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Summary 

The vasculature of the central nervous system (CNS) forms a tight barrier that regulates 

the movement of molecules and ions between the blood and brain. This blood-brain 

barrier (BBB) is critical for proper function of the CNS as well as protecting neural tissue 

from potentially damaging blood-borne agents. To maintain CNS homeostasis, brain 

endothelial cells strictly regulate entry and exit with specific transporter and receptor 

proteins for metabolite movement across the endothelium (transcellular). In addition, 

brain endothelial cells are linked by tight junction (TJ) protein complexes that effectively 

seal the space between adjacent endothelial cells (paracellular). The importance of the 

BBB is highlighted by the severe pathologies of diseases in which it is broken down. 

Many of the symptoms of stroke, brain trauma and oedema are due to a breakdown of the 

BBB following the primary insult. This has direct relevance to schizophrenia where 

cerebral microvascular anomalies are being recognised as pathological hallmarks of the 

condition. The presence of elevated serum levels of albumin and S100ɓ, markers of BBB 

dysfunction, is a common finding in individuals with schizophrenia. Additionally, gene 

expression studies have identified several endothelial-specific genes dysregulated in 

schizophrenia. While changes in BBB permeability have been detected in schizophrenia 

patients, the consequences of alterations of TJ components in schizophrenia progression 

and symptomatology has not been explored. 

  

In this study, the association of a single nucleotide polymorphism (SNP) in the 3ô 

untranslated region (UTR) of the transmembrane protein-coding claudin-5 gene with 

schizophrenia was investigated. These results revealed a significant association between 

the rs10314 SNP and schizophrenia in 22q11.2 deletion syndrome patients (22q11DS), a 

high-risk population estimated to be 25 times more likely to develop schizophrenia. The 

effect of the SNP on levels of claudin-5 was investigated in in vitro models of the BBB. 

These studies showed that the rs10314 SNP lead to reduced levels of claudin-5 protein. 

Furthermore, claudin-5 was reduced in post-mortem schizophrenia brain samples in 

patients that harboured the claudin-5 risk allele. In in vitro BBB models, up-regulation of 

claudin-5 was observed following exposure of brain endothelial cells to anti-psychotic 

drugs while in vivo administration of anti-psychotic drugs increased levels of claudin-5, 

tricellulin and ZO-1 proteins. To assess how claudin-5 down-regulation affects BBB 

permeability and schizophrenia symptomatology, a behavioural dataset was generated 
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following targeted suppression of claudin-5 in vivo in specific brain regions. Utilising 

adeno-associated viral vectors containing a doxycycline-inducible shRNA targeting 

claudin-5 transcripts, claudin-5 was knocked down in the hippocampus and medial 

prefrontal cortex of mice. Using a behavioural battery of tests, it was demonstrated that 

targeted suppression of claudin-5 resulted in localised permeability of the BBB and 

impairments in learning and memory and social interaction and increased depressive-like 

behaviours. Next, a novel doxycycline-inducible claudin-5 knockdown mouse was 

generated to allow for brain-wide knockdown of claudin-5. This model revealed that 

knockdown of claudin-5 in the entire brain produced permeability of the BBB that 

resulted in impairments in learning and memory and increased anxiety. Additionally, 

knockdown of claudin-5 impaired prepulse inhibition (PPI), a sensorimotor gating deficit 

consistently observed in schizophrenia patients. Finally, chronic knockdown of claudin-

5 was lethal with mice developing seizures and hyperactivity that resulted gliosis, 

macromolecule leakage and premature death. In chapter 5, the role of the circadian clock 

in regulating the integrity of the BBB was explored. It has recently been reported that up 

to one third of the genome is controlled by the circadian clock. Given the extensive pattern 

of sleep disruption in schizophrenic individuals, the role of the circadian clock in 

regulating BBB integrity was investigated. Transcription factors that regulate circadian 

rhythms were expressed in brain endothelial cells. Furthermore, claudin-5 expression 

cycled in mice dependent on the time of day and permeability of the BBB was regulated 

in a time-dependent manner with elevated permeability of tracer molecules in the 

morning. Silencing of the clock transcription factor BMAL -1, a key activator of circadian 

rhythms, in vitro, attenuated the cycling of TJ components and impaired barrier integrity. 

These results suggest that targeting therapies at distinct times associated with increased 

BBB permeability may improve brain penetration and therapeutic outcome. 

 

The results obtained here from human schizophrenia brain samples, 22q11DS patient 

samples, knockdown studies in C57BL/6 mice and claudin-5 knockdown mice and in 

vitro and in vivo BBB permeability studies indicate that depletion of claudin-5 can size-

selectively increase BBB permeability and impair behaviour. In this respect, changes in 

TJ protein levels may represent a mechanism behind impaired CNS homeostasis and 

induction of symptoms associated with schizophrenia. To conclude, these observations 

suggest claudin-5 may represent a novel therapeutic target to modulate schizophrenia 

progression.  
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1. General Introduction 

 

1.1 The Blood-Brain Barrier  (BBB) 

The central nervous system (CNS) consists of the brain and spinal cord and functions to 

regulate the bodyôs response to internal and external stimuli. Central to this function is 

the neuron, a terminally differentiated electrically excitable cell, which requires a fine 

control of both electrophysiological and chemical signals to function efficiently. Given 

the lack of regenerative capacities of neurons, maintaining a constant state of homeostasis 

in the CNS is essential for the health and integrity of neurons. To maintain optimal 

synaptic signalling, a tight control of the microenvironment is required to efficiently 

process the vast array of information received by the CNS. Indeed, while the brain 

accounts for just 2% of bodily mass, it expends 20% of the bodyôs energy production 

(Raichle and Gusnard, 2002). To this end, three cellular barriers exist in the brain to form 

an interface between the blood and neural tissue: the blood-cerebrospinal fluid barrier 

(BCSFB), the blood-brain barrier (BBB) and the arachnoid barrier. The BCSFB is formed 

by epithelial cells of the choroid plexus (Abbott et al., 2006) (Figure 1.1B). The choroid 

plexus epithelium secretes cerebrospinal fluid (CSF) which fills the cerebral and spinal 

subarachnoid spaces and ventricles and functions as a buffer to protect the brain from 

injury as well as regulating cerebral blood flow (CBF) and molecular exchange with the 

brain. A second barrier is formed by the arachnoid epithelium, an avascular membrane 

underlying the dura and completely enclosing the CNS. This forms a seal between the 

CSF and the extracellular fluids of the rest of the body (Abbott et al., 2010). The blood-

brain barrier (BBB) positioned along blood vessels of the CNS is a third selective and 

tightly regulated barrier (Figure 1.1A), reflecting the brainôs critical roles in cognitive 

function, maintaining homeostasis and strictly coordinating the functions of peripheral 

organs. The BBB is important in regulating the exchange of ions and nutrients between 

the blood and brain but also to protect delicate neural tissue from potentially damaging 

blood-borne agents such as pathogens, immune cells and anaphylatoxins (Abbott et al., 

2010). Additionally, the brain endothelium secretes ~200 ml of fresh interstitial fluid (IF) 

per day to create an ideal ionic environment for neural function (Hladky and Barrand, 

2016). In fact, as the CNS has no local energy reserves, it requires a constant supply of 

glucose delivered from the blood and is sensitive to changes in blood flow. This energy 

need is met by the cerebral microvasculature. The combined surface area of microvessels 

in the brain is 150-200 cm2/g of tissue, equating to ~15-20 m2 per adult human brain 



3 
 

resulting in a dense mesh-like network of vessels providing blood flow to all brain regions 

(Abbott et al., 2006). Such is the extent of the cerebral vasculature, no neuron is further 

than ~25 µm from a blood vessel (Schlageter et al., 1999). 

 

 

Figure 1.1: Barriers of the CNS. (A) The BBB is located at the endothelium lining the 

cerebral microvessels and is the major site of molecular blood-brain exchange owing to 

the proximity of neurons to capillaries. (B) The blood-cerebrospinal fluid barrier 

(BCSFB) is found along the epithelium of the choroid plexus. The BCSFB helps to 

separate the CSF secreted by the choroid plexus epithelium from the brain vasculature 

and neural tissue. Not highlighted is the arachnoid barrier formed by the epithelium of 

the arachnoid layer of the meninges that completely surrounds the brain. At each cellular 

barrier, tight junction (TJ) complexes help to limit the paracellular (intercellular cleft) 

permeability with the highly electrical resistant TJs of the BBB forming the tightest 

barrier. Source: (Deczkowska et al., 2016). 

 

To maintain homeostasis within the CNS, the BBB evolved at the level of the cerebral 

microvasculature. Lining blood vessels of the CNS are endothelial cells (EC) which 

separate the peripheral blood from brain tissue. Owing to their specialised function, CNS 

ECs are distinct from ECs of the periphery in several ways (Figure 1.2) and possess 

numerous specialisations including:  

i) BBB-specific proteins to control the entry and exit of metabolites across cells 

(transcellular pathway).  

(A) 

(B) 
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ii)  Enrichment of highly electrical resistant tight junction (TJ) proteins to limit 

the flow of material between adjacent ECs (paracellular pathway). 

iii)  Absence of fenestrations which are pores to allow the rapid exchange of 

molecules between blood and tissue in peripheral ECs. 

iv) Low rate of vesicular transport (absorptive transcytosis) to prevent transport 

of large hydrophilic molecules to the CNS (Saunders et al., 2012, Abbott et 

al., 2010). 

v) Increased mitochondrial numbers to facilitate higher energy expenditure.  

Additionally, in contrast to peripheral ECs where TJ strands associate with the 

extracellular fraction face (E-face) of the membrane bilayer, TJ particles of CNS ECs 

associate with the protoplasmic membrane leaflets (P-face) (Liebner et al., 2000). It is 

thought that the association of the TJ with the P- or E-face reflects the degree of 

permeability and resistance of the barrier (Lippoldt et al., 2000). 

 

Figure 1.2: CNS vs peripheral ECs. (A) CNS ECs are enveloped by pericytes, astrocytes 

and basement membrane where bidirectional signalling of various signalling components 

enhances barrier integrity. In addition, CNS ECs contain higher numbers of mitochondria 

for greater energy consumption and restrict the movement of material from blood to brain 

and vice versa due to the presence of highly electrical resistant TJ components located 

between adjacent ECs. (B) ECs of the peripheral vasculature are noted by an absence of 

TJs, fewer mitochondria, increased pinocytotic vesicles and the presence of fenestra to 

allow the rapid exchange of material between the blood and parenchyma. 

 

Over a century has passed since Paul Ehrlich and Edwin Goldmannôs seminal staining 

experiments in which they noted a clear compartmentalisation of the blood and brain. 

Initially these observations were attributed to nervous tissue lacking a chemical affinity 

for the non-staining dyes, however subsequent investigations revealed that intravenous 
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injections (I.V) of ferrocyanide or bile acids induced no central pharmacological effects, 

but direct injections to CNS parenchyma induced strong pharmacological changes. While 

these experiments suggested a barrier between substances in the blood and brain and led 

Lewandowsky to coin the term ñblood-brain barrierò, it wasnôt until several years later 

when Ehrlichôs student Edwin Goldmann identified a distinct barrier between the CNS 

and peripheral tissue. Following I.V injection of trypan blue (960 Da), the entire body 

stained except for the brain and spinal cord. However, direct injection into CSF heavily 

stained the CNS (reviewed in (Liddelow, 2011)). Future work began to hypothesise on a 

size-selective permeability of the BBB to certain compounds. Ehrlich noted several dyes 

injected I.V could stain the CNS. It wasnôt until the advent of electron microscopy that a 

visualisation of the size-selective nature of the BBB could be determined. Pioneering 

experiments by Reese and Karnovsky showed, for the first time, that in mouse cerebral 

capillaries, horseradish peroxidase (HRP) could enter the interendothelial space up to but 

not past the first TJ between adjacent ECs (Reese and Karnovsky, 1967). This work was 

then repeated with smaller molecules such as microperoxidase (1900 Da) and lanthanum 

(139 Da) (Brightman and Reese, 1969, Feder, 1971). Concurrently, Reese and Brightman 

confirmed that the barrier properties of the BBB were established by the endothelium and 

not the astrocytic end-feet or basement membrane (BM) (Brightman and Reese, 1969). 

While the physical barrier function of the BBB provided by TJs is the main obstacle to 

the brain penetrance of blood-borne substances, the BBB also has transport capacities due 

to the presence of transendothelial transporters such as glucose transporter (GLUT-1) for 

transporting glucose. The BBB also functions as a metabolic and immune barrier and 

possesses drug metabolising enzymes on the plasma membrane such as several P450 

enzymes, monoamine oxidase, alkaline phosphatase and specific peptidases that modify 

substances as they enter and exit the brain (Cecchelli et al., 2007). 

 

1.1.1 The Neurovascular Unit 

Much of the early research on the BBB focussed on the unique barrier properties of 

cerebral ECs and whether these properties were unique to this cell type or whether signals 

from the surrounding microenvironment induced BBB formation. However, significant 

advancements pointed to a melange of cells types that form the so called ñneurovascular 

unitò (NVU) that interact and communicate with an intricate degree of cross-talk to create 

a dynamic microenvironment (Figure 1.3). In early transplantation experiments by 

Stewart and Wiley it was found that following grafting of immature avascular brain tissue 
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from embryonic quails into the coelom of chick embryos, the abdominal vessels 

vascularising the grafted brain tissue formed structural and functional properties of the 

BBB such as TJs and few pinocytotic vesicles. In contrast, when mesodermal tissue was 

transplanted into the brain, the capillaries in the grafts lacked barrier properties (Stewart 

and Wiley, 1981). This pointed to yet undefined cues from the neural microenvironment 

that were involved in developing barrier properties. 

 

          

 

Figure 1.3: The BBB and NVU. (A) Electron microscopy of a rat brain section reveals 

the proximity of neurons, pericytes and astrocytes to the ECs lining the blood vessels in 

the CNS. Arrows point to the presence of tight junctions between ECs, the basal lamina 

surrounding the endothelial cells and astrocyte end-feed in contact with the endothelium. 

C 
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(B) 3D reconstruction of a rat brain section showing part of the cerebral vasculature. 

Source: (Weiss et al., 2009) (C) The NVU is an intricately developed milieu of ECs, 

astrocytes and pericytes that interact with neurons, microglia and other brain components 

to impart specific properties on the BBB. Pericytes partially surround the microvessel 

endothelium while astrocyte end-feet also surround the capillaries. 

 

1.1.1.1 Pericytes 

Pericytes are specialised perivascular cells of mesoderm origin embedded in the BM that 

envelop blood capillaries. First described in the late 19th century, pericytes contain a cell 

body with a prominent nucleus and long cytoplasmic processes that can contact numerous 

ECs and extend to more than one capillary. Pericytes are a diverse and multifaceted cell 

type and are morphologically, biochemically and physiologically heterogeneous 

depending on vascular bed location, tissue type and differentiation state. As a result, 

finding a pan-pericyte marker is extremely difficult.  

 

Functionally, pericytes are key components of the BBB and blood-retina barrier (BRB) 

and have an important role in regulating CBF and capillary diameter (Peppiatt et al., 

2006), microvessel stabilisation and extracellular matrix (ECM) protein secretion 

(Winkler et al., 2011). During early angiogenesis (driven primarily by vascular 

endothelial growth factor and Wnt/ɓ-catenin signalling) (Liebner et al., 2008) (Obermeier 

et al., 2013) (Daneman et al., 2009), pericyte recruitment to cerebral blood vessels is key 

to BBB formation. Loss of pericyte coverage in platelet derived growth factor (PDGFɓ) 

or platelet derived growth factor receptor (PDGFRɓ) null mice has been shown to result 

in capillary microhaemorrhages, TJ dysfunction, increased vascular permeability, failure 

to recruit pericyte precursor cells and embryonic lethality (Daneman et al., 2010b) 

(Lindahl et al., 1997). It is thought that recruitment and attachment of pericytes is 

mediated by PDGFɓ secretion from ECs and binding the PDGFRɓ receptor on pericytes 

(Hellstrom et al., 1999). The barrier promoting function of pericytes results from 

inhibition of molecules such as angiopoietin-2, plvap and leukocyte adhesion molecules 

that promote vascular permeability and immune cell infiltration (Daneman et al., 2010b). 

Pericytes are also critical to the integrity of the BBB during adulthood because pericyte 

deficient mice have been reported with less capillary coverage, reduced cerebral 

microcirculation as well as TJ dysfunction and increased paracellular leakage of small 

molecules and transcytosis of serum proteins (Bell et al., 2010, Armulik et al., 2010). 

Armulik et al also noted that pericytes guide astrocytic foot processes to the vessel wall 

via polarization of astrocyte end-feet and expression of cues that mediate attachment of 
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astrocyte end-feet to the vessel wall (Armulik et al., 2010). Additionally, pericytes 

express the contractile proteins Ŭ-smooth muscle actin, tropomyosin and myosin 

(Bandopadhyay et al., 2001) and loss of pericyte coverage results in reduced CBF (Bell 

et al., 2010). A recent study has highlighted the crucial role of pericytes in regulating CBF 

in which the neurotransmitter glutamate evokes the release of messengers including 

prostaglandin E2 and nitric oxide that help dilate capillaries by actively relaxing pericytes 

(Hall et al., 2014). 

 

Interestingly, CNS pericytes can perform macrophage-like activities. They express 

scavenger receptors and pericytes in culture can ingest macromolecules including 

polystyrene beads (Balabanov et al., 1996). Further evidence for the macrophage activity 

of pericytes was detailed through the discovery of Fc receptors as well as the macrophage 

markers CR3 complement receptor, CD4 and major histocompatibility complexes. 

Additionally, systemic injection of protein tracers in immature mice accumulate in 

pericytes (Kristensson and Olsson, 1973). 

 

1.1.1.2 Astrocytes 

Astrocytes are specialised glial cells derived from the ependymoglia of the developing 

neural tube. Astrocytes function to protect neurons by regulating neurotransmitter levels 

and water and ion concentrations to maintain homeostasis of the neural 

microenvironment. Astrocytic end-feet envelop the abluminal surface of cerebral ECs 

(Abbott et al., 2006). These interactions are key to regulating brain water volume and 

synchronising metabolite and ion levels with CBF and vasodilation in the adult brain. The 

most abundant water channel protein, aquaporin 4 (AQP4), is predominantly expressed 

in the end-feet surrounding cerebral vessels as well as the ATP-sensitive potassium 

channel Kir4.1 (Abbott et al., 2006). Astrocytes express several factors proposed to be 

involved in maintenance of the BBB as opposed to induction of BBB integrity. One such 

factor is sonic hedgehog (Shh), which is known to upregulate claudin-5 and occludin 

levels in vitro (Alvarez et al., 2011). Shh knockout mice are embryonic lethal between 

E11 and E13.5. While mice have normal numbers of blood vessels, Shh knockout mouse 

embryos have reduced levels of TJ proteins such as claudin-5 and occludin (Alvarez et 

al., 2011). Additionally, conditional knockout of smoothened, a downstream signalling 

component of the Shh pathway, from ECs results in reduced TJ expression and increased 

extravasation of plasma proteins. Along with pericytes, astrocytes express angiotensin-1 
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(Milsted et al., 1990) following expression of Src-suppressed C-kinase substrate 

(SSeCKs) (rodent homolog of human AKAP12), which signals to Tie-2 receptors on ECs 

leading to the development of more advanced TJs, inhibition of transcytosis and 

downregulation of leukocyte adhesion molecules (Lee et al., 2003). AKAPs are important 

scaffolding proteins that control the activity of protein kinase A, the main cAMP effector 

protein. Maintenance of cAMP levels is vital for the barrier function of ECs (Wolburg 

and Lippoldt, 2002). Taken together, this data suggests that astrocytes have key functions 

in maintaining cerebrovascular integrity. Furthermore, the finding that astrocytes are 

present at the BBB postnatally adds further weight to this argument (Daneman et al., 

2010b). Indeed, the cholesterol and phospholipid transporter molecule Apolipoprotein E 

(ApoE), produced by astrocytes, signals through low density lipoprotein receptor-related 

protein 1 on ECs to regulate TJ levels. More recently however, production and release of 

retinoic acid from radial glial cells (precursor astrocytes) has been shown to interact with 

RA receptor-ɓ on developing ECs to induce barrier properties (Mizee et al., 2013). 

 

1.1.1.3 Microglia  

Microglia are the resident immune cell of the CNS. They are derived from haematopoietic 

precursor cells that migrate from the embryonic yolk sac into the CNS (Ginhoux et al., 

2010). In the developing brain, microglia are involved in engulfing and eliminating 

synapses. This is thought to be mediated by the chemokine receptor CX3CR1 as CX3CR1 

null mice have impaired synaptic pruning and increased dendritic spine densities in the 

hippocampus compared to controls. (Paolicelli et al., 2011). Despite their proximity, little 

is known about the interaction of microglial cells and ECs. One study shows that 

microglia are involved in tip cell fusion following vascular endothelial growth factor 

(VEGF)-induced tip cell induction (Fantin et al., 2010). Microglia are present in the 

embryonic CNS prior to endothelial sprouting and appear to be involved in 

cerebrovascular growth indicating that microglial-EC interactions may be a possible 

mechanism in BBB formation and regulation. It was thought that microglia remain in a 

resting, dormant state in the healthy brain however, in vivo two-photon imaging in the 

neocortex of adult mice found that highly motile microglial processes and protrusions 

constantly survey the neural microenvironment and dynamically interact with other 

cortical components (Davalos et al., 2005, Nimmerjahn et al., 2005). Additionally, 

microglia were shown to directly monitor neuronal function as application of the 

ionotropic ɔ-aminobutyric acid receptor blocker bicuculline significantly increases 
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microglia volume sampling (Nimmerjahn et al., 2005). Much more is known about the 

involvement of microglia in CNS disorders and following brain trauma. Microglia 

actively migrate towards the site of damage, such as ischemia and neurodegeneration, and 

engulf and eliminate neuronal cellular debris following cell death. To do this, microglia 

can shift between two activated morphological states. In the M1 activated state, microglia 

release proinflammatory cytokines such as interlukin-1ɓ and tumour necrosis factor-Ŭ, 

while M2 activated microglia can dampen inflammation and promote tissue repair 

(Aguzzi et al., 2013). 

 

1.1.1.4 Basement membrane 

The often-overlooked component of the NVU is the noncellular BM, yet it has a pivotal 

role in establishing and maintaining BBB properties such as supporting pericytes and 

astrocytes. Structurally, BMs are a specialised layer of ECM proteins found basolateral 

to the endothelium and epithelium in all body tissues. Cells of the NVU synthesise and 

secrete proteins extracellularly that form the BM. BMs are a heterogeneous mix of 

proteins, the principal constituents of which are type IV collagen, laminin, 

nidogen/entactin and perlecan (LeBleu et al., 2007) that form a layer approximately 20-

200 nm in thickness. The BM has an intricate role in crosstalk between NVU components. 

Astrocyte-specific deletion of laminin induces spontaneous haemorrhages in mice with 

impaired smooth muscle cell differentiation and loss of AQP4 and TJ proteins (Chen et 

al., 2013). In a follow-up study, a subset of mice with a pericyte-specific deletion of 

laminin develop hydrocephalus and BBB breakdown and loss of AQP4 (Gautam et al., 

2016). Today, BM components are routinely used in vitro in the culture of primary 

BMVEC as well as immortalised brain endothelial cell lines. Collagen IV and fibronectin 

are two such components that are routinely used for the culture of primary and 

immortalised BMVEC. 

 

It is now clear that communication between cellular and noncellular components of the 

NVU is critical for the health and integrity of the BBB from embryogenesis into 

adulthood. Breakdown of this communication may contribute directly or indirectly to 

CNS disease pathogenesis. As will be discussed in the following sections, these cellular 

components of the NVU have critical roles in the development of the BBB as well as in 

forming transport routes across and between brain ECs. Disruption of these processes can 

result in impaired homeostasis and BBB permeability. 
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1.1.2 Development of the BBB 

BBB development is a multi-step process that begins at embryonic day 9.5 (E9.5) when 

sprouting endothelial progenitor cells from newly formed blood vessels invade the 

embryonic neuroectoderm. These early endothelial sprouts exhibit many properties of the 

BBB including the expression of TJ proteins and nutrient transporters. They also contain 

large numbers of transcytotic vesicles and display high expression levels of leukocyte 

adhesion molecules. Key mediators of angiogenesis are VEGF and Wnt. VEGF, a 

mitogen secreted by cells in the sub ventricular neuroectoderm of the embryonic brain, 

drives vessel expansion along a VEGF concentration gradient (Raab et al., 2004). VEGF 

binds to Flk1 receptor (VEGFR-2) on ECs to initiate vessel expansion. It has been shown 

that Flk1 knockout mice fail to develop vessels throughout the body and die between E8.5 

and E9.5 (Shalaby et al., 1995) while VEGF-/- and VEGF+/- mice have severely 

compromised, but not abolished, vessel formation and suffer from early embryonic 

lethality at mid gestation (Carmeliet et al., 1996). 

 

A key signalling pathway involved in angiogenesis during embryonic development is the 

Wnt signalling pathway. It has been shown that Wnt/ɓ-catenin induced angiogenesis is 

unique to the CNS. During embryogenesis, the Wnt ligands Wnt7a and Wnt7b are 

expressed by neural progenitor cells in the developing forebrain and ventral regions of 

the neural tube, while Wnt1, Wnt3 and Wnt3b are expressed in the dorsal spinal cord and 

hindbrain (Daneman et al., 2009). In the canonical Wnt signalling pathway, Wnt ligands 

bind to frizzled receptors on the vascular endothelium, preventing ɓ-catenin degradation 

by the proteasome. As a result, ɓ-catenin accumulates in the cytoplasm and translocates 

to the nucleus where it induces the transcription of target genes including axin-2, Lef1, 

Apcdd1, Stra6 and Slc2a1 by binding to lymphoid enhancer-binding factor 1/T cell-

specific transcription factor DNA-binding proteins (MacDonald et al., 2009). Knockout 

of Wnt7b results in embryonic lethality owing to severe brain haemorrhage and abnormal 

vessel morphology (Stenman et al., 2008, Daneman et al., 2009). When downstream 

signalling by ɓ-catenin is absent, normal vascularisation is apparent throughout the body 

except for the CNS. As well as its intrinsic role in angiogenesis, Wnt signalling also has 

a crucial role in BBB formation. One of the downstream targets of Wnt signalling, slc2a1 

codes for the BBB enriched glucose transporter (GLUT-1). 
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The next major step in BBB formation stems from the recruitment of pericytes and 

astrocytes to envelop the endothelium. Sprouting ECs from nascent blood vessels release 

PDGFɓ which attracts pericytes that express PDGFRɓ resulting in pericyte proliferation 

and migration with sprouting ECs (Hellstrom et al., 1999). EC-pericyte interaction is 

mediated by bidirectional transforming growth factor-ɓ (TGFɓ)/transforming growth 

factor receptor-ɓ (TGFRɓ) signalling. This signalling event leads to upregulation of the 

cell adhesion molecule N-cadherin on ECs resulting in firm adhesion between ECs and 

pericytes. Recent work has shown that CD146 is a receptor that is critical to EC-pericyte 

interactions. Initially specifically expressed by ECs in early BBB development, the 

subsequent recruitment of pericytes shifts CD146 expression specifically to pericytes via 

downregulation of EC CD146 by pericyte secreted TGFɓ1. Mice deficient for CD146 

were found to have reduced pericyte coverage and impaired BBB integrity (Chen et al., 

2017). Following pericyte recruitment, the next step in BBB development involves the 

deposition of ECM proteins, such as collagen type IV, laminin and fibronectin by 

pericytes to promote formation of the BM. The crosstalk between ECs and pericytes 

results in TJ formation, barrier tightness, decreased transcytosis and decreased expression 

of leukocyte adhesion molecules. The precise role of astrocytes in BBB development has 

not been as well characterised but in vitro co-culture experiments revealed that ECs co-

cultured with astrocytes have improved barrier characteristics with elevated expression 

levels of transporters, increased metabolic activity and increased TJ formation, compared 

to EC monocultures. 

 

Finally, interendothelial TJs are sealed and maintained via pericyte-EC crosstalk (Lee et 

al., 2003). Astrocytes are key to sustained BBB integrity with angiotensin II-angiotensin 

II receptor type 1 signalling promoting the formation and maintenance of interendothelial 

TJs. Additionally, Shh secretion by astrocytes upregulates TJ protein expression. 

 

1.1.3 Crossing the BBB 

While oxygen and carbon dioxide can rapidly diffuse across the brain endothelium; as a 

result of the BBB, only the smallest (<400 da) lipophilic molecules containing fewer than 

8-10 hydrogen bonds can passively diffuse across the BBB (Figure 1.4B) (Pardridge, 

2009). However, as the energy needs of the brain are met by the cerebral circulation, 

numerous protein transport systems are present on the luminal and abluminal surface of 

brain ECs to regulate the CNS entry and exit of molecules (Figure 1.4). 
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1.1.3.1 Paracellular pathway 

The paracellular pathway comprises the interendothelial space between adjacent ECs 

positioned along cerebral blood vessels (Figure 1.4A). The presence of highly electrical 

resistant TJ proteins in this space limits the flow of material to all but the smallest solutes 

and ions and lipid soluble molecules. Many lipid soluble molecules with molecular 

weights less than 400 Da can cross the BBB via diffusion through the endothelial lipid 

membranes (Figure 1.4 B). It has been estimated that all large molecule neurotherapeutics 

and up to 95 % of small molecule drugs cannot circumvent the BBB (Pardridge, 2005). 

Some substances can enter the brain through the paracellular pathway by deploying 

specific mechanisms. For example, leukocytes can gain passage to the brain in 

inflammatory situations. Leukocyte migration across the BBB is a multistep process that 

begins when leukocytes bind to P- and E-selectin on brain ECs to slow and bind to 

vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 

(ICAM-1) to attach to the ECs for subsequent transmigration (Figure 1.4E) (Takeshita 

and Ransohoff, 2012). Leukocyte adhesion molecules are typically expressed at low 

levels in the healthy brain microvasculature however they may become upregulated in 

inflammatory conditions (Takeshita and Ransohoff, 2012). 

 

1.1.3.2 Transcellular pathway 

The transcellular pathway is the predominant pathway for the delivery of proteins, 

peptides, amino acids, ions and carbohydrates to the brain. In addition, various therapeutic 

drugs have been delivered across the BBB by taking advantage of the molecular 

composition of various receptors expressed on the apical surface of brain ECs such as the 

transferrin receptor. Ions and other small solutes can enter the brain via solute carriers on 

the apical and basal membrane together with intracellular and extracellular enzymes. Ion 

regulation which is critical for optimal synaptic signaling between neurons is maintained 

by proteins such as the Na+/K+-ATPase pump on the abluminal membrane (Hawkins and 

Davis, 2005) and potassium channels (Figure 1.4C). Carrier-mediated transport is the 

major route for the entry of essential nutrients such as glucose and amino acids. GLUT-1 

encoded for by the SLC2A1 gene is enriched in CNS ECs compared to peripheral tissues. 

GLUT-1 facilitates the transport of glucose and has a profound impact on BBB and NVU 

integrity (Figure 1.4 C). Indeed, slc2a1+/- mice show extensive microvascular leakage to 

serum proteins as well as reduced TJ protein levels (Winkler et al., 2015). The major 

facilitator super family domain containing 2a (mfsd2a) is specifically expressed in 
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cerebral blood vessels. Mfsd2a is expressed during BBB formation and is critical for BBB 

integrity as evidenced by mfsd2a ablated mice which have increased extravasation of 

injected tracer molecules. Importantly, BBB permeability was not a result of reduced TJ 

protein expression. Additionally, a potential role for msfd2a was identified whereby 

msfd2a-/- mice had increased levels of CNS-EC vesicular transcytosis (Ben-Zvi et al., 

2014). A follow-up study confirmed that mfsd2a inhibits transcytosis and proposed that 

this happens by preventing caveolae formation through the enrichment of 

docosahexaenoic acid in the plasma membrane, creating a CNS plasma membrane 

microenvironment that is unfavourable for the assembly of caveolae domains and 

subsequent vesicle formation (Andreone et al., 2017). Numerous transporters are also 

present to facilitate amino acid entry to the CNS. For example, LAT1 (large neutral amino 

acid transporter) is highly expressed in brain capillaries relative to peripheral tissues and 

is responsible for transporting essential amino acids into the brain (Verrey et al., 2004). 

Receptor-mediated transcytosis enables bidirectional transendothelial transport of 

proteins and peptides such as transferrin and insulin (blood to brain) and apolipoproteins 

(brain to blood) (Figure 1.4G). Additionally, some plasma proteins such as albumin can 

cross the brain endothelium through adsorptive transcytosis (Figure 1.4F) which results 

from the binding of the positively charged protein to the negatively charged phospholipid 

membrane.  

 

ATP-binding cassette transporters expressed on the luminal side of brain ECs prevent the 

brain accumulation of drugs, drug conjugates and xenobiotics via active efflux from the 

endothelium into blood. P-glycoprotein (PGP) is a particularly important efflux 

transporter that protects the brain from many neurotoxic compounds by substantially 

reducing their CNS entry (Figure 1.4D) (Lin and Yamazaki, 2003). The functional 

importance of PGP at the BBB was investigated in mice deficient for Mdr1a and Mdr1b. 

Mdr1a knockout mice were found to have 10-fold increases in brain concentrations of 

PGP substrates (Schinkel et al., 1994). 
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Figure 1.4: Transport properties of the capillary endothelium. (A) TJ protein complexes 

seal the interendothelial space between neighbouring ECs and restrict the free movement 

of solutes. (B) O2 and CO2 cross the BBB by diffusion as do lipophilic molecules with a 

molecular weight <400 Da and containing fewer than 8 hydrogen bonds. (C) Protein 

transporters on the luminal surface of the endothelium facilitate the entry of glucose, 

amino acids and nucleosides into the CNS. (D) ATP-binding cassette (ABC) active efflux 

transporters limit entry of drugs and xenobiotics. (E) Immune cells bind to cell adhesion 

molecules such as P-/E-selectin to infiltrate the brain parenchyma via the paracellular or 

transcellular route. (F) Adsorptive-mediated transcytosis involves the cationization of 

plasma proteins such as albumin and subsequent binding of the positively charged protein 

to sites along the negatively charged plasma membrane. This induces internalisation and 

transcytosis of the ligand across the cell within a vesicle. (G) Receptor-mediated 

transcytosis is used to transfer a variety of macromolecules such as insulin, IgG and 

transferrin across the BBB. This process involves binding of a ligand to a receptor, 

endocytosis and transport of the receptor-macromolecule complex within a vesicle 

followed by dissociation of the complex and exocytosis of the ligand.  

 

1.1.4 Junctional complexes of the BBB 

Two major junctional complexes are present at the BBB: adherens junctions (AJs) and 

TJs. AJs are composed primarily of cadherin proteins that span the intercellular cleft and 

provide stability by linking to the cell cytoplasm by Ŭ/ɓ/ɔ catenin proteins (Wolburg and 

Lippoldt, 2002). The precise role of AJ has yet to be resolved, however it is thought that 
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the molecular components play a key role in maintaining cellular polarity, providing 

stability, promoting endothelial cell survival and responding to stimuli via interactions 

with cadherin proteins and the actin cytoskeleton. Evidence suggests that AJs are also 

essential for the formation of TJs. Unlike AJs which are present in all vascular beds, TJs 

are enriched in the endothelium of the brain microvasculature. TJs appear as continuous, 

anastomosing, intramembranous networks of strands that interact with TJ proteins on the 

same cell or on adjacent endothelial cells at so called ñkissing pointsò to eliminate the 

paracellular space (Tsukita et al., 2001) (Figure 1.5). This fusion of TJs is responsible for 

impeding the flow of solutes and ions from the blood to brain and vice-versa, in turn 

creating a dynamic and highly regulatable barrier system. 

 

Barrier properties at the BBB are conferred by highly electrical-resistant TJ proteins that 

limit the flux of all but the smallest molecules. TJs interact with TJs on adjacent 

endothelial cells as well as interacting with intracellular scaffolding proteins which tether 

the TJs to cytoskeletal proteins. TJôs have two main functions. The first is to significantly 

reduce the permeation of polar solutes and ions from the blood to the brain and vice-versa. 

This impediment to the flow of ions across the BBB leads to a high electrical resistance 

in vivo of ~1800 ɋ.cm2 (Butt et al., 1990). Early studies with electron microscopy showed 

that ionic lanthanum introduced into the cerebral capillary lumen could penetrate the 

intercellular cleft as far as the TJ where its movement was subsequently impeded (Bouldin 

and Krigman, 1975). A second function of TJ proteins is to help maintain polarity of cells. 

This is achieved by restricting the lateral diffusion of membrane lipids and proteins 

between the apical and basolateral compartments of endothelial cells (van Meer and 

Simons, 1986). While certain substances can cross the barrier via the paracellular route, 

these are usually extremely small or employ specific mechanisms to move between TJs. 

For example, T-cell migration is initiated by leukocytes binding to ICAM-1 and -2 

expressed on endothelial cell surfaces leading to migration across the transcellular 

pathway (Steiner et al., 2010b). Indeed, the major route of transport across the BBB is via 

the transcellular pathway. Neurons require energy to maintain synaptic signalling and this 

energy need is met by proteins such as GLUT-1 which controls the entry of glucose into 

the brain. Ion regulation which is critical for optimal synaptic signalling between neurons 

is maintained by protein pumps such as the Na+/K+-ATPase pump. Brain ECs also possess 

specific receptors to control the entry and exit of essential peptides, such as hormones.  
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The predominant TJ proteins are the claudins and occludin. Claudins and occludin also 

interact with cytoskeletal scaffolding proteins called zonula occludens on the intercellular 

domain of the plasma membrane to "tether" the TJs to the actin cytoskeleton (Fanning et 

al., 1998, Fanning et al., 2007, Hartsock and Nelson, 2008). At three cell contacts, 

tricellulin and lipolysis-stimulated lipoprotein receptor have been identified as potentially 

regulating paracellular permeability (Ikenouchi et al., 2005). Other proteins present 

within the TJ system are the junctional adhesion molecules (JAM) of which several 

isoforms have been discovered.  

 

The following TJs have been described in detail: 

 

1.1.4.1 Occludin 

Occludin was identified as the first integral membrane protein within the TJ of endothelial 

cells (Furuse et al., 1993). Occludin is a tetraspan integral membrane protein that has four 

membrane spanning domains and two extracellular loops and is enriched at the TJ of 

epithelial and endothelial cells. The role of occludin was first elucidated following ectopic 

expression of chicken occludin in Sf9 insect cells, whereupon it induced the formation of 

TJ-like structures (Furuse et al., 1996). Following this it was found that a mutated 

occludin protein, introduced into Madin Darby Canine Kidney cells (MDCK), increased 

the paracellular leakage of MDCK cells to small tracers, implying a role in the barrier 

properties of TJs (Balda et al., 1996). Subsequent investigations in embryonic stem cells 

deficient in occludin could still form intact TJs indicating that occludin is dispensable to 

barrier formation (Saitou et al., 1998). Additionally, there were no overt morphological 

differences between TJs of normal and occludin deficient embryonic stem cells as well 

as normal localization and expression of the TJ-associated protein ZO-1. Further to this, 

occludin knockout mice have been reported with a complex phenotype and postnatal 

growth retardation and brain calcification. However, occludin null mice still formed intact 

TJs and displayed no size-selective loosening of the intestinal epithelia as recorded 

electrophysiologically. The complex array of abnormalities indicates a potential 

physiological role of occludin secondary to TJ formation (Saitou et al., 2000). In fact, 

numerous studies have now shown that occludin undergoes extensive modifications at 

the post-transcriptional and post-translational level (Cummins, 2012). Prior to 

development of disease symptoms in experimental autoimmune encephalomyelitis 

(EAE), an animal model of brain inflammation, dephosphorylation of occludin occurs 
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suggesting that occludin could be a target for signalling events in EAE (Morgan et al., 

2007). It is also known that occludin plays a key role in redox regulation of TJs. Normoxia 

(normal oxygen levels) conditions promote occludin oligomerization and TJ assembly 

while oxidative stress associated with inflammation promotes TJ disruption (Blasig et al., 

2011). It is evident that occludin has a role beyond that of a barrier forming TJ and that 

dysfunctional occludin expression is involved in numerous neuropathologies. For 

example, phosphorylation of occludin at Ser-490 in response to VEGF leads to its 

ubiquitination and subsequent internalisation. This process results in increased 

permeability to macromolecules and ions (Murakami et al., 2009). Furthermore, in a 

mouse model of neovascularisation, occludin phosphorylation is required for VEGF-

induced neovascularisation and subsequent loss of BRB integrity (Liu et al., 2016). 

 

1.1.4.2 Claudins 

Claudins are a multigene family of 20-24 kDa integral membrane proteins consisting of 

four membrane spanning domains with a short N terminus, two extracellular loops and a 

cytoplasmic tail. 24 claudin proteins have been identified in humans (Morita et al., 1999) 

with sequence analysis separating the family into two groups based on their sequence 

similarity and proposed function: Group one contains the classic claudins (1-10, 14, 15, 

17, 19) and group two contains the non-classic claudins (11-13, 16, 18, 20-24). Claudins 

are similar in structure to occludin, tricellulin and connexins as they contain four 

transmembrane domains, despite having minimal sequence homology. The claudins are 

expressed in numerous tissues with claudins 3, 5 and 12 being expressed by brain ECs 

with claudin-5 being the most enriched (Daneman et al., 2010a). They are the major 

component of the TJ and a general role of the claudins is the paracellular sealing function 

to limit the paracellular movement of material. The first extracellular domain (ECD) of 

claudins is known to be vital for the barrier properties of the TJs. Mutations to conserved 

cysteine residues in ECD1 of claudin-5 in MDCK cells results in increased paracellular 

permeability to mannitol and monosaccharides (Wen et al., 2004). The second ECD has 

been less intensively studied however, for claudin-5, it has been proposed to be involved 

in strand formation via trans interactions (Piontek et al., 2008). Claudins associate with 

claudin species on adjacent cells as well as forming cis interactions on the same cell 

(Blasig et al., 2006, Furuse et al., 1999). Claudins are a major structural component of the 

TJ and form the backbone of TJs through homotypic and heterotypic interactions via their 

extracellular domains (Krause et al., 2008, Krause et al., 2009). The spatial organisation 
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of claudin TJ strands is determined by the ZO scaffolding proteins with most claudin 

species containing a C terminus PDZ-binding motif which can bind to PDZ motifs on the 

ZO proteins (Itoh et al., 1999) linking them to the actin cytoskeleton. In vitro models of 

the BBB as well as genetic mouse models have improved our understanding of the 

physiological roles of the claudin proteins. Claudin-1 deficient mice die within 1 day of 

birth from excessive skin dehydration and were shown to have impaired barrier functions 

at the epidermis with increased permeation of a 600 Da tracer compared to controls 

(Furuse et al., 2002). Claudin-5 was identified to form stable TJ networks upon 

transfection into TJ free MDCK cells concurrent with a selective decrease in permeability 

to ions (Wen et al., 2004). Claudin-5 deficient mice have an impaired BBB with electron 

microscopy revealing intact TJs at cell-cell contacts. Tracer molecule experiments 

revealed increased permeation of molecules up to ~800 Da in size. These mice also die 

within hours of birth from undefined causes. Interestingly, the BBB of claudin-5 deficient 

mice remained intact to molecules greater than 1 kDa indicating other unidentified TJ 

components may be involved in regulating barrier integrity towards different sized 

molecules (Nitta et al., 2003). Claudin-11 is expressed in CNS myelin and the testis and 

mice deficient for claudin-11 have CNS myelin defects that manifest behaviourally as 

hindlimb weakness and impaired movement on the rotarod. Claudin-11 deficient mice 

also display male sterility (Gow et al., 1999) and deafness (Gow et al., 2004). The claudin 

proteins are expressed abundantly in numerous tissues and are central to the barrier 

function of tissues such as the intestinal epithelia, inner ear, BBB, blood-retinal barrier 

and blood-testis barrier. It is apparent that the claudins have an intrinsic role in regulating 

permeability and manipulation of TJ components is a promising approach to improved 

drug delivery to the CNS to offer novel therapeutic strategies for several CNS disorders 

(Greene and Campbell, 2016). 

 

1.1.4.3 Junctional adhesion molecules (JAM)  

JAMs, like TJ proteins, are integral membrane proteins belonging to the immunoglobulin 

superfamily. They consist of a single membrane-spanning domain, an extracellular 

domain with an N terminus and a short cytoplasmic C terminus (Martin-Padura et al., 

1998). The cytoplasmic C terminus contains a PDZ motif that interacts with scaffolding 

proteins including ZO-1, AF-6, ASIP/Par3 and cingulin (Bazzoni et al., 2000, Ebnet et 

al., 2000). JAMs can form homotypic interactions with JAMs on opposing endothelial 

cells and form heterotypic interactions with different JAM family members as well as 
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other adhesion molecules (Weber et al., 2007). Through binding to Par3, JAMs promote 

cell polarity and the localization of ZO-1 and occludin at points of cell contact (Itoh et 

al., 2001). Mounting evidence has implicated a role for JAM family members in leukocyte 

migration across endothelial cell layers (Aurrand-Lions et al., 2005, Bradfield et al., 

2007). 

 

1.1.4.4 Scaffolding proteins 

The membrane-associated guanylate-kinase (MAGUK) protein family are accessory 

elements for the transmembranous components of TJs. The ZO (ZO-1, ZO-2, and ZO-3) 

proteins are members of the MAGUK protein family. They are the prominent scaffolding 

proteins linking TJs to the actin cytoskeleton. ZO-1 is a 220 kDa protein essential for 

endothelial barrier formation, VE-cadherin-mediated cell tension and actomyosin 

organization through its interaction with F-actin (Tornavaca et al., 2015). Mice deficient 

in ZO-1 are embryonic lethal by E10.5 with embryonic and extraembryonic defects 

including impaired angiogenesis and increased apoptosis in the neural tube and notochord 

(Katsuno et al., 2008). ZO-2 is a 160 kDa protein that is also critical for embryonic 

development with mice deficient for ZO-2 being embryonic lethal due to a loss of cell 

proliferation and induction of apoptosis between E6.5 and E7.5 (Xu et al., 2008). In 

contrast, ZO-3, a 130 kDa protein, deficient mice developed normally and had no 

apparent phenotype (Adachi et al., 2006, Xu et al., 2008). The ZO proteins contain a PDZ 

motif on the C terminus to link ZO proteins with transmembrane proteins or with PDZ 

motifs on other proteins. ZO-1 binds to the claudins, occludin and JAM via PDZ motifs 

as well as with various components of the cytoskeleton (Bazzoni et al., 2000, Ebnet et al., 

2000, Tornavaca et al., 2015). Knockdown of ZO-1 in MDCK cells delays TJ assembly 

while knockout of ZO-1 in MDCK cells by TALEN-mediated gene targeting results in 

alterations in myosin organization at cell-cell contacts and disruption of the localization 

of TJ proteins (Tokuda et al., 2014, McNeil et al., 2006). 

 

Cingulin is a cytoplasmic protein localized on the cytoplasmic face of TJs (Citi et al., 

1991). It is a 140 kDa protein that interacts with several TJ species. In vitro studies have 

identified ZO-1, ZO-2, ZO-3, myosin and AF-6 interacting with the N terminus of 

cingulin (Cordenonsi et al., 1999). Investigations in MDCK cells have shown that 

cingulin is not involved in the basic structure and function of TJs (Guillemot and Citi, 
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2006). Subsequent work demonstrated that cingulin is involved in the regulation of cell 

proliferation and gene expression through RhoA signalling (Citi et al., 2009) 

 

1.1.4.5 Adherens junctions 

Like TJs, adherens junctions associate with the actin cytoskeleton and are involved in the 

initiation and stabilisation of cell-cell adhesion, regulation of the actin cytoskeleton, 

intracellular signalling and transcriptional regulation. AJs are composed primarily of 

cadherin proteins, such as E-cadherin, that span the intercellular cleft and provide stability 

by initiating intercellular contacts through trans-pairing between cadherins on adjacent 

cells. Cadherins can also link directly to cell cytoplasm proteins and the interactions 

between cadherins and catenins has a crucial role in the formation and function of AJs 

(Takeichi, 2014). Catenin family members including p120 catenin and ɓ-catenin can bind 

to classical cadherins to form a cadherin-catenin core complex which can subsequently 

bind to the F-actin cytoskeleton through Ŭ-catenin which is crucial for firm cell adhesion 

(Hansen et al., 2013). The molecular components of AJs play a key role in maintaining 

cellular polarity, providing stability, promoting endothelial cell survival and responding 

to stimuli via interactions with cadherin proteins and the actin cytoskeleton. AJ are 

involved in the regulation of endothelial permeability through dynamic opening and 

closing of cell-cell adherens junctions as a result of the phosphorylation of VE-cadherin 

and subsequent internalisation (Dejana et al., 2008). Evidence also suggests that AJs are 

essential for the formation of TJs. VE-cadherin is an endothelial cell-specific AJ 

component that mediates the upregulation of claudin-5 through Akt-dependent 

phosphorylation of the forkhead box factor Fox01 which inhibits ɓ-catenin translocation 

to the nucleus and repression of claudin-5 transcription (Taddei et al., 2008). 
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Figure 1.5: Junctional complexes of the BBB. Claudin-5 and occludin are the major TJ 

components at the BBB and are linked to the actin cytoskeleton via the ZO family of 

scaffolding proteins and other intracellular proteins such as cingulin. Other TJs such as 

tricellulin and LSR are enriched at three cell contacts (not pictured here). VE-cadherin is 

a component of the adherens junction and is linked to the actin cytoskeleton by Ŭ/ɓ/ɔ 

catenin proteins. 

 

1.2 Schizophrenia 

 

1.2.1  Overview 

Schizophrenia is a chronic mental disorder with a complex, heterogeneous mix of 

symptoms. It affects approximately 1% of the population and affects more than 21 million 

people worldwide. The most comprehensive study on the lifetime risk of schizophrenia 

according to DSM-IV criteria was carried out in Finland and estimated at 0.87% for 

schizophrenia and 0.32% for schizoaffective disorder. In total, there was a 3.06% lifetime 

prevalence of all psychotic disorders (Perala et al., 2007). The characteristic symptoms 

of schizophrenia can be divided into two groups, positive symptoms and negative 

symptoms. Positive symptoms are defined by behaviours and thoughts not normally 

present such as psychosis which involves disorganised thinking and speech, 

hallucinations and a failure to recognise what is real. Negative symptoms refer to affective 

behaviours and include anhedonia (loss of ability to feel pleasure), social withdrawal, 
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diminished energy and motivation. A third characteristic symptom of schizophrenia 

involves a broad group of cognitive dysfunctions. Symptoms can lead to abnormal social 

behaviours, depression and anxiety disorders as well as depression, self-harm, drug and 

alcohol abuse. These disabling symptoms may account for the high prevalence of suicide 

observed compared to the general population. The prodromal phase is defined as the 

initial onset of the disorder prior to the first psychotic episode and typically begins in 

early adolescent years. The prodromal phase consists of a decline in cognitive and social 

functioning. A diagnosis of schizophrenia rarely occurs during the prodromal phase with 

clinical diagnosis usually following the manifestation of psychotic episodes. 

 

Individuals with schizophrenia have a shorter life expectancy than the general population 

with a standardised mortality ratio of 2.6 which has continued to rise in recent decades 

(McGrath et al., 2008). Suicide is the main contributor to early mortality in early years 

with cardiovascular diseases being the primary contributor later in life (McGrath et al., 

2008). Individuals with schizophrenia are up to 12 times more likely to commit suicide 

compared to the general population (Caldwell and Gottesman, 1990). Contributing factors 

to the shorter life expectancy include the high rate of cigarette smoking and unhealthy 

lifestyle as well as the obesity promoting effects of anti-psychotic drugs. These factors 

contribute to the metabolic syndrome, diabetes and elevated cardiovascular and 

respiratory deaths observed among patients (Hoang et al., 2011). The aetiologies of 

schizophrenia are not clear, however research points to a combination of genetics and 

environment being major contributors to the development of the disorder. Owing to its 

heterogeneous clinical presentation and complex aetiology, in the absence of a biological 

marker, clinical diagnosis of schizophrenia relies on an examination of mental state and 

observation of the patientôs behaviour. Pharmacological treatments are available to 

control the psychotic symptoms of schizophrenia however they have no overall benefit in 

social and cognitive functioning. Psychosocial interventions such as cognitive 

behavioural therapy have proven beneficial but are inconsistently applied (Kahn et al., 

2015). 

 

1.2.2 Risk factors 

Risk factors for schizophrenia can be grouped into 3 categories: 

Å Sociodemographic characteristics; 

Å Predisposing factors; 
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Å Precipitating factors; 

 

People who are exposed to complications in foetal life and at birth have an increased risk 

of developing schizophrenia. Pre-natal risk factors in the development of schizophrenia 

have been proposed, such as birth trauma, which includes: complications of pregnancy 

(bleeding, pre-eclampsia, diabetes, rhesus incompatibility and infection), abnormal foetal 

growth and development (low birth weight, congenital malformations) and complications 

of delivery (emergency caesarean section, asphyxia, uterine atony) (Cannon et al., 2002a). 

Presumably, these risk factors affect neural connectivity in the developing brain. 

Peculiarly, there is a slight but significant excess number (7-10%) of individuals with 

schizophrenia born in late winter to spring (Stilo and Murray, 2010). Schizophrenia is 

more common in men than women as well as the disorder being more severe in men. 

Additionally, men develop schizophrenia earlier in life than women and are more likely 

to have a history of pre or perinatal complications and to show brain malformations 

(Castle and Murray, 1991). 

 

In developed countries, there is an association between the prevalence of schizophrenia 

in urban areas compared to rural areas (Freeman, 1994). A Danish study found that there 

was a greater risk of schizophrenia in individuals who were not just born, but raised 

exclusively in large cities compared to individuals who lived in less urbanized 

environments (Pedersen and Mortensen, 2001). Densely populated, disadvantaged areas 

of inner cities are most common for schizophrenia. This was initially noted in Chicago in 

1939 (1960) but was more recently replicated in Ireland (Kelly et al., 2010) and the UK 

where it was found that the smaller cities of Nottingham and Bristol had an incidence of 

schizophrenia that was less than half that of London (Kirkbride et al., 2006). Migration is 

another commonly linked factor with a significantly increased risk of schizophrenia 

among migrants and ethnic minority groups and especially black migrants to European 

countries (Cantor-Graae and Selten, 2005). In England, it was found that all ethnic 

minorities were at an increased risk for schizophrenia but especially so with African-

Caribbeanôs and black Africans at nine-fold and six-fold respectively (Fearon et al., 

2006). 

 

Drug abuse has been an extensively covered risk factor with an increased risk of psychosis 

associated with early and excessive use of methamphetamine (Chen et al., 2003). Recent 
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evidence has also implicated cannabis use and later psychosis (Fergusson et al., 2003, van 

Os et al., 2002, Weiser et al., 2002). 

 

1.2.3 Genetics of schizophrenia 

Genetics is recognised as one of the most significant risk factors for schizophrenia. While 

incidence in the general population is ~1%, in first degree relatives (e.g., parents, siblings 

or children) the incidence is 6%-17%. Twin studies suggest approximately 17% incidence 

in dizygotic twins and up to 50% incidence in monozygotic twins (Figure 1.6) (Vogel, 

1991). Indeed, meta-analysis of association studies has identified a large number of 

candidate gene variants highly associated to schizophrenia phenotype (Allen et al., 2008). 

Further analysis revealed a number of these high candidate variants are involved in the 

metabolism of key neurotransmitters as well as genes related to DNA methylation, 

apoptosis and neurodevelopment (Shi et al., 2008). Over 100 loci in the human genome 

contain single nucleotide polymorphism (SNP) haplotypes that associate with the risk of 

schizophrenia (2014). Most genes from this study are enriched in the brain and several 

are involved in glutamatergic neurotransmission as well as many genes involved in the 

immune response, providing support for the link between the immune system and 

schizophrenia. Further weight to this speculative link between the immune system and 

schizophrenia was discovered in a recent study of 65,000 individuals that revealed a 

significant risk of schizophrenia associated with inheritance of specific variants of the 

complement component 4 (C4) protein, a key member of the immune system complement 

cascade. Post-mortem analysis of human brains revealed structural forms of C4 associated 

with increased C4 transcript and increased elimination of synapses in schizophrenia 

subjects (Sekar et al., 2016).  
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Figure 1.6: Rates of schizophrenia. The incidence of schizophrenia in the general 

population is ~1 % while in first-degree relatives, this increases to 6-17 %. The incidence 

in dizygotic twins is 17 % and in monozygotic twins is 48 %. Source: (Gottesman, 1991). 

 

Many genetic studies have identified linkage to chromosome 22, suggesting this region 

harbours major susceptible loci for schizophrenia (Liu et al., 2002, Pulver, 2000, Rees et 

al., 2014). Individuals with the chromosomal abnormality 22q11 Deletion Syndrome 

(22q11DS) have a 25-fold increased lifetime risk of developing schizophrenia and other 

neuropsychiatric related conditions compared to the general population due to 

microdeletions at the chromosomal region 22q11.21 (Kao et al., 2004, Murphy, 2002, 

Williams, 2011). 

 

1.2.4 Microvascular dysfunction in schizophrenia 

There is accumulating evidence suggesting that anomalies of the microvasculature are 

involved in the pathogenesis of schizophrenia (Najjar et al., 2017, Najjar et al., 2013). Up 

to 50% of deaths of individuals with schizophrenia are accounted for by cardiovascular 

disease (CVD). Indeed, schizophrenic patients have a significantly increased burden of 

CVD compared to the general population and as such, measurements of endothelial 

dysfunction may prove useful in identifying high risk individuals. Identifying markers of 
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vascular endothelial dysfunction may offer alternative approaches to identifying at risk 

individuals. 

 

1.2.4.1 Post-mortem studies 

Much of the early research on the role of the microvasculature in schizophrenia focussed 

on microscopic analysis of capillary vessels in post-mortem control and schizophrenic 

brains. Post-mortem studies have often been limited by small sample sizes, poorly 

matched controls, confounding effects of medications, storage conditions and preparation 

of brain tissue that may potentially introduce detrimental effects. In addition, most 

schizophrenic patients will have undergone some form of treatment at some point in their 

clinical history. As such, it is important to control for this as well as examine tissue 

samples from drug naïve patients.  

 

Uranova and colleagues identified morphological differences in capillaries and NVU cell 

types in the prefrontal and visual cortex of schizophrenia patients along with vacuolar 

degeneration of ECs, astrocyte-foot processes and thickening of the BM (Uranova et al., 

2010). In a follow-up study, reductions of capillary density in the prefrontal and visual 

cortex were found to associate with negative symptoms of schizophrenia (Uranova et al., 

2013). Another study found significant decreases in capillary diameter in dorsal and 

subgenual parts of the anterior cingulate cortex in major depressive disorder and bipolar 

disorder patients but not in schizophrenic patients while schizophrenic patients had 

decreased cortical thickness (Sinka et al., 2012).  

 

Structural abnormalities have also been detected in the brains of schizophrenic patients 

treated with anti-psychotic drugs including reduced capillary diameter, ECM deposition 

and perivascular oedema but also pinocytosis and vacuolization (Udristoiu et al., 2016). 

However, this study had a sample size of just three patients who were treated with anti-

psychotics. Several studies have shown abnormalities in other NVU components 

including reductions in the number of pericapillary oligodendrocytes in the prefrontal 

cortex (Vostrikov et al., 2008), decreased numbers of GFAP positive astrocytes adjacent 

to blood vessels in the prefrontal cortex (Webster et al., 2001) and anterior cingulate 

cortex (Webster et al., 2005) in schizophrenia patients (Figure 1.7F).  
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Changes in expression of endothelial specific genes has also been investigated and have 

implicated the role of the BBB in the immune response in schizophrenia. Microarray 

analysis of ECs isolated by laser capture microdissection from post-mortem 

schizophrenic patients and healthy controls found downregulation of EC genes involved 

in ion transport, cell proliferation and adhesion, suggesting a dysfunction of the BBB 

(Harris et al., 2008). As the BBB enforces the ñimmune privilegedò status of the brain, 

changes in BBB components such as cell adhesion molecules can increase peripheral 

immune cell infiltration to the brain which have previously been shown to correlate with 

cognitive and behavioural changes in animal models in response to systemic 

inflammation (D'Mello and Swain, 2014). Further evidence for the link between BBB 

disruption/immune response was reported by Hwang and colleagues who used RNA-seq 

data from the hippocampus of control and schizophrenia subjects that identified 144 genes 

differentially regulated in schizophrenia cases compared to unaffected controls, the 

majority of which are involved in the immune/inflammation response. Additionally, the 

majority of these differentially expressed immune system genes in this study were more 

likely to be expressed in ECs of the BBB, blood monocytes within blood vessels and 

perivascular astrocytes than in lymphocytes or microglia (Hwang et al., 2013). 

Furthermore, Kim and colleagues identified 23 genes up-regulated in the choroid plexus 

of 29 schizophrenia subjects compared to 26 unaffected controls related to biological 

processes involved in defence, immune and inflammatory responses and amino acid 

transport. The differential expression of these genes positively correlated with the 

amounts of inflammatory proteins in the serum and frontal cortex including c-reactive 

protein, cortisol, MMP-9 and tissue inhibitor of metalloproteases 1 (TIMP-1) (Kim et al., 

2016). Recently, Katsel and colleagues examined 1306 genes in a microarray dataset from 

15 cerebrocortical regions and the hippocampus of individuals with schizophrenia and 

identified 657 differentially regulated genes, 311 of which correspond to a subset 

uniquely enriched in ECs. Most of these EC enriched genes that were downregulated in 

schizophrenia are involved in angiogenesis pathways (Katsel et al., 2017). Another gene 

expression study examining VEGF mRNA from the dorsolateral prefrontal cortex of 16 

individuals with schizophrenia and 18 psychiatrically normal controls found significant 

decreases in VEGF in the schizophrenia group (Fulzele and Pillai, 2009). Cerebral 

vascularisation is mediated by VEGF and VEGF significantly contributes to angiogenesis 

by stimulating neovascularisation and is intimately involved in the regulation of CBF. 

Additionally, VEGF has a key role in neurophysiology as suppression of neural VEGFR2 
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impairs hippocampal-dependent synaptic plasticity and long-term potentiation and 

consolidation of emotional memory (De Rossi et al., 2016). To date, studies on other BBB 

molecular components such as TJ proteins have not been examined in post-mortem 

schizophrenia brain sections. 

 

1.2.4.2 CSF studies 

The gold-standard technique for measuring BBB permeability in humans is measurement 

of the CSF: serum albumin ratio (QAlb) (Figure 1.7B). This test compares the 

concentration of albumin in the blood compared to the CSF. Albumin is typically present 

in the CSF at concentrations approximately 200 times lower than blood. Therefore, an 

increased QAlb suggests that increased quantities of albumin have been able to pass from 

the blood into the CSF due to an impaired barrier. This test has been used to detect BBB 

dysfunction in several psychiatric studies (Shalev et al., 2009). In a study of 63 psychiatric 

subjects and 4,100 controls, a subset of psychiatric patients (14 major depressive disorder 

and bipolar disorder and 14 schizophrenia) had CSF abnormalities reflecting BBB 

dysfunction. BBB dysfunction was represented as increased serum albumin with BBB 

dysfunction being the only sign of dysfunction in 24% of cases (Bechter et al., 2010). A 

dysfunctional blood cerebrospinal fluid barrier has also been reported in patients with 

several forms of dementia including AD and frontotemporal dementia with elevated QAlb 

(Busse et al., 2017). However, analysis of QAlb has its limitations as increased QAlb can 

result from other factors including low rates of CSF production, increased subarachnoid 

flow resistance or blocking of arachnoid villi causing reduced outflow into venous. 

Additional problems stem from the small sample sizes of the studies and the confounding 

factor of anti-psychotic medication (Bechter et al., 2010). 

 

1.2.4.3 Blood biomarkers 

The calcium-binding peptide S100ɓ is produced mainly by astrocytes and is abundantly 

expressed by neurons in the brain. In healthy individuals, S100ɓ is almost undetectable 

in the serum. Increased serum concentrations of S100ɓ have therefore been used to 

associate CNS pathology with BBB dysfunction. There is accumulating evidence 

showing increased levels of S100ɓ in the blood, CSF and brains of schizophrenic patients 

(Lara et al., 2001, Schroeter et al., 2003, Wiesmann et al., 1999) and depression patients 

(Schroeter et al., 2008) with increased levels of S100ɓ in both acute and chronic cases. 

Additionally, plasma S100ɓ levels were positively associated with the negative symptoms 
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of schizophrenia (Rothermundt et al., 2001, Rothermundt et al., 2004b) (Figure 1.7D). 

However, whether this increase in S100ɓ is directly reflecting increases in BBB 

permeability or merely increased production and/or secretion by glial cells or 

degeneration of glial cells (Rothermundt et al., 2004a) has yet to be elucidated. 

Additionally, S100ɓ has been found to be secreted by adipose tissue outside the CNS 

(Steiner et al., 2010a) calling into question the interpretation of the results and validity of 

these studies. 

 

A limited number of studies have examined blood concentrations of BBB components. 

Vascular endothelial dysfunction has been suggested in several studies with increased 

peripheral concentrations of endothelial cell adhesion molecules such as soluble P-

selectin and L-selectin in the serum and plasma of untreated acute schizophrenic patients 

compared to controls (Iwata et al., 2007, Masopust et al., 2011), suggesting the possibility 

of increased EC activation in the cerebral vasculature of individuals with schizophrenia. 

In addition, atypical anti-psychotics such as risperidone contributed to vascular 

dysfunction in diabetic rats via activation of EC adhesion molecules such as ICAM-1, 

VCAM-1 and soluble L-selectin (Aboul-Fotouh and Elgayar, 2013). Activation of cell 

adhesion molecules on the vascular endothelium may contribute to increased 

transendothelial migration of lymphocytes and monocytes (Figure 1.7C). Matrix 

metalloproteinase -9 is a 92 kDa protein that belongs to the family of zinc and calcium 

dependent endopeptidases. Recently, it has been shown to negatively affect CNS 

disorders such as epilepsy and traumatic brain injury (TBI). Few studies have investigated 

MMP levels in schizophrenia. Two studies reported increased concentrations of MMP-9 

and TIMP in schizophrenia (Domenici et al., 2010, Yamamori et al., 2013) (Figure 1.7G), 

although another study found no differences between patients and controls from a total of 

63 patients with chronic schizophrenia (Niitsu et al., 2014). A recent study identified 

elevated serum levels of VEGF in schizophrenia patients compared to controls that were 

associated with structural abnormalities in the prefrontal cortex (Pillai et al., 2016), 

however elevated serum VEGF levels are not predicted to affect BBB integrity owing to 

the polarised nature of the permeability response at blood-neural barriers (Hudson et al., 

2014). 
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1.2.4.4 Neuroimaging studies 

Gross anatomical changes in brain structure have also been observed with deficits in grey 

matter volume primarily in cortical brain regions compared to unaffected controls 

(Cannon et al., 2002b). Neuroimaging studies have identified consistent structural 

abnormalities in schizophrenic patients. Volume reductions in the medial temporal lobe 

(memory), left posterior superior temporal gyrus (auditory processing and language) 

(Shenton et al., 1992) as well as ventricular enlargement have been consistently observed 

(Van Horn and McManus, 1992). Neuroimaging studies have not assessed BBB changes 

in schizophrenia patients with the few early studies confounded by small sample size, 

difficult interpretation of results and imprecise techniques. Advancements in DCE-MRI 

for quantitative assessment of BBB permeability have since been detected that may be 

useful for detecting subtle BBB abnormalities, but these have yet to be applied to 

psychiatric patients. A recent MRI study using a 7T scanner reported alteration in the 

volume of small arterial and arteriolar cerebral vessels in cerebral vessels throughout the 

brain, suggesting that microvascular anomalies may be widespread across the brain (Hua 

et al., 2017). This work built on previous findings of aberrant CBF and cerebral blood 

volume associated with schizophrenia (Peruzzo et al., 2011). As these studies focussed 

on smaller vessels, it has relevance to the BBB. 

 

Glutamate is the primary excitatory neurotransmitter in the brain and disturbances in 

glutamate-dependent neurotransmission have been documented in numerous psychiatric 

disorders including schizophrenia. This hypothesis is based on the findings that N-

methyl-d-aspartate receptor (NMDAR) antagonists can induce schizophrenia-like 

symptoms (Moghaddam and Javitt, 2012). A meta-analysis of glutamate levels by 

magnetic resonance spectroscopy revealed elevations in glutamate and glutamine levels 

in the basal ganglia and medial temporal lobe (Merritt et al., 2016). As glutamate 

modulates BBB permeability (Vazana et al., 2016), regional disturbances in glutamate 

levels may alter regional BBB permeability. Additionally, abnormal glutamate 

homeostasis at the BBB may contribute to psychopathology. Glutamate is actively 

transported out of the brain by amino acid transporters at the BBB to maintain IF 

concentrations of glutamate at a fraction of the blood. Dysfunctional astroglial glutamate 

transporter expression has been observed in schizophrenia (McCullumsmith et al., 2016). 

In addition, polymorphisms of these transporters have been associated with cognitive 

dysfunction in schizophrenia patients (Zhang et al., 2015). 
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A recent study has identified regulatory mechanisms in BMVECs capable of controlling 

CBF by sensing neural activity to modulate CBF to dynamically regulate the changing 

metabolic requirements of neurons. ECs achieve this through activation of the KIR2.1 

inward rectifier K+ channel to produce a rapidly propagating retrograde hyperpolarization 

that causes upstream arteriolar dilation, resulting in increased blood flow to the capillary 

bed. Initially this was performed ex vivo in brain slices via the addition of K+ and 

subsequently repeated in vivo via addition of K+ adjacent to a post arteriolar capillary 

which produced a rapid increase in red blood cell flux as measure by two-photon laser-

scanning microscopy. Additionally, this effect was concentration dependent with 

application of 3 mM K+ having no effect and application of concentrations >25 mM 

produces membrane depolarisation (Longden et al., 2017). It will be interesting to 

determine if dysfunction of this process is evident in schizophrenia as alterations of CBF 

have been observed across several brain regions in schizophrenia. Alterations in CBF 

have been identified in numerous brain regions in schizophrenic patients compared to 

controls (Andreasen et al., 2008) with reduced CBF being associated with negative 

symptoms of schizophrenia notably in the frontal lobe (Wang et al., 2003, Zhao et al., 

2006). 
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Figure 1.7: Schematic summary of experimental data of structural and functional BBB 

alterations in psychiatric disorders. (A) Alterations of tight junction proteins (such as 

claudin-5 gene polymorphisms) mediate increased paracellular movement of molecules. 

(B) Increased paracellular movement of macromolecules such as albumin increase 

CSF:serum albumin ratio. (C) Increased expression of cell adhesion molecules facilitates 

CNS entry of leukocytes and peripheral cytokines via the paracellular and transcellular 

pathways. (D) Secretion of astrocytic proteins such as S100ɓ from damaged astrocytes, 

cross a leaky BBB and are detectable in the blood. (E) Variability in the expression and 

function of transcellular transporters such as PGP may affect the brain concentration of 

psychiatric drugs and could contribute to treatment resistance in some patients. (F) 

Dysfunction of astrocytes and other glial cells may contribute to dysfunction of the 

neurovascular unit. (G) Microglial activation results in the production of reactive oxygen 

species and cytokines that act on the BBB to further exacerbate BBB permeability via 

alterations to adherens junctions and tight junctions. Increased production of matrix 

metalloproteinases results in degradation of the basement membrane and junctional 

complexes, increasing BBB permeability. 

 

1.2.5 Clinical outcomes 

Treating schizophrenia requires a thorough understanding of each individual patientôs 

symptoms as there are no treatments available to broadly manage all symptoms of 

schizophrenia and treatments vary according to the stage and severity of the illness. The 

advent of chlorpromazine (CPZ) over half a century ago heralded the pharmacological 

era in psychiatry. Anti-psychotic drugs are the only drugs available to treat the psychotic 
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symptoms of schizophrenia including hallucinations and delusions. Anti-psychotic drugs 

were discovered in the 1950ôs with the advent of CPZ. These ñfirst generationò or typical 

anti-psychotics all function as dopamine receptor antagonists, with high affinity for 

dopamine d2 receptor. Studies have shown a strong correlation between the therapeutic 

dose of these drugs and their affinity for D2 receptors (Creese et al., 1976, Seeman, 1987), 

with PET studies showing that 60-80% receptor occupancy is critical for anti-psychotic 

efficacy. However, D2 occupancy is a risk factor for side effects with occupancy rates 

greater than 80% increasing the risk of extrapyramidal syndromes and 

hyperprolactinemia (Farde et al., 1992, Kapur et al., 2000). Conventional anti-psychotic 

therapies, particularly high potency drugs such as haloperidol (HAL)  and fluphenazine 

carry high risks of extrapyramidal symptoms including akathisia (motor restlessness), 

dystonia and dyskinesias and parkinsonian bradykinesia (Gardner et al., 2005), however 

all first generation anti-psychotics can produce extrapyramidal symptoms. Indeed, this 

can be a disabling feature for individuals and is responsible for frequent non-compliance 

with medication (Gaebel, 1997). Newer, ñsecond generationò or atypical anti-psychotic 

drugs were marketed as having fewer side-effects than first generation drugs, notably a 

reduction in extrapyramidal motor control disabilities. However, while tardive dyskinesia 

and extrapyramidal symptoms are rarer with atypical anti-psychotics, these drugs present 

a separate set of side effects. Many theories have been posited to account for the 

atypicality of second generation anti-psychotics such as a higher ratio of a drugôs affinity 

for serotonin 5-HT2A receptor and fast dissociation from the D2 receptor. Typical versus 

atypical anti-psychotics differ mainly in their side-effects and the apparent effectiveness 

of atypical anti-psychotics to treat negative symptoms. There is ongoing debate about the 

effectiveness of atypical over typical anti-psychotics, with recent evidence suggesting 

minimal advantage of atypical drugs (Fusar-Poli et al., 2013). While anti-psychotics 

generally show effectiveness at reducing positive symptoms, non-compliance due to 

intolerable side-effects leaves most individuals with schizophrenia substantially disabled 

for the rest of their lives. Therefore, it is imperative to devise new methods for treating 

individuals with schizophrenia to replace the need for anti-psychotic medications or to 

reduce the adverse side effects associated with prolonged usage. 

 

1.3 22q11 deletion syndrome (22q11DS) and schizophrenia 

22q11.2 deletion syndrome (22q11DS) is the most common chromosomal microdeletion 

syndrome that affects a minimum of 1 in 6000 births. Originally termed velocardiofacial 
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syndrome (VCFS) and DiGeorge Syndrome, it is now apparent that what were once 

distinct disorders are now grouped under the one nomenclature. 22q11DS involves a 0.7 

ï 3 Mb deletion on the short arm of chromosome 22 that leaves individuals 

haploinsufficient for up to 40 protein-coding genes (Figure 1.8) (McDonald-McGinn et 

al., 2015). The deletion arises from non-homologous meiotic recombination events 

resulting in a heterogeneous clinical presentation regardless of deletion size. Most cases 

arise from de novo deletions with up to 15% being inherited. The microdeletion is 

associated with multi-organ dysfunction including cardiac abnormalities, immune 

disorders, endocrine and gastrointestinal disorders, educational deficits and behavioural 

and psychiatric disorders. Recently, The International Consortium on Brain and 

Behaviour in 22q11.2 has reported the cumulative presence of schizophrenia to be 10% 

in adolescents (13-17 years), 24% in emerging adults (18-25 years) and over 41% in 

young adults (26-35 years) and mature adults (Ó36 years) (Schneider et al., 2014). As 

such, the 22q11 locus has been an intensively studied region to find schizophrenia 

susceptible genes and to determine the function of genes within the region. The TJ and 

major BBB component, claudin-5, is located within the deleted chromosomal region. In 

fact, when claudin-5 was initially discovered it was termed transmembrane protein 

deleted in VCFS. 

 

 

 

Figure 1.8: 22q11.2 deleted region. 22q11.2 DS results from microdeletions on the short 

arm of chromosome 22 and range in size between 0.7-3 Mb, encompassing ~40 genes. 

The cerebral EC-enriched TJ component claudin-5 is located within the deleted region. 

A 3ôUTR SNP in the claudin-5 gene has previously been reported to associate with 

schizophrenia. 

 

1.3.1 Clinical description of 22q11DS 

Like most developmental disorders, 22q11DS has a clinical core set of features that are 

represented in the entire population with several other features that are more variably 

observed in a subset of individuals. These core clinical features include conotruncal 


