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Summary
Thevasculature of the central nervous system (CNS) daartight barrier thategulates
the movement of molecules and ionstween the blood and braiithis bloodbrain
barrier (BBB) is critical for proper function of the CNS as well as protecingal tissue
from potentially damagingblood-borne agentsTo 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 jaoa (TJ) protein complexes that effectively
seal the space between adjacent endothelial cells (paraceliiar)mportance of the
BBB is highlighted by the severe pathakegjof diseases in which it is broken down
Many of the symptoms of stroke, brarauma and oedema are due to a breakdown of the
BBB following the primary insultThis has direct relevance to schizophrenia where
cerebral ntrovascular anmalies are being recognised@hological hallmarkof the
condition The presence ofelevatedsem | evel s of ,mdrkbreohBBB a n d
dysfunction,is acommonfinding in individuals with schizophrenigidditionally, gene
expression studies have identified severatiothelialspecific genes dysregulated in
schizophreniaWhile changes in BBBRermeability have been detected in schizophrenia
patients, the consequences of alteratmiilJ components in schizophrenia progression

and symptomatology has not been explored.

In this study the associationof a single nucleotide polymorphism (SNP) t he 30
untranslated region (UTR) of éitransmembrane protegoding claudin5 genewith
schizophreniavas investigatedrhese results reveal@dsignificant association between
thers10314SNP andschizophrenia in 22g12 deletion syndrome patients (Z2PS), a
high-risk population estimated to be 25 times more likely to develop schizophféeia.
effectof the SNPon levels of claudi¥b was investigated im vitro models of the BBB.
These studies showed that 1580314 SNRead to reduced levels afaudin5 protein.
Furthermore,claudin5 was reduced inpostmortem schizophreniabrain samples in
patientghatharbouedtheclaudin5 risk alleleIn in vitro BBB models up-regulation of
claudin5 was observed following exposure of brain endothelid$ ¢elanti-psychotic
drugs whilein vivo administration ofntipsychoticdrugs increasklevels of claudirb,
tricellulin and ZGO1 proteirs. To assess how claudk downregulation affects BBB

permeability and schizophrenia symptomatologyhehaviouratatasetwas generated



following targeted suppression of claudinn vivo in specific brain regionsUtilising
adeneassociated viral vectorsontaining a doxycyclingnducible shRNA targeting
claudin5 transcripts claudin5 was knocked down in the hippocpus andmedial
prefrontal cortex of micedJsing a behavioural battery of testswasdemonstrate that
targeted suppression of claudirnresulted inlocalised permeability of the BBBnd
impairments in learning and memamgdsocial interaction anmhcreasedlepressivdike
behaviours. Next, a novealoxycyclineinducible claudifs knockdown mousevas
generatedo allow for brainwide knockdown of claudi#®. This model revealethat
knockdown of claudi¥b in the entire brain produdepermeability of the BB that
resulted inimpairments in learning and memory and increagexiety. Additionally,
knockdown of claudirb impairedprepulse inhibitior{PPI), a sensorimotor gating deficit
consistently observed in schizophrenia patidaitsally, chronic knockdowrf claudin

5 was lethal with mice developing seizures and hyperactivity that reduifiosis,
macromolecule leakage aptemature deathn chapter 5the role ofthe circadian clock
in regulatingtheintegrity of the BBBwas exploredit has recently ben reported that up
to one third of the genome is controlled by the circadian clock. Givaxtaaesive pattern
of sleep disruption in schizophrenic individuals, the role of the circadian clock in
regulatng BBB integrity wasinvestigated Transcription &ctorsthatregulae circadian
rhythmswere expressed irbrain endothelial cellsFurthermoreclaudin5 expression
cycled in mice dpendent on the time of day andrmeability of the BBBvasregulted
in a timedependent mannewith elevated permeabilitypf tracer moleculesn the
morning Slencing of the abck transcription factor BAL -1, a key activator of circadian
rhythms,in vitro, attenuatd thecycling of TJ components and impedibarrier integrity.
These results suggest that targeting therapidsanct times associated with increased

BBB permeability may improve brain penetratemd therapeutic outcome

The results obtained here from human schizophrenia brain samples, 22q11DS patient
samples, knockdown studies in C57BL/6 mice and claGdinockdown mice andh

vitro andin vivo BBB permeability studies indicate that depletion of clatkloan size
selectively increase BBB permeability and impair behaviour. In this respect, changes in
TJ protein levelsnay represent a mechanism behind imghi@NS homeostasis and
induction of symptoms associated with schizophreftaconclude, these observations
suggest claudid may represent a novel therapeutic target to modulate schizophrenia

progression.
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Chapter 1:

General Introduction



1. General Introduction

1.1The Blood-Brain Barrier (BBB)

The central nervous system (CNS) consists of the brain and spinarabfdnctions to
regul ate the bodyds response to internal anc
the neuron, a terminally differentiated electrically excitable cell, which regaifiee

control of both electrophysiological and chemical sigmalginction efficiently.Given

the lack of regenerative capacities of neurons, maintamaanstant state bbmeostasis

in the CNS is essentidbr the health and integrity of neuronBo maintain optimal
synaptic signalling, a tight control of thmicroenvironment is required to efficiently
process the vast array of information received by the CNS. Indeed, while the brain
accounts foljust 2% of bodily mass, iexpend2 0 % of t he |(raducyod s ener g\
(Raichle and Gusnard, 2002 this end, three cellular barriers exist in the brain to form

an interface between the blood and neural tissue: the -blEretbrospinal fluid barrier
(BCSFB), the bloodrain barrier (BBB) and the arachnoid barrier. The BCSFB is formed

by epithelial cdk of the choroid plexuGAbbott et al., 2006jFigure 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 fIgBBF) 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 bi@dhbott et al., 2010)The blood

brain barrier (BBB) positioned along blood vessels of the CN&tisrd selective and

tightly regulated barrie(Figure 1.14), reflecting t hiecodgnitv@i nbés cr i
function, maintaining homeostasis and strictly coordinating thetilons 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, uimencells and anaplatoxins(Abbott et al.,

2010) Additionally, the brain endothelium secret€)0 ml of fresh interstitial fluid (IF)

per day to create an ideal ionic environment for neural fun¢kitedky and Barrand,

2016) In fact, as the CNS has no local energy reserves, it requires a constanto$upply
glucose delivered from the blo@ehd is sensitive to changes in blood flaviais energy

need is met by the cerebral microvasculatlihe combined surface area of microvessels

in the brainis 156200 cn#/g of tissue, equating to ~42 n? per adult huma brain
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resulting in a dense medike network of vessels providing blood flow to all brain regions
(Abbott et al., 2006)Such is theextentof the cerebral vasculature, meeuronis further

than ~25 m from a blood vesséBchlageter et al., 1999)
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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 #lcaid exchange owing to

the proximity of neurons taapillaies. (B) The bloodcerebrospinal 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 tissudNot highlighted is thearachnoid 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 highlyelectrical 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
microvasculatureLining blood vessels of the CNS are endothelial c@€) which
separate the peripheral blood from brain tis€heing totheir specialised function, CNS
ECs are distinct fromECs of the periphery in severabays (Figure 12) and possess
numerous specialisationscluding:

)] BBB-specific proteins to control the entry and exit of metabolites ac®lts

(transcellular pathway).



i) Enrichment of fghly electrical resistant tight junctiafTJ) proteins to limit

the flow of material between adjacdf€s(paracellular paway).

iii) Absence of fenestrations which goeres to allow the rapid exchange of

molecules between blood and tissue in peripHegsl

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

of large hydrophilic molecules to the CNSaunders et al., 2012, Abbott et
al., 2010)

V) Increased mitochondrial numbers to facilitate higher energy expenditure.
Additionally, in contrast to peripheral ECs where $tlandsassociate with the
extracellular faction face (Hace) of the membrane bilayer, TJ particles of CNS ECs
associate with the protoplasmic membrane leaflet®¢P) (Liebner et al., 2000)it is
thought that theassociation of thel'd with the R or E-face reflects the degree of
permeability and resistance of the barlappoldt et al., 200Q)

A CNS B Periphery

Pinocytotic

Astrocyte
Tight junction

Fenestra

Mitochondria

Neuron

dothelial cell

Tumen

Basement
Membrane

Pericyte

Figure 1.2: CNS vs peripheral EC6A) CNS ECs arenvelopedy pericytes, astrocytes

and basement membrane whieidirectional 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 the presence of highly electrical resistant TJ components located
between adjacent EC) 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 rapil exchange of material between the blood and parenchyma.

Over a century has passed since Paul Ehrl i cl
experiments in which they noted a clear compartmentalisation of thd hlab brain
Initially these observationsere attributed to nervous tissue lacking a chemical affinity

for the nonstaining dyes, however subsequent investigattemealedthat intravenous



injections (1.\) of ferrocyanideor bile acids induced no central pharmacological effects,

but direct injeabns to CNS parenchyma induced sfggharmacological changé&hile

these experiments suggested a barrier between substances in the blood and brain and led
Lewandowsky to c-biainhlkeatreirer Giblioodwasnaot
when Ehrlicd 6 s st udent Edwin Gol dmann thelCbl®ti fi e
ard peripheral tissue. Following l.Wjection of trypan blue (960 Da), the entire body
stained except for the brain and spinal cord. However, direct injection into CSF heavily
stainal the CNYreviewed in(Liddelow, 2011). Future work began to hypothesise on a
sizeselectve permeability of the BBB to certain compounds. Ehrlich noted several dyes
injectedtVcoul d stain the CNS. 't wasnodot until
visualisation of the sizeelective 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 firstJ betweeradjacenECs(Reese and Karnovsky, 1967his work was

then repeated with smaller molecules such as microperoxidase (1900 De)taadum

(139Da) (Brightman and Reese, 1969, Feder, 19Cbncurrently, Reese and Bnignan
confirmed that the barrier properties of the BBB were established by the endothelium and
not the astrocytic enfitet or basement membra(®@M) (Brightman and Reese, 1969)

While the physical barrier function of the BBB providedTisis the mainobstacleto

the brain penetrance of blo@brne sibstances, the BBB also has transport capacities due

to the presence of transendothelial transporters sugln@sse transporteGLUT-1) for
transporting glucose. The BBB also functions as a metaholticimmunebarrier and
possesss drug metabolisingerzymes on the plasma membrane suclseageralP450
enzymesmonoamine oxidase, alkaline phosphatase and specific peptidasesdify

substances as they enter and exit the l{a@cchelli et al., 2007)

1.1.1 The Neurovascular Unit

Much of the early research on the BBB focussed on the unique barrier properties of
cerebraECsand whether these properties were unique to this cell type or whether signals

from the surrounding microenvironment induced BBB formatldoweve, significant
advancements pointed a melange of cells types that forreth s o cal | ed HAneur
u n i(NVO) that interact and communicate withiatricatedegreeof crosstalk to create

a dynamicmicroenvironment(Figure 13). In early transplantain experiments by

Stewart and Wiley it was found thfmiilowing grafting of immature avascular brain tissue

5



from embryonic quails into the coelom of chick embrytse abdominal vessels
vascularising the grafted brain tissue formed structural and fuatiwaoperties 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 profstéesrt

and Wiley, 1981)This pointed toetundefined cues from the neural microenvironment

that were involved in developing barrier properties.

Tight
junction

. .icroglia

: //

Basement =X
membrane___"

Neuron

%

Figure 1.3: The BBB and NVU(A) Electronmicroscopyof a rat brain sectioreveals

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 bet€enthe basalamina
surroundinghe endothelial cells and astrocyte daddin contact with the endothelium
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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 developenhilieu of ECs
astrocytes and pericytes that interact with neurons, microglia and other brain components
to impart specific properties on ti&BB. Pericytes partially surround the microvessel
endothelium while astrgte endfeet also surround the capillaries.

1.1.1.1Pericytes

Pericytes are specialised perivascular adlimesoderm origiembedded in thBM that
envelop blood capillaries. First described in the laté déntury, pericytes contain a cell
body with a prominet nucleus and lrg cytoplasmic processes thah@@ntact numerous
ECsand extend to more than one capillary. Pericytes are a diverse and multifaceted cell
type and are morphologically, biochemically and physgialally heterogeneous
depending on vasculdred location tissuetype and differentiation state. As a result,

finding a panpericyte marker is extremely difficult.

Functionally, pericytes are key componentshaf BBB and bloodetina barrie(BRB)

and have an important role in regulati@@F and capillary diamete (Peppiatt et al.,
2006) microvessk stabilisation andextracellular matrix(ECM) protein secretion
(Winkler et al., 2011) During early angiogenesis(driven primarily by vascular
endot hel i al gr oacatertinsignalling(loebnereetnad, 20080 ernfeier

et al., 2013)Daneman et al., 200Qericyte recruitment to cerebral blood vessels is key
to BBB formation.Loss ofpericytecoveragan platelet derivedy r owt h f act or
or platelet derived growth factor recep{® D G F)Rbll mice has been shown to result

in capillary microhaemorrhageB) dysfunction, increased vascular permeability, failure
to recruit pericyte precursor cells and embryonic lethglDaneman et al., 2010b)
(Lindahl et al., 199). It is thought that ecruitment and attachment pkricytes is
medi at ed sbeyetioRflbBHCSa nd bi ndi n grecéptoreon peic@dsSR b
(Hellstrom et al., 1999)The barrier promoting functiorof perigtes results from
inhibition of moleculesuch as angiopoieti, plvap and leukocyte adhesion molecules
that promote vascular permeability and immune cell infiltrafidaneman et al., 2010b)
Pericytes are also critical to the integrity of the BBB during adulthood becatisgtp
deficient mice havebeen reported witHess capillary covege, reduced cerebral
microcirculation as well a$J dysfunction andncreased paracellular leakage of small
molecules and transcytosis of serum protéBmll et al., 2010, Armulik et al., 2010)
Armulik et alalsonoted that pericytes guide astrocytic foot processes to the vessel wall

via polarization of astrocyte e+idet and expression of cues that mediate attachment of
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astrocyte endeet to the vessel wallArmulik et al, 2010) Additionally, pericytes
express the contractileroteins U.smooth muscle actjntropomyosin and myosin
(Bandopadhyay et al., 200ahdloss of pericyte coveragesdts in reduced CBBell

et al., 2010)A recent studyas higlighted the crucial rolef pericytes in regulating CBF

in which the neurotransmitter glutamate evokes the release of messengers including
prostaglandin Eand nitric oxide that help dilate capillaries by actively relaxingcyess

(Hall et al., 2014)

Interestingly, CNS pericytes can perform macropHdge activities. They express
scavenger receptors and pericytes in culture can ingest macromolecules including
polystyrene bead®alabanov et al., 1996frurther evidence for the macrophage activity

of pericytes was detailgtrough the discovery of Fc receptaswell aghemacrophage
markers CR3 complement receptor, CD4 and major histocompatibility complexes.
Additionally, systemic injection of protein tracers in immature mice accumulate in

pericytegKristensson and Olsson, 1973)

1.1.1.2Astrocytes

Astrocytes arespecialisedylial cellsderived from the ependymoglia of the é&ping
neural tubeAstrocytes functiorio protect neuronBy regulating neurotransmitter levels
and water and ion concentrations to maintain homeostasis of the neural
microenvironmentAstrocytic endfeet envelopthe abluminal surface of cerebral ECs
(Abbott et al., 2006)These interactions are key to regulating brain water volume and
synchronising metabolite and ion levels WitBF and vasodilatiom the adult brainThe

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

in the enefeet surrounohg cerebral vessels as well as the AJdhsitive potassium
channel K4.1 (Abbott et al., 2006)Astrocytes express several factors proposed to be
involved in maintenance of the BBB as opposed to induction of BBBribteOnesuch
factor is sonic hedgehog l{B), whichis knownto upregulate claudié andoccludin
levelsin vitro (Alvarez et al., 2011)Shh knockout mice are embryonic lethal between
E11 and E13.8Nhile mice lave normal numbers of blood vessels, Shh knockout mouse
embryoshavereducedevels of TJ proteins such as clau@irmndoccludin (Alvarez et

al., 2011) Additionally, conditional knockout of smoothened, a dowmstresignalling
componenbdf theShh pathwayfrom ECsresultsin reducedl'J expression and increased

extravasation of plasma proteins. Along with pericytes, astrocytes express angibtensin
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(Milsted et al., 1990)following expression ofSrcsuppressed <Rinase substrate
(SSeCKs)rodent homolog of human AKAP12khich signals to Ti receptors on ECs
leading to the development of more advanced TJs, inhibition of transcytosis and
downregulation of leukocyte adhesimoleculegLee et al., 2003AKAPs 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 functiorE@fs (Wolburg

and Lippoldt, 2002)Taken together, this data suggests that astrocytes have key functions
in maintaining cerebrovascular integrityurthermore, the finding that astrocytase
presentat the BBB postatally adds further weight to this argumébaneman et al.,
2010b) Indeed, the cholésrol and phospholipid transporter molecule Apolipoprotein E
(ApoE), produced by astrocytes, signals through low density lipoprotein recelstizd
protein 1 on ECs to regulate TJ levélore recently howeveproduction andelease of
retinoic acid fron radial glial cells(precursor astrocyteps been shown to interact with
RAreceptotbh on devel oping ECs (Miaeeketald20t3g barri e

1.1.1.3Microglia

Microglia are the resident immune cell of the CNIBeyare derived from haematopoietic
precursor cells that migrate frotine embryonic yolk sac into the CNGinhoux et al.,
2010) In the developing brain, microglia are involved in engulfing and eliminating
synapsesThis isthought to benediated byhe chemokine receptor CX3CR$CX3CR1

null mice have impaired synaptic pruning and increased dendritic spine densities in the
hippocampus compared to contr@gRaolicelli et al., 2011 Despite their proximity ittle

is known about the interdon of microglial cells and ECne studyshows that
microglia are involved in tip cell fusion followingascular endothelial growth factor
(VEGF)-induced tip cell inductior{Fantin et al., 2010)Microglia are pesent in the
embryonic CNS prior to endothelial sprouting and appear to be involved in
cerebrovasculagrowth indicating that microgligEC interactions may be a possible
mechanism in BBB formation and regulatidhwasthought that microgh remain in a
resting, dormant state in the healthy brain howeweyjvo two-photon imaging in the
neocortex of adult mice found thlaighly motile microglial processeand protrusions
constantly survey the neural microenvironment and dynamically interact with other
cortical componentgDavalos et al., 2005, Nimmerjahn et al., 2008yditionally,
microglia were show to directly monitorneuronal function aspplication of the

i 0n ot ramipdbwtyric oacid receptor blocker bicuculline significantly increase
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microglia volume samplingNimmerjahn et al., 2005Much more is known about the
involvement of microglia inCNS disorders and following brain traumislicroglia

actively migrate towards the site of damage, such as ischemia and neurodegeneration, and
engulf and eliminate neuronal cellular debris following cell debbhdo this, microglia

can shift betweetwo acivatedmorphological state$n the Mlactivatedstate microglia
releaseproinflammatory cytokines such as interluind  gumalr necrosis factot

while M2 activated microglia can dampen inflammation and promote tissue repair
(Aguzzi et al., 2013)

1.1.1.4Basement membrane

The often-overlookedcomponent of the NVU is the noncelluBM, yet it has a pivotal
role in establishing and maintaining BBB propertieshsas supporting pericytesd
astrocytes. Structurally, BMs are a specialised lay&iQi¥l proteins found basolateral

to the endothelium and epithelium in all body tissugsls of the NVU synthesise and
secrete proteins extracellularly that form the BBMs are aheterogeneousix of
proteins, the principal constituents of which are type IV collagen, laminin,
nidogen/entactimnd perlecariLeBleu et al., 2007)hat form a layer approximately 20
200 nm in thicknes§'he BM has an intricate role in crosstalk between NVU components.
Astrocytespedfic deletion of laminin inducespontaneous haemorrhages in mice with
impaired smooth muscle cell differentiation dods of AQP4 and TJ proteif€hen et

al., 2013) In a followup study, a subset of mice with a periegpecific deletion of
laminin develop hydrocephalus and BBB breakdown and loss of AQRdtam et al.,
2016) Today, BM components are routinely usadvitro in the culture of primary
BMVEC as well as immitalised brain endothelial cdihes. Collagen IV and fibmectin

are two such components thate 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 integritgf the BBB from enbryogenesisinto
adulthood. Breakdown of this communication may contribute directly or indirectly to
CNS disease pathogenesis. As Wéldiscussed in the followingections, these cellular
components of the NVU have critical roles in the developmenteoBBB as well as in
forming transport routes across and between &8 Disruption of these processes can

result in impaired homeostasis and BBB permeability.

10



1.1.2 Development of theBBB

BBB development is a mulitep process that begiasembryonic day 9.(E9.5)when
sprouting endothelial progenitor cells from newly formed blood vessels invade the
embryonic neuroectoderrihese early endothelial sprouts exhibit many properties of the
BBB including the expression of TJ proteins and nutrient transporteey. also contain
large numbers of transcytotic vesicles and display high exprelesiels of leukocyte
adhesion moleculeKey mediators of angiogenestse VEGF and Wit. VEGF, a
mitogensecreted by cells in theub ventriculaneuroectoderm of the embrnyic brain,
drives vessel expansion along a VEGF concentration grgéReab et al., 2004YEGF
binds to FIk1 receptor (VEGFR) onECsto initiate vessel expansiolt has been shown
thatFlk1 knockout mice faito develop vesselthroughout the body and die between E8.5
and E9.5 (Shalaby et al., 1995While VEGF" and VEGF" mice have severely
compromised but not abolishedyessel formation and suffer from early embriyo
lethality at mid gestatiofCarmeliet et al., 1996)

A key signallingpathway involved in angiogenesis during embryonic development is the
Whnt signalling pathway.It has been shown that Wt -¢afenin inducedrayiogenesis is
unique to the CNSDuring 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 Wntl, Wnt3 and Wnt3b are expressed in the dorsdkcspdand
hindbrain(Daneman et al., 2009)n the canonical Wnt signalling pathwaynWigands
bind to frizzled receptor s ocatenintegradatmrs c ul ar
by the pr ot e a scateme accudatemin theecytaplhsm anarfslocates

to the nucleusvhere itinduces the transcription of target genaduding axin2, Lefl,
Apcddl, Stra6 and Slc2al by binding to lymphoid enhaboeting factor 1/T cell
specific transcription factor DNAInding proteingMacDonald et al., 2009Knockout

of Wnt7b results in embopnic lethality owing to severe brain haemorrhage and abnormal
vessel morphologyStenman et al., 2008, Daneman et al., 2008)en downstream

s i gnal lcatemigis dbgentormal vascularisation is apparent throughout the body
except for the CNS. As well as itstiinsic role in angiogenesis, M/signalling also has

a crucial role in BBB formatiorOne of the downstream tgets of Wnt signalling, slc2al
codes for the BBEnrichedglucosetransporte(GLUT-1).
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The next major step in BBB formation stems from the recruitment of perieytes

astrocytego envelopthe endothelium. SproutirlgCsfrom nascent blood vessels releas

PDGFb which attracts pericytes that express
and migration with sproutingCs (Hellstrom et al., 1999)ECG-pericyte interaction is

mediated by bidirectional transformirgyowth factorb ( TGFDb) / transf or mi ng
factorreceptocb ( TGFRb) signalling. This signalling
cell adhesion moleculd-cadherin orECsresulting in firm adhesion between ECs and
pericytesRecent work has shown that C6 is a receptor that is critical to E@ricyte

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 bypa cyt e secreted TGFb1. Mi ce
were found to have reduced pericyte coverage and impaired BBB int@&nigy et al.,

2017) Following pericyte recruitmenthe next step in BBB development involviée

depasition of ECM proteins such as collagen type IV, laminin and fibronedin

pericytesto promote formation of th&M. The crosstalk between ECs and pericytes

results in TJ formation, barrier tightness, @asedranscytosis and decreasegressn

of leukocyte adhesion molecul@he precise role of astrocytes in BBB development has

not been as well characterised buvitro co-culture experiments revealed thats co

cultured with astrocytes hae improved barrier characteristics with elevagegbression

levels of transporters, increased metabolic activity and inedeR$ formation, compared

to ECmonocultures.

Finally, interendothelial Jsare sealednd maintained via pericyeC crosstalKLee et

al., 2003) Astrocytes are key to sustained BBB integrity vatigiotensin Hangiotensin

Il receptor type Bignalling promoting the formation and maintenance of interendothelial
TJs. Additionally, Shh secretion by astrocytes upregulates TJ protein e@pressi

1.1.3 Crossing theBBB

While oxygen and carbon dioxide can rapidly diffuse across the brain endothediam; a
result ofthe BBB, only the smallest (<4@®) lipophilic moleculesontaining fewer than
8-10 hydrogen bondsan passively diffuse acroshe BBB (Figure 1.4B)(Pardridge,
2009) However, as thenergy needs of thierain are met by th cerebral circulation,
numerougroteintransportsystemsare present on tHaminal and abluminasurface of

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

The paracellular pathway comprises the interendiathspace between adjaceBCs
positioned along cerebral blood vesg@lgure 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 moleculddany lipid soluble moleules with molecular
weightsless thard00 Da can cross the BBB via diffusion through the endothelial lipid
membranegFigurel.4 B) It has been estimated that all large molecule neurotherapeutics
and up to 996 of small molecule driggcannot circumvent the BB@ardridge, 2005)
Some substances camterthe brain through the paracellular pathway deploying
specific mechanismsFor example, leukocytes can gain passage to the brain in
inflammatory situationd.eukocyte migration acreghe BBB is a multistep process that
begins when leukocytes bind te Bnd Eselectinon brain ECg0o slow and bind to
vascular cell adhesion molecule YQAM-1) and intercellular adhesion molecule 1
(ICAM-1) to attach to the EC®r subsequent transmidien (Figure 1.£) (Takeshita

and Ransohoff, 2012) eukocyte adhesion moldesg are typically expressed at low
levels in the healthy brain microvasculature however they may become upregulated in

inflammatory conditiongTakeshita and Ransohoff, 2012)

1.1.3.2Transcellular pathway

The transcellular pathway is thpredominant pathway for the delivery pfoteins,
peptides, amino acids, ions and carbohydrate®tbréin In addition, variousherapeutic
drugs have been delivered across the BBB by takamtyantage ofthe molecular
composition ofvarious receptors expressed on the apical surfawenf ECs such as the
transferrin receptotons and other small adles can enter the brain via solute carriers on
the apical and basal membrane together with intracellular and extracellular enpymes.
regulation which is critical for optimal synaptic signaling between neurons is maintained
by proteins such gheNa'/K*-ATPasepump on the abluminal membrafi¢awkins and
Davis, 2005)and potassium channelBigure 1.4C) Carriermediated transpoiit the
major route fothe entry of essential nutriergach as glucose and amino ac@sUT-1
encoded for by the SLC2A1 gene isiehed 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, slc2at mice show extensive microvascular leakage to
serum proteins as well as reddc&J protein levelgWinkler et al., 2015)The major

facilitator super family domain containing 2a (mfsd2a) is specifically expressed in
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cerebrablood vessels. Mfsd2a is expressed during BBB formation andicaitfdar 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 iftethtwhereby
msfd2& mice had increased levels GBNS-EC vesiculartranscytosigBenZvi et al.,

2014) A follow-up study confirmed that mfsd2a inhibits transcytosis and proposed that
this happens by preventingaveolae 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 formatigAndreone et al., 2017Numerous transporters are also
present to facilitate amino acid entry to the CNS. For examAlE]l (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 (Mairey et al., 2004)
Receptormedided 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 thédrain 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 bsapré&a@nt 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
transporterthat protects the brain from many neurotoxic compoumndsubsantially
reducingtheir CNS entry (Figure 1.D) (Lin and Yamazaki, 2003)The functional
importance of PGP at the BBB wiawestigatedn mice deficient for Mdrla and Mdrlb
Mdrla knockout micevere found tchave 10-fold increass in brain concentrations of
PGP substratgschinkel et al., 1994)
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Figure 1.4: Transporipropertiesof the capillary endotheliungA) TJ protein complexes

seal the interendothelial space betweeiginbouring ECs and restrict tfree movement

of solutes (B) Oz and CQ cross the BBB by diffusion as dipophilic molecules with a
molecular weight <400 Da and containing fewer than 8 hydrogen b@@p#rotein
transporters on theiminal surfaceof the endotheliunfacilitate the entry of glucose,
amino acids and nucleosideso the CNS(D) ATP-binding cassette (ABC) active efflux
transporters limit entry of drugs and xenobiot{&S). Immune cells bind to cell adhesion
molecules such &&/E-selectinto infiltrate the brain parenchyma via the paracellular or
transcellular route(F) Adsorptivemediatedtranscytosis involves the cationization of
plasma proteins such as albumin and subsequent binding of the positively charged protein
to sites along theegatively charged plasma membrane. This induces internalisation and
transcytosis of the ligand across the cell within a vesigB. Receptommediated
transcytosis is used to transfer a variety of macromolecules such as insulin, 1IgG and
transferrin acrosshe BBB. This process involves binding of a ligand to a receptor,
endocytosis and transport of the recemt@cromolecule complex within a vesicle
followed by dissociation of the complex and exocytosis of the ligand.

1.1.4 Junctional complexes of theBBB

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 Ilinking t@olbugandc el I
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 endotheliadell survival and responding to stimuli via interactions

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

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

are enriched in thenelothelium of the brain microvasculature. TJs appear as continuous,
anastomosing, intramembranous networks of strands that interact with TJ proteins on the

same cel l or on adjacent endotheli al cell s
paracelluar spacé€Tsukita et al., 2001(Figure 15). This fusion of TJs is responsible for

impeding the flow of solies and ions from the blood to brain and weesa, in turn

creating a dynamic and highly regulatable barrier system.

Barrier properties at the BBB are conferred by highly electrigsistant TJ proteins that

limit the flux of all but the smallest moleles. TJs interact with TJs on adjacent
endothelial cells as well as interacting with intracellular scaffolding proteins which tether
the TJs to cytoskeletal proteiisJ 6 s have two main functions. T
reduce the permeation of polsolutes and ions from the blood to the brain andwecsa.

This impediment to the flow of ions across the BBB leads to a high electrical resistance
invivoo f  ~ 1 8 &(Butt gt al.¢ 199Q)Early studies with electron microscopy showed
that ionic lanthanum introduced into the cerebral tapillumen could penetrate the
intercellular cleft as far as the TJ where its movement was subsequently ir(ipediedh

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 commpants of endothelial celleran Meer and
Simons, 1986)While certain substansean cross the barrier via the paracellular route,
these are usually extremely small or employ specific mechanisms to move between TJs.
For example, Icell migration is initiated by leukocytes binding to ICAMand-2
expressed on endothelial cell surfadeading to migration across the transcellular
pathway(Steiner et al., 2010blndeed, the major route of transport across the BBB is via
the transcellular pathway. Neurons require energy to maintain sysgptadingand this
energy need is met by proteins suclGas)T-1 which controls the entry of glucose into

the brain. lon regulation which is critical for optimal synaptgnallingbetween neurons

is maintained by protejpumpssuch asheNa'/K*-ATPaseunp. BrainECsalso 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 edlzonula occludens on the intercellular
domain of the plasma membrane to "tether" the TJs to the actin cytosK&latming et

al., 1998, Fanning et al., 2007, Hartsock and Nelson, 2088)hree cell contacts,
tricellulin and lipolysisstimulated lipoprotein receptdtrave been identified as potentially
regulating paracellular permeabilifykenouchi et al., 2005)Other proteins present
within the TJ system are the juimtal adhesion molecules (JAM) of which several

isoforms have been discovered.

The following T& have been described in detail:

1.1.4.10ccludin

Occludin was identified as the first integral membrane protein witieifTJ of endothelial
cells(Furuse et al., 1993Dccludinis a tetraspan integral membrane proteintiaatfour
membrane spanning domains and two extracellular laogsis enriched at the TJ of
epithelial and endothelial cellEhe role of occludin was 6t elucidated following ectopic
expression of chicken occludim Sf9 insect cells, whereupon it induced the fation of
TXike structures(Furuse et al., 1996)ollowing this it was found that a mutated
occludn protein, introduced into Madin Darby Canine Kidney c@M®CK), increased

the paracellular leakagef MDCK cellsto small tracersimplying a role in the barrier
properties of TJéBalda et al., 1996 5ubsequetninvestigations irembryonic stem cells
deficient inoccludin could still form intact TJs indicating that occludin is disadble to
barrier formation(Saitou et al., 1998 Additionally, there were no overt morplogical
differences between TJs of normal and occludin deficient embryonic stem cells as well
as normal localization and expression of theagdociated protein Z®. Further to this,
occludin knockout mice have been reported with a complex phenotyppoatthtal
growth retardation and brain calcification. Howeaacludinnull mice still formed intact

TJs and displayed no stselective loosening of the intestinal epithelia as recorded
electrghysiologically The complex array of abnormalities indicata potential
physiological role of occludi secondary to TJ formatiqi®aitou et al., 2000)n fact,
numerousstudies have now shown that occludin undergoes extensive modifications at
the posttranscriptional ad posttranslational 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 targetsignallingevents in EAEMorgan et al.,
2007) Itis 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 witHammation promotes TJ disruptigiBlasig 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 numermesiropathologs. For
example, phosphorylation of occludin at 880 in response to VEGF leads its
ubiquitination and wwbsequent internalisation. This process results in increased
permeability to macromolecules and iofMurakami et al., 2009)Furthermore,n a
mouse model of neovascularisation, occludin phosphorylation is rddqoire/EGF

induced neovascularisation and subsequent loss of BRB intégtitgt al., 2016)

1.1.4.2Claudins

Clawlins are a multigene family of 2™ kDa integral membrane proteins consisting of
four membrane spanning domains with a short N terminus, two extracellulardoda
cytoplasmic tail. 24 claudin proteins have been identified in huiihoista et al., 1999)

with sequence analysis separating the family into two groups based on their sequence
similarity and proposed funciin: Group one contains the classic clauding@114, 15,

17, 19) and group two contains the rmassic claudins (313, 16, 18, 2€24). Claudins

are similar in structure to occludin, tricellulin and connexassthey contain four
transmembrane domairgespitehavingminimal sequence homology. The claudins are
expressed in numerous tissues with claudins 3, 5 and 12 being expressed by brain ECs
with claudin5 being the most enrichgfaneman et al., 201QaJhey 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 materi@ihe 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 clauéinn MDCK cells results in increased paracellular
permeability to mannitol and monasdharidegWen et al., 2004)The secondECD has

been less intensively studiedwever, for claudib, it has been proposed to be involved

in strand formation via trans interactioff@ontek et al., 2008)Claudins associate with
claudin species on adjacent cells as well as forming cis atiena on the same cell
(Blasig et al., 2006, Furuse et al., 1999audins are a major structural component of the

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

extracelular domaingKrause et al., 2008, Krause et al., 200%e 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 RBiiding mdif which can bind to PDZ motifs on the

ZO proteing(ltoh et al., 1999)inking them to the actin cytoskeletdm. vitro models of

the BBB as well as enpetic mouse models have improved our understanding of the
physgological roles of the claudin protein€laudirl deficient mice die within 1 day of
birth from excessive skin dehydratiand were shown to have impaired barrier functions

at the epidermisvith increased permeation of a 600 Da tracer compared to controls
(Furuse et al., 2002)Claudin5 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 Claudin5 deficient mice have an impaired BBB&th electron
microscopy revealing intact TJs aell-cell contacts.Tracer molecule experiments
revealedncreased permeation of molecules up to ~800 Da in size. These mice also die
within hours of birth from undefined caustgerestingly, the BBB of claudib deficient

mice remained intact to moldes greater than 1 kDa indicating other unidentified TJ
components may be involved in regulating barrier integigtyards different sized
moleculegNitta et al., 2003)Claudin11 is expressed in CNS myelin ame testis and

mice deficient for claudiil have CNS myelin defects that manifest behaviourally as
hindlimb weakness and impaired movement on the rotarod. Cladddeficient mice

also display male sterilitfGow d al., 1999)and deafnes&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, inneB&B, bloodretinal barrier

and bloodtestis barrierlt 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 therapeutiatsigies for several CNS disorders
(Greene and Campbell, 2016)

1.1.4.3Junctional adhesion molecule$JAM)

JAMs, like TJ proteinsare integral membrane proteins belonging to the immunoglobulin
superfamily. They consist of a single membrapanning domain, an extracellular
domain with an N terminus and a shoytoplasmic C terminugMartin-Padura et al.,
1998) The cytoplasmic C terminus contains a PDZ motif that interacts with scaffolding
proteins including Z&L, AF-6, ASIP/Par3 and cinguli(Bazzoni et al., 2000, Ebnet et
al., 2000). JAMs can form homotypic interactions with JAMs on oppogndothelial

cells and form heterotypic interactions with different JAM family members #sawe
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other adhesion moleculé®/eber et al., 2007)rhrough binding to Par3, JAMs promote
cell polarity and the localization of Z0 and ocaldin at points of cell contaitoh et

al., 2001) Mounting evidence has implicated a role for JAM family members in leukocyte
migration acoss endothelial cell layerf@®urrandLions et al., 2005, Bradfield et.al
2007)

1.1.4.4Scaffolding proteins

The membraneassociated guanylatenase (MAGUK) protein familyare accessory
elements for the transmembranous components offiésZO (201, Z0O-2, and ZQ3)
proteins are members of tMAGUK protein family. They are therominent scaffolding
proteins linking TJs to the actin cytoskeleton.-Z@ a 220 kDa proteiressential for
endothelial barrier formation, \Eadheriamediated cell tension and actomyosin
organization throug its interaction with Factin(Tornavaca et al., 2019Ylice deficient

in ZO-1 are embryonic lethabty E10.5 with embryonic and extraembryonic defects
including impaired angiogenesis and increased apoptosis in the neural tube and notochord
(Katsuno et al., 2008¢Z0-2 is a 160 kDa protein thas also critical for embryonic
development with mice deficient for Z© being embryonic lethalue to a loss of cell
proliferation and induction of apoptosis between E6.5 and BXubet al., 2008) In
contrast, ZG3, a 130 kDa proteindeficient mice developed normally and had no
apparent phenotygédachi et al., 2006, Xu et al., 2008he ZO preeins contain a PDZ
motif on the C terminus to link ZO proteins with transmembrane proteins or with PDZ
motifs on other proteins. Z@ binds to the claudins, occludin and JAM via PDZ motifs
as well as with various components of the cytoskel@azzoni et al., 2000, Ebnet et al.,
2000, Tornavaca et al., 201®)nockdownof ZO-1 in MDCK cells delays TJ assembly
while knockout of ZG1 in MDCK cells by TALENmediated gene targeting results in
alterations in myosin oenization at ceitell contacts andisruption of the localization
of TJ proteingTokuda et al., 2014, McNeil et al., 2006)

Cingulin is a cytoplasmic protein localized on the cytoplasmic face of{idset al.,
1991) Itis a 140 kDa protein that interacts with several TJ spdoie#ro studies have
identified ZO1, ZO-2, ZO-3, myosin and AF6 interacting with the N terminus of
cingulin (Cordenonsi et al., 1999)nvestigations in MDCK cells have shown that
cingulin is not involved in thdasic structure and function of T@Suillemot and Citi,
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2006) Subsequent work demonstrated that cingulin is involved in the regulation of cell

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

1.1.4.5Adherens junctions

Like TJs, adherens junctions associate with the actin cytoskeleton and are involved in the
initiation and stabilisation of cetlell adhesion, regulation of the actin cytoskabe
intracellular signalling and transcriptional regulatidals are composed primarily of
cadherin proteinsuch as EEadherinthat span the intercellular cleft and provide stability

by initiating intercellular contacts through trapairing between aherins on adjacent

cells. Cadherins can also link directly ¢ell cytoplasmproteinsand the interactions
between cadherins am@tenins has a crucial role in the formation and function of AJs
(Takeichi, 2014)Catenin family membersincld i ng p 12 0 -catemin@nbind and
to classical cadherins to form a cadheratenin core complex which can subsequently
bindtotheF-act i n cyt os kaatenntwbiah is trircial doufignhcellhdhesion
(Hansen et al., 2013The molecular components AJsplay a key role in maintaining

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

to stimuli via interactions wittcadherinproteins and the actin cytoskeda. AJ are

involved in the regulation of endothelial permeability throutymamic opening and

closing of celicell adherens junctions as a result of the phosphorylation afadBerin

and subsequent internalisati(i»ejana et al., 2008videncealsosuggests that AJs are
essential for the formation of TJ¥E-cadherin is an endothelial calpecific AJ
component that mediates the upregulation of claulinthrough Aktdependent
phosphorylation of the forkhead bbxa c t or F o x 0 1 -catenimn tcahslodatiom i b i t s

to the nucleusind repression of claudimtranscriptionTaddei et al., 2008)
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Figure 1.5: Junctional complexesf the BBB. Claudinr5 and occludin i@ 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 (notneidtnere). VEcadherin is

a component of the adherens juacti
catenin proteins.

1.2 Schizophrenia

1.2.1 Overview

and i s l i nked to the

Schizophrenia is a chronic mental disorder with a compheterogeneousnix of

symptoms. It affects approximately 1% of the population and affects more thahi@i

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

according to DSMV criteria was carried out in Finland and estimated at 0.87% for

schizophrenia and 0.32% for schizoaffective disorder. In total, there weida [F€time

prevalence of all psychotic disorddPerala et al., 2007 he characteristic symptoms

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

symptoms. Positive symptoms arefided 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 (lossbiity 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 dysfunctioi@/mptoms can lead to abnormal social
behaviours, depression and anxiety dieos as well as depression, defm, drug and
alcohol abuse. These disabling symptoms may account for the high prevalence of suicide
observed compared to the general populafidre prodromal phase is defined as the
initial onset of the disorder prior 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 usuallfollowing 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 itMd&rath et al.,

2008) Individuals with schizophrenia are up to 12 times more likely to commit suicide
compared to the general populat{@aldwell and Gottesman, 199@ontributing factors

to the shorter life exmtancy include the high rate of cigarette smoking and unhealthy
lifestyle as well as the obesity promoting effectanfi-psychoticdrugs. These factors
contribute to the metabolic syndrome, diabetes and elevated cardiovascular and
respiratory deaths obsed among patientéHoang et al., 2011)The aetiologies of
schizophrenia are not cledrowever research points to a combination of genetics and
environment being major contributors to the development of thedgisocOwing to its
heterogeneoudinical 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 t he pati e pamerds ateeavadable tou r .
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 incondistegmplied (Kahn et al.,

2015)

1.2.2 Risk factors
Risk factors for schizophrenia can be grouped into 3 categories:
A Sociodemographic characteristics;

A Predisposing factors;
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A Precipitating factors;

People who are @osed to complications in foetal life and at birth have an increased risk
of developing schizophrenia. Pnatal risk factors in the development of schizophrenia
have been proposed, such as birth trauma, which includes: complications of pregnancy
(bleeding preeclampsia, diabetes, rhesus incompatibility and infection), abnormal foetal
growth and development (low birth weight, congenital malformations) and complications
of delivery (emergency caesarean section, asphyxia, uterine @@myjon et al., 2002a)
Presumably, these risk factoréfeat neural connectivity in the developing brain.
Peculiarly, there is a slight but significant excess numbdi0@8) of individuals with
schizophrenia born in late winter to sy (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 prer perinatal complications and to show brain malformations
(Castle and Murray, 1991)

In developed countries, there is @association between the prevalence of schizophrenia
in urban areas compared to rural arfgaseman, 1994A 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
environmentgPedersen and Mortensen, 20¢nsely 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 Irelgiatlly 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 Lor{#arkbride 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(CantorGraae and Selter005) In England,it was found that all ethnic
minorities were at an increased risk for schizophrenia but especially so with African
Cari bbeands an dnindfdldaancksixféld nespectvely-eamn etal.,

2006)

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

associated with early amkcessivaise of methamphetamiif€hen et al., 2003Recent
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evidence has also iripated cannabis use and later psych@sgusson 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 dut@a@p While
incidence in the general population is ~1%, in first degree relatives (e.g., parents, siblings
or children) the incidence is 6%/ %. Twin studies suggest approximately 17% incidence

in dizygotic twins and up to 509cidence in monozygotic tws (Figure 1.6)(Vogel,

1991) Indeed, metanalysis of association studies has identified a large number of
candidate gene variants highly asstadao schizophrenia phenoty(#len et al., 2008)
Further analysis revealed a number of these high candidate variantsawvedrnn the
metabolism of key neurotransmitters as well as genes related to DNA methylation,
apoptosis and neurodevelopnt(Shi et al., 2008)Over 100 loci in the human genome
contain single nucleotide polymdnsm (SNP) haplotypes that associatth the risk of
schizophrenig2014) Most genes from this study are enriched in the brain and several
are involved inglutamatergimeurotransmission as well agnygeres involved in tle
immune responseproviding support for the link between the immune system and
schizophreniaFurther weight to this speculative link between the immune system and
schizophrenia was discovered irrexent study of 65,00ihdividuals 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. Poshortem analysis of human brains revealed structural forms of C4 associated
with increased C4 transcript and increased elimination of synapssshizophrenia
subjectqSekar et al., 2016)
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Figure 1.6: Rates of schizophrenia. The incidence of schizophrenia in the general
population is & % while in firstdegree relatives, this increases ib%6%. The incidence
in dizygotic twins is 17 % and in monozygotic twins is 483urce(Gottesman, 1991)

Many genetic studies have identified linkage to chromosome 22, suggesting this region
harbours major susceptible loci for schizophréhia et al., 2002, Pulver, 2000, Rees et

al., 2014) Individuals with the chromosomal abnormality 22q11 Defet8yndrome
(22q11DS) have a 2told increased lifetime risk of developing schizophrenia and other
neuropsychiatric related conditionsompared to the general populatiaiue to
microdeletions at thehcomosomakegion 22g11.2XKao et al., 2004, Murphy, 2002,
Williams, 2011)

1.2.4 Microvascular dysfunction in schizophrenia

There isaccumulatingevidencesuggestinghat anomalies of the microvasculature are
involvedin the pathogenesis of schizophrefajjar et al., 2017, Najjar et al., 2018)p

to 50% of deaths of individuals with schizophrenia are accounted for by cardiovascular
diseasdCVD). Indeed, schizophrenic patits have a significantly increased burden of
CVD compared to the general population and as such, measurements of endothelial

dysfunctionmay proveusefulin identifying high risk individualsldentifying markers of
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vascular endothelial dysfunction may offdternative approaches to identifying at risk

individuals.

1.2.4.1Postmortem studies

Much of the early researan the role of the microvasculature in schizophrémcassed

on microscopic analysis of capillamesselsn postmortem control and schizophrenic
brains. Postmortem 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 effdatsaaddition, mos
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 naive patients.

Uranova and colleaguédentified morphéogical differences in capillaries and NVU cell
types in the prefrontal and visual cortex of schizophrenia patients along with vacuolar
degeneration of ECs, astrocyfteot processes and thickening of 8kl (Uranovaet al.,

2010) In a follow-up study, reductions of capillary densitythe prefrontal and visual
cortexwere found to associate with negative symptoms of schizopHhiéraaova 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 hunot in schizophrenic patients while schizophrenic patients had
decreased cortical thicknel&inka et al., 2012)

Structural abnormalities have also been detected in the brains of schizophrenic patients
treatedwith antipsychoticdrugsincluding reduced capillary diameter, ECM deposition

and perivasculanedemabut also pinocytosis and vacuolizati@adristoiu et al., 2016)
However, this study had a sample size of jhete patients who were treated wathii-
psychotis. 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 cort@iebster et al., 20013nd anterior cingulate

cortex(Webster et al., 200%) schizophrenia patien{sigure 1.7F)
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Changes in expression of endothe$ipkcificgenes has also been investigadaed have
implicated the role of the BBB in the immune response in schizophrgitaoarray
analysis of ECs isolated by laser capture microdissection from -pogttem
schizophrenic patients and healthy controls found downregulation of EC genes involved
in ion transport, cell proliferation and adhesisnggesting alysfunction of the BBB
(Harrisetal.,, 2008As t he BBB enforces the fi mmune
changes in BBB components such as cell adhesion molecules can increase peripheral
immune cell infiltration to the brain which have previously beewshto correlate with
cognitive and behavioural changes in animal models in response to systemic
inflammation(D'Mello and Swain, 2014 )urther evidence for the link between BBB
disruption/immune response was rgpd by Hwang and colleagues who used Rdéfy

data from the hippocampuos$control and schizophrenia subjetttat identified 144 genes
differentially regulated in schizophrenia cases compared to unaffected cotitels
majority of which are involved ithe immune/inflammation responsadditionally, the
majority of these differentially expressed immune system genes in this study were more
likely to be expressed in ECs of the BBB, blandnocytes within blood vessedsd
perivascular astrocytes than igmphocytes ormicroglia (Hwang et al., 2013)
Furthermore, Kim and colleaguitentified 23 genes upegulated in the choroid plexus

of 29 schizophrenia subjects compared to 26 unaffected corgtated tobiological
processes involved idefence 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 includiegative
protein, cortisol, MMP9 and tissue inhibitor of metalloproteases 1 (TH)HRKim et al.,

2016) Recently Katsel and colleaguesamined 1306 genes in a microarray dataset from
15 cerebrocortical regions and the hippocampus of individuals with schizophrenia an
identified 657 differentially regulated genes, 311 of which correspond to a subset
uniquely enriched in EC8lost ofthese EC enriched genes that were downreguiated
schizophreniare involved in angiagnesis pathway&atsel 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 schizophreniaugr(Fulzele and Pillai, 2009)Cerebral
vascularisation is mediated by VEGF and VEGF significantly contributes to angiogenesis
by stimulating neovascularisation and is intieda involved in the regulation of CBF.

Additionally, VEGF has a key role in neurophysiology as suppression of neural VEGFR2
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impairs hippocampalependent synaptic plasticity and lelegm potentiation and
consolidation of emotional memofie Rossi et al., 2016)o date, studies on other BBB
molecularcomponents such as TJ proteins have not le@minedin postmortem

schizophrenia brain sectians

1.2.4.2CSF studies

Thegold-standard technique for measuring BBB pernigglin humans is measurement

of the CSF: serumalbumin ratio (QAIb) (Figure 1.7B) This test compares the
concentration of albumin in the blood compared to the CSF. Albisitypically present

in the CSFat concentrations approximately 200 times lovwemntblood. Therefore, an
increased QAIlb suggests that increased quantities of aloumin 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 stud{&hales 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 reggented as increased serum albumin with BBB
dysfunction being the only sign of dysfunction in 24% of c&Beshter et al., 20107
dysfunctional blood cerebrospinal fluid barrier has also been reported in patiémt
several forms of dementia including AD and frontotemporal dementia with elgyAtbd

(Busse et al., 2017However, analysis of QAlb has its limitations as increased QAIlb can
result from other factors inalling 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 ofantipsychoticmedication(Bechter et al., 2010)

1.2.4.3Blood biomarkers

The calciumbi ndi ng peptide S100b is produced ma
expressed by neurons in the brain. Il n hea
i n the serum. Il ncreased serum concentrat:i
associate CNS pathology with BBB dysfunctiohhere is accumulating evidence
showing increased |l evels of S100b in the b
(Lara et al., 2001, Schroeter et al., 2003, Wiesmet al., 1999and depression patients
(Schroeter et al., 2008yi t h i ncreased | evels of S100b i

Additionally, plasma S100b | evels tonesre pos
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of schizophrenigRothermundt et al., 2001, Rothermundt et al., 20@EBlgure 1.7D)
However, whet her t his i ncrease in S1006D
permeability or merely increased producti@md/or secretion by glial cells or
degeneration of glial cell§Rothermundt et al., 2004&)as yet to be elucidated.
Addi tionally, S100b has been found to be
(Steiner et al., 2010&pllinginto questiortheinterpretation of the results and validity of

these studies

A limited number of studies have examined blood concentrations of BBB components.
Vascular endothelial dysfunctidmas beersuggested irseveralstudieswith increased
peripheral concentrationsf endothelialcell adhesion molecules such as soluble P
selectin and tselectin in the serum and plasof untreated acute schizophrenic patients
compared to controldwata et al., 2007, Masopust et al., 2QEL)ggesting the possibility

of increased EC activation in the cerebral vasculature of individuals with schizophrenia
In addition, atypicalantipsychotic such as risperidone moibuted to vascular
dysfunction in diabetic ratvia activation of EC adhesion molecules such as ICAM
VCAM-1 and soluble tselectin(Aboul-Fotouh and Elgayar, 2013Activation of cell
adhesion molecules on ehvascular endothelium may contribute to increased
transendothelial migration of lymphocytes and monocytegure 1.7C) Matrix
metalloproteinase9 is a 92 kDa protein that belongs to the family of zinc and calcium
dependent endopeptidases. Recentlyhas been shown to negatively affect CNS
disorders such as epilepsy aralmatic brain injuryTBI). Few studies have vestigated
MMP levels in schizophrenia. Two studies reported increased concentrations 6GBMMP
andTIMP in schizophreniDomenici et al., 2010, Yamamori et al., 20{Bgure 1.7G)
although another study found no difaces between patients and controls from a total of
63 patients with chronischizophrenigNiitsu 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 cqdiai et al., 2016)
however elevated serum VEGF levels are not predicted to affect BBB integiity to

the polarised nature of the permeability response at bleadal barriergHudson et al.,
2014)
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1.2.4.4Neuroimaging 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)Neuroimagng 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., 1992k well as ventricular enlargement have been consistently observed
(Van Horn and McManus, 1992)euroimaging studies have not assessed BBB changes
in schizophrenia patientsith the few edy studies confounded by small sample size,
difficult interpretation of results and imprecise techniques. Advancements iAMIRIE

for quantitative assessment of BBB permeability have since been detected that may be
useful for detecting subtle BBB abnormials, but these have yet to be applied to
psychiatric patientsA 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 microvasauhnomalies may be widespread across the (aia

et al., 2017)This work built on previous findings of aberrant CBF and cerebral blood
volume associated with schizophre(ieruzzo et al., 2011As thesestudes focussed

on smaller vessels, it haslevancdo the BBB.

Glutamate is the primary excitatory neurotransmitter in the brain and disturbances in
glutamatedependent neurotransmission have been documented grousrpsychiatric
disorders including schizophreni@his hypothesis is based on the findings that N
methytd-aspartate receptor (NMDAR) antagonists can induce schizopHilania
symptoms(Moghaddam and Javitt, 20L.2A metaanalysis of glutamate levels by
magnetic resonance spectroscopy revealed elevations in glutamate and glutamine levels
in the basal ganglia and medial temporal Idbterritt et al., 2016) As glutamate
modulates BBB permeabilitfvazana et al., 2016)egional disturbances in glutamate
levels may alter regional BBB permeability. Additionally, abnormal glutamate
homeostasis at the BBB may contribute to psychopathology. Glutamate is actively
transpoted 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 schizopfoCallumsmith et al., 2016)

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

dysfunction in schizophrenia patierii&ang et al., 2015)

31



A recent study haslentifiedregulatory mechanisms in BMVECs capable of controlling
CBF bysensing neural activity to modula®BF to dynamically regulate the changing
metabolic requirements of neurons. ECs achieve this through activation ofrthé K
inward rectifier K channel tgproduce a rapidly propagating retrograde hyperpolarization
that causes upstream arteriolar dilation, resulting in increased blood flow to the capillary
bed. Initially this was performedex vivoin brain slices via the addition of"kKand
subsequently repeat in vivo via addition of K adjacent to gost arteriolarcapillary

which produced a rapid increase in red blood cell flux as measure gyhtoton laser
scanning microscopy. Additionally, this effect was concentration dependent with
application of 3 mMK™ having no effect and application of concentrations >25 mM
produces membrane depolarisatitongden et al., 2017)it will be interestingto
determindf dysfunction of this process is evident in schizophrenialterations of CBF

have been observed across several brain regions in schizophenations in CBF

have been identified in numerous brain regions in schizophrenic patients compared to
controls (Andreasen etla 2008) with reduced CBF being associated with negative
symptoms of schizophrenia notably in the frontal Ig¥&ang et al., 2003, Zhao et al.,
2006)
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Figure 1.7 Schematic summary of experimental datatoicgural and functional BBB
alterations in psychiatric disorder@®) Alterations of tight junction proteins (such as
claudin5 gene polymorphisms) mediate increased paracellular movement of molecules.
(B) Increased paracellular movement of macromolecslesh as albumin increase
CSF:serum albumin rati¢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 proteinssucha S100b from damaged
cross a leaky BBB and are detectable in the bi@®dVariability in the expression and
function of transcellular transporters such as PGP may affect the brain concentration of
psychiatric drugs and could contribute toatreent resistance in some patier(fs)
Dysfunction of astrocytes and other glial cells may contribute to dysfunction of the
neurovascular uni{G) Microglial activation results in the production of reactive oxygen
species and cytokines that act on theBBB 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 thoroug
symptoms as there are no treatments available to broadly manage all symptoms of
schizophrenia and treatments vary according to the stage and sevdrayillofeiss. The

advent of chlorpromazin@CPZ) over half a century ago heralded the pharmacological

era in psychiatry. Antpsychotic drugs are the only drugs available to treat the psychotic
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symptoms of schizophrenia including hallucinations and delusfaris psychotic drugs

were discovered i n tGP& 1T95e0sbes fAwiitrhs tt hgee naedrvaet ni
antipsychotics all function as dopamine receptor antagonists, with high affinity for
dopamine d2 receptor. Studies have shown a strong cmmeleetween the therapeutic

dose of these drugs and their affinity for D2 recepiOreese et al., 1976, Seeman, 1987)

with PET studies showing that @0% receptor occupancy is critical for apsiychotic

efficacy. However, D2 occupancy is a risk factor for side effects with occupancy rates
greater than 80% increasing the risk of extrapyramidal syndromes and
hyperprolactinemigFarde et al., 1992, Kapur et al., 2000nventional antpsychotic

therapies, particularly high potency drugs such as halopdhbfdl) and fluphenazine

carry high risks of extrapyramidal symptoms including akathisia (motor restlessness),
dystonia and dyskinesias and parkinsonian bradykiri€siedner et al., 2005however

all first generation argpsychotics can produce extrapyramidginptoms. Indeed, this

can be a disabling feature for individuals and is responsible for frequesbngsiiance

with medication(Gaebel, 1997)Ne we r , Asecond gen-psycadtiac ono or
drugs were marketed as having fewer sffects than first generation drugs, notably a

reduction in extrapyramidal motor control disabilities. However, while tardividnizsia

and extrapyramidal symptoms are rarer with atypicat@sychotics, these drugs present

a separate satf side effects. Many theories have been posited to account for the
atypicality of second generation apsychotics such as a higherratoafa ugés af fi ni t
for serotonin BHT2a receptor and fast dissociation from the D2 receptor. Typical versus

atypical antipsychotics differ mainly in their sideffects and the apparent effectiveness

of atypical antipsychotics to treat negative symptomseikhis ongoing debate about the
effectiveness of atypical over typical apsychotics, with recent evidence suggesting

minimal advantage of atypical drugBusarPoli et al., 2013) While antipsychotic
generallyshow effectiveness at reducing positive symptoms;aoonpliance due to

intolerable sideeffects 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 needafutrpsychoticmedications or to

reduce the adverse side effects associated with prolonged usage.

1.3 22q11 deletion syndrom&22g11DS)and schizophrenia
229112 deletion syndrome (22g11DS) is the moshomon chromosomal microdeletion

syndromethat affects a minimum of 1 in 6000 birtl@riginally termedvelocardiofacial
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syndrome (VCFS) and DiGeorge Syndrome, it is now apparent that what were once
distinct disorders are now grouped under thermmaenclatte. 22q11DS involves a 0.7

i 3 Mb deletion on the short arm of chromosome that leaves individuals
haploinsufficient for up to 4@roteincodinggenes (Figure 8) (McDonaldMcGinn et

al., 2015) The deletion ases from norfhomologous meiotic recombination events
resulting in aheterogeneoudlinical presentation regardless of deletion siest cases

arise fromde novodeletions with up to 15% being inherited. The microdeletion is
associated with muhlorgan dgfunction including cardiac abnormalities, immune
disorders, endocrine and gastrointestinal disorders, educational deficits and behavioural
and psychiatric disordersRecently, The International Consortium on Brain and
Behaviour in 22g11.2as reported theumulative pesence of schizophrenia to be 10%

in adolescents (137 years), 24% in emerging adults {28 years) and over 41% in
young adults (285 vy ear s) and ma t(8chneidened al.] 201\s( O3 6
such, the 22g11 locus has been an intensively studied region to find schizophrenia
susceptible genes and to determine the function of genes withiagio® The TJ and

major BBB componentglaudinb, is located within the deletedhromosomategion. In

fact, whenclaudin5 was initially discovered it was termed transmembrane protein
deleted inVCFS

Figure 1.8: 22911.2 deleted regioB2g11.2 DSesults from micrdeletiors on the short
arm of chromosome 2&nd range in size betweén/-3 Mb, encompassing40 gaes.
The cerebral EGenrichedTJ component claudih is located within the deleted region.
A 30UTR SNP i5mene hae previdbuslyubdan meportecagsociate with
schizophrenia.

1.3.1 Clinical description of 22011DS
Like most developmental disorderdd1DS 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
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