolae formation in the BBB requires induction, in 

this case, by METH. Therefore, the penetration of target drugs is controllable and 

depends on the pharmacokinetics and pharmacodynamics of METH. While the 

therapeutic window will require optimisation, adverse effects on the CNS will be 

reduced by maintaining BBB function. 

 

8.2 Future work 

The future work could be focused on three aspects: mechanistically 

understanding the dual function of caveolae, elucidating the mechanism of METH-

induced caveolae transport and developing therapeutically significant CNS drug 

delivery using caveolar transport. 

METH and LPA both induce caveolae formation but mediate only caveolar 

transport and paracellular transport, respectively. Therefore, they could be used as 

paradigms to further investigate the functionally distinct caveolae in the following 

studies. The priory is to map signalling pathways of METH- and LPA- induced 

leakage with phospho-proteomic analysis using mass spectrometry on BMECs and in-

silico pathway analysis. After identification of signalling molecules, key signalling 

nodes could be validated by evaluating their phosphorylation. I propose to use the ex 
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vivo perfusion model to efficiently simulate the in vivo environment and monitor the 

responses of the BBB toward the putative key signally molecules, their antagonists or 

targeting siRNA. Subsequently, the relative contribution of each transport pathway in 

neurovascular leakage could be determined in order to understand their pathological 

significance. This can be achieved by stimulating neural endothelium with VEGF, 

bradykinin, thrombin and LPC, and by co-treatment with inhibitors in vitro, ex vivo 

and in vivo. This future research will provide understanding of the crosstalk between 

paracellular and caveolar transport, the regulation of each leakage pathway and their 

functional significance in a pathologic condition. The results will contribute to the 

research of cerebro-vascular disease, in particular to stroke which shares a similar 

course of leakage development.  

It is also important to understand the exact influence of METH on BMECs, 

focussing on the putative binding proteins, MAOs and the key caveolar transport 

regulator, Mfsd2a. By using the cultured BMECs, I could first investigate whether 

MOAs inhibitors increase hyperpermeability and subsequently characterise the 

induced BMEC hyperpermeability in order to compare it with the METH-triggered 

response. Administration of MAO agonists in the presence of METH could identify 

the relationship between METH and MAO, and verify their inter-dependency. This 

experiment can subsequently be carried out in the ex vivo perfusion model, to observe 

the response in the intact NVUs.  

More clinically oriented future work could also include developing a CNS drug 

delivery method based on the METH-induced caveolar transport. Again, the ex vivo 

brain perfusion method can be used as an initial evaluation tool, followed by in vivo 
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studies with a more precise dosing scheme or treatment regimen. Subsequently, similar 

to the design of our GBM study, experiments could be carried out in a preclinical CNS 

disease model to assess the therapeutic significance. Various drug preparations can be 

administered along with 1 μM METH, including oligonucleotides and viral vectors. 

Depending on the characteristics of the therapeutic preparations, their CNS penetration 

could be evaluated by immunohistochemistry assays, western-blot, RT-PCR or EM 

analysis. The results will establish new CNS drug delivery methods and benefit various 

CNS diseases. More importantly, the implication of this research will be significant in 

novel treatments such as gene and immune therapy because it facilitates the delivery 

of large proteins and potentially viral vectors.  
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