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Summary  

 

Breakdown of the blood brain barrier’s (BBB) integrity is a hallmark pathology in 

numerous neurological disorders. However, while research and therapeutic development 

has mostly focussed on neuronal function, the high prevalence of refractive cases noted for 

many neurological disorders has made it clear that other therapeutic targets should be 

explored. Therefore more recently, a greater focus has been put on BBB disruption as a 

cause or exacerbator of disease pathology and thus is being re-evaluated as a potential novel 

mechanism of action for therapeutic development. This dynamic barrier acts as a first line 

of defence. It is essential for the maintenance of the neuronal microenvironment, regulating 

ion and nutrient exchange between blood and brain, while simultaneously protecting the 

neural tissue from potentially damaging blood-borne components. Therefore restoration of 

BBB integrity provides a new pathway for innovative treatment design. While the BBB is 

a complex and dynamic structure with many synergistic components, to utilise a gene 

therapy-based approach to restore barrier function, a singular component is required that 

could effectively re-establish barrier integrity. Claudin-5, is the most highly expressed tight 

junction (TJ) protein of the BBB, which through knockout (KO) studies has shown a size 

selective loosening of the barrier and results in post-natal death (Nitta et al., 2003). These 

findings highlight claudin-5’s essential role in the maintenance of BBB integrity. 

Interestingly, decreased levels of claudin-5 expression have been noted in either post 

mortem or surgically resected tissue from patients with major depressive disorder, 

schizophrenia or epilepsy (Greene et al., 2020; 2022). Therefore, claudin-5 shows 

promising potential as a therapeutic target. Thus, the overarching aims of this research is 

firstly, to further characterise claudin-5’s relationship with BBB function and the 

underlying pathophysiology and endophenotypes that result from BBB disruption. 

Secondly, to develop a new gene therapy-based approach utilising claudin-5 overexpression 

to treat disorders with noted BBB disruption. 

 

As the KO model results in a post-natal lethal phenotype, its use to further elucidate the 

underlying pathophysiology and endophenotypes as they would relate to neurological 

disease is limited.  Therefore in Chapter 3, a claudin-5 heterozygote model was established, 

utilising the Tie2Cre system to ensure that claudin-5 expression was lost specifically in the 

endothelial cells (ECs) of the mice. The 50 % loss of claudin-5, resulted in a discontinuous 

pattern of claudin-5 expression in the vessels. While it did not cause significantly increased 
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permeability into the brain parenchyma, astrocytic gliosis was noted in the claudin-5 

heterozygote cohort in comparison to the controls. Moreover, distinct deficits in learning 

and memory function, cognitive impairment and sensorimotor gating issues were noted in 

the claudin-5 heterozygote mice. To our knowledge, this is the first ever behavioural 

characterisation of a claudin-5 heterozygous mouse model. 

 

The work described in Chapter 4, established a gene therapy-based approach to re-establish 

BBB integrity through the overexpression of claudin-5 specifically in ECs. Numerous 

optimisation strategies were examined and screened in vitro. At the plasmid level, strategies 

such as codon optimisation and promotor choice were utilised, while at the vector level 

different adeno-associated virus (AAV) serotypes were compared. It was determined that 

an AAV-9 viral vector containing a plasmid expressing native mouse claudin-5 under the 

control of an Icam2 promoter was the most efficacious. It was shown in vivo to significantly 

overexpress claudin-5 through western blot (WB), reverse transcription polymerase chain 

reaction (RT-PCR) and immunohistochemistry (IHC). Moreover in healthy C57BL/6J 

mice, claudin-5 overexpression through AAV delivery was shown not to have any 

detrimental effect on normal animal behaviour.  

 

Finally in Chapter 5, the therapeutic potential of this newly developed BBB restoring AAV 

was examined in four different mouse models. These four models were broken into two 

etiological cohorts. Firstly the Cldn5fl/wtxTie2Cre model and the inducible claudin-5 

knockdown (KD) model, act as a proof of concept, as all pathology noted in these models 

is directly associated with reduced claudin-5 expression. In these models, when the 

therapeutic AAV was administered into the hippocampus, it significantly improved learning 

and memory deficits, the aberrant grooming behaviour and rescued sensorimotor gating 

deficits. Moreover, for the inducible KD model, the survival time was also increased in the 

cohort treated with the therapeutic AAV. Overall these findings support the hypothesis that 

restoring claudin-5 expression at the barrier can restore function even when a distinct 

disease phenotype has developed. The second cohort, the chronic social defeat stress 

(CSDS) model and the kainic acid (KA) mouse model, are established models of disease, 

with complex etiology, induced by significant environmental stress or chemoconvulsant 

injury and thus are likely to be more predictive to the treatment efficacy in patients. 

However, in the CSDS model, no significant rescue effect was noted in susceptible mice 

following therapeutic AAV administration. In the KA model of epilepsy, those treated with 



 v 

the therapeutic AAV had a lower cumulative seizure score and a longer latency to seizure 

onset compared to the control treated mice however across both treatment groups the seizure 

severity was similar. Acute central nervous system (CNS) inflammation was noted through 

IHC analysis of the astrocyte marker GFAP in the AAV treated controls.  Overall it appears 

that claudin-5 overexpression may be a beneficial adjunct therapy in the treatment of 

complex neurological disorders.  
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Chapter 1. Introduction 

 

1.1 The Neurovascular Unit and the Blood Brain Barrier 

The central nervous system (CNS) which is comprised of both brain and spinal cord, 

controls vital processes such as cognition and the coordination of peripheral organ function. 

The principle component of the CNS is the neuron, a terminally differentiated, electrically 

excitable cell. For reliable neural signalling, through both chemical and electrical signals, 

the ionic microenvironment surrounding synapses must be maintained. The brain is one of 

the most energy demanding organs of the body, while accounting for only 2 % of bodily 

mass, it expends approximately 20 % of the body’s energy production (Raichle and 

Gusnard, 2002). These significant metabolic and energy demands must be met while in turn 

protecting the brain from substances that may result in uncontrolled activation of 

inflammatory or neuronal responses in order to maintain the integrity of the delicate brain 

network. Due to the lack of adult neurogenesis to facilitate the replacement of damaged 

tissue, the brain is highly sensitive to damage, both from physical insult as well as to the 

passage of harmful blood-borne molecules.  

Therefore there are three specialised multicellular barriers to form an interface between the 

blood and neural tissue with critical roles in maintaining CNS homeostasis. Firstly, the 

arachnoid barrier of the meninges, formed from the arachnoid epithelium at the interface 

between the blood and subarachnoid cerebrospinal fluid (CSF). Next the blood-

cerebrospinal fluid barrier (BCSFB) of the choroid plexus, which is composed of the 

choroid plexus epithelium interfacing the blood and the ventricular CSF. Finally, the blood-

brain barrier (BBB) which is made up of the cerebrovascular endothelial cells between 

blood and brain interstitial fluid (Abbott et al., 2004). 
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Figure.1.1 Barriers of the CNS 

The three main specialised barriers of the central nervous system. (1) The arachnoid barrier, 

composed of the epithelium of the arachnoid layer of the meninges that encases the whole brain.  
(2) The blood-brain barrier, comprised of endothelial cells of the vasculature and whose properties 

are maintained by various cells of the NVU (3) The epithelial blood-CSF barrier (BCSFB) of the 

choroid plexus.   

 

The arachnoid epithelium is an avascular membrane that underlies the dura and completely 

encloses the CNS (Abbott et al., 2010). Located below the cranium, this barrier separates 

the meningeal dura mater from the pia mater (Decimo et al., 2012) (Fig. 1.1.1). It is a multi-

layered epithelium with tight junctions (TJs) between cells of the inner layer that form an 

effective seal. While the exact molecular composition of arachnoid TJs are still under 

investigation, claudin-11 has been noted in both rat and human brain (Brøchner et al., 2015; 

Anders and Goss., 1989). While the arachnoid epithelium does form the first of three barrier 

layers, its small surface area and avascular nature result in it having limited ability as a 

protective barrier and doesn’t represent a significant surface for exchange between the 

peripheral blood and the brain (Kandel et al., 2000; Abbott et al., 2006) 

The second barrier, is the BCSFB which is formed by epithelial cells of the choroid plexus 

(Abbott et al., 2006)(Fig. 1.1.3). The choroid plexus epithelium is located in the ventricles 

of the brain and is a highly vascularised tissue, which secretes CSF which fills the cerebral 

and spinal subarachnoid spaces. The CSF circulating the brain is also in contact with the 

previously mentioned arachnoid barrier of the meninges. CSF functions as a buffer, a means 
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of physical protection for both the brain and spinal cord against physical injury. 

Additionally, it helps to regulate cerebral blood flow, the homeostasis of the CNS 

microenvironment and molecular exchange with the brain. The vasculature of the choroid 

plexus is fenestrated, and so doesn’t exhibit the same restricted paracellular transport that 

will be described later in the third and final barrier within the brain parenchyma (Zagórska-

Świezy  et al., 2008). However, the epithelial cells of the choroid plexus are polarised and 

express adherens junctions (AJs) basolaterally and TJs apically, together forming the 

BCSFB which prevents the entry of many harmful substances into the CSF (Hurley et al., 

1981; Christensen et al., 2013).  

Both the arachnoid barrier and the BCSFB act as secondary barriers, protecting the brain 

from peripheral circulating molecules, however, within the brain parenchyma itself, it is the 

vasculature that is specialised to form the most vital protective barrier. The BBB, the third 

and final barrier, is positioned along the blood vessels of the CNS. It is a highly selective 

and tightly regulated barrier, which reflects the brain’s vital roles in cognitive function, in 

maintaining homeostasis and the strict coordination of  peripheral organ function. 

The BBB is important in controlling the exchange of ions and nutrients between the blood 

and brain and to protect neural tissue from potentially damaging blood-borne agents such 

as pathogens, immune cells and anaphylatoxins (Abbott et al., 2010). Moreover, to maintain 

the optimal ionic environment for neural function, the endothelium of the brain secretes 

approximately 200 ml of interstitial fluid per day (Hladky and Barrand, 2016). The human 

cerebral microvasculature has a combined surface area of 150-200 cm2 /g of tissue, which 

would relate to approximately 15-20 m2 per adult brain. This results in a dense mesh-like 

network of vessels that supply blood flow to all brain regions (Abbott et al., 2006). The vast 

extent of the vasculature is reflected in the close proximity noted between neurons and 

capillaries, a distance that never exceeds ∼25 μm (Schlageter et al., 1999).  

To regulate the flow of ions and solutes, while ensuring systemic influences do not disrupt 

optimum neuronal function, the BBB has developed a specialised vasculature. Lining the 

blood vessels of the CNS are endothelial cells (EC) which are the principal component of 

the BBB (Luissint et al.,2012), and separate the peripheral blood from the brain 

parenchyma. As such, ECs of the CNS have developed numerous specialisations, which 

make them distinct from the ECs of the periphery in a number of ways (Fig. 1.2)  
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The presence of specialised transport systems, which include the ABC (ATP-binding 

cassette) transporter family as well as BBB-specific transport proteins located on the 

luminal and/or abluminal membranes, control the influx and efflux of molecules across the 

barrier (Abbott et al., 2010). In addition to these transcellular transport systems, two other 

specialisations limit transcellular transport in the ECs of the CNS. Firstly, the absence of 

fenestrae, which are pores that allow rapid exchange of molecules between blood and tissue 

are noted. Secondly the low rate of absorptive transcytosis, which prevents transport of 

large hydrophilic molecules to the CNS are also noted in these cells. These together result 

in very limited transcellular transport (Saunders et al., 2012, Abbott et al., 2010; Obermeier 

et al.,2013). Paracellular transport, which is the flow of material between adjacent ECs,  is 

restricted due to the enriched presence of TJs which create high electrical resistance 

between ECs (Keaney and Campbell., 2015). TJ particles of the CNS ECs associate with 

the protoplasmic membrane leaflets (P-face), whereas in the peripheral ECs, TJ strands 

associate with the extracellular fraction face (E-face) of the membrane bilayer (Liebner et 

al., 2000). The association with respective faces demonstrates the degree of barrier 

permeability and resistance (Lippoldt et al., 2000). Finally there is a significantly increased 

number of mitochondria in cerebrovascular ECs in comparison to ECs in muscle tissue, and 

therefore helps to facilitate higher energy expenditure (Oldendorf and Brown., 1975). 

 

Figure 1.2 ECs of the CNS versus peripheral ECs 

(A) ECs of the cerebrovasculature are encased by basement membrane, pericytes and astrocytes, 

which together through cooperative bidirectionally signalling maintain the BBB integrity. 

Movement of material from blood to brain and vice versa is restricted due to the presence of TJs 
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between ECs. (B) The ECs that comprise the peripheral vasculature do not have the same 
multicellular interactions. There is also an absence of TJs between ECs while there is an increased 

number of pinocytotic vesicles and fenestra which allows for the rapid exchange between blood and 

peripheral tissues.  

The existence of a physical barrier between the CNS and the peripheral circulatory system 

was first identified through tracer dye-injection experiments by Paul Ehrlich and Edwin 

Goldmann. These seminal staining experiments noted a clear compartmentalisation of the 

blood and brain, with the water-soluble dyes injected into the vasculature resulting in all 

organs except the CNS being stained. The term “Blut-Hirnschranke” or blood brain barrier 

is often attributed to Lewandowsky's 1900 publication, however while essentially 

describing that the capillaries of the cerebrovascular did have specific restrictive properties 

to some compounds, the paper did not actually use the term itself (Lewandowsky., 1900). 

It wasn’t until approximately 1918, that the term barrier was first used by Stern and finally 

in 1921 the full term blood–brain barrier (barrière hématoencéphalique) was coined (Stern 

and Gautier, 1918 ; Stern and Gautier, 1921). While it appears that very little credit was 

given for this work, this term has stood the test of time despite some potential confusion 

regarding the dynamics of this system and the mistaken assumption that it formed an 

absolute impediment in entry to the brain (Liddelow  et al., 2011; Saunders et al., 2014) 

 

The most seminal and cited papers in the discovery and characterisation of the BBB, are by 

Ehrlich’s student Edwin Goldmann. In his investigation he compared the circulation of the 

dye trypan blue (960 Da) following either intravenous or intrathecal administration. He 

noted that dye injected intravenously did not stain the brain while in contrast, dye injected 

into the subarachnoid space, into the CSF through intrathecal administration resulted in 

strong staining of all nervous tissue (Goldmann (1909, 1913) reviewed by Liddelow., 2011; 

Saunders et al., 2014).  

 

Further characterisation of the BBB went on to investigate a size-selective permeability of 

the BBB. While Ehrlich had noted several dyes injected intravenously could stain the CNS, 

it wasn’t until the development of electron microscopy, that the size selective nature of the 

BBB could be accurately visualised and resolved. Through electron microscopy it was 

shown that in the capillaries of the cerebral cortex of mice, horseradish peroxidase (HRP) 

(40 kDa) administered intravenously, could reach up to, but not beyond the first TJ between 

adjacent ECs. This was repeated using smaller compounds, such as microperoxidase (1900 
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Da) and lanthanum (139 Da) (Brightman and Reese, 1969; Feder, 1971). While the physical 

barrier function of the BBB, provided by TJs, is the main obstacle to overcome, two other 

barriers exist to aid in the tightly regulated nature of this interface. Firstly, due to the limited 

permeability of the BBB, there is thus an increased dependence on active transport, which 

allows the BBB to regulate molecular traffic further through luminal or abluminal transport 

protein localisation (Hoshi et al., 2013; Liu et al., 2014).  For example, the increased luminal 

expression of transendothelial glucose transporter, GLUT-1, allows for high glucose  influx, 

that is necessary for cognitive function (Maher et al., 1994). Finally, a metabolic barrier is 

the last characteristic of this dynamic interface, through enriched abluminal efflux proteins, 

such as P-glycoprotein (P-gp), endogenous and exogenous toxins are removed or excluded 

from the brain parenchyma (Cecchelli et al., 2007).    

Therefore, the third barrier that protects the CNS, the BBB, does so through a combination 

of physical, transport and metabolic barriers. Overall the CNS requires the specialised 

vasculature of the BBB, which regulates the flow of ions and solutes, while ensuring 

systemic influences do not disrupt optimum neuronal function. It is a dynamic barrier that 

can be modulated and regulated, in both physiology and pathology (Abbott et al., 2006) 

1.2 The Neurovascular Unit:  

Despite the unique nature of the morphology and functionality of the cerebral ECs, it has 

been shown through the famous quail-chick transplantation experiments that the properties 

of the BBB are not intrinsic (Stewart and Wiley.,1981). It is in fact the interactions between 

developing vascular tissue and the other components that make up what is known as the 

neurovascular unit (NVU), that are critical in the development of the BBB (Stewart and 

Wiley.,1981). Thus, the BBB cannot function independently, but instead requires complex 

co- operative interactions with the other cells of the NVU, both during development and in 

its maintenance. These interactions include both contact between the cell types as well as 

secreted soluble factors.  

These other cell types that constitute the NVU are pericytes, astrocytes, microglia, neurons 

and interneurons as well as the non-cellular basement membrane as seen in Figure 1.3.  
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Figure 1.3 The neurovascular unit (NVU) 

Complex network including endothelial cells, pericytes, astrocytes, microglia, interneurons and 

neurons, a complex composition of cell types that closely interact to form the NVU.   

1.2.1 Endothelial cells: 

As stated previously, the EC of the cerebrovascular have numerous specialisations, which 

limit both the transcellular and paracellular movement of material from blood to brain and 

vice versa. However as just discussed, these specialisations are not intrinsic, but rather a 

product of the overall CNS microenvironment, as was shown in the seminal work by 

Stewart and Wiley in 1981. As mentioned, paracellular transport is significantly limited due 

to the presence of TJs, which create the characteristically high transendothelial electrical 

resistance (TEER) between ECs and functions as a physical barrier. TEER values in 

peripheral capillaries are usually around 2-20 Ω∙cm2, however pure cultures of CNS ECs 

have noted TEER values up to 1800 Ω∙cm2 which can be enhanced further when co-

cultured with other cells of the NVU, such as astrocytes and/or pericytes (Srinivasan et al., 

2015). These junctional complexes are an essential feature of ECs of the CNS and will be 

discussed in detail in Section 1.3.  
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ECs are assembled into capillary tubes, with mature ECs of the CNS surrounded 

basolaterally by the basement membrane, a non-cellular matrix, which forms a continuous 

sleeve around the capillary. The basement membrane is composed of a heterogenous mix 

of proteins, with the key components including laminin, type IV collagen, perlecan and 

fibronectin, and which overall forms a layer that is between 20 and 200nm thick (LeBleu et 

al., 2007).  

The basement membrane embeds the associated pericyte processes and obtains instructions 

from surrounding astrocyte end-feet. It has been shown through a conditional knockout 

mouse, that had a pericyte-specific deletion of laminin, that a small subset (10.7 %) of these 

mice had hydrocephalus, BBB breakdown as well as a loss of aquaporin 4 (AQP4) (Gautam 

et al., 2016). Currently, in vitro culture protocols for cerebrovascular EC types include the 

use of basement membrane components such as collagen IV or fibronectin. Overall, the 

basement membrane is necessary for vessel stability as well as supporting barrier function 

through the regulation of crosstalk between the cells of the NVU (Hallmann et al., 2005; 

Obermeier et al., 2013).  

1.2.2 Pericytes: 

Due to the close spatial relationship between the cell types of the NVU, it was difficult to 

determine the role each cell type plays in the development and maintenance of the BBB. 

However when the timing of the development of a functional BBB was analysed, through 

both the levels of protein expression that are specific to the BBB, such as TJ proteins and 

Glut-1, in addition to an examination of barrier function through the perfusion of tracer 

molecules, it was determined that the BBB forms during embryogenesis (Daneman et al., 

2010). While astrocytes develop during the first postnatal week, pericyte recruitment to the 

nascent vessels occurs during embryogenesis. Therefore there is a clear temporal correlation 

between pericytes and the development of the BBB. Platelet-derived growth factor-b 

(PDGFb) receptor signalling is required for the accumulation of pericytes during 

angiogenesis. Null mutants (PDGFRb-/-) show increased BBB permeability and result in 

embryonic lethality, highlighting the importance of pericytes in the development and 

function of the BBB. Pericyte coverage is significantly higher in the cerebral vasculature in 

contrast to the periphery, with the extent of pericyte coverage showing a direct correlation 

with BBB permeability, the regions with the highest pericyte coverage showing the lowest 

permeability and vice versa (Armulik et al., 2010, Bell et al., 2010). While co-culturing EC 
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with pericytes has proven to enhance in vitro modelling of the BBB, with a significant 

decrease in permeability to tracer molecules, it was shown that treatment with either a 

transforming growth factor (TGF)-beta1 antibody or a TGF-beta type I receptor antagonist 

resulted in the loss of this enhanced BBB function. This finding indicates that pericytes 

support the development and maintenance of the BBB through TGF-beta signalling (Dohgu 

et al., 2005).  

1.2.3 Astrocytes  

Astrocytes are specialised glial cells. Glial cells have been noted as far back as the 19th 

century, by leading neuroscientists such as Rudolf Virchow, Santiago Ramón y Cajal and 

Pío del Río-Hortega (Jäkel and Dimou., 2017). During this period, the role of glial cells was 

thought to be as a glue, holding nerve tissue together. This idea is further reflected by its 

name, with glial cells being derived from the ancient Greek word for “glia” which translates 

to “glue” highlighting the idea that these were a glue-like cell. However, current research 

has shown that glial cells function expands to much more important roles than just as an 

adhesive within the brain. Firstly, glial cells constitute a significant cellular fraction of the 

brain, which can vary from 33-66 % of the total brain mass depending on the mammalian 

species in question (Azevedo et al., 2009; Herculano-Houzel, 2014). Of this, astrocytes are 

the most abundant fraction of glial cells in the adult brain (Kettenmann and Ransom, 2005). 

Examination of the functional role of astrocytes has noted this glial cell type’s broad utility 

in numerous aspects of brain physiology. Polarized astrocytic end-feet envelop the 

abluminal surface of cerebral ECs, covering more than 90 % of cerebral capillary surface 

area (Neuhaus, J., 1990; Abbott et al., 2006). These interactions between astrocytes and 

ECs of the cerebral vasculature are essential to regulate neurotransmitter levels as well as 

brain water volume and ion concentrations in order to maintain homeostasis of the neural 

microenvironment (Abbott et al., 2006). The most abundant water channel protein, 

aquaporin 4 (AQP4), is predominantly expressed in the astrocytic end-feet that encase the 

cerebral vessels. Additionally the ATP-sensitive potassium channel Kir4.1 and the gap 

junction protein connexin are highly enriched in these end-feet. Together these end-feet 

function as dynamic sites that control both water and ion flow (Abbott et al., 2006; Alvarez 

et al., 2013; Boulay et al., 2017) .   
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Interestingly, despite its important role in BBB function, for nearly the entire duration of 

embryonic BBB development, astrocytes are absent, appearing only at embryonic day 19 

in mice. Astrocytes, while not required to induce the formation of BBB, have been shown 

to still be essential in its maturation and maintenance. Early studies have shown that 

astrocytes have an inductive influence, with their implantation in non-neural EC resulting 

in the expression of BBB properties (Janzer and Raff., 1987). Differences noted in the 

phenotype of various BBB transporters at different developmental stages, from embryonic 

to adult, suggests a gradual maturation of the BBB transporters (Braun et al., 1980). While 

brain EC lines retain many aspects of a BBB phenotype, this phenotype is typically reduced 

with more permeable TJs and a downregulation of transport systems (Krämer et al. 2001). 

These properties can however be upregulated by co-culture with glial cells, both up-

regulation of TJ proteins and permeability (Dehouck et al. 1990; Rubin et al. 1991; Rist et 

al. 1997; Sobue et al. 1999) as well as the up- regulation of Glut-1 and P-gp transport 

systems (El Hafny et al. 1997; Bauer & Bauer, 2000).  

Therefore, there is a common school of thought that astrocytes express numerous ligands 

that are suggested to be involved in BBB maintenance rather than development. Sonic 

hedgehog (Shh) is one such secretory factor which is primarily produced by astrocytes. 

Through its interactions with the Hedgehog (Hh) pathway, which involves the Shh ligand 

binding to Patched (Ptch), a cell surface receptor, which then allows for the G-coupled 

protein receptor Smoothened (Smo) to activate further downstream transcriptional changes, 

Shh has been shown to promote BBB maturation through the regulation of junctional 

proteins (Alvarez et al., 2011). Shh knockout mice have blood vessel of a normal density 

and number, however they have reduced TJ protein levels and are embryonically lethal 

(Alvarez et al., 2011). Moreover, mice with a conditional endothelial cell specific Smo 

deletion were shown to have poorer astrocyte recruitment in later developmental stages, as 

well as reduced TJ expression and reduced BBB integrity (Delaney and Campbell., 2017).  

CNS ECs are also regulated by other astrocyte secreted factors such as Wnt. Astrocytes are 

one of the main sources of the Wnt ligand, which binds to Frizzled/LRP-5/6 receptor 

complexes on ECs to stabilise and activate cytosolic β-catenin (Hermann and ElAli, 2012; 

Zhou et al., 2014). The Wnt/ β-catenin signalling pathway has been shown to be 

fundamental to the vascularisation of the CNS as well as the formation and maturation of 

the BBB, as well as being essential in maintaining the integrity of the BBB in the adult brain 
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(Daneman et al., 2009; Liebner et al., 2008; Stenman et al., 2008; Wang et al., 2012). 

Through in vivo investigations, mice with Wnt7a, Wnt7b, or β-catenin targeted mutations, 

all supported the hypothesis that the Wnt signalling pathway is essential for both the 

formation and maintenance of the BBB. It was shown independently that without 

expression of these components, developing ECs are unable to adequately invade the 

embryonic CNS and lack the characteristic protein profile of a functioning BBB (Liebner 

et al., 2008; Stenman et al., 2008; Daneman et al., 2009). Moreover, the gain or loss of 

expression of Frizzled 4 resulted in a direct correlation in the gain or loss of BBB function, 

again supporting the idea that Wnt/ β-catenin pathway, which includes Frizzled is essential 

for barrier maintenance (Wang et al., 2012)  

Astrocyte-derived trophic factors, such as vascular endothelial growth factor (VEGF), glial-

derived neurotrophic factor and angiopoitein-1 all  support the polarisation of ECs and aid 

in BBB maturation and maintenance (Abbott et al., 2006). Taken together, this data suggests 

that astrocytes play a key role in the maintenance of mature cerebrovascular integrity.  

1.2.4 Microglia  

The CNS had for a long time been considered immune privileged. While the CNS does have 

an immunological capacity that differs from most peripheral tissues, more recent evidence 

has shown it is capable, when necessary, of producing a powerful immune reaction. This 

response is dependent mostly on the resident immune cell of the CNS, the microglia. 

Microglia are, like astrocytes, another glia cell type, that in simple terms are the tissue-

resident macrophages of the CNS, being both an immunocompetent and a phagocytic cell 

type.  

Although microglia are a glial cell of the brain, they, unlike the other glial cell population, 

do not originate from ectodermal tissue. Instead they are derived from haematopoietic 

precursor cells that migrate from the embryonic yolk sac into the CNS parenchyma prior to 

vasuclogenesis (Alliot et al., 1999; Ginhoux et al., 2010).  

As  microgliogenesis and neurogenesis take place simultaneously in the developing CNS, 

it would indicate that some co-operative interaction is likely. The general migration of 

microglia into the parenchyma precedes EC sprouting, but as the microvasculature 

develops, there is a tight physical association between these vessels and the microglia, 
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indicating this interaction may be a possible mechanism in the formation of the BBB. The 

current model for neo-angiogenesis, is that vessel endothelium specialise into tip and stalk 

cells which supports the vascular networks expansion by a sprouting growth method. The 

tip cells extend filopodia to detect chemotactic growth factor gradients, which are formed 

by a mixture of different  VEGF isoforms. Importantly, it has been shown that microglia 

express two transmembrane proteins that are essential for angiogenesis (Tie2 and NRP1). 

Thus the microglial interaction with the endothelial tip cells are essential to promote 

vascular anastomosis downstream of VEGF-mediated tip cell formation and sprout 

induction (Fantain et al., 2010). 

 

While microglia have been shown to be involved in promoting angiogenesis during 

development, this is not the only function microglia have in CNS development. Microglia 

are also essential for synaptic pruning in the developing brain, which involves engulfing 

and eliminating synapses. Chemokines are a family of soluble and membrane-bound 

cytokines that perform an essential role in the mediation of neuron-microglia crosstalk in 

both the developing and mature brain. The fractalkine signalling pathway includes the 

chemokine receptor CX3CR1 that is exclusively expressed on microglia and its ligand 

CX3CL1 which is mainly expressed by neurons in brains under normal conditions. CX3CR1 

null mice have been shown to have impaired synaptic pruning and increased dendritic spine 

densities in the hippocampus compared to controls. (Paolicelli et al., 2011).  

 

Microglia are structurally characterised by a small cell body with fine ramified processes. 

They encompass a significant volume of the mature adult brain parenchyma, with the 

individual non-overlapping processes of each microglial cell constantly analysing the CNS 

environment for any issues or insults (Nimmerjahn et al., 2005; Cronk and Kipnis, 2013). 

It was thought that in the healthy brain, microglia reside in a dormant, inactive state. 

However, in vivo two-photon imaging in the neocortex of adult mice found that while 

conducting their homeostatic functions, the microglial cell bodies remain stationary but 

their processes are very motile, scanning the extracellular space and communicating directly 

with the other cells of the NVU including ECs, astrocytes and neurons (Davalos et al., 2005, 

Nimmerjahn et al., 2005). The bidirectional interactions between the various cells of the 

NVU and microglia ensures continuous immune surveillance and homeostasis in the 

healthy brain. Moreover, it ensures an immediate response to any insult or infection, with 

microglia actively migrating towards a site of damage in order to engulf and eliminate any 
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cell debris. In order to do this, microglia must change from their resting surveillance 

phenotype to one of two activated morphological states. In the M1 activated state, microglia 

release proinflammatory cytokines such as interlukin-1β (Il-1β ) and tumour necrosis factor-

α (TNF-α), while in the M2 activated state, microglia can diminish inflammation and 

promote tissue repair (Aguzzi et al., 2013). 

 

1.3 Junctional complexes of the BBB  

Limited paracellular permeability is one of the defining features of the BBB and is 

controlled mainly through two protein complexes, AJs and TJs (Greene and 

Campbell.,2016). AJs are ubiquitous structures of the vasculature, composed primarily of 

vascular endothelial (VE)-cadherin proteins that span the intercellular cleft and link to 

various catenin proteins in the cytoplasm of adjacent cells (Abbott et al., 2010). While their 

role in BBB function has not been fully defined, the cadherin–catenin system of the AJ have 

been noted to be important in maintaining both stability and cellular polarity. Moreover 

through interactions with cadherin proteins and the actin cytoskeleton, AJs can respond to 

stimuli and thus may contribute to the dynamic nature of this barrier. Due to the crosstalk 

between components of TJs and AJs, it has also been suggested that AJs are essential for 

TJ formation (Wolburg and Lippoldt 2002).  

TJ's have two main functions. The first is to reduce the movement of polar solutes and ions 

through the intercellular space, helping to maintain the distinct molecular compositions of 

the microenvironments that the endothelial cellular sheets separate (Tsukita et al., 2001). 

The restricted flow of ions across the BBB results in high electrical resistance in vivo of 

approximately ~1800 Ω.cm2 (Butt et al., 1990; Abbott et al 2010). The second role of TJs 

is in the maintenance of cellular polarity. TJs restrict the movement of both membrane lipids 

and proteins between the apical and basolateral compartments of ECs, which result in the 

need for specific transporters to be present in the luminal and abluminal membranes. It is 

this differential expression of specific transporter proteins that results in EC polarity.  

In contrast to AJs, which are present in all vascular beds, TJs are highly enriched in the 

endothelium of the cerebrovasculature. Through freeze fracture microscopy TJs have been 

defined as continuous networks of proteins, interacting both with proteins on the same EC 

or on the adjacent cells. These protein interactions are so tight that they are commonly 
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referred to as “kissing points” as they result in the near complete elimination of paracellular 

space (Tsukita et al., 2001). This in turn results in the limited movement of macromolecules, 

polar solutes and ions from blood to brain and vice versa. These dynamic structures that 

link the adjacent ECs are composed of a number of different transmembrane proteins and 

membrane-associated cytoplasmic proteins.  

Membrane-associated cytoplasmic proteins, such as the zonula occludens (ZO), ZO-1, ZO-

2 and ZO-3, proteins function as scaffolding proteins which connect the transmembrane 

proteins to the actin cytoskeleton and determine their spatial organisation and are therefore 

an essential component in barrier formation (Bazzoni et al., 2000; Zlokovic., 2008). 

Junctional adhesion molecules (JAM), which like ZO, have several isoforms are an 

additional protein that is present within the TJ structure. In addition to the bicellular TJ 

(bTJs) proteins, described above, at tricellular contacts, there are additional components 

expressed, namely tricellulin and lipolysis-stimulated lipoprotein receptor (LSR) which like 

the previously mentioned proteins have the potential to regulate paracellular permeability 

(Ikenouchi et al., 2005). 

Transmembrane proteins include occludin and the claudins, both of which are tetra-

spanning proteins (Haseloff et al.,2015). These proteins function as dimers, in which the 

two extracellular loops of each monomer interact with a counterpart on the neighbouring 

ECs, as can be seen in Figure 1.4  (Tsukita et al.,2001). Occludin was the first integral 

membrane protein of the TJ to be identified. Through ectopic overexpression experiments, 

occludin was shown to be capable of inducing the production of TJ-like structures (Furuse 

et al., 1996). However, further investigations showed cells lacking occludin were still 

capable of producing functional TJs, demonstrating that it is not essential for barrier 

formation (Saitou et al., 1998). Moreover, occludin knockout mice, while having a complex 

and impaired phenotype, still form intact TJs. Therefore other proteins are clearly necessary 

for TJ formation. 

Further investigation led to the identification of the claudin family, of which there are 27 

members (Furuse et al., 1998; Morita et al., 1999; Tsukita et al., 2001). All members are 

localised at TJs, however in different tissues different combinations of the various claudins 

are simultaneously expressed, for example in the liver claudin-1 and 2 are expressed while 

claudin-1, 3, 5, 11 and 12 expression were previously noted at the BBB (Morita et al,, 1999; 

Abbott et al., 2006). Moreover, even within an organ, the claudin expression pattern varies 
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between cell types with the lungs for example showing ubiquitous expression of claudin-4 

and -7 while the expression of claudin-18 is unique to the alveolar epithelial cells 

(Schlingmann et al., 2015). It is these proteins that have been found to be the significant 

structural unit of the TJ, forming the backbone of the TJs through both homotypic and 

heterotypic interactions via their extracellular loops (Krause et al., 2008; Krause et al., 

2009).  

As stated, claudin-1, 3, 5, 11 and 12 expression were previously described at the mouse 

BBB. However more recent findings have noted a high cross-reactivity in claudin 

recognising antibodies which call into question the presence and function of claudin-12 and 

claudin-3 in the BBB. Through a claudin-12-lacZ-knock-in C57BL/6J mice, it was shown 

that the expression of claudin-12 was very low in brain endothelium and was mainly 

expressed in cells that typically lack TJs such as astrocytes and neurons. These claudin-12 

knockout mice had an intact BBB which exhibited no signs of BBB dysfunction or 

neuroinflammation. Overall these findings would conclude that claudin-12 is not essential 

in establishing or maintaining BBB TJs integrity (Castro Dias et al., 2019). Interestingly, 

immunohistochemistry of claudin-12-lacZ-knock-in  mouse brain sections using 

commercial claudin-12 antibodies resulted in false-positive immunoreactivity (Castro Dias 

et al., 2019). This was also noted recently in an investigation focussed on claudin-3, in 

which a claudin-3 knockout mouse resulted in positive immunoreactivity through 

immunohistochemical analysis and thus verifies that this positive result is nothing more 

than an artefact of antibody cross-reactivity. Through both bulk and single cell RNAseq as 

well as through RT-PCR, it has been shown that claudin-3 while expressed in the BCSFB 

and the choroid plexus, is not expressed by the endothelial cells of the BBB. These knockout 

mice also confirm that the absence of claudin-3 does not impair brain barrier function 

(Castro Dias et al., 2019b). 

Due to these false positive artefacts recently observed in claudin recognising antibodies, the 

other claudins, such as claudin-1 and claudin-11 have also been examined. 

Immunohistochemical analysis revealed that, in both healthy human and mouse capillaries, 

claudin-11 is co-localized with claudin-5 in the brain. This finding was supported by mass 

spectrometry for total protein expression as well as through the use of siRNA knock-down, 

which both supported the finding that claudin-11 is expressed in the ECs of the BBB, and 

forms both cis- and trans-heterophilic dimers with claudin-5. Moreover, through in vitro 
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siRNA targeted knockdown of claudin-11 expression, increased permeability to FITC-

Dextran further supports claudin-11’s role in the maintenance of BBB function (Uchida et 

al., 2019).  

These recent alterations to the assumed architecture and claudin composition of the TJs of 

the BBB aside, claudin-5 remains clearly the most essential for both the development and 

the maintenance of the BBB. Transcriptomic data has demonstrated claudin-5 to be 

enriched 500-fold at minimum in comparison to other members of the claudin family in 

brain endothelial cells (Daneman et al., 2010). Moreover, single-cell RNA sequencing has 

estimated that there are in excess of 10,000 claudin-5 mRNA transcripts per endothelial cell 

of the cerebrovasculature, a number which is roughly 10-fold greater than that of the 

housekeeper ß-actin (Daneman et al., 2010; Ohtsuki et al., 2008; Vanlandewijck et al., 

2018).  

In comparison to the occludin knockout experiments, the equivalent experiment for claudin-

5 resulted in a size selective loosening of the BBB, allowing the extravasation of molecules 

that were less than 800Da in size (Nitta et al.,2003). The development and morphology of 

the vasculature remained intact, with both the structural and functional integrity of the 

vasculature maintained. Despite this, the necessity of claudin-5 is highlighted by the 

inviability of the knockouts, all of which die within 10 hours of birth (Nitta et al., 2003). 

Overall these simple knockout experiments clearly demonstrate that it is the claudins and 

not occludin that are both necessary and sufficient to form TJs. Therefore it is the claudins 

that will be a key target in any therapeutic aimed at modulating the BBB.  
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Figure 1.4 Junctional complexes of the BBB 

TJ and AJ components creating a paracellular barrier between adjacent ECs, separating the blood 

and brain microenvironments. Claudin-5 and occludin are two of the major TJ components that are 

connected to the actin cytoskeleton by the ZO scaffolding protein family. VE-cadherin is an 

essential component of the AJs and the α/β/γ catenin proteins connect it to the actin cytoskeleton.  

 

1.3.1 Claudin-5  

The Claudin-5 (Cldn5) gene is located on chromosome 22 in humans and chromosome 16 

in mice and is a member of the claudin multigene family, which contains 27 members. The 

protein product of this gene is a 23 kDa integral membrane protein, consisting of four 

transmembrane domains resulting in two extracellular loops (ECL) with an intracellular 

NH2 terminus and a long COOH terminus (Fig. 1.5). This tetra-spanning protein functions 

as a dimer, in which the two extracellular loops of each monomer interact with a counterpart 

on the neighbouring ECs. Through this trans-interaction claudin-5 mechanically links the 

adjacent endothelial cells reducing the intercellular space to almost zero (Morita et al., 

1999a; Tsukita and Furuse, 2000). In addition to its ability to form trans-interactions, 

claudin-5 can also form cis-interactions with claudins on the same cell (Gehne et al., 2017). 

These interactions can be homotypic or heterotypic and the strength of the interaction will 

depend on the claudins that are involved (Furuse et al., 1999).  
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Site directed mutagenesis of specific amino acids within the claudin-5 protein has allowed 

the functional role of the extracellular loops to be investigated and outlined. When 

transfected into TJ free MDCK cells, claudin-5 was noted to form a stable TJ network and 

with that came a selective decrease in permeability to ions (Wen et al., 2004). However, 

this decreased permeability was eradicated when cells were transfected with claudin-5 that 

had a mutation in one of its two conserved cystine residues located within the ECL1 (Wen 

et al., 2004). Therefore the ECL1 of claudin-5 possesses the ability to seal the barrier and 

so is essential for TJs to function. Mutations in conserved amino acid residues within the 

ECL2 have also negatively affected the function of claudin-5, in particular through their 

ability to form trans-interactions. While HEK cells transfected with wild-type claudin-5 

note enrichment of claudin-5 at the cell- cell contact sites and the formation of TJs, both 

features are lost when transfected with claudin- 5 carrying specific mutations within the 

ECL2 (Piontek et al., 2008; Rossa et al., 2014)  

Claudin-5 is expressed specifically in the EC layer of the brain, lung, liver, kidney and skin, 

with highest expression noted in both the brain and lungs (Daneman et al., 2010, Greene et 

al., 2019). In early foetal development, claudin-5 expression is dispersed in the cytoplasm 

of the EC. Between week 14 and week 18 of gestation, claudin-5 progresses from being 

discontinuously expressed along the interface of the neighbouring EC to eventually 

exhibiting a more continuous expression pattern (Virgintino et al. 2004). This expression 

persistently increases during post-natal development and is maintained by the signalling 

molecules secreted by the other components of the NVU, astrocytes and pericytes. Although 

other claudins are present within the TJs of the BBB, the expression level of claudin-5 at 

the mRNA level has been noted as being ~600 times higher to the other claudins (Ohtsuki 

et al.2008; Daneman et al. 2010).  

There are several upstream signalling pathways that control claudin-5 expression both at 

the transcriptional and the post-translational level, examples of which include VEGF and 

Shh. VEGF is a powerful down-regulator of claudin-5 expression. In primary human brain 

microvascular EC cultures, VEGF-A was shown to specifically down-regulate claudin-5 at 

both the mRNA and protein level. This finding was mirrored in vivo in which mouse 

cerebral cortex had disrupted claudin-5 expression and overall BBB dysfunction following 

microinjection of VEGF-A (Argaw et al., 2009). Shh is a secretory protein primarily 

produced by astrocytes, that up-regulates the expression of claudin- 5. This increased 
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expression occurs when the Shh ligand binds to endothelial Patched homolog 1 receptor 

(Ptch), releasing the inhibitory effect of Smoothened (Smo) which results in the activation 

of GLI transcription on various downstream targets, including claudin-5 (Alvarez et al. 

2011). In addition to the various signalling pathways that regulate the expression of claudin-

5, due to the close and reciprocal relationship between the proteins of the TJ, claudin-5 is 

also regulated through the physical interactions it has with other proteins, such as the 

cytoplasmic scaffolding proteins ZO which determine the spatial organisation of claudin-5.  

Claudin-5 protein has a relatively short half-life of 90 minutes (Mandel et al., 2012). As a 

vital component of TJs, it is essential that these dynamic structures are capable of 

continuous turnover and remodelling in a way that does not disrupt the BBB. A recent study 

has identified autophagy-mediated degradation of claudin-5 in TJ remodelling. Using 

MDCK cells that were transfected with claudin-5 tagged with YFP and TRQ, it was shown 

that claudin-5 is cross- over endocytosed into adjacent cells in large, double membrane 

vesicles (Gehne et al., 2017). Colocalisation of claudin-5 within these vesicles and the 

autophagosome markers confirm the autophagosomal pathways involvement in 

degradation. Cross-over endocytosis of claudin-5 relies on both the clathrin and caveolin 

pathways as well as claudin-claudin-interactions. As previously mentioned amino acid 

substitutions on ECL2 negatively affect claudin-5’s ability to form both cis and trans 

interactions, and in addition have been shown to impair cross-over endocytosis, with weaker 

interactions resulting in less cross over endocytosis (Gehne et al., 2017).  

The knockout models provide crucial information regarding the function of a protein in 

vivo. Claudin-5 deficient mice were shown to have a size selective loosening of the BBB, 

allowing the extravasation of molecules that were less than 800 Da in size while still 

limiting the entry of larger molecular weight molecules (Nitta et al., 2003). In this knockout 

experiment, development and morphology of the vasculature remained intact due to the 

other claudins present in the TJ, which ensured that both structural and functional integrity 

of the vasculature was maintained. Despite this, the necessity of claudin-5 is highlighted by 

the inviability of the knockouts, all of which die within 10 hours of birth (Nitta et al., 2003). 
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Figure 1.5 Claudin-5 structure 

Claudin-5 protein contains four transmembrane domains (TMD) resulting in two extracellular 

loops (ECL) with an intracellular NH2 terminus and a long COOH terminus. ECL1, contains two 

highly conserved cysteine residues (C), and contains a disulphide bond.  

 

1.4 Transport across the BBB 

While the most essential role of the BBB is the barrier function, which regulates transport 

to the brain, it also in turn acts as one of the most significant obstructions to the 

pharmacokinetics to the brain. The BBB completely blocks the delivery of large-molecule 

neurotherapeutics as well as roughly 98 % of small-molecule drugs (Pardridge 2005; 2010). 

While there are currently a number of small molecule drug therapeutics on the market for 

some disorders such as depression, schizophrenia and epilepsy, the efficacy of these drugs 

remains inadequate. Moreover the BBB continues to act as a major roadblock in the 

development of new therapeutics for  neurodegenerative diseases and brain cancer. 

Therefore understanding the various transport mechanisms across the BBB is essential for 

drug discovery and improving the treatment of CNS diseases (Cecchelli et al., 2007; 

Kuhnline Sloan et al., 2012). 

 

Passive transcellular transport is generally limited to firstly, small gaseous molecules such 

as oxygen and carbon dioxide which can quickly diffuse through the brain endothelium and 

secondly small molecules such as ethanol and caffeine. Additionally small (<400 Da) 

lipophilic molecules, that contain fewer that 8-10 hydrogen bonds are simultaneously 

hydrophilic and lipophilic enough to ensure solubility in both water and through the 
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hydrophobic core of the lipid bilayer, allowing passive diffusion across the BBB (Pardridge, 

2009) (Fig. 1.6.2). To regulate passive transport into the brain, efflux pumps are present, 

and can return any unwanted molecules back to the circulatory system. 

 

However, as discussed previously, the energy needs of the brain are met by cerebral 

circulation and thus numerous transport systems are utilised to ensure these energy needs 

are met while protecting the brain from potential harm. 

 

1.4.1 Paracellular pathway 

 

The paracellular pathway describes the movement of material through the interendothelial 

space between the adjacent ECs that form the cerebrovasculature. The high electrical 

resistant TJ protein structures that are found within this interendothelial space, effectively 

eliminate this movement to all but the smallest solutes and ions  (Fig. 1.6.1) (de Boer et al., 

2003; Cecchelli et al., 2007; Abbott et al., 2010; Giacomini et al., 2010).  

 

While the paracellular pathway is nearly impossible to penetrate, some entities can gain 

access to the brain by utilising specific mechanisms. An example of this is immune cell 

entry. Under inflammatory conditions leukocytes are able to cross the BBB into the brain. 

The movement of leukocytes across the BBB into the brain parenchyma is a multistep 

process which is controlled by the sequential interactions of adhesion and signalling 

molecules between the immune cells and the ECs of the BBB. This process begins the 

tethering of immune cells by the cell adhesion molecules, P- and E- selectin and their 

respective carbohydrate ligands. This tethering causes the immune cells to roll along the 

EC surface which reduces the immune cells speed and allows for the further recognition of 

chemokines on the surface of endothelial cells with their G-protein-coupled receptors 

(GPCRs). Activation of the GPCR results in activation of immune cell integrins, which 

cause significant conformational changes and leads to the total arrest of the leukocytes on 

the luminal surface of the ECs by binding them to endothelial adhesion molecules, vascular 

cell adhesion molecule 1 (Vcam-1) and intercellular adhesion molecule 1 (Icam-1). 

Following this, leukocytes polarise and crawl along the luminal surface of the EC to locate 

the endothelial junction and this allows for their diapedesis across the BBB. Under normal 

conditions, the healthy brain usually expresses leukocyte adhesion molecules at low levels, 
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however it has been noted under inflammatory conditions this expression is upregulated 

(Takeshita and Ransohoff, 2012; Marchetti and Engelhardt, 2020). (Fig. 1.6.5) 

 

1.4.2 Transcellular pathway 

As the paracellular pathway is extremely limited, the predominant pathway for the transport 

of proteins, carbohydrates and ions to the brain is the transcellular pathway. Passive 

transcellular transport, as discussed previously (Fig. 1.6.2) is also an extremely restricted 

mechanism, with only small (<400 Da) lipophilic molecules, that contain fewer that 8-10 

hydrogen bonds, being capable of passive diffusion through the BBB. Therefore several 

active transport mechanisms are present, ensuring the remaining essentials are delivered to 

the brain. The various receptors that regulate these active transport mechanisms have also 

been a focus in the development of many new neurotherapeutic drugs, “hijacking” their 

transport systems to enhance delivery across the BBB. 

The first active transcellular transport mechanism is carrier-meditated transport, which 

allows small polar molecules such as glucose, amino acids and ions to cross the BBB (Fig. 

1.6.3). These carriers can range in specificity, with some limited to a single molecule, while 

others are multi-specific. This is an important transport mechanism as ion regulation is 

critical for optimal neuronal signalling and is maintained by carrier meditated transport 

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

2005). Moreover the main energy source of the brain, glucose, is transported by glucose 

transporter-1 (GLUT-1), the principal cerebral hexose transporter. GLUT-1 is encoded by 

the SLC2A1 gene, which is notably enriched in the cerebrovascular ECs in comparison to 

the peripheral. A homozygous loss of SLC2A1 is embryonic lethal, highlighting its 

importance in brain health and function. Haploinsufficiency, in humans results in infantile 

onset neurodevelopmental disorder known as GLUT-1 deficiency syndrome (GLUT-1 DS) 

which is characterised by paediatric-onset epilepsy. There has recently been a debate 

however on how this deficiency is affecting the BBB. An earlier study in mice found that 

haploinsufficiency of the GLUT-1 transporter in brain ECs significantly damaged the BBB, 

with the slc2a1+/- mice displaying significant extravasation of serum proteins and 

expressed decreased TJs levels (Winkler et al., 2015). However the accuracy of these 

findings have been recently called into question when a GLUT-1 DS patient study did not 

note any significant increase in the level of serum proteins in the CSF, which would be 

expected if the integrity of the BBB was damaged (Tang et al., 2017). This finding has been 
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further supported with repeated animal experiments, which did not observe any BBB 

damage (Veys et al., 2020). This finding again highlights the importance of these carrier 

transport systems, which like the BBB itself, are vital to ensure healthy and functioning 

CNS (Tang and Monani., 2021).  

The next form of active transcellular transport is active efflux, via ATP-binding cassette 

(ABC) transporters (Fig. 1.6.4). These ATP-dependant pumps are ubiquitous membrane-

bound proteins that are expressed on the abluminal side of the ECs of the brain. They 

prevent the build-up of drugs, drug conjugates and xenobiotics in the brain through active 

efflux of these substances back into the blood. At the BBB, P-gp is a critically important 

efflux transporter. Due to its broad substrate specificity, it protects the brain from various 

neurotoxic compounds (Lin and Yamazaki, 2003). In humans P-gp is encoded by a single 

MDR1 gene but in mice there are two genes Mdr1a and Mdr1b. Both the Mdr1a and the  

Mdr1a/b knockout  mouse models, while viable, fertile and appearing phenotypically 

normal, displayed a significantly elevated drug level in the brain and an overall greater 

sensitivity to various drugs (Schinkel et al., 1994; Schinkel et al., 1997). Thus while an 

important protective mechanism, active efflux and in particular P-gp, act as a major 

pharmacokinetic roadblock in brain targeted drug development.  

Drugs that have been developed to act on the brain, such as anti-depressants and anti-seizure 

drugs are usually small and lipophilic, which means that they can easily cross the BBB by 

diffusion. However, these properties also make them likely P-gp substrates, with an 

estimated ~50 % of potential drug candidates on the market being substrates of this 

multidrug efflux transporter (Abbott et al., 2002). There is significant evidence to indicate 

elevated expression of efflux transporters, which includes P-gp, in the capillary ECs of  

surgically resected tissue from patients with medically intractable epilepsy (Tang et al., 

2017). It has been hypothesised that in disorders such as epilepsy, where there is significant 

BBB damage, “a second line of defence” measure which includes the upregulation of P-gp, 

may be the reason for the significant pharmacoresistance that is noted in this disease, which 

affects ~30 % of patients (Löscher and Potschka, 2005; Löscher and Potschka., 2005b; 

Löscher and Schmidt, 2011; Löscher and Friedman., 2020).  

The final two active transcellular transport methods are receptor-mediated transcytosis and 

adsorption mediated endocytic transport. Both allow for the transportation of proteins and 

peptides across the BBB. Receptor-mediated transcytosis allows for bidirectional trans-
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endothelial transport of proteins and peptides like insulin from blood to brain as well as 

apolipoproteins which can be transported from brain to blood (Fig. 1.6.7). Adsorptive 

transcytosis allows plasma proteins like albumin to cross the BBB through the binding of 

the positively charged protein to the negatively charged phospholipid membrane (Fig. 

1.6.6). It is estimated that ~10-15 % of all proteins in the NVU are transporters, which 

highlights the important role these transport mechanism play in maintaining the integrity of 

the NVU (Enerson and Drewes, 2006). 
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Figure 1.6 Transport mechanisms across the BBB 

(1) paracellular pathway is restricted due to the presence of TJs which limit the free movement of 

solutes. (2) Simple diffusion allows small lipophilic molecules (<400 Da) that contain fewer than 8 

hydrogen bonds to freely pass through the barrier. Gases such as O2 and CO2 can also freely diffuse 
through the barrier. (3) Transport proteins expressed on the luminal surface of the ECs facilitates 

the movement of essential components such as glucose, ions and amino acids into the brain. (4) 

Active efflux, through ATP-binding cassette (ABC) efflux transporters, actively reduce the entry of 
drugs into the brain parenchyma. (5) Immune cell entry occurs through the binding of the immune 

cell to a cell adhesion molecules and penetrating the CNS via either paracellular or transcellular 

pathway. (6) Adsorptive mediated transcytosis allows cationized plasma proteins like albumin to 
cross the BBB through the binding of the positively charged protein, to the negatively charged 

phospholipid membrane. This results in the internalisation and transcytosis of ligand across the EC 

barrier. (7) Receptor-mediated transcytosis requires binding the macromolecule ligand to a receptor, 

which results in endocytosis and transport of the receptor-macromolecule complex across the EC 
barrier within a vesicle where it is released into the brain parenchyma by exocytosis of the ligand. 

Large macromolecules such as insulin and transferrin utilise this method to cross the barrier.  
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1.5 BBB disruption and Disease  

Clearly, the BBB is essential for the maintenance of the neural microenvironment, 

regulating the exchange of ions and nutrients between blood and brain while protecting 

neural tissue from potentially damaging blood-borne components. The critical importance 

of the BBB is highlighted by the severe pathology observed in diseases in which it is broken 

down.  

The breakdown of the BBB results in changes to nearly all aspects of the NVU when 

compared to its healthy counterpart (Fig. 1.7). The principle component of the BBB, the 

ECs, frequently display degradation or shrinkage and the resulting reduced TJ protein 

expression can cause significant changes to the characteristically limited paracellular 

transport pathways (Sweeney et al., 2019; Obermeier et al., 2013; Knox et al., 2022). 

Moreover, this barrier dysfunction may further exacerbate the breakdown of these tightly 

regulated transport mechanisms, with alterations in expression or function of BBB-

associated receptor mediated transcytosis and transport protein mechanisms like GLUT-1 

also noted (Sweeney et al., 2019; Yang et al., 2020). Further to this, under pathological 

conditions ECs can increase leukocyte adhesion molecule expression which can lead to 

enhanced leukocyte extravasation into the brain, which again can enter into a positive feed-

back loop in which BBB disruption can activate pathways which will further enhance 

barrier disruption (Brochard et al., 2009; Gerwien et al., 2016).  

As the regulation and maintenance of the BBB is the result of a collaborative effort of 

numerous cell types, like ECs, these other cell types also show changes under the 

pathological state of BBB disruption (Fig. 1.7). Firstly, thinning of the non-cellular 

microvascular basement membrane has been noted in Alzheimer’s disease (AD) patients 

with noted BBB disruption (Salloway et al., 2002). Moreover numerous studies have noted 

a reduction in both the number and coverage of pericytes as well as pericyte degeneration 

(Yang et al. 2020; Sengillo et al., 2013). Astrocytes under stress conditions have noted 

phenotypic alterations including swollen astrocytic end-feet and end-feet detachment from 

the microvasculature basement membrane (Obermeier et al., 2013; Garbuzova-Davis et al., 

2007).  

In AD alterations noted in both the structure and the permeability of the BBB are thought 

to play a critical role in the pathology of this disease (Bell and Zlokovic., 2009; Halliday et 
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al., 2016). Animal models of stroke and traumatic brain injury (TBI) have identified 

biphasic opening of the BBB and the downregulation of TJ proteins, which consequentially 

results in the extravasation of serum proteins (Baskaya et al., 1997; Knowland et al., 2014). 

As a hallmark pathology in numerous neurological conditions, the degree of the BBB 

disruption often demonstrates a clear correlation with the severity of the disorder. Epilepsy 

is a prime example of this, with the degree of BBB dysfunction correlating with seizure 

severity (van Vliet et al., 2007). Moreover the sheer extent of the vascular permeation in 

neuronal tissue may provide a simple mechanism to explain the complex and varied 

presentation noted in many psychiatric disorders. During BBB disruption numerous brain 

regions may be simultaneously affected and result in various cognitive and behavioural 

dysfunctions that are characteristic of disorders such a schizophrenia (Kealy et al., 2018). 

Overall, as the BBB clearly plays a vital protective role, its dysfunction will lead to disease. 

Therefore it should also be considered as a target when designing therapeutics for the 

aforementioned diseases.  
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Figure 1.7 Schematic representation of the BBB in a healthy state and during breakdown 

(A) A healthy, intact BBB is comprised of ECs encompassed by the basement membrane and 

pericytes. Astrocytic endfeet closely interact with the ECs and pericytes to maintain the BBB 

integrity. Microglia are inactive and functional healthy neurons are present and in close contact with 
the vasculature. (B) When there is BBB breakdown and disruption, the integrity of the barrier is 

affected in numerous ways. Clear hallmarks of BBB breakdown include several changes to ECs, 

including cell shrinkage, reduced TJ protein expression and changes to both paracellular and 
transcellular transport mechanisms which includes increased immune cell infiltration. Moreover 

pericyte loss or dysfunction is often noted as well as astrocytic endfeet becoming swollen or 

detached. Microglia morphology changes to its activated state and neurons can become 

demyelinated and damaged. 

1.5.1 Epilepsy  

Epilepsy is a chronic CNS disorder affecting approximately 1 % of the population. It is 

characterised by recurrent, spontaneous seizures caused by abnormal electrophysiological 

activity in the brain. The cause of these seizures is often unknown however brain insults 

such as TBI or stroke are often likely sources. In some cases however, it can have a strong 

genetic component with mutations predisposing an individual to epilepsy (Pitkänen et al., 

2015).  

The classification of seizures is based on where in the brain the seizure activity originated. 

There are three main categories, focal, generalised and unknown onset. The origin of a focal 
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seizure is restricted to one cerebral hemisphere whereas a generalised seizure originates in 

bilaterally distributed neuronal networks (Stafstrom and Carmant., 2015; Scheffer et al., 

2017). Generalised seizures are further sub-characterised into absence, atonic, myoclonic 

and generalised tonic-clonic based on clinical manifestation. Absence seizures are 

characterised by staring and non-responsiveness, atonic seizures result in a sudden loss in 

muscle strength, myoclonic seizures note sudden involuntary movements, and finally, 

generalized tonic seizures result in the behaviour most commonly attributed to epilepsy, the 

bilateral convulsion of all limbs and associated loss of consciousness. Seizure type is 

generally determined through the use of electroencephalogram (EEG) and imaging studies 

as well as family and medical history, after which a treatment plan can be devised (Berg et 

al., 2010; Scheffer et al., 2017; Stafstrom and Carmant, 2015).  

The epilepsy drug market value is forecast to reach an estimated US$6 Billion by 2024 and 

is currently almost exclusively made up of small molecule therapeutics that can regulate 

seizure activity (Grand View Research Report 2024). However up to 30 % of patients 

continue to have seizures even after trying multiple anti-seizure drugs (ASDs). This 

refractive cohort represent up to 80 % of the costs associated with epilepsy treatment and 

more importantly, are a group of ~ 15 million people suffering with an uncontrolled disease 

(Perucca et al., 2007)  

Epilepsy research has focussed mainly on neurons, and in particular ion channel 

dysfunction as the main underlying pathology affecting normal neuronal function (Han et 

al., 2017). While aberrant neural activity is the ultimate inducer of a seizure, recently other 

aspects of the NVU, such as the BBB, are being considered as additional causative factors 

in this disorder. As the BBB is vital in the maintenance of a homeostatic neural 

microenvironment, dysfunction in this protective layer could have significant consequences 

on neuronal excitability, and thus the possible generation of seizures. BBB dysfunction is a 

hallmark pathology of many neurological conditions, with the degree of BBB dysfunction 

often correlating with disease severity. This is clearly seen in epilepsy, where BBB 

dysfunction is one of the earliest events following status epilepticus and where seizure 

severity correlates with the degree of BBB dysfunction (Friedman 2011; van Vliet et al., 

2007).  

The induction of seizure activity through the artificial opening of the BBB using high-dose 

mannitol infusion has been show experimentally in animal models as well as clinically in 
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humans (Fieschi et al., 1980, Marchi et al., 2007). These findings provide a defined 

molecular etiology linking BBB disruption and seizure onset. However increasing BBB 

permeability does not instantly or consistently induce seizure activity. In clinical trials 

attempting to enhance the pharmacokinetics of chemotherapeutics through the transient 

osmotic opening of the BBB of patients with brain lymphomas, the most significant 

complication associated with the procedure noted was the incidence of seizures. However, 

different trials recorded significantly different incidence rates ranging from 4 % all the way 

to 50 % (Neuwelt et al., 1983, 1986; Roman-Goldstein et al., 1994). This finding highlights 

the heterogeneity and complexity of seizure development. Outlining the sequential events 

that would elucidate the relationship between seizure activity and BBB disruption has been 

difficult due to inconsistent and inconclusive data, resulting in the conclusion that BBB 

disruption is both a cause and consequence of seizure activity. Overall a “leaky” barrier 

contributes to the generation of seizures, leading to more seizures which trigger further 

barrier dysfunction leading to epilepsy progression (van Vliet et al., 2007; Marchi et al., 

2007; Seiffert et al., 2004).    

As previously mentioned, the TJ protein claudin-5 is a key regulator of BBB integrity. 

Studies utilising animal models of epilepsy have noted a reduced level of claudin-5 

following seizure activity, indicating it as a precipitating factor in the subsequent disease 

progression of the model (Kim et al., 2015; Rempe et al., 2018). Additionally the inducible 

claudin-5 knockdown mouse model developed in the Campbell lab, has shown seizure 

activity and epileptogenesis following ~4 weeks of consistent claudin-5 suppression 

(Greene et al., 2018). The Campbell lab has also noted extensive disruption of claudin-5 

levels with concomitant BBB disruption in human brain tissues resected from drug-resistant 

epilepsy patients (Greene et al., 2022). These findings support the hypothesis that the loss 

of claudin-5 increases the risk and severity of seizure activity.  

1.5.2 Schizophrenia  

Schizophrenia is a severe psychiatric disorder, characterised by altered cognitive abilities 

and in which hallucinations, delusions, irrational thought processes and behaviour, are the 

most commonly noted symptoms. Schizophrenia affects approximately 1 % of the 

population worldwide, with roughly 1.5 million newly diagnosed cases each year globally 

(WHO., 2016). The signs and symptoms of this disorder generally begin to appear in late 

adolescence or early adulthood. The symptoms of schizophrenia can be split into three 
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categories, positive, negative and cognitive. Symptoms that are classified as positive are 

those that are not seen in the general population. These symptoms are the ones most 

commonly associated with schizophrenia, in which the afflicted appear to have lost touch 

with reality. Symptoms include hallucinations, of which the main stimulus is auditory. In 

addition, delusions, as well as thought and movement disorders are all commonly noted. 

Negative symptoms are less conspicuous, associated with more withdrawn behaviour such 

as the “flat affect”, which accurately describes the reduced emotional expression through 

facial expression or speech/voice tone (Gur, 2006). The severity of cognitive symptoms 

varies between patients, but symptoms are all the result of the reduced cognitive ability of 

the patient. Symptoms include issues with working memory, concentration and with 

executive functioning. These clinical symptoms make this disease extremely debilitating 

which is highlighted by the fact that the suicide rate is 13-fold greater in individuals 

suffering from schizophrenia in comparison to the general population (Saha et al., 2007). 

Overall, the average life expectancy of individuals with schizophrenia is 10 to 25 years less 

than normal, with meta-analysis suggesting up to 16,000 people die annually as a result of 

having to live with the condition (Voruganti et al., 2000; Leucht et al., 2009; Lieberman et 

al., 2005).  

 

The genetics underlying the etiology of schizophrenia remains elusive however there is 

clearly a strong genetic component to this disorder. Twin studies have indicated there may 

be up to 80 % heritability of schizophrenia. Genetic studies have identified linkage between 

schizophrenia and chromosome 22, which suggests that this region may harbour major 

susceptible loci for this condition (Pulver 2000; Liu et al., 2002; Rees et al., 2014). This 

hypothesis is further supported by the fact that the highest known risk group for the 

development of schizophrenia, with a 30-fold increased risk, is a cohort of individuals with 

22q11 deletion syndrome (22q11DS). 22q11DS is a genetic disorder otherwise known as 

velo-cardiofacial syndrome or Di-George Syndrome, that is the result of a micro-deletion 

within the chromosomal region 22q11.21.10-12. Additionally, a study carried out by Rees 

et al., 2014, noted that large duplications at 22q11.2, the reciprocal of the deletions in 

22q11DS, are substantially less common in schizophrenia cases than in the general 

population. This duplication represents the first putative protective mutation identified for 

schizophrenia. These findings highlight the importance of the 22q11.2 region in the 

development of schizophrenia and have provided a more specific target for the 

identification of risk genes.  
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Within the deletion 22q11.2 region there are approximately 40 genes, which includes 

claudin-5. As claudin-5 is a dose-dependent gene, the haploinsufficiency caused by this 

deletion may have serious deleterious effects. As previously described, claudin-5 is a major 

component of TJs and therefore plays a key role in regulating BBB permeability and 

preventing any potential exogenous substances which could have a negative impact on 

neuronal activity (Fiorentino et al., 2016). Therefore claudin-5  may be a gene whose 

dysregulation shows a clear pathological effect that would correlate with the clinical 

symptoms of schizophrenia.  

 

Further findings that support the hypothesis of an association between claudin-5 and 

schizophrenia development include the identification of a single nucleotide polymorphism 

(SNP) known as rs10314 located in the 3’-untranslated region of the claudin-5 gene, which 

through a transmission disequilibrium test showed a significant association with 

schizophrenia (Sun et al., 2004; Wu et al., 2010). This SNP has been shown to produce 

roughly half the amount of claudin-5 protein in comparison to the wild-type gene (Greene 

et al., 2018). Therefore individuals that carry this allele, must produce less claudin-5 

protein. Through an inducible claudin-5 knock-down mouse model, the Campbell lab has 

noted a link between the gene-dosage effect of claudin-5 and the onset of schizophrenia-

like characteristics in this model. This finding supports the hypothesis that in a 22q11DS 

cohort, the reduced level of claudin-5 expression that results from carrying both a low 

expression allele and being haploinsufficent, may predispose individuals to schizophrenia 

(Greene et al., 2018). 

 

1.6 Animal models of neurological disorders 

Animal models of disease are an essential preclinical tool to study the pathophysiology of 

diseases and associated mechanisms of injury, for the identification of potential drug 

targets, as well as a means to evaluate novel therapeutics for their safety profile, their 

pharmacokinetics, pharmacodynamics and importantly their efficacy in vivo (Singh et al., 

2015; McGonigle and Ruggeri., 2014). The use of animal models allows for invasive 

investigations into the underlying structural and molecular changes that are caused by the 

disease and provide a means to test novel therapeutics.  
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However, modelling human neuropsychiatric and neurological disorders in animals is 

extremely challenging, due to the subjective nature of many key symptoms, the lack of 

biomarkers and objective diagnostic tests as well as the unknown underlying genetics (Jones 

et al., 2011; Nestler 2010). Therefore to be established as a strong model of a disease, the 

following three criteria must be considered. Firstly, construct validity refers to how the 

method utilised to develop the model relates to the natural development of the disease. 

Secondly, face validity describes the models ability to mimic the anatomical, 

neuropathological and behavioural features that are noted in the human disease. Finally, 

predictive validity represents the models ability to respond to treatments in a manner that 

may predict the treatment efficacy in patients. 

1.6.1 Schizophrenia  

 

There are four main mechanisms that have been utilised to develop models of 

schizophrenia, neurodevelopmental, pharmacological, lesion and genetic models.  

 

1.6.1.1 Neurodevelopmental models 

 

Neurodevelopmental models rely on the fact that while there is clearly a strong genetic 

contribution, environmental factors also have been noted to play an important role in the 

development of this neuropsychiatric disorder. Epidemiology of schizophrenia has noted 

compelling evidence that exposure to negative environmental insults as a neonate, either 

during gestation or during the perinatal period, increased the risk of schizophrenia 

development. A working hypothesis is that in individuals with a genetic predisposition, if 

exposed to an adverse environmental insult during this early developmental period, this 

insult could be the catalyst that results in an abnormal pattern of neuronal development and 

connectivity that will result in the pathological schizophrenia phenotype. One such 

environmental insult is post-weaning social isolation. Rodents are social creatures, with 

defined social structure and hierarchies when in a colony, all of which are essential for 

neurological development. When deprived of this sociability from this early stage (~21 days 

old), brain development is altered and this results in behavioural deficits in adulthood (Lapiz 

et al., 2003; Fone and Porkess, 2008). Behavioural changes include spontaneous locomotor 

hyperactivity, neophobia, sensorimotor gating deficits, cognitive impairments, and 

heightened anxiety (Valzelli, 1973; Heidbreder et al., 2000; Fone and Porkess, 2008). These 

behavioural phenotypes strongly resemble many of the main behavioural pathologies in 
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schizophrenia. This model has strong predictive validity as many of these symptoms can be 

reversed with anti-psychotic drugs (Fabricius et al., 2010a). It is known that chronic social 

stress can alter BBB integrity. Recently it has been shown that chronic childhood social 

isolation, in female but not male C57BL/6J mice induces many anxiety-like behaviours, 

and also results in decreased expression of Claudin-5 and increased BBB breakdown in the 

amygdala of the isolated female mice but not in the female group-housed mice (Wu et al., 

2022). 

 

1.6.1.2 Pharmacological models  

Dysfunction of the glutamatergic system has been noted as a hallmark pathophysiological 

alteration in schizophrenia (Olney and Farber, 1995; Coyle et al., 2003). Clear 

pharmacological evidence to support the link between glutamate and the development of 

schizophrenia is evident in the finding that administration of phencyclidine (PCP), 

otherwise known as “angel dust”, which is a non-competitive antagonist of the 

glutamatergic N-methyl-D-aspartate (NMDA) receptor, results in delusions and 

hallucinations in otherwise healthy individuals (Javitt and Zukin., 1991; Domino and Luby., 

1981).  

Therefore PCP has been utilised to develop a pharmacological rodent model of 

schizophrenia. Acute PCP administration has been shown to cause hyperlocomotion, social 

withdrawal as well as  impairments of pre-pulse inhibition (PPI)  in rodents. (Kalinichev et 

al., 2007; Sams-Dodd, 1995; Mansbach and Geyer, 1989). Chronic PCP administration in 

rodents (14 days) has been shown to reduce social interaction, which could be reversed with 

administration of clozapine but not haloperidol (Qiao et al., 2001). Additionally, locomotor 

sensitization to PCP, which refers to the hyperactive behaviour noted in mice previously 

exposed to PCP in response to an acute drug challenge, has been shown to be attenuated 

with treatment with anti-psychotic medications such as haloperidol and clozapine (Phillips 

et al., 2001). This together provides predictive validity for both the positive and negative 

symptoms of schizophrenia noted in this model.  

Limitations to this model however are that many of the deficits induced by chronic PCP are 

not sustained, such as PPI deficits and reduced social behaviours which only persist for a 

certain amount of time following PCP withdrawal (Qiao et al., 2001; Martinez et al., 1999). 
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Therefore there are discrepancies in the findings between various studies which may be 

linked to the dose and timing of the PCP administration in the mouse model.  

1.6.1.3 Lesion model 

The next model is the neonatal ventral hippocampal lesion. This model is produced by 

bilateral intrahippocampal injections of ibotenic acid, an excitotoxin, into the ventral 

hippocampus of rodents on postnatal day 7 under anaesthesia with hypothermia (Lipska et 

al., 1993; Becker et al., 1999).  The lesions must be bilateral in order to produce the full 

spectrum of behavioural changes (Chambers and Self, 2002). These long-term behavioural 

changes arise post-puberty overtime, which replicates the chronology of symptomology that 

is noted in human patients with schizophrenia, further supporting this model’s face validity. 

Progressive development of these behavioural changes include impaired spatial learning 

and working memory which is noted around 25 days old, with deficits in social interaction 

noted around 35 days old. (Chambers et al., 1996; Sams-Dodd et al., 1997). However the 

full spectrum of deficits is not noted until around 56 days old, when hyper locomotor, PPI 

deficits and impairments in spatial working memory are noted. Moreover there are 

alterations to the architectural integrity of the developing medial prefrontal cortex (mPFC) 

and nucleus accumbens (NAc), both of which receive dense innervation from the 

hippocampus (Tseng et al., 2009). Adult ventral hippocampal lesioned rodents have a 

reduction in spine density and dendritic length of pyramidal neurones in both the mPFC and 

nucleus accumbens core (NAcc) medium spiny neurons. It appears that damage to the 

ventral hippocampus may trigger developmental alterations to other brain regions, 

particularly the PFC, which may also contribute to the changes in behaviour noted in this 

model. Finally the predictive validity in this model is generally good with antipsychotic 

drug administration in adulthood preventing some behavioural deficits (Sams-Dodd et al., 

1997) 

1.6.1.4 Genetic models 

While twin studies have shown that there is no question that schizophrenia is predominately 

a genetic disorder, no single gene mutation has been identified that can completely account 

for this complex heterogenous disorder. In fact, a large genome wide analysis study has 

identified 108 risk loci for schizophrenia (Schizophrenia Working Group of the Psychiatric 

Genomics Consortium, 2014). It is thought that multiple susceptibility genes must act 
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synergistically, in addition to epigenetic processes and early-life negative environmental 

insults, which together, may lead to the development of schizophrenia. Therefore, any 

genetically manipulated mouse model constructed will have limited construct validity, due 

to the singular genomic changes but nevertheless they are still beneficial in research.  

An example of this is the disrupted-in-schizophrenia 1 (DISC1) gene. DISC1 gene is one 

of the earliest genes implicated in risk of schizophrenia development, having been 

originally identified in a large Scottish family, which had a high incidence of mental illness 

including schizophrenia, which was associated with a balanced t(1;11)9q42.1;q14.3) 

chromosome translocation. DISC1 encodes a synaptic protein, that is expressed in early 

development and has been shown to impact many aspects of CNS function including 

synaptogenesis, neuronal migration and synaptic plasticity (Jaaro-Peled, 2009; Jonestone et 

al. 2011).  

Development of a mouse model has been challenging due to the debate on the functional 

consequence of the t(1;11) on DISC1, whether the pathology linked to this mutation is due 

to haploinsufficiency or is a pathology due to a dominant negative effect of a truncated 

DISC1 protein. Therefore multiple different strains of transgenic DISC1 mutant models 

have been examined. In two models with truncated DISC1 protein expression, behaviours 

that are associated with schizophrenia pathology were noted including hyperactivity, 

despair, deficits in PPI, working memory deficits (female only) and reduced sociability 

(males only) (Hikida et al., 2007; Pletnikov et al., 2008).  

Variability in behavioural and physical outcomes are noted in this model, which are 

dependent on the genetic manipulation utilised to create the model but overall there are 

overlapping phenotypes that support DISC1 link to schizophrenia and result in a model with 

sufficient face validity.  
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Model Induction Manifestations Human 

relevance 

Limitations  

with model 

Effect noted 

on BBB 

Neurodevelopmental   

 
Post-weaning 

social 
isolation   

Socially isolated 
from ~21 days 

old . 

Spontaneous 
locomotor 

hyperactivity, 
neophobia, 

sensorimotor gating 
deficits, cognitive 

impairments, and 
heightened anxiety.   

Behaviours 
consistent with 

positive, 
negative and 

cognitive 
symptoms of 

schizophrenia. 

Behavioural 
changes 

potentially 
reversed if 

overhandled 
during 

development 
(Weiss et al., 

1999). Single 
housing is costly 

and impractical.   

Decrease in 
Claudin-5 

expression and 
increased BBB 

breakdown 
(Wu et al., 

2022) 

Pharmacological   

  
PCP-induced 

Singular (acute) 
or multiple 

(chronic) 
systemic 

injection of PCP.  

Acute: 
hyperlocomotion, 

social withdrawal 
as well as  

impairments of PPI  
in rodents.  

Chronic: reduce  
social interaction.  

Behaviours 
consistent with 

positive and 
negative 

symptoms of 
schizophrenia.   

Deficits induced 
by PCP are not 

sustained, only 
persist for a 

certain amount of 
time following 

PCP withdrawal. 
No gold standard 

dosing regimen 
established.  

-  

Lesion  

Neonatal 
ventral 

hippocampal 
lesion 

Bilateral 
intrahippocampal 

injections of 
ibotenic acid into 

the ventral 
hippocampus on 

postnatal day 7 
under anaesthesia 

with 
hypothermia.  

Behavioural 
changes arise over 

time, post-puberty.  
Impaired spatial 

learning and 
working memory, 

decreased social 
interaction, hyper 

locomotor, PPI 
deficits. 

  

Behaviours 
consistent with 

positive, 
negative and 

cognitive 
symptoms of 

schizophrenia. 

Relatively high 
mortality rate. 

Time consuming 
to generate 

cohort.  
(Jones et al., 

2011). 

- 

Genetic models  

 
DISC1- 

mutant  

Model with 
truncated DISC1 

protein 
expression 

hyperactivity, 
despair, deficits in 

PPI, working 
memory deficits 

(female only) and 
reduced sociability 

(males only)   

Behaviours 
consistent with 

positive, 
negative and 

cognitive 
symptoms of 

schizophrenia. 

Limited construct 
validity due to 

the complex 
genetic 

heterogeneity of  
the disease. 

- 

 

Table 1.1 Summary of some of the commonly used models of schizophrenia and any noted effects 

on the BBB.  
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1.6.2 Epilepsy  

 

While non-invasive technologies to study the human brain’s structure and function have 

made significant progress, there are still significant limitations to our ability to examine 

certain details of physiology and molecular biology as it relates to disease. The complex 

etiology of epileptogenesis and seizure generation in epilepsy cannot be elucidated through 

human clinical studies alone. Therefore animal models of epilepsy have been essential for 

research. The most frequently used models of epilepsy and acute seizures are induced by 

chemoconvulsants, electrical stimulation, TBI or through genetic models.  

 

1.6.2.1 Chemoconvulsants: 

 

The most common chemoconvulsants used to induce recurrent spontaneous seizures in 

rodent models are kainic acid (KA) and pilocarpine. These models most closely resemble 

temporal lobe epilepsy (TLE). This model has strong construct validity, in that it mirrors 

what is noted in human patients, in which there is an initial precipitating injury, which 

affects the temporal lobe followed by a latent period after which spontaneous seizures 

occur. These seizures tend to be tonic-clonic seizures and there is also histopathological 

changes similar to what is noted in patients with TLE (Kandratavicius et al., 2013; Mathern 

et al., 2002). The precipitating injury in this case is status-epilepticus, which is defined as 

having a seizure lasting longer than 5 minutes or having more than 1 seizure within a 5 

minute period without a return to consciousness between seizures, which can lead to 

permanent brain damage. 

 

KA is an L-glutamate analog, which can be administered systemically or via intracerebral 

injection. Both routes of administration result in neuronal depolarisation and seizures. The 

KA model of TLE is described in more detail in section 5.1.3. KA causes more targeted 

hippocampal injuries, whereas pilocarpine result in a broader scope of injuries, with lesions 

in neocortical areas noted following the use of pilocarpine as the chemoconvulsant. This is 

not to its detriment however as damage to extra-hippocampal areas have also been noted in 

TLE. Pilocarpine is a muscarinic acetylcholine receptor agonist. Like with KA, both 

systemic or intracerebral injections of pilocarpine will result in seizures (Furtado et al., 

2002; Turski et al., 1983). Strong face validity is noted in this model with structural damage 

and development of spontaneous recurrent seizures mirroring human complex partial 
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seizures (Cavalheiro et al., 1991). Moreover cognitive and memory deficits which are 

frequently noted in TLE patients have also been noted in the pilocarpine model (Pauli et al., 

2006; Leite et al., 1990; Faure et al., 2014). Predictive validity has also been shown in this 

model as ASDs effective in treating complex partial seizures in patients have also been 

shown to stop seizures in the pilocarpine model (Leite et al., 1995).  Chemoconvulsants 

appear to be a good animal model of epilepsy, with construct validity mirroring what is 

commonly noted in patients, as well as good face validity, where many of the 

neuropathological and behavioural changes  are similar to patients with TLE. However, this 

model has not been completely clinically validated and does not appear to be a completely 

reliable for predicting the clinical response to all therapeutic strategies, therefore limiting 

its predictive validity. Although, overall it is a strong model for epilepsy.  

 

1.6.2.2 Electrical stimulation: 

The electrical stimulation model of seizures is beneficial as it replicates the epileptogenic 

features noted in seizure disorder but with low mortality of the model and with high 

reproducibility. Kindling, a seizure-induced plasticity phenomenon, that develops when 

repetitive after-discharges are induced by electrical stimulation within a specific brain 

region, results in a progressively increased susceptibility to seizures. Ultimately this results 

in the development of recurrent spontaneous seizures (Goddard  et al., 1969).  

As kindling is produced through repetitive after-discharges induced by electrical 

stimulation, this causes subtle but cumulative neuronal loss and cellular alterations in brain 

circuitry overtime, which eventually results in the development of spontaneous seizures 

(Sayin et al., 2003). Therefore, kindling may be a potent tool to study the mechanisms of 

epileptogenesis (Sutula., 2004; He et al., 2014).  While being more time-consuming and 

laborious, it produces a robust and reproducible model to investigate the dynamics of 

epileptogenic processes (Sutula., 2004).   

 

1.6.2.3 Brain pathology: 

 

TBI is a leading cause of symptomatic epilepsies in adults. Approximately 20 % of all 

epilepsy cases are posttraumatic epilepsy (PTE), a condition which is classified as the 
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occurrence of recurrent spontaneous seizures more than 1 week post TBI (Pitkänen et al., 

2006). As with chemoconvulsant models, in post-TBI PTE models, there is an initial 

precipitating injury, followed by a latent period after which spontaneous recurrent seizures 

emerge. Fluid percussion injury (FPI) is a commonly used strategy to generate a PTE model. 

A single incident of severe FPI is adequate to generate PTE ( D’Ambrosio et al., 2004; 

Kharatishvili et al., 2006). In this model mossy fiber sprouting and hippocampal neuron 

loss are noted which correlates with the pathology that is noted in mesial TLE (Kharatishvili 

et al., 2006). However there are significant limitations to this PTE model. There are long 

latent periods and the yield of  epileptic animals tends to be low. There is also significant 

heterogeneity in the nature of the TBI epilepsy models, which includes focal models of TBI, 

diffuse brain injury models and combined injury models. Thus, while mirroring the high 

heterogeneity noted in patients with TBI, no model fully recapitulates the full scope of the 

human disorder (Pitkänen et al., 2009). 

 

1.6.2.4 Audiogenic seizures: 

Audiogenic seizures (AS) are generalized seizures that are initiated by a high-intensity 

(110dB) acoustic stimulation (Garcia-Cairasco et al., 1993). The first audiogenic seizures 

were observed in the early 1920s in Pavlov’s laboratory (Ross and Coleman., 2000). Since 

then many audiogenic strains have been developed including Genetically Epilepsy-Prone 

Rat, Wistar Albino Glaxo/Rijwijk rat (WAG/Rij) and the Wistar Audiogenic Sensitive Rat 

(Jobe et al., 1973; van Luijtelaar and Coenen., 1986; Marescaux et al., 1987). The inferior 

colliculus, a component of the midbrain that acts as the main auditory centre in the brain, is 

the most critical structure involved in the transduction of sensory to motor activity. 

Activation of this area is necessary for the initiation of AS (Garcia-Cairasco et al., 1993). 

In these models, a single acoustic stimulus is sufficient to trigger a reflex seizure. This 

generally initiates with wild running, which then progresses to a tonic-clonic seizure phase 

and postictal events are also common. While there are similarities among the different 

audiogenic strains, there are noted behavioural features that are strain-specific (Ross and 

Coleman., 2000).  

 

A benefit to this model is that the audiogenic model of epilepsy, can be used to examine 

comorbidities that are associated with epilepsy. The WAG/Rij strain for example while 

being an audiogenic seizure model, is also a strong genetic model of absence seizures and 
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so can be used to examine both convulsive and nonconvulsive seizures (Coenen and Van 

Luijtelaar., 1987). Additionally, there are noted depressive-like symptoms in this strain. As 

depression is a common comorbidity in patients, the WAG/Rij strain may be a useful model 

to examine the comorbidity between absence epilepsy and depression (Kandratavicius et 

al., 2012). A significant limitation in this model however is the necessity of a trigger to 

evoke a seizure and the absence of any recurrent spontaneous seizures.  

 
Model Induction Manifestations Human 

relevance 

Issues with 

model 

Effect noted 

on BBB 

Chemoconvulsants  

 
Kainic acid 

induced-SE 
and 

Pilocarpine 
induced-SE 

Systemic or 
intrahippocampal 

injection of the 
chemoconvulsant  

SE which mirrors 
the initial insult, 

followed by a latent 
period before the 

appearance of 
chronic seizures  

Temporal lobe 
epilepsy (TLE) 

Spontaneous 
seizures are 

variable in both 
severity and 

frequency. Not 
all of the neural 

damage is due to 
seizures 

Enhanced 
permeability.  

(Lévesque and 
Avoli., 2013) 

Electrical stimulation  

  
Kindling 

Repeated after 
discharge 

induction by 
electrical 

stimulation  

Initial kindling 
results in partial 

seizures which with 
continued induction 

progress into 
secondary 

generalisation and, 
eventually, 

spontaneous 
seizures 

Due to more 
subtle but 

cumulative 
alterations, this 

model provides 
opportunity to 

investigate the 
dynamics of 

epileptogenic 
processes.  

Time-consuming 
and expensive 

procedure 

Enhanced 
permeability. 

(van Vliet et 
al., 2007) 

 

Brain pathology  

 
Posttraumatic 

epilepsy 

Fluid percussion 
injury 

Long latency 
periods following 

insult, followed by 
generalised tonic-

clonic seizures. 
Low frequency of 

PTE animals 
produced.  

Post traumatic 
epilepsy (PTE) 

Laborious 
induction with a 

long latency 
period.  

Increased BBB 
permeability. 

(Tomkins et al., 
2008) 

Genetic models  

 
Audiogenic 

models 

Acoustic 
stimulation in 

genetically prone 
rats (WAG/Rjj) 

Wild running 
followed by 

generalised tonic-
clonic seizures 

TLE and Reflex 
epilepsy 

No spontaneous 
recurrent 

seizures, model 
requires a trigger 

to evoke seizure.  

No noted 
alterations.  

 

Table 1.02.  Summary of some of the most commonly used models of epilepsy and their noted 

effects on the BBB. (WAG/Rjj: Wistar Albino Glaxo/Rijwijk).  
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1.7 Gene therapy and Adeno-associated viral vector (AAV) 

Gene therapy is a mechanism that operates by introducing genetic material into patients in 

order to alter gene or protein expression (Bulcha et al., 2021; Mendell et al., 2021). There 

are many attractive disease targets for this therapy, all with underlying genetic mutations 

resulting in the deficiency or malfunction of the proteins that are required for normal 

function. The potential in this market is astronomical, with the National Organization for 

Rare Disorders estimating that there are several hundred million patients worldwide with 

genetic disorders. Moreover, for more than 95 % of these patients, there are currently no 

effective therapeutics available (Mendell et al., 2021). While a few drug-based treatments 

do exist for some genetic disorders, these merely manage the symptoms and do not address 

the underlying genetic issue, and therefore they must be administered for the duration of 

the patients life. Therefore the aim of gene therapy is to treat the genetic disease at its source 

which, depending on the type of mutation causing the disorder, can be done in one of three 

ways. Firstly, a defective gene can be replaced with a functional copy. Secondly, a mutated 

version of a gene can be silenced, through mechanisms such as RNA interference. Lastly, 

a therapeutic gene can be introduced to overexpress a required protein.  

Four decades of research has shown that adeno-associated viruses (AAVs) have strong 

potential as a vector for gene therapy. AAVs are derived wild-type AAVs which are small 

non-enveloped dependovirus from the parvoviridae family. As the name dependovirus 

would suggest, this virus replicates only in the presence of a helper virus, generally the 

adenovirus (Schaffer et al., 2008; Dayton et al., 2012). The wild type AAV is characterised 

by a single-stranded DNA genome of 4.7 kilobases that contains the viral genes rep and cap 

and flanked by two inverted terminal repeats (ITR)(Schaffer et al., 2008). Through 

alternative splicing and start codons, these two genes produce all the necessary viral 

proteins. The rep open reading frame (ORF) encodes four proteins that are required for viral 

assembly, transcriptional regulation of promoters, viral replication and for site specific 

integration, while the cap ORF produces the three structural proteins that form the viral 

capsid (Schaffer et al., 2008). To generate a recombinant AAV (rAAV) for gene delivery, 

the majority of the viral genome is removed, leaving only the two ITRs containing a 

replication origin and encapsidation signal. The rest of the genome is replaced with the 

therapeutic transgene and a promoter (Kwon and Schaffer 2008) (Fig. 1.8). As AAV lacks 

both rep and cap, it is incapable of  replicating in vivo, even in the presence of a helper 
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virus. Therefore after administration to patients, AAVs remain a safe vector for long term 

transgene expression.  

 

Figure 1.8. Schematic representation of wild-type AAV and recombinant AAV-derived vector 

system.  

The wild type AAV contains 2 ORF, Rep (replication) and Cap (capsid), flanked by 2 inverted 

terminal repeats (ITR). In recombinant AAVs (rAAV), the viral genome is replaced with a synthetic 

expression cassette containing a promoter, transgene and a terminator such as a polyadenylation 
(polyA) sequence, flanked by the ITRs. Rep and Cap sequences are supplied as a plasmid in trans 

which will produce the viral capsid that packages the expression cassette. 

 

Entry of the AAV vector begins when the virion capsid binds to receptors and co-receptors 

on the surface of the cell. This interaction is key to the tropism of the AAV which is an 

essential part of optimising gene therapy to specific cell types. This binding triggers 

endocytosis into endosomes. When released from endosomes, AAV virions are 

intracellularly trafficked to the nucleus where they are uncoated and the AAV genome is 

released. The single stranded genome is then through host-cell synthesis of the 

complementary strand, made into double stranded DNA. This DNA then undergoes 

transcription and the mRNA is transported from the nucleus for translation and expression 

of the transgene protein (Fig. 1.9). The AAV genome is maintained episomally in the 

nucleus (Li and Samulski., 2020).  
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Figure 1.9. AAV vector transduction pathway.  

Adeno-associated virus (AAV) vector virion capsid binds to receptors and co-receptors on the 

surface of cell. AAVs are endocytosed into endosomes within these cells. When released from 

endosomes, AAV virions are intracellularly trafficked to the nucleus. In the nucleus, AAV virions 
are uncoated and the AAV genome is released. The single stranded genome is then through host-

cell synthesis of the complementary strand, made into double stranded DNA. dsDNA is then 

transcribed into mRNA and exported for translation and expression of the therapeutic transgene.  

Many of the defining characteristics of AAVs make it an ideal candidate for gene therapy 

applications for the CNS. Firstly the wild-type virus appears to be non-pathogenic, with 

clinical trials to date noting low immunogenicity, making it an attractive vector for clinical 

gene therapy. Additionally its ability to transduce both dividing and non-dividing cells and 

to achieve long-term transgene expression is promising, particularly with regard to 

treatments designed for the CNS. This is because most cells of the CNS are post-mitotic 

and many chronic neurological diseases require long-term transgene expression (Weinberg 

et al., 2013).  

However, as discussed above, the capsid serotype of the AAV can significantly influence 

the tropism of the virus to a particular cell or tissue type. To date, there are twelve human 

serotypes of AAV (AAV serotype 1 [AAV-1] to AAV-12) in addition to over 100 serotypes 

from nonhuman primates identified (Daya et al., 2008). While AAV2 is the most fully 
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characterised serotype, AAV9 has over recent years shown the most potential for gene 

therapy targeting the CNS. The discovery that AAV9 is capable of passage through the 

BBB both in neonatal and adult mice has provided an opportunity to administer AAV 

systemically with the possibility of widespread CNS expression (Foust et al., 2009., Zhang 

et al., 2011). Further investigations have confirmed intravenous (IV) injection of rAAV9 

results in a dose-dependent and global transduction of the CNS in neonatal mice with gene 

expression maintained for up to 18 months post AAV administration (Miyake et al., 2011). 

Additionally, with the exception of AAV2, AAV9 is the only other serotype to have been 

approved by the FDA for a gene therapy. AAV9 is clinically enabled to treat the CNS 

disorder spinal muscular atrophy (SMA), which is a devastating neurodegenerative disease 

resulting from progressive loss of motor neurons.  

Nevertheless, tropism of these natural serotypes may not allow specific transduction after 

systemic administration in vivo. There have been numerous techniques developed to modify 

the AAV capsid including, inserting phage-selected proteins to suppress their natural 

tropism and divert them to alternative cellular receptors peptides (White et al, 2004, 2008; 

Chen et al, 2009; Münch et al, 2013). However, screening of random AAV peptide libraries 

displayed within the AAV capsid either in vitro or in vivo has been very beneficial in 

improving transduction properties and cell specificity respectively (Müller et al, 2003; 

Michelfelder et al, 2007; Koerber et al, 2009; Deverman et al, 2016, Körbelin et al., 2016). 

An example of which is an AAV termed AAV-BR1, which is an AAV2 displaying the 

peptide NRGTEWD, which has been shown to achieve an improved transgene expression 

in both specificity and efficacy in ECs of the brain. Following a single IV injection, this 

vector was capable of transducing the BBB associated ECs across the entire CNS (Körbelin 

et al., 2016). Therefore the serotype of the viral vector is a key factor to consider when 

optimising the development of a gene therapy targeting the CNS.  

Additional components that are important to consider when optimising an AAV vector are 

the promoter incorporated into the viral genome, the dosing regime and the administration 

route itself. Promoters can be viral or native to the host organism, and can control transgene 

expression either ubiquitously or in a tissue-specific manner. Therefore the choice of 

promoter in AAV development is a vital step to enhance targeted cell transduction and 

expression (Buck and Wijnholds., 2020). As mentioned the dosing regime is also important 

as dosages that are too low may result in inefficient transduction while dosages that are too 
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high may produce transduction related toxicities (Hinderer et al., 2018). In addition to the 

clinical benefit, from a manufacturing perspective, utilising a lower dosage is beneficial as 

the current production capacity of Good Manufacturing Practices (GMP) grade AAVs is 

typically capped at ∼5 × 10
13 

viral particles/ml concentration (Naso et al., 2017). Therefore 

a key stage in developing a gene therapy is identifying the minimal dosage needed to 

achieve therapeutic significance.  

While the challenge of efficient delivery of AAV vectors to the CNS are being addressed 

through altering serotypes of AAVs, the clinical experience with these designed AAV 

vectors is currently limited and cannot be fully relied on. Another key factor that will play 

an important role in determining efficacy of a gene therapy is through the choice of  

administration route. While many clinical trials utilise IV administration due to the 

technical ease of administration, this route does have a number of associated issues. These 

issues include viral tropism to non-target tissue and poor bio-distribution, in addition to the 

large doses that are required, which in itself has a two-fold issue. Firstly, larger doses bring 

an inherent risk of eliciting an immune response as well making the therapeutic more costly 

to manufacture per patient (Ronzitti et al., 2020). Other routes, such as intraparenchymal 

injection, while being a more technically difficult administration procedure, with inherent 

risk of damage or infection, allows for more efficient delivery and transduction within a 

focal region surrounding the injection site with significantly lower doses of the vector. 

Therefore understanding the limitations and benefits of these administration routes and how 

they may be relevant to the disease phenotype that is being targeted is essential in gene 

therapy development.  

Finally, the considerations of serotype, dose and administration are important in developing 

a gene therapy in regards to transduction to the target tissue in the most efficient manner 

but these factors are also all crucial in regards to the issue of immunity. The majority of 

people have been exposed to some wild-type AAVs and so have developed an adaptive 

immunity against them, which includes neutralising antibodies (NAbs) and T cells. This 

pre-existing immunity could influence the efficacy and the safety of the gene therapy and 

may prevent re-administration (Naso et al., 2017; Vandamme et al., 2017). The prevalence 

of neutralising antibodies to AAV2, ranges anywhere from 30-60 % depending on the 

population being examined and has the ability to inhibit cell transduction (Calcedo et al., 
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2009). Overall, to minimise immune response while achieving efficient gene transfer, viral 

design, dose and administration must all be carefully considered.  

The first human gene therapy utilising AAV delivery was Glybera, which was approved in 

2012, to treat lipoprotein lipase deficiency, a hereditary metabolic disorder (Gaudet et al., 

2012; Watanabe et al., 2015). Currently, 75 % of all clinical trials are still at early phase, 

either phase 1 or phase 1/2. As many of the therapeutics are designed to target rare diseases, 

64 % of all trials are combined phases, eg. phase 1/2 or phase 2/3. Moreover, there is a poor 

translation rate from phase 1 into phase 2 or 3. As of 2021, of the 23 late-stage trials, only 

two obtained FDA approval for commercialisation thus far, Luxturna utilising AAV2 for 

retinal dystrophy and Zolgensma utilising AAV9 for spinal muscular atrophy (SMA)(Au et 

al., 2022).  

 

While progress is being made in this field of gene therapy, it is vital to be cognisant of the 

reality beyond academic research and be able to translate new therapeutics to clinical 

application with commercial feasibility. As previously mentioned, the first AAV delivery 

based gene therapy, Glybera, was approved in 2012. However it was withdrawn from the 

market in 2017 due to the rarity of the disease, the cost to the patient, and the expense to 

maintain therapeutic readiness overall resulted in the therapeutic being extremely 

challenging for the company to maintain on a commercial level. When Glybera was 

withdrawn from the market in 2017, only 31 people in the world had been treated with this 

therapeutic (Mendell et al., 2021). 

 

Therefore, while there is many trials focussed on monogenic rare disorders, it is important 

that gene therapy does not stop there. There is a need to target more common disorders by 

identifying novel mechanisms of action which will allow gene therapy medicines to be 

designed to have broad utility in treating symptoms of disease.  

 

 

 

1.8 Behavioural sequelae of BBB disruption  

 

The behavioural consequences of BBB disruption are an important area of research in 

numerous neuropsychiatric disorders. Currently, many disorders, such as schizophrenia or 

major depressive disorder (MDD) are diagnosed solely on behavioural observations and 
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questionnaires, as there are still no reliable bio-markers or objective diagnostic tests. 

Moreover,  it has been through the reverse engineering of drugs noted to be efficacious by 

clinical observation that have identified the molecular targets of the present leading classes 

of neurotherapeutic drugs (Berton and Nestler, 2006). Therefore understanding the 

neurobehavioral sequelae of BBB disruption and characterising it in disease models is 

essential in research, as even now behavioural outputs are still being heavily relied on in 

the clinic. 

There is accumulating evidence that associates MDD with BBB disruption. The chronic 

social defeat stress (CSDS) model, is a model of depression that induces depression-like 

behaviour, which includes social avoidance and anhedonia in a subset of mice, known as 

stress-susceptible mice. Defeated mice that do not display this social avoidance in the social 

interaction test are considered “resilient”. Menard et al., has shown that there is significantly 

reduced claudin-5 mRNA and protein expression as well as abnormal blood vessel 

morphology with discontinuous TJs in the nucleus accumbens (NAc) of the stress-

susceptible (SS), mice but not resilient (RES) mice (Menard et al., 2017). Moreover, BBB 

integrity, examined through magnetic resonance imaging with gadolinium contrast agent 

(Gd-DTPA), showed significantly higher Gd-DTPA signalling in both the NAc and the 

hippocampus of the SS mice in comparison to both the RES mice and the unstressed control 

mice, indicating increased BBB leakiness in these regions. Both the reduced claudin-5 

expression and the Gd-DTPA levels correlated with social avoidance behaviour. 

Additionally, in MDD patient post mortem samples, Cldn5 mRNA expression was also 

significantly reduced in the NAc of unmedicated patients in comparison to healthy controls 

(Menard et al., 2017).   

As described in section 1.5.2 schizophrenia, behaviourally manifests in a combination of 

what are described as positive and negative symptoms along with associated cognitive 

deficits. Most standard mouse models of schizophrenia resemble ‘positive-like’ symptoms 

of schizophrenia, but fewer present impaired social interactions, learning and memory 

deficits that are comparable to the negative and cognitive symptoms of schizophrenia. 

Interestingly, while investigating the effect of knocking down claudin-5 expression in mice 

Greene et al., noted many of these behavioural phenotypes (Greene et al., 2018). Through 

regional downregulation mediated through AAV-expressing claudin-5 shRNA, it was noted 

that a decrease in claudin-5 expression in the hippocampus resulted in memory deficits and 
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depression like symptoms. In mPFC even more significant issues were noted which 

included both recognition memory and working spatial memory deficits. Moreover, through  

an includible claudin-5 knockdown model which was genetically engineered to 

conditionally knockdown claudin-5 expression across all brain regions, a range of 

behavioural changes were noted including issues in learning and memory, elevated anxiety 

and depression related symptoms as well as significant deficits in acoustic PPI deficits, a 

behaviour that is strongly associated with schizophrenia. All three of these mouse models, 

showed increased leakage to circulating biotin. Together these findings support the 

hypothesis that BBB breakdown, through reduced claudin-5 expression, is a potential 

catalyst for the behavioural changes and development of neuropsychiatric symptoms 

(Greene et al., 2018). Moreover, 22q11DS patients, a cohort that is haploinsufficent for 

claudin-5, are one of the highest known risk groups for the development of schizophrenia.  

 

Interestingly, given that most of the current medications on the market have been developed 

through serendipitous discovery rather than designed to target specific molecular 

components, both studies mentioned above have also noted that disorder specific 

medications alter claudin-5 expression. Chronic treatment with the anti-depressant, 

imipramine, was shown to normalise Cldn5 mRNA expression in the NAc of the SS mice 

(Menard et al., 2017). Moreover Greene et al., examined anti-psychotic drugs including 

lithium, haloperidol and chlorpromazine, which all resulted in a dose-dependent increase in 

claudin-5 protein in vitro and similar result were also found in vivo in C57BL/6 mice 

(Greene et al., 2018). These findings present an interesting potential mode of action for 

these neurotherapeutics, showing that they are active in brain ECs and suggesting they have 

the potential to regulate BBB integrity. Furthermore it implies the significant potential 

claudin-5 may have as a specific therapeutic target for various neurological disorders.  

 

 

1.9 Brain Atlas and Architecture  

1.9.1 The Hippocampus 

 

The hippocampus is located in the medial region of the temporal lobe and forms part of the 

limbic system. The limbic system is comprised of numerous structures which includes the 

cingulate gyrus, thalamus, hypothalamus, amygdala and hippocampus. The 

cytoarchitecture of the hippocampus was first describe by Ramón Y Cajal in 1901 with the 
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help of his student Lorente de Nó (Cajal., 1901; Nó 1934). Their pioneering work identified 

the subfields of the hippocampus, illustrating the distinct morphological properties of small 

pyramidal neurons in CA1, and large pyramidal neurons in CA3 and CA2 (with and without 

mossy fibers respectively). The name CA, is derived from “Cornu Ammonis” meaning rams 

horn, which was how early neuroscience research described the hippocampus due to its 

curved cylindrical shape. The hippocampus, which includes CA1, CA2, CA3, CA4 and the 

dentate gyrus, is a easily identifiable area of the brain, where the cortex narrows into a single 

layer of densely packed neurons which form a tight U shape (Fig. 1.10).  

 

 

Figure 1.10. Location and basic structure of the hippocampus within a mouse brain.  

 

There is a long standing association between memory and the hippocampus. The ground 

breaking case of Henry Gustav Molaison (HM), is one of the most clear examples. HM was 

a patient who developed anterograde amnesia following a bilateral medial temporal lobe 

surgical resection which was carried out in an attempt to treat his refractive epilepsy 

(Scoville & Milner, 1957). The hippocampus has also been associated with emotion 

processing, as it has been shown to exert strong regulatory control of the hypothalamic-

pituitary-adrenal axis, which controls the level of cortisol (Dedovic et al., 2009). Moreover, 

decreased hippocampal volumes as well as hippocampal dysfunction are associated with 

numerous psychological disorders that have a strong affective component to the pathology 

(Bonne et al., 2008; Frey et al., 2007). 

 

Interestingly, the hippocampus can be divided further, into dorsal and ventral, which in 

primates is referred to as anterior and posterior. While both regions have a similar 
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composition, they have different neural circuitry and different gene expression, and it has 

long been debated that the functions that are accredited to the hippocampus may also be 

divided within these regions.  This idea was first suggested in 1998 by Moser and Moser, 

who hypothesised that the hippocampus does not act as a unitary structure but that the dorsal 

and ventral sections have different functional roles (Moser and Moser., 1998). This idea 

was based on 3-fold evidence. This was based firstly on the observation that the circuitry 

of the dorsal hippocampus (DH) and ventral hippocampus (VH) are distinct, with each 

section having a distinctive pattern of efferent connections (Swanson & Cowan, 1977). 

Secondly, behavioural assays, such as the Morris water maze, indicated that only DH was 

implicated in spatial working memory. Lesions affecting as little as 25 % of the DH 

increased the escape latency on the water maze but additional damage to the VH region did 

not exacerbate the deficit. Lesions that were restricted to the VH did not have any effect on 

this behaviour (Moser et al., 1995). Finally, it has been shown that VH but not DH lesions 

affect emotional behaviour and stress response. In a cold-restraint stress test, lesions to the 

VH but not the DH increase the severity of gastric stress ulcers, and this finding indicates 

that the VH is part of a coping system (Henke, 1990). It is thought that VH modifications 

alter fear conditioning by depriving the amygdala of hippocampal information. The 

amygdala has a clear role in mediating fear memory and only obtains direct hippocampal 

input though the VH circuitry (Maren & Fanselow, 1995). Overall the evidence indicates 

that the DH is involved in navigation and related spatial memory, whereas in contrast the 

VH influences stress responses and emotional behaviours.  

 

In addition to the functional differences between the regions of the hippocampus, genomic 

evidence further supports the hypothesis of heterogeneity of the DH and VH. Through a 

systematic, high-resolution analysis of a genome-wide expression digital library known as 

Allen Brain Atlas, (Lein et al. 2007), multiple studies have been conducted to examine 

expression in the hippocampus of C57BL/6 mice. Analysis revealed robust dorsal/ventral 

molecular heterogeneity with a large cohort of genes having robust regionalised 

hippocampal expression (Dong et al., 2009; Thompson et al., 2008). Moreover, the gene 

expression noted in the dorsal hippocampus correlates with the cortical regions that are 

implicated in information processing, whereas genes noted to be expressed in the ventral 

hippocampus are associated with other regions of the limbic system that regulate emotion 

and stress, such as the amygdala. The correlation between gene expression and behavioural 

function support the hypothesis of heterogeneity within the hippocampus.  
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1.9.2 The medial Prefrontal Cortex (mPFC) 

The significance of the prefrontal cortex (PFC) and an insight into its function was greatly 

enhanced through the serendipitous discovery of Phineas Gage, who in 1848, suffered a 

terrible accident when an iron-tamping rod pierced his ventromedial PFC. While 

miraculously surviving this terrible injury, he changed forever, from a once a respectable 

family man into a short-tempered and irrational one. 

Anatomically, the PFC is the cerebral cortex, covering the anterior part of the frontal lobe. 

Based on cytoarchitecture and topographical criteria of the Brodmann areas (BAs), the PFC 

in humans includes BA8 to 14 and BA44 to 47. Moreover, the PFC can be further 

subdivided into two general areas based on neuroanatomical connections and functions, the 

medial prefrontal cortex (mPFC) and the lateral prefrontal cortex (lPFC). The mPFC has 

reciprocal connections with brain regions such as the amygdala, hippocampus and temporal 

visual association areas, which are associated with behaviours such as emotional 

processing, memory and higher-order sensory processing respectively. Humans require a 

plethora of higher cognitive skills to perform executive functions. Executive functions are 

defined as the involvement of multifactorial higher-order cognitive processes that enable a 

person to perform independent, purposive and goal-directed behaviour. The mPFC plays an 

important regulatory role in numerous cognitive functions, including attention, inhibitory 

control, habit formation and memory. The highly interconnected nature of the mPFC to 

other important regulatory brain regions appears to allow it to exert top-down executive 

control over various cognitive domains and stimuli. 

Considerable knowledge of individual PFC subdivision functions have been attained by 

evaluating humans with brain damage, as well as rodent models with precise lesions, and 

have been essential for investigating distinct structure–function relationships within the 

PFC through behavioural testing. Behavioural features that have been noted in patients with 

lesions in the PFC include problem-solving, inhibitory control, decision-making, working 

memory and the ability to maintain sustained attention and cope with novelty (Anderson et 

al., 1999; Bechara & Damasio., 2000; Yuan & Raz., 2014). Most interestingly, it was noted 

that patients with early-onset prefrontal damage had a behavioural phenotype that 

manifested similarly to psychopathy (Anderson et al 1999). 
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1.9.3 The Nucleus Accumbens  

Another target of increasing interest is the nucleus accumbens (NAc), which has been 

extensively examined as a key brain region mediating a variety of behaviours including 

reward processing and stress response. The NAc is thought to be one of the most essential 

elements in a network known as the brain reward system, a multilevel organisation of 

extensively interconnected brain regions and multiple neurotransmitter systems. In addition 

to the NAc, this system includes other subcortical mesolimbic structures such as the ventral 

tegmental area (VTA) and amygdala (Amg), in addition to several mesocorticolimbic 

regions, such as the hippocampus and PFC as well as motor function-related cortical areas 

(Koob et al., 2010). The NAc is a round but dorsally flattened structure, situated parallel to 

the midline, anterior to the posterior border of the anterior commissure. Its boundaries are 

still not fully elucidated but is thought to go into two areas of the motor system, the putamen 

and the caudate nucleus. It is also a major component of the ventral striatum and so, an 

essential part of the limbic system. Moreover, the NAc has an extensive system of 

connections with numerous brain regions. These include projections from the cortical areas 

of the limbic system, such as the mPFC and both the dorsal and ventral hippocampus 

respectively. Additionally, the NAc also projects to the brain stem areas that are involved 

in motor function. This localisation and connectivity of the NAc between the motor and 

limbic areas supports the NAcs essential role in the brain reward system, with its 

connections enabling coordination of limbic and motor functions.  

 

The NAc can be subdivided into the shell (NAcs) and the core (NAcc) which show distinct 

morphological, immunohistochemical and connectivity differences. The predominant 

neurons in the NAc are small and medium-sized spiny neurons (MSNs) (Meredith et al., 

1992). Of these, the GABAergic neurons with dopaminergic and glutamatergic synapses on 

dendritic spines are the most common (Gangarossa et al., 2013; Jones et al., 1980). However 

characteristic differences have been noted between the shell and core of the NAc which 

include the levels of neurotransmitters released and receptors expressed. These observations 

suggest a functional differentiation between the two parts of NAc. Functional analysis 

studies support the hypothesis that the NAc is involved in a multitude of behaviours that 

are essential for survival. These behaviours include general locomotor activity, in addition 

to feeding behaviour and sexual motivation (Kelly et al., 1975; Roberts et al., 2012; Kelley 

et al., 2005; Everitt., 1990). As it has been clearly highlighted above, the NAc is an essential 

component of the reward system in the brain and so it is unsurprising that modulation of 
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motivation and incentivised learning have also shown a clear association with the NAc (Di 

Chiara., 1995). However, these behaviours have been more specifically linked with the 

NAcc or NAcs. The NAcc has been shown to mediate spatial learning, as well as 

conditioned response and impulsive choices (Maldonado-Irizarry and Kelley 1995; 

Parkinson et al., 2000; Cardinal and Cheung., 2005). The NAcs is involved in feeding 

behaviour and drug relapse (van der Plasse et al., 2012; Bossert et al., 2006). While the 

function of the NAc is clearly associated with brain reward responses and addiction, there 

is a growing body of evidence that also indicates an important role in some neurological 

disorders, such as depression and schizophrenia. Current research is suggesting that this 

association may be due to the breakdown of the extensive connections between important 

brain regions in addition to the deterioration of the neuroplasticity mechanisms of the NAc. 
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Chapter 2. Material and Methods 

 

2.1 Cell Culture Methods  

All cell cultures were maintained in a humidified Sterile Cycle CO2 incubator (Hepa Class 

100, ThermoScientific) at 37 °C in the presence of 5 % CO2. Cell culture procedures were 

all carried out in a laminar flow cabinet (Holten LaminAir Model 1.2, Thermo Electron 

Corporation). Cells were visualised using an inverted light microscope (Olympus CK30).  

2.1.1 bEnd.3 cell culture  

The mouse brain endothelial cells line, bEnd.3 (American Type Culture Collection, [ATCC] 

CRL-2299), was cultured in T75 flasks in Dulbecco’s Modified Eagle Medium (DMEM) 

GlutaMAXTM media supplemented with 10 % Fetal Bovine Serum (FBS). To subculture 

the cells when sufficiently confluent, the media was aspirated, and the cells were gently 

washed in 1X phosphate-buffered saline (PBS) to remove any residual media. The PBS was 

removed, and the cells were incubated in trypsin-EDTA in the incubator at 37 °C for ~8 

min until the cells detached from the flask. Detachment was ensured by observing cells 

using the inverted microscope before continuing with subculture. Media was added to 

deactivate the trypsin and the resulting cell suspension was then centrifuged at 1,000 RPM 

for 5 min. Supernatant was discarded and the cell pellet was resuspended in fresh media 

and divided into new flasks. Cells were subcultured once a week and replenished every 2-

3 days with fresh media.  

2.1.2 HeLA cell culture  

The human cervical epithelial cell line, HeLa [ATCC] was cultured in T75 flasks in DMEM 

GlutaMAXTM supplemented with 10 % FBS and 1 % penicillin/streptomycin (P/S). Cells 

were sub-cultured and maintained identically to the bEnd.3 cell line (Section 2.1.1).  

2.1.3 Cell counting  

Adherent cells were trypsinised as described above and centrifuged at 1,000 RPM for 5 

min. Following centrifugation, the cell pellet was resuspended in 1 ml of fresh growth 

media. An aliquot was diluted 1:2 with Trypan Blue (Sigma) and 10 μl was pipetted into a 

LUNA cell counting slide (Logos Biosystems) LunaTM Automated Cell Counter (Logos 
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Biosystems). Focus was adjusted and the cell counter determined the total number of viable 

and dead cells as well as the number of viable cells/ml.  

 

Figure 2.1 Automated Cell Counter display with automated read-out of viable cells.  

2.1.4 Cryopreservation of cells  

Following trypsinisation and centrifugation, the cell pellet was resuspended in 1 ml of 

freezing media, which was fresh growth media containing 50 % FBS and 10 % DMSO 

(Sigma). Cells were diluted to approximately 2x106 cells/ml before being placed in a 

cryotube and then placed in a isopropanol-filled Mr Frosty (Thermo Scientific) and stored 

at -80 °C for 24 hour (hr). Cryotubes were then placed in liquid nitrogen for long term 

storage.  

To remove from cryopreservation, cells were rapidly thawed by incubating the cryovials in 

a water bath at 37 °C. Once thawed sufficiently, cells were decanted into 10 ml of growth 

media to dilute the cytotoxic DMSO. Cells were centrifuged as previously described, 

supernatant was discarded and the cell pellet was resuspended in growth media and seeded 

into one T75 flask.  

2.1.5 Construction of claudin-5 plasmid constructs  

Eight plasmids were constructed by ATUM (USA). Each non inducible plasmid construct 

had the same backbone which included a kanamycin resistance gene, P-amp promoter for 

the Kanamycin resistance gene, the inverted terminal repeats (ITRs) derived from the 

AAV2 vector, the origin of replication, the polyadenylation signal as well as the gene of 
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interest insert, Claudin-5 (Fig. 2.2). The plasmids varied in regards to the claudin-5 gene 

insert, which was either human or mouse derived. In addition, both native and codon 

optimised versions of each species were examined. Finally, each plasmid gene expression 

was examined under one of two different promoters, intercellular adhesion molecule 2 

(Icam2) or claudin-5 (Cldn5). Relevant control plasmids, such as the empty vector plasmid, 

which contains the backbone of the construct without the gene insert, or the green 

fluorescent protein (GFP) producing plasmid which the claudin-5 gene was replaced with a 

GFP gene, were also produced by ATUM. 

 

Figure 2.2  Representative plasmid map of the claudin-5 construct. 

Design of the claudin-5 plasmid backbone, which includes all components, the kanamycin 

resistance gene, P-amp promoter for the Kanamycin resistance gene, the ITRs derived from the 
AAV2 vector, the origin of replication, the polyadenylation signal as well as the gene of interest 

insert, Claudin-5. Gene of interest arrow in this map relates to both gene of interest and the promoter 

driving expression. Plasmid is 3792bp.  

 

The inducible plasmids were constructed with the same components as before, Kanamycin 

resistance gene, the ITRs derived from the AAV2 vector, the origin of replication, the 

polyadenylation signal as well as the gene of interest insert, Claudin-5. However, it also 

contained tetO repeats upstream of a cytomegalovirus (CMV) minimal promoter, which 

together form the tetracycline response element (TRE) (Fig. 2.3; 2.5A). Claudin-5 is under 

the control of the TRE and so can only be expressed in the presence of tetracycline (Tet) or 

its derivative doxycycline, as the reverse tetracycline controlled transactivator (rtTA) 

Cldn5
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protein can only bind to the operator if it is also bound by Tet. Therefore in this case the 

presence of doxycycline activates expression. Plasmids were again designed and 

constructed by ATUM.  

 

Figure 2.3 Representative plasmid map of the inducible claudin-5 plasmid construct. 

Plasmid backbone, includes all basic components, the kanamycin resistance gene, the ITRs derived 
from the AAV2 vector, the origin of replication, the polyadenylation signal as well as the gene of 

interest insert, Claudin-5. In addition to control inducible expression, the inclusion of the 

tetracycline response element, composed of tetO repeats and CMV promoter which controls the 

gene of interest, claudin-5 expression. Plasmid is 6334bp. 

 

2.1.6 Transformation 

2.1.6.1 Preparation:  

Lysogeny broth (LB) media (10 g NaCl+10 g tryptone+ 5 g yeast extract+ H2O to 1 litre) 

and LB Agar (10 g NaCl+ 10 g tryptone+ 5 g yeast extract+ 15 g Agar+ H2O to 1 litre) were 

prepared and then autoclaved at 121 °C for 20 min. Kanamycin sulfate 1000x stock solution 

(50 mg/ml) was also prepared. When the LB agar had cooled to approximately 60 °C, in a 

sterile hood, the kanamycin was added and then the culture plates were poured. Once dry, 

the plates were stored upside down at 4 °C until needed.  

 

2.1.6.2 Transformation Method:  

All work was carried out using filter tips and under a working Bunsen burner to maintain a 

sterile environment. Competent cells were thawed on ice. Agar plates were removed from 

the fridge and warmed to room temperature (RT). 1 µl of plasmid DNA was added to 30 µl 
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of competent cells and mixed gently by flicking the tube with your finger a few times. The 

DNA and cell mixture was incubated on ice for 30 min, followed by a heat shock at 42 oC 

for 45 seconds and then incubated on ice for another 2 min. LB media was warmed to 37 

°C. 970 µl of pre-warmed LB media was added to the tube, mixed and incubate at 37 oC for 

1 hr in a shaking incubator. 50 µl of sample was plated onto LB agar plates. These plates 

were then incubated upside down overnight at 37 °C.  

 

2.1.6.3 Mini Prep:  

Single colonies on culture plates were observed the next day. 5 ml of LB media and 5 µl of 

50 µg/ml of Kanamycin were added into 30 ml universal tubes. Two separate colonies per 

plasmid plate were picked using a sterile pipette tip and then dropped into LB solution. Mini 

preps were then placed in shaking incubator overnight at 37 °C at 200 rpm. 

 

2.1.6.4 Maxi Prep:  

Following the overnight incubation in the shaker, the mini prep was then transferred into a 

1L Erlenmeyer flask containing 250 ml of autoclaved LB media and 250 µl of 50 mg/ml 

Kanamycin. The maxi preps were then kept in the shaking incubator overnight at 37 °C at 

200 rpm. 

 

2.1.6.5 Glycerol Stock:  

Following the maxi prep, glycerol stocks were prepared. 500 μl of the overnight culture was 

added to 500 μl of 50 % glycerol in a 2 ml cryovial and gently mix. The glycerol stock tube 

was then stored at -80 °C.  

 

2.1.6.6 Plasmid Isolation: 

Plasmids were isolated using the Qiagen HiSpeed® Plasmid Maxi Kit and protocol was 

conducted as manufactures instructions (Qiagen).  

 

2.1.7 Transfection of plasmid DNA  

Cells were prepared for subculture as described above (Section 2.1.1; 2.1.2). The cell pellet 

was resuspended in 1 ml of fresh growth media and an aliquot was removed for cell 

counting (as described above, section 2.1.3). 2.5x105 cells were seeded onto a 12 well plate 
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and were placed in the incubator. 24 hrs later the cells were transfected using 

Lipofectamine® 2000 transfection reagent (ThermoFisher Scientific).  

For transfection of plasmid DNA, a ratio of 3 μl of Lipofectamine® 2000 was used for 1 μg 

of DNA. 500 ng/ml of plasmid DNA was diluted in 100μl of OptiMEM reduced serum 

media and incubated at RT for 5 min. At the same time, in a separate Eppendorf tube, 1.5 

μl of Lipofectamine 2000 was diluted in 100 μl of OptiMEM and incubated at RT for 5 min. 

Following this, the diluted plasmid DNA and Lipofectamine® 2000 were mixed together 

and incubated at RT for 20 min to allow for complex formation. After 20 min, 200 µl of the 

complexes were dropwise pipetted onto the sub-confluent cells and mixed by gently rocking 

the plate back and forth. The cells were then incubated at 37 °C for a set time period post 

transfection before they were assayed for transgene expression. 

 

2.1.8 MTS Cell Viability assay  

The CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) was used to 

measure cell viability in in vitro experiments. 1x104
 

cells/well were seeded onto 96-well 

plates in 100 μl of culture media and grown to confluence at 37 °C in 5 % CO2. Cells were 

then treated with experimental treatment and left to incubate for the required timepoints. 

Following this, media was replaced with 100 μl of fresh growth media and 20 μl/well of the 

MTS Reagent, (3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, was added to each well and left to incubate for 1-4 hr at 37 

°C in 5 % CO2. 

The absorbance of each well was read at 490 nm using a microplate spectrophotometer 

(MultiskanTM FC Microplate Photometer, Thermo Scientific). The blank absorbance value 

of a cell-free well was subtracted from all other readings and the percentage of viable cells 

was calculated.  

2.2 In vivo techniques  

2.2.1 Animal experiments  

All experiments involving the use of C57BL/6J, inducible claudin-5 knockdown and 

Cldn5fl/wtxTie2Cre mice were assessed and approved by an internal ethics committee in 

Trinity College Dublin prior to all experimentation. All studies conducted in the Smurfit 

Institute of Genetics in TCD adhere to the principles laid out by the internal ethics 



 61 

committee at TCD and all relevant national licences were obtained prior to commencement 

of all studies. All mice were bred on-site in the Specific Pathogen Free (SPF) unit at the 

Smurfit Institute of Genetics in TCD. The CSDS model work was carried out by members 

of the Ménard Lab, in the CERVO Brain Research Centre. All mouse procedures were 

performed in accordance with the Canadian Council on Animal Care as well as animal care 

and use committee of Université Laval.  

2.2.2 Injectable anaesthetics  

Mice were anaesthetised with a mixture of Ketamine (10 mg/ml) and Sedastart (0.025 

mg/ml). Anaesthetic was administered via intraperitoneal injection (IP) at a dose of 100 

μl/10g using a 30-gauge needle. Mice were monitored until they were unconscious. To 

reverse anaesthetic, mice were injected with Sedastop (0.1 mg/ml) and were kept in a heated 

incubator until conscious and moving freely.  

2.2.3 AAV production  

Following screening of all the plasmids in vitro, the most efficient inducible construct, the 

Icam2 promoter with the native mouse claudin5 gene, was incorporated into AAV-9 vector. 

An equivalent control construct was also generated, replacing the claudin-5 insert with a 

GFP gene. Both AAV-9 viruses were then generated using a triple transfection system in a 

stably transfected HEK293 cell line for the generation of high-titre viruses (SignaGen).  

A non-inducible version of the construct was incorporated into an both an AAV-9 vector 

and an AAV-BR1 vector. Again both were generated using a triple transfection system in a 

stably transfected HEK293 cell line for the generation of high-titre viruses (SignaGen).  

2.2.4 Stereotaxic injection  

 

C57/BL6J/ Cldn5fl/wtxTie2Cre/ inducible claudin5 knockdown mice (8–12 weeks old) were 

anaesthetized using Ketamine/Sedastart mixture (Ketamine 10 mg/ml, Sedastart 0.025 

mg/ml), administered via IP injection at a dose of 100 µl/10g and monitored until 

unconscious. The fur within the surgical field was shaved off and the animal was placed in 

the stereotaxic frame. The ear bars were positioned into the ear sockets and the jaw was 

placed into the mouth guard ensuring the head remained fixed during surgery. A ~2cm 

incision was made using a scalpel blade, anterior to posterior along the sagittal suture. The 
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scalp was peeled to the side open the field of vision providing access to the skull. Surgical 

spears were used to stem any bleeding. Bregma was identified and using the stereotaxic 

frame, the dorsal hippocampus (co-ordinates: A/P = − 2.0 mm; M/L = ± 1.55 mm; D/ V = 

+ 2.0 mm) or the mPFC (coordinates: A/P = + 1.9 mm; M/L = ± 0.4 mm; D/V = - 2.5 mm) 

were identified. Burr holes were made using a surgical drill (Mason Technology Ltd) above 

the dorsal hippocampus or mPFC on both hemispheres. A Hamilton syringe was loaded 

with the relevant AAV and the needle was lowered slowly into the hippocampus. Once the 

needle had reached the correct co-ordinates, it was left for 2 min to allow the area to stabilise 

to minimise reflux. The volume of AAV injected was 1.5 μl and was injected at a rate of 

0.2 μl per min. Once complete, the needle was again left in place for 2 min to again minimise 

reflux. The procedure was repeated in the other hemisphere. The incision site was then 

sutured and anaesthesia was reversed with an IP injection of Sedastop (0.1 mg/ml). Mice 

were then placed into an incubator until fully recovered. All mice were given 7 days of 

recovery before any experiments began.  

 

 

Figure 2.4  Schematic of stereotaxic injection protocol 

(A) Animal correctly placed into the stereotaxic frame, with ear bars positioned into the ear sockets 

and the jaw placed into the mouth guard to ensure the head remained fixed during surgery. (B) 

Bilateral injection of AAV into the mouse. (C) Bregma was identified and using the stereotaxic 

frame, the dorsal hippocampus was identified. (D) Bregma was identified and using the stereotaxic 

frame, the mPFC was identified. Images adapted from BioRender. 

 



 63 

2.2.5. Intravenous injection of AAV  

 

Mice were confined to a 50 ml tube with a cork in each end to prevent escape and to keep 

the mouse secure. The tail was controlled by placing through the guide hole of the cork. 

Tail veins were warmed with heated pad and made clearly visible by positioning a lamp 

underneath the tail. A 28-gauge needle was attached to a 1 ml syringe, and each mouse was 

injected with 4x1010 viral genomes (VG)/ml of respective therapeutic AAV or control AAV. 

Light pressure was applied to the site of injection to stem bleeding and then mouse was 

returned to its home cage.  

 

2.2.6 Kainic acid administration  

 

C56BL/6J mice were injected systemically, through an IP injection, with a sub-seizure 

threshold dose of KA at 10 mg/kg. Standard seizure induction dose is 15 mg/kg KA. Mice 

were observed and video-recorded for 2 hr. Seizure severity was recorded according to the 

Racine scale: 0: no change in behaviour; 1: immobility; 2: head nodding; 3: forelimb clonus; 

4: forelimb clonus with rearing and falling; 5: wild running and jumping often followed by 

generalised tonic-clonic activity and loss of postural tone. Mice were scored using the video 

recordings while blinded to the genotypes and treatments.  

  

2.2.7 Doxycycline administration  

Both the inducible plasmid and inducible AAV, as well as the inducible claudin-5 

knockdown mouse model involve the use of the Tet-On system.  

The tetO repeats upstream of the CMV minimal promoter, form the tetracycline response 

element (TRE). TRE controlled genes can only be expressed in the presence of tetracycline 

(Tet) or its derivative doxycycline (Dox), as the reverse tetracycline controlled 

transactivator (rtTA) protein can only bind to the operator if it is also bound by Tet. 

Therefore in this case the presence of doxycycline activates expression. The inducible 

plasmid construct, as described in section 2.1.5, has either claudin-5 or GFP under the 

control of TRE, and therefore are only expressed when Dox is present in the environment 

(Fig. 2.5A).  
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For in vitro work, following transfection with the inducible plasmid construct, cells were 

treated with the standard Dox treatment concentration of 1 µg/ml, unless otherwise stated. 

Moreover in the in vivo work, 1 week after the bilateral intrahippocampal injection of the 

inducible AAV, Dox was administered to the drinking water (2 mg/ml in 2 % sucrose 

solution). Dox water was changed every three days. 

Additionally, the use of an the inducible claudin-5 knockdown model is described in section 

5.1.1. This model, using the same Tet-On system that is described above, the presence of 

Dox activates the expression of an shRNA which targets claudin-5 and so silences gene 

expression. Again, for in vivo work Dox was administered through the drinking water at 2 

mg/ml in 2 % sucrose solution, with the treatment water being changed every three days 

(Fig. 2.5B).\ 
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Figure 2.5 Doxycyline treatment 

Use of Doxycyline to (A) up-regulate (B) or down-regulate the expression of Claudin-5 using the 

Tet-On system. 

2.2.8  Submandibular blood collection  

 

Following anaesthesia mice were held in the non-dominant hand, with the loose skin around 

the ears and shoulders restrained tightly in a “scruff”, so all skin around the face and neck 

is taut.  The submandibular vein was punctured with a 18 gauge needle (Fisher Scientific), 

using a quick piercing motion in which only the tip of the needle shallowly enters the vessel. 
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The immediate blood flow was collected in a Eppendorf tube. For this experiment a single 

large volume was required before the mice were sacrificed by cervical dislocation and brain 

tissue was collected.  

 

Figure 2.6 Submandibular puncture 

Schematic of vasculature and location for blood collection.   

2.2.9 Perfusion of tracer molecules  

The extent of BBB permeability was assessed by perfusion of tracer molecules. 

Cldn5fl/wtxTie2Cre mice were injected IV with 2 mg/ml of EZ-LinkTM Sulfo-NHS- Biotin 

(600 Da). Biotin was left to circulate for 10 min, after which the mouse was sacrificed. 

Following tracer molecule perfusion, brains were dissected and placed in 4 % 

paraformaldehyde (PFA, pH 7.4) overnight at 4 °C for cryosectioning.  

2.2.10 Brain Removal  

Before dissection all instruments and bench surface were cleaned with 70 % alcohol. 

Animals were killed by CO2  asphyxiation followed by cervical dislocation to verify death. 

With blunt scissors the head was removed from the rest of body, after which the head was 

held by the ears and the skin was cut and pealed back to reveal skull. Any remaining 

vertebrae were cut away after which on medial lateral plane at the base of the skull a 

horizontal cut was made on either side of the skull. Next the skull was cut into at the base 

along the midline just beneath the cerebellum. Using fine scissors pressure was applied up 

the midline in the skull towards the nose. It is important to keep the scissors pointing 

upwards top avoid damaging the brain. Both sides of the skull were then peeled away using 

forceps. The brain was then released from the skull by cutting at the nose just in front of the 
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olfactory bulbs. The brain was then gently removed by allowing it to free fall onto a petri 

dish. A forceps was used to cut away remaining meninges. The extracted brain was then 

placed in one of various fixatives that will be discussed below depending on downstream 

assay. 

 

2.3 Analytical Techniques  

2.3.1 RNA extraction 

RNA was extracted from bEnd.3 cells samples using the E.Z.N.A total RNA Kit I, with 

protocol conducted as instructed in kit (Omega Bio-Tek). In summary, once all treatment 

timepoints had been reached, growth media was removed and cells were washed once with 

PBS to remove any residual media. PBS was discarded, and cells were lysed by adding 350 

µl of TRK Lysis Buffer to each well followed by scraping the well with the pipette tip as 

well as pipetting up and down several times to disrupt and homogenise the cell monolayer. 

350 µl of 70 % ethanol was added to the cells and vortexed.  Next, 700 μl of the sample 

was transferred to a HiBind® RNA Mini Column and centrifuged at 10,000 g for 1 min. 

The filtrate was discarded and 500 μl of RNA Wash Buffer I was added to the column and 

centrifuged at 10,000 g for 30 seconds. Again, filtrate was discarded and 500 μl of RNA 

Wash Buffer II was added to the column and centrifuged at 10,000 g for 1 min. This step 

was repeated, after which the column was spun at maximum speed for 2 min to dry the 

column. The column was transferred to a new 1.5 ml Eppendorf tube and 60μl of nuclease-

free H2O (nfH2O) was added directly to the column and again was centrifuged at maximum 

speed for 2 min. To increase RNA yield the eluent was added onto the column again and 

the centrifugation step was repeated. The concentration of RNA was measured using the 

Nanodrop Spectrophotometer ND-1000  (Thermo Scientific) and RNA was store at -80 °C 

until required. 

2.3.2 cDNA synthesis   

cDNA synthesis was carried out using the High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems). A final concentration of 100 ng of RNA was used per cDNA 

reaction, with nfH2O bringing the total volume up to 10µl. The cDNA reaction was prepared 

according to Table 2.1. 10 µl of master mix was added to each reaction tube containing 100 

ng RNA. The cDNA synthesis programme was as follows: 25 °C for 10 min, 37 °C for 2 

hr, and 85 °C for 5 min and held at 4 °C. cDNA synthesis was carried out using a Miometra 

T3000 Thermocycler. 
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cDNA Master Mix Total Volume 10µl 

10X RT Buffer 2 µl 

25X dNTP 0.8 µl 

10X RT Random Primers 2 µl 

Multiscribe RT 1 µl  

Nuclease free H2O 4.2 µl 

 
Table 2.1 Reagents of master mix per cDNA reaction.  

 

2.3.3 Reverse Transcription Polymerase Chain Reaction (RT-PCR)  

RT-PCR was carried out using the SensiFAST SYBR Hi-ROX Kit (Bioline). A master mix 

was prepared as follows per sample: 5 µl SYBR Green mix, 0.5 µl Forward and Reverse 

primer mix (10 µM) (primer sequences used indicated in Table 2.2) and 2 µl nfH2O. 7.5 µl 

of this master mix was added to each well of a MicroAMP® Fast 96-Well Reaction Plate 

(Applied Biosystems). The cDNA samples were diluted 1 in 20 and 2.5 µl of this was added 

to their respective wells in triplicate. Control wells were created by replacing the cDNA 

content with additional nfH20. The MicroAmp® Optical Adhesive Film was then fixed to 

the top of the plate, centrifuged for a few seconds and placed into the Step-One PlusTM Real-

Time PCR instrument (Applied Biosystems). RT-PCR reaction occurred through the 

following steps:  95 °C x 10 min, (95 °C x15 seconds, 60 °C x1 min) x 40 cycles. A melt-

curve analysis stage was included when using new primers: 95 °C x15 seconds, 60 °C x 1 

min, 95°C x 15 seconds.  

 

Data analysis was carried out using the delta cycle threshold (CT) method to quantify 

changes in mRNA levels between treatment groups. CT values from each sample’s gene of 

interest were normalised to that of the housekeeping gene to generate the delta CT (ΔCT) 

value for each well. Following this, control ΔCT values were averaged and subtracted from 

all sample ΔCT values to generate delta delta Ct (ΔΔCT) values for each samples gene of 

interest. Gene expression was calculated and presented as a fold-change, relative to 

untreated controls by calculating 2(-ΔΔCT). Statistical analysis was performed using the one-

way ANOVA and Tukey’s Multiple Comparison Test or  two-sided unpaired t-test, results 

reaching significance if p<0.05. All data was analysed and graphed using the GraphPad 

Prism software. 
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Primer Target Direction  Sequence 5’-3’ 

β-actin Forward GGGAAATCGTGCGTGACAT 

 Reverse GTGATGACCTGGCCGTCAG 

Claudin-5 (Cldn5) Forward TTTCTTCTATGCGCAGTTGG 

 Reverse GCAGTTTGGTGCCTACTTCA 

ZO-1 (Tjp1) Forward  CCACCTCTGTCCAGCTCTTC 

 Reverse CACCGGAGTGATGGTTTTCT 

Occludin (Ocln) Forward  ACAGTCCAATGGCCTACTCC  

 Reverse ACTTCAGGCACCAGAGGTGT  

Tricellulin (Marveld2) Forward  CTGAGAATCTGGGTGTGGT 

 Reverse ACGAGTACGAAGGGGGTCTT 

Lsr Forward  AGTAATACACTCCACTGTC 

 Reverse CAGGAGAATCACCATCACAGGAA 

Icam1 Forward  TGTCAGCCACCATGCCTTAG 

 Reverse CAGCTTGCACGACCCTTCTA 

Vcam1 Forward  GAAGCCGGTCACAGTCAAGT 

 Reverse CCTCGCTGGAACAGGTCATT 

Gfap Forward  AGCCCTGCCAGCTCTCCCTTAG 

 Reverse AAGGTGTGGCTGAAATGCGCG 

Iba1 Forward  GGATTTGCAGGGAGGAAAAG 

 Reverse TGGGATCATCGAGGAATTG 

Ccl2 Forward  CACTCACCTGCTGCTACTCA 

 Reverse GCTTGGTGACAAAAACTACAGC 

Mmp2 Forward  CCCCATGAAGCCTTGTTTA 

 Reverse CAGTGGACATAGCGGTCTCG 

Rage Forward  ACATGTGTGTCTGAGGGAAGC  

 Reverse AGCTCTGACCGCAGTGTAAAG  

Cd68 Forward  CCAATTCAGGGTGGAAGAAA 

 Reverse TTGCATTTCCACAGCAGAAG 

Il-34 Forward  CGTACAGCGGAGCCTCATGGAT 

 Reverse CAGCTCGCAGTCCTGCCATTTT 

Sarm1 Forward  TCACCCGCAAGAGGTTCTTT 

 Reverse TCAAGCTTCTCAGGCCAGTC 

 

Table 2.2. RT-PCR primer sequences. Primer sequences were obtained using the NCBI 

Primer-BLAST resource (Ye et al., 2012) 
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2.3.4 Western Blot  

2.3.4.1 Protein extraction  

Protein was extracted from cells when the timepoint of treatment was reached using 1X 

RIPA lysis buffer (50mM Tris, pH 8.0, 0.5M NaCl, 0.1 % sodium dodecyl sulphate (SDS), 

0.5 % deoxycholate, 1 % NP40) with a protease inhibitor tablet (1P) (1 tablet/10 ml; Roche). 

200 µl of RIPA+1P was added to each well of the 12 well plates and placed on ice for 10 

min. Then per well, the sample was removed by scraping the well with the pipette tip as 

well as pipetting up and down several times to lyse and homogenise the cell monolayer, 

placed in separate 1.5 ml Eppendorf tubes and centrifuged at 12,000 rpm for 15 min. The 

supernatant was transferred to a new Eppendorf tube and stored at -20 °C until ready to use. 

Protein quantification was performed using the Pierce® BCA Assay Kit (as described below 

section 2.3.4.2) 

 

2.3.4.2 Bicinchoninic acid (BCA) assay for protein quantification  

BCA assay  to quantify protein was performed using the Pierce BCA Protein Assay kit 

(ThermoFisher Scientific). Standards were prepared according to kit instructions. The 

working reagent was prepared by mixing reagents A:B at a 50:1 ratio. 5µl of either the 

standard or the sample was added to each well of a 96 well plate followed by 200 µl of the 

working reagent. The plate was covered with adhesive film, mixed and then incubated at 

37ºC for 30 min.  

 

Following the incubation, the absorbance of each sample was measured at 562 nm using a 

MultiskanTM FC plate reader (Thermo Scientific). A standard curve of BSA standards was 

plotted as absorbance vs concentration (µg/ml). The protein concentration of each sample 

was then extrapolated from the standard curve.  

 

2.3.4.3 Protein sample preparation  

For each protein sample, 10 μg was required and was calculated based on the concentrations 

determined by the BCA assay using the following equation:  

Protein concentration = X μg/μl: 10 / (X * 1000) = number of µl required for 10 µg  

For each sample, the final volume was 20 µl, with a total volume of protein up to 16 µl 

using dH2O, as 4 μl of 5X sample buffer (Thermo Scientific) was also added to the sample. 
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The samples were then heated at 95 °C for 5-10 min to denature the protein. Before loading 

into gel, samples were cooled to RT. 

 

2.3.4.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The Dual Mini Slab kit (Atto) was used for SDS-PAGE and set up according to the 

manufacturer’s instructions. Resolving and stacking gels were prepared according to Table 

2.3, allowing approximately 20 min between gel preparations for gel polymerisation. 6ml 

of resolving gel was poured into the gel plate leaving enough space for the well comb plus 

1 cm. Roughly 2 ml of 70 % ethanol was then gently added on top to provide air-free 

conditions for polymerisation and to remove any bubbles that may have formed in the unset 

gel. The gel was left at RT to polymerise. Once set, the ethanol was poured off and dried 

before the stacking gel was poured on top filling the remaining gel plate, the comb added 

and again allowed to set at RT. Once set, the rubber gasket was removed, and the gel was 

placed into an ATTO gel electrophoresis rig filled with 1X running buffer (10X: 250 mM 

Tris, 1.92 mM Glycine, 0.1% SDS, 1000 ml dH2O (pH 8.6)). Gels were fixed in place with 

spacers and the inner chamber was then filled with 1X running buffer before combs were 

slowly removed.  

The first well of each gel was filled with 2.5μl of Prime Step pre-stained protein ladder 

(BioLegend) which acts as a molecular weight standard, after which all remaining wells 

were loaded with 20 μl of the protein sample (preparation described above in section 

2.3.4.3). Gels were run firstly at a low voltage of 80V for 20 min for the separating gel and 

then a higher voltage of 140V, until there was significant separation of bands of the protein 

ladder.  

 

12 % Resolving Gel  4 % Stacking Gel  

H20 6.6ml H20 6.8ml 

1.5M Tris 5ml 0.5M Tris 1.67ml 

30 % Acrylamide  8ml 30 % Acrylamide 1.33ml 

10 % SDS 200 µl 10 % SDS 100 µl 

10 % APS 200 µl 10 % APS 100 µl 

TEMED 20 µl TEMED 10 µl 

Table 2.3. Resolving and stacking gel components and quantities required for SDS-PAGE. 

(Ammonium Persulfate (APS); N,N,N’-tetramethylethylene diamine (TEMED).  10 % APS 
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made up fresh each day in dH2O. Gel components added in the order as they appear in the 

table to prevent early polymerisation.  

2.3.4.5 Semi Dry Transfer 

The semi-dry transfer method was used to transfer protein from gels to Polyvinylidene 

fluoride (PVDF) membranes (Merck Millipore). PVDF membranes first required activation 

in methanol, and the gel(s) were equilibrated in cold transfer buffer. Additionally, 4 layers 

of filter paper, the PVDF membrane, the gel and 4 more layers of filter paper were all soaked 

in transfer buffer before being stacked in this order in the transfer rig. The protein transfer 

was run at a constant 12V for 2 hr. After completed transfer, PVDF membranes were 

removed from the gel-filter paper sandwich and rinsed with dH2O to remove any gel debris. 

Membranes were then incubated in methanol for 5 min and allowed to air-dry on dry filter 

paper to enhance protein binding to the membrane and reduce noise. The dried PVDF 

membrane was stained with Ponceau S solution (Sigma) to visualise successful protein 

transfer. The membrane was then washed 3-4 times with 1X Tris buffered saline/ 0.1 % 

Tween-20 (TBST), to wash away any unspecific binding. 

 

2.3.4.6 Antibody Incubation  

All washing, incubating and equilibration steps were performed on a benchtop orbital 

shaker. Membranes were cut into sections to separate the various proteins under 

investigation. Membranes were incubated in methanol for 5 min, equilibrated in TBST and 

blocked for 1hr at RT in 5 % w/v non-fat dried milk (Marvel) or 5 % BSA in TBST.  

Blocked membranes were washed for 5 min in TBST three times, and then each specific 

section was placed into its relevant primary antibody. Blots were incubated overnight (16 

hr) in primary antibody (diluted in TBST with 1 % w/v BSA, and primary antibody as 

described in full in Table 2.4) at 4 °C. 

 

 

 

 

 

Table 2.4. Primary Antibodies for Western Blot analysis. Dilutions were made up in TBS 

containing 1 % w/v BSA.   

 

Following overnight incubation, membranes were washed 3 times for 5 min each in 1X 

TBST. Membranes were incubated with horse-radish peroxidase (HRP) conjugated goat 

Primary Antibody Dilution Supplier  

β-actin 1:4000 Abcam (ab8227) 

Claudin-5 1:1000 Invitrogen 
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anti-rabbit secondary antibody (1:2000) for 2 hours at RT. The membrane was washed a 

further 4 times in 1X TBST. 

 

2.3.4.7 Enhanced chemiluminescence (ECL) And Densitometry 

Membranes were visualised using the C-DiGit (LI-COR) scanner. To detect bound HRP-

conjugated secondary antibody, blots were incubated in Strong Enhanced 

Chemiluminescence (ECL) Substrate (Advansta). Equal volumes of WesternBright ECL 

Luminol/enhancer solution and Peroxide Chemiluminescent solution were made up and 

incubated for 2 min. Membranes were then placed into the mixture and incubated for a 

further 2 min before being transferred directly, face down, onto the C-DiGit. These were 

scanned for 12 min using the high sensitivity method to visualise protein expression.   

 

Densitometric analysis using Image studio lite software (LI-COR) was carried out to 

measure the expression levels of the proteins. Expression levels of the genes of interest were 

standardised to levels of the house-keeping gene, β-actin. Densitometry was expressed as a 

fold change relative to the untreated control.  All densitometry was performed between 

samples run on the same SDS-PAGE gel and transferred onto the same membrane. 

Statistical analysis was performed using one-way ANOVA and Tukey’s Multiple 

Comparison Test or Dunnett post-test results reaching significance if p<0.05.   

 

2.3.5 Cryopreservation and Cryosectioning of Mouse Tissue 

Cryopreservation is required to prevent the formation of ice crystals that form from water 

within tissues when frozen. Ice crystals formation disrupts cell membranes and creates holes 

within cells resulting in “swiss cheese” artifacts.  Unless otherwise stated, all steps were 

carried out at 4 °C. Mouse brain hemispheres were dissected and immersion fixed in 4 % 

PFA for overnight. After this, the tissues were washed four times in ice-cold 1X PBS for 5 

min. Tissues were then placed in a sucrose gradient (10 %, 20 %, 30 % sucrose in PBS 

(w/v)) until the tissue sunk. The tissue was then placed in plastic cryomolds filled with 

Optimal Cutting Temperature (OCT) compound, and then snap frozen in dry ice/methanol 

slurry. Following this, brains were equilibrated at -20 oC overnight. 12 μm thick sections of 

each hemisphere were prepared using a Leica CM1950 cryostat, placing sections on 

polylysine slides which were then stored at – 20oC. 
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For brains in which TJ proteins were the focus of the immunohistochemical analysis, they 

were snap frozen directly by the OCT immersion- dry ice/methanol slurry method described 

above, after which they were post-fixed in methanol at 4 oC for 10 min and then stored at -

20 oC.  

 

2.3.6 Tissue Preparation and Vibratome sectioning  

Mouse brain tissue was fixed in 4 % PFA overnight. Following overnight incubation, tissue 

was washed in PBS x3 to remove any excess fixative. Tissue was embedded in 40 C 4 % 

agarose. Once solidified excess agarose was trimmed away and agarose block was glued to 

the metal plate of the vibratome. 200m sections were cut and placed into a PBS filled 12 

well plate. To stain, the PBS was replaced with Dapi (1:5,000; Hoescht; diluted in 1X PBS)  

for 2 min at RT, followed by 3 x 5 min 1X PBS washes. Sections were then placed onto 

polylysine adhesion slides (Thermo Scientific)  and a coverslip was mounted using Aqua 

poly/mount (Polysciences, Inc). Vibratome sections were examined and images taken using 

the Olympus microscope using the cell sense software.  

 

2.3.7 Immunohistochemistry   

Mouse brain cryosections (12 μm thick) were warmed to RT for 30 min prior to staining. 

Mouse brain sections were encircled with a PAP pen, rinsed with PBS and then blocked 

and permeabilised with block buffer (5 % NGS, 0.5 % Triton X-100 in 1X PBS) for 1hr at 

RT. Blocking buffer was removed and sections were incubated with primary antibodies at 

4C overnight (Table 2.5). After overnight incubation, slides were washed 3 times for 5 min 

in 1X PBS and then incubated with fluorescently labelled secondary antibodies for 2 hr at 

RT (Table 2.6). Subsequently, slides were washed 3 times for 5 min in 1X PBS, after which 

the slides were counterstained with Dapi (1:5,000; Hoescht 33258; in 1X PBS) for 1 min at 

RT. Slides were then washed 3 more times in 1X PBS, dried and a coverslip was mounted 

using Aqua polymount (Polysciences, Inc). Images were taken using the Zeiss LSM 710 

confocal laser scanning microscope.  
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Primary Antibody Dilution Supplier  

Rat anti-CD31 1:100 BD Biosciences  

Mouse anti-GFAP 1:200 Sigma 

Rabbit anti-IBA1 1:200 Wako (019-19741) 

Rabbit anti-NeuN 1:200 Abcam (ab177487) 

Rabbit anti-Cldn5 1:250 Invitrogen  

Secondary Antibody Dilution Supplier  

Goat anti-rabbit Cy3 1:500 Abcam (ab6939) 

Goat anti-mouse Cy3 1:500 Invitrogen (A10521) 

Goat anti-rat Cy3 1:500 Abcam (ab150160 

Goat anti-rabbit Alexa flour 488 1:500 Invitrogen  

Goat anti-mouse Alexa flour 488 1:500 Biosciences (A11001) 

Table 2.5. Primary and Secondary antibodies used for Immunohistochemical analysis. Dilutions 

were made up in 1 % NGS.  

Isolectin-IB4 Alexa Fluor 488 or Isolectin-IB4 Alexa Fluor 596 was used at a dilution of 

1:200 to stain blood vessels in the brain. To stain for Sulfo NHS-Biotin, sections were 

incubated with Cy3-conjugated streptavidin at a 1:200 dilution overnight at  4°C. 

 

2.3.8 Image Acquisition and Analysis  

All immunohistochemistry images were obtained using the ZEN Black Edition (Zeiss) 

software and a Zeiss LSM 710 confocal laser scanning microscope. Acquisition settings, 

such as laser intensity, gain and pinhole diameter were each kept identical within 

experiments for each combination of staining carried out. Images were exported as .czi files 

and imported into ImageJ (National Institutes of Health, Rockville, MD, USA) using the 

BioFormats plugin. 

To quantify changes in gene expression, the pixel intensity threshold was set across all 

images and integrated pixel intensity values between the control and treated groups were 

compared. Quantification was expressed as integrated density/expressing the data as 

integrated pixel intensity fold change.  
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2.3.9 Enzyme-linked immunosorbent assay (ELISA)  

Following the blood extraction using the submandibular puncture method described in 

section 2.2.8, samples were allowed to clot for 30 mins at RT prior to centrifugation for 20 

min at 1000x g. The serum fraction was then collected and aliquoted and stored at -80 °C 

until required for assays.  

Serum S100β levels were quantified using the Mouse S100β (protein S100β) Elisa Kit 

(AssayGenie) as per the manufacturer’s instructions. All reagent and standard preparation 

was carried out according to the manufacturing instructions. S100β standards were prepared 

by using the stock solution at 5000 pg/ml and performing serial 2-fold dilutions of this stock 

using sample dilution buffer. The plates were precoated, removing the necessity of 

overnight incubation of the capture antibody. Test samples were diluted 1/2 with sample 

dilution buffer. The plate was washed twice with the kit’s wash buffer before beginning. 

Excess wash buffer was removed by shaking over a sink and blotting against paper towels, 

which was carried out following every wash step in this protocol. 100 μl of each standard 

and sample was added to the designated well of the 96 well plate, recording their positions 

on the 96 well plate. The plate was sealed with a cover and incubated at 37 °C for 90 min. 

Following this incubation the cover was removed, the liquid aspirated from the plate and 

the plate washed twice with the wash buffer. Without touching the sides of the well, 100 μl 

of biotin-labelled antibody working solution was added to the bottom of each well. The 

plate was then resealed with a new cover and incubated at 37 °C for 60 min. After this, the 

cover was removed and the plate was washed 3 times with the wash buffer. 100 μl of SABC 

working solution was then added to each well, the plate was covered and incubated at 37 

°C for 30 mins. Following this incubation, the plate was washed 5 times with wash buffer. 

90 μl of tetramethylbenzidine (TMB) substrate was then added to each well, the plate was 

again covered and incubated at 37° C for 20 min in the dark. Once a strong blue colour 

developed in the most concentrated standard wells, while the less concentrated wells 

showed a much weaker colour change, the reaction was terminated by adding 50 μl of stop 

solution into each well and mixing it thoroughly. The colour should immediately change 

from blue to yellow. The O.D. absorbance was measured immediately on the MultiskanTM 

FC Microplate Photometer (ThermoScientific) at 450 nm. Values were blank corrected 

using blank control standard and pg/ml concentrations were determined using a standard 
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curve. Analysis was performed in GraphPad Prism 9.0, using 4-parameter logistic (4PL) 

non-linear regression to generate the standard curve utilised for concentration interpolation.  

2.3.10 Statistical Analysis  

All statistical analyses were performed in GraphPad Prism 9.4. Two-group data were 

analysed by two-sided unpaired t-test, experiments with greater than two groups were 

analysed by one or two-way ANOVA, with post-tests for multiple comparisons as indicated 

in figure legends. Correlations were evaluated with Pearson’s correlation coefficient. 

Survival analysis was analysed using a Log-rank (Mantel-Cox) test to compare the survival 

distribution between treatment groups. In all cases, p < 0.05 was considered significant, and 

error bars are presented as the standard error of the mean.    
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2.4 Behavioural Assays  

2.4.1 General information and test schedule  

To prevent any behavioural outputs that were caused by stress or anxiety, mice were 

habituated to both the investigator and the testing room, by being brought into the room and 

handled for approximately 5 min per day for 1 week prior to the behavioural testing. Except 

where stated, mice had free access to food and water throughout the testing schedule. Before 

each trial, mice were taken from their holding room to the testing room approximately 30 

min before testing began to allow them to habituate to their surroundings. All behavioural 

experiments were performed during the light phase and all apparatus cleaned with 70 % 

ethanol before use and between trials, except where stated. Statistical analysis was carried 

out using Prism 9.4 for Mac (GraphPad Software, Inc., U.S.A.) and P < 0.05 was taken as 

being statistically significant.  

The test schedules for the various groups which underwent behavioural trials:  

 

 

Figure 2.7 Timeline and test schedule for C57BL/6J mice bilaterally intrahippocampally injected 

with claudin-5 over-expression AAV or relevant GFP control.  
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Figure 2.8 Test schedule for the behavioural characterisation of the Cldn5fl/wtxTie2Cre model.  

 

 

Figure 2.9 Test schedule for the behavioural characterisation of the aged Cldn5fl/wtxTie2Cre model.  
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Figure 2.10 Timeline and test schedule for Cldn5fl/wtxTie2Cre mice bilaterally injected into the 

hippocampus or PFC with claudin-5 over-expression AAV or relevant GFP control.  

 

 

 

 

Figure 2.11. Timeline and test schedule for the doxycycline inducible claudin-5 knockdown 

mouse after a bilateral stereotaxic injection with therapeutic or control AAV. 
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Figure 2.12. Timeline and test schedule for AAV injected C57BL/6J following Kainic acid IP 

administration 

 

 

Figure 2.13. Timeline and test schedule for CSDS model injected bilaterally into the hippocampus 

with  therapeutic or control AAV.  

 

2.4.2 T-maze   

The alternating T-Maze paradigm (Deacon and Rawlins, 2006) was used to examine 

working spatial memory. The T-maze, as its name suggests, is an enclosed apparatus in the 

form of a T (three arms 30 x 10 cm; wall height 20 cm) (Fig. 2.14). No previous habituation 

to the maze was required as the novelty of the maze is the driving factor for exploration of 

the maze.  

Each mouse underwent 10 sessions with each session comprising of two trials. One session 

was performed in the morning and another in the afternoon over a 5 day period. Each mouse 

was placed individually into the base of start arm of the Perspex T-Maze, with a guillotine 

door that prevents them from accessing the maze. During the first trial in each session, a 



 82 

Perspex divider was included to encourage the selection of one arm over the other. This 

central partition is a modification to the apparatus which has enhanced the consistency and 

reliability of alternation results (Deacon and Rawlins, 2006).  

The trial began when the guillotine door in the start arm was removed and a stopwatch was 

started simultaneously. The clock was stopped when the mouse entered one of the arms. An 

arm entry was defined as the point when the entire mouse, including its tail, was in the arm. 

The guillotine door was then placed at the entrance of the arm to stop the mouse from re-

entering the start arm. The name of the arm selected (A or B) and the time taken to complete 

the trial was noted by the experimenter. The guillotine door to the start arm was replaced 

and the mouse was returned to the start arm for the second trial. Before starting the second 

trial, the T-maze apparatus was reset, the guillotine door in the arm chosen in the first trial 

was removed and the central divider between the two choice arms was removed. However, 

the apparatus was not cleaned between trials, as olfactory cues should be used by the mice 

to make a choice on this task (Deacon & Rawlins, 2006). The second trial again started 

when the guillotine door for the start arm was removed and ended when the mouse entered 

one of the two arms completely, again using a stopwatch to note time taken to complete the 

task. Both time and the arm entered were again noted. The mouse was then returned to its 

home cage.  

The premise of this experiment is that when 2 trials are carried out in quick succession, the 

mouse will usually choose the arm not visited before, indicating memory of the first choice, 

which is defined as “spontaneous alternation”. This behaviour is a reflection on an animals 

need to explore their environment in order to find any available resources such as food, 

water, mates or shelter. Importantly, animals do not need to be deprived of these ahead of 

the experiment to show alternation behaviour, thus being defined as “spontaneous”.  

Each mouse was scored for each session using a binary system: 1 for alternating between 

the arms; and 0 for visiting the same arm twice in a session. The time taken to enter an arm 

on the second trial of each session was also analysed as a response time. Each experimental 

group was compared to its relevant control group via unpaired t-tests or one-way ANOVA 

when greater than two groups were to be analysed. 
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Figure 2.14. T-maze apparatus  

The T-maze apparatus, which consists of 2 arms that form a T shape, utilises spontaneous alternation 

behaviour to assess short term working memory. Alternate arms are noted as A or B. 

 

2.4.3 Open field test  

The open field test provides a unique opportunity to assess a multitude of behaviours, 

including novel environment exploration, general locomotor activity, and provide an initial 

examination for anxiety-related behaviour (Bailey and Crawley, 2009). 

Mice were placed individually into a Perspex open field arena (30 x 30 x 21 cm) and allowed 

to freely explore for 10 min (Fig. 2.15). The mice were tracked using a computerised 

tracking system (ANY-Maze, Version 4.99m, Stoelting Co., U.S.A.) on a Hewlett-Packard 

ProBook running Windows 8.1. This automatically records a large amount of information 

for each trial, including  distance, average speed, time spent in the two zones (outer 

perimeter and centre zone) and time spent freezing. The experimenter observing the test 

also used “hot keys” to record the time spent rearing and grooming during the 10 min test. 

Each experimental group was compared to its relevant control group via unpaired t-tests or 

one- or two-way ANOVA when greater than two groups were to be analysed. 
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Figure 2.15. Open Field Test apparatus 

Open field allows for the examination of behaviours such as environment exploration, general 

locomotor activity, and anxiety-related behaviour.  

 

2.4.4 Social behaviour tests  

Crawley's sociability and preference for social novelty protocol was used to examine social 

behaviour (Kaidanovich-Beilin et al., 2011). The apparatus used was a plastic arena (38 x 

43 x 18 cm) divided into three areas by Perspex dividers. The central start zone was empty 

but circular dome-shaped transparent plastic housing containers (diameter 15 cm; height 9 

cm) that had several air holes drilled around their circumference, were placed in the two 

other zones  (Fig. 2.16).  

For this protocol, each mouse carried out one session, which was broken down into three 

distinct trials, habituation trial, social preference trial and social novelty trial. In the 

habituation trial, mice were placed individually into the central start zone and allowed to 

freely explore the empty apparatus for 5 min. For the social preference trial, an unfamiliar 

mouse was firstly placed into one of the two housing containers. The mouse being tested 

was then placed in the start zone and allowed to explore the apparatus freely for 10 min. 

Before starting the social novelty trial, another unfamiliar mouse was then placed into the 
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previously empty housing container. The apparatus now contains two occupied housing 

containers, one containing a familiar mouse from the social preference trial and the other 

containing a novel mouse. As with the previous trial, for the social novelty trial, the mouse 

being tested was placed in the start zone and allowed to explore the apparatus for 10 min. 

At the end of the session, all mice were returned to their respective home cages. Before all 

trials the apparatus was cleaned with 70 % ethanol. In the social preference and social 

novelty trials, the mice were tracked using a computerised tracking system (ANY- Maze, 

Version 4.99m, Stoelting Co., U.S.A.) on a Hewlett-Packard ProBook running Windows 

8.1.  

The specificity in the design of this experiment is in the subject mouse having complete 

choice in this test. The unfamiliar mice are enclosed in containers so it is only the subject 

mouse that can move freely. There is no physical contact between the mice, which prevents 

fighting or any aggressive behaviours but still allows for sensory interactions through sight, 

sound and smell. These interactions are at the discretion of the subject mouse, which can 

initiate or terminate any interactions and has complete choice between the unfamiliar mouse 

versus empty chamber in the social preference trial or between the familiar versus novel 

mice in the social novelty trial. The time (in seconds) spent in the area around each housing 

container was noted and a social interaction index was calculated for each trial. For the 

social preference trial, the social interaction index was calculated as:  

 

with TimeMouse being the time spent in the zone surrounding the unfamiliar mouse and 

TimeEmpty being the time spent in the zone surrounding the empty housing container.  

 

For the social novelty trial, the social interaction index was calculated as:  
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with TimeNovel being the time spent in the zone surrounding the novel mouse and TimeFamiliar 

being the time spent in the zone surrounding the familiar mouse from the previous social 

preference trial. 

 

Figure 2.16.  Social behaviours test apparatus 

(A) Sociability was examined using the social preference task. Mice were free to explore the arena 

containing one empty cage versus a cage with an unfamiliar mouse. Time taken exploring these two 
options allows the social interaction index to be calculated. (B) Sociability was further examined 

using the social novelty task in which mice were free to explore an arena containing a cage with a 

familiar mouse, from the social preference trial and a cage containing a new unfamiliar mouse.  

 

2.4.5 Rotarod  

Motor co-ordination was assessed using the Rotarod (Deacon, 2013). All mice from a 

singular cage carried out the Rotarod task together to reduce anxiety in performing the trial.  

The Rotarod (Ugo Basile, Italy) was started at a constant speed of 4 rotations per min (rpm) 

and each mouse from the cage was placed on a lane in the Rotarod. Once all the mice were 

in position, the Rotarod was started and it was set to accelerate from 4 to 60 rpm over a 3 

min period. As mice fell from their lane, two measures were noted, firstly the time at which 

the mouse fell and secondly the acceleration (rpm) at the time at which the mouse fell.  

Each experimental group was compared to its relevant control group via an unpaired t-test 

or one-way ANOVA when greater than two groups were to be analysed. The Rotarod was 

cleaned with 70 % ethanol between each trial and reset to 4 rpm for the next cage.  
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2.4.6 Novel Object recognition: 

Long-term recognition memory was examined using the novel object recognition task 

(Leger et al., 2013). This test was carried out in a plastic rectangular arena (38 x 43 x 18 

cm). Three Lego structures were used for all mice. While each structure was similarly sized, 

each was constructed from building blocks of different shapes and colours making them 3 

clear and distinct entities, with animals showing no preference for one over the others.  

The task consisted of two 3 min sessions:  

1. The Familiarisation session: Two objects were positioned at two fixed locations 

within the testing arena.  

2. The Test session: One of the objects from the familiarisation session was positioned 

in the same location as before (familiar object) and the second object is replaced 

with a third object (novel object).  

Before starting the trial, the test mouse was placed in the arena facing the wall and 

positioned equidistant from the two objects. The timer was immediately started when the 

mouse left the tunnel. The mice were tracked using a computerised tracking system (ANY-

Maze, Version 4.99m, Stoelting Co., U.S.A.) on a Hewlett-Packard ProBook running 

Windows 8.1, counting the number of nose contacts with each object and time spent around 

each object (Fig. 2.17).  

There was an intersession interval (ISI) of 3 hr, during which time the mouse was returned 

to its home cage. The arena and all objects were cleaned with 70 % ethanol between all 

sessions. After Object recognition task was complete, data from the tracking system was 

analysed and each mouse’s performance was examined by calculating their discrimination 

index during the test session. Discrimination index is calculated as: 

 

Nose contactsNovel representing the number of nose contacts with the novel object and Nose 

contactsFamiliar representing the number of nose contacts with the familiar object from the 

familiarisation session.  
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Preference for a novel object corresponds to a positive value in the Discrimination index 

and negative values are associated with a preference for the familiar object. Values around 

0 indicate that the mouse showed no preference for one object over the other. In normal 

mice, the expected behaviour would be a preference to the novel object. Each experimental 

group was compared to its relevant control group via an unpaired t-test or via  ANOVA 

when greater than two groups were to be analysed. 

 
 

Figure 2.17. Novel object recognition task apparatus 

Learning and memory was assayed using the novel object recognition task, which examines long-

term, non-spatial recognition memory over a two-trial test period.  

 

2.4.7 Y-maze  

Spontaneous alternation on a Y-Maze was used to examine working spatial memory 

(Maurice et al., 1994, Kraeuter et al., 2019). Mice were placed individually in the centre 

zone of a Perspex Y- Maze (three 30 x 5 cm joined by a 20 cm diameter central area; 

bounded by wall 15 cm high) and allowed to freely explore the apparatus for 8 min (Fig. 

2.18).  

Arm entries were counted both by the experimenter as well as being logged by a 

computerised tracking system (ANY-Maze, Version 4.99m, Stoelting Co., U.S.A.) on a 

Hewlett-Packard ProBook running Windows 8.1. An arm entry was defined as all four paws 

entering into an arm, which are clearly defined by the slots which support the guillotine 
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doors that can be used with this apparatus. Arm entries was recorded in the order in which 

they occurred. Spontaneous alternation was assessed after the experiment was over; a 

successful alternation being defined as the mouse entering all three arms of the Y-Maze 

over any 4-arm entry span (e.g. if the mouse entered the arms in the order 1, 3, 1, 3, 2, 3 

then it would count as two alternations out of a possible three as seen below: 

 

Errors were counted if the mouse exited an arm and then re-entered that arm before entering 

either of the other two arms. Each experimental group was compared to its relevant control 

group via an unpaired t-test or via one or two-way ANOVA when greater than two groups 

were to be analysed. 

 

Figure 2.18. Y-maze apparatus with open arms 1-3 noted 

The Y-maze apparatus, which consists of 3 arms that form a Y shape, utilises spontaneous 

alternation behaviour to assess short term working memory. 
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2.4.8 Marble Burying  

Anxiety behaviour was examined using a marble burying assay (Thomas et al., 2009). This 

task takes advantage of the fact that when under stress, mice exhibit burying behaviour, 

commonly referred to as “defensive burying”, which refers to the animals attempt to 

displace bedding material in an attempt to cover an object (Pinel and Treit 1978)  

A clean cage (27 x 16.5 x 12cm) was prepared by filling it with 4.5cm of clean loose chip 

bedding followed by gently overlaying 20 glass marbles of the same colour (15mm 

diameter) in a equidistant arrangement (Fig. 2.19). Mice were free to explore the cage for 

the full duration of the trial which was 30 min in total. The number of marbles buried, which 

was defined as greater than 50 % of the marble covered by bedding material, was recorded. 

Each experimental group was compared to its relevant control group via an unpaired t-test.  

 

Figure 2.19. Marble burying apparatus 

Anxiety and obsessive-compulsive disorder (OCD) like behaviours were examined using the 

marble burying assay which consists of a clean cage with 20 habituated glass marbles overlaying 

the bedding.  

 

2.4.9 Elevated plus maze  

Anxiety-like behaviour was examined using the elevated plus maze (Komada et al., 2008). 

The test is based on the balance between natural aversion of mice for open and elevated 

areas and their natural spontaneous exploratory behaviour when in a novel environment. 
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Individual mice were placed in the centre zone of a Perspex elevated plus maze (four 30 x 

5 cm arms; two open arms and two closed arms with wall height = 20 cm; apparatus raised 

on Perspex legs to a height of 40 cm) and allowed to freely explore the apparatus for 10 min 

(Fig. 2.20).  

Arm entries were logged by a computerised tracking system (ANY-Maze, Version 4.99m, 

Stoelting Co., U.S.A.) on a Hewlett-Packard ProBook running Windows 8.1 with the total 

closed arm entries and open arm entries being taken for analysis.  

The open and closed arms are thought to stimulate the same exploratory drive, therefore a 

noted avoidance of the open arms would indicate a higher level of anxiety in these animals 

(Rodgers and Dalvi, 1997). Levels of anxiety-like behaviour were analysed by comparing 

the number of entries into the open arms between the groups. Each experimental group was 

compared to its relevant control group via an unpaired t-test or via one-way ANOVA when 

greater than two groups were to be analysed. 

 

 

Figure 2.20. The elevated plus maze apparatus 

Anxiety-related behaviour was assessed using this apparatus which consists of an elevated 4-

armed maze containing two open and two closed arms. 
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2.4.10 Splash test  

Induced grooming behaviour was examined through the splash test (Yalcin et al., 2005). 

The trial was conducted for each mouse individually in their home cage, with their cage 

mates stored temporarily in a separate cage. The mouse was sprayed on its dorsal side with 

a 10 % sucrose solution and a 5 min timer was started. At the end of the trial, the mouse 

was moved to the temporary holding cage with its cage mates and the next mouse was 

placed in the home cage for the splash test.  

Video recordings were made of the entire trial, including the spraying procedure. The videos 

were then analysed by an experimenter who was blind to the experimental condition looking 

at two measures. Firstly, latency to begin grooming was measured. This is the time 

(seconds) taken for the mouse to initiate any form of grooming behaviour. Secondly, the 

total grooming time was calculated, the total time (seconds) that the mouse engaged in any 

form of grooming behaviour. Each experimental group was compared to its relevant control 

group via an unpaired t- test or via one or two-way ANOVA when greater than two groups 

were to be analysed. 

2.4.11 Forced swim test  

Depression-like behaviour was assessed using the forced swim test (Can et al., 2012). A 

large transparent plastic beaker (diameter 17 cm; height 21 cm) was filled with lukewarm 

water (20-21 C). The water level was 15cm from the bottom and marked on the beaker, to 

ensure water levels were kept consistent across all mice in the experiment. These 

dimensions were selected as mice were not able to touch the bottom of the tank with their 

feet or tails, nor were they able to escape from the tank. This apparatus set up thus renders 

a situation in which “behavioural despair” is induced, in which the animal loses hope to 

escape the stressful environment.  

Mice were very slowly placed individually into the water and a timer was started the 

moment the mouse’s tail was released. Mice were allowed to swim for 6 min and then were 

lifted from the water and dried off with paper towel. To prevent hypothermia, mice were 

then placed under a heating lamp to fully dry before being returned to the home cage.   
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The whole trial, from the start when the mouse is gently placed into the apparatus until the 

completion of the 6 min swimming period were video recorded. The videos were then 

analysed by an experimenter who was blind to the experimental condition, recording the 

total time (in seconds) each mouse spent engaged in escape behaviour during the final 4 

min of the swimming period. Only the last 4 min of the trial are analysed as most mice are 

very active at the start of this trial, which can obscure potential differences between 

treatment groups (Can et al., 2012). Additionally, specific criterion regarding escape 

behaviour must be set out before analysing video data. Mice readily float in water with 

some small movement to maintain balance and keep their heads above the water level, these 

movements as well as momentum from previous escape behaviour attempts should not be 

counted as genuine escape behaviour.  

Time spent engaged in escape behaviour was subtracted from the total time (240 seconds) 

to give the time spent immobile. Each experimental group was compared to its relevant 

control group via an unpaired t-test or via one or two-way ANOVA when greater than two 

groups were to be analysed. 

2.4.12 Radial arm maze  

Both working and reference memory were examined using the 8-armed radial arm maze 

(Crusio et al., 1993). Mice were placed on a restricted diet for three days prior to the start 

of the test and remained on this diet until all testing was complete to encourage the pursuit 

of the food rewards. Each mouse was weighed before the start of the restriction, and weight 

was monitored throughout the trial, ensuring mice maintained approximately 90 % of its 

free-feeding weight throughout. Adding small chow pieces inside the cage rather than large 

pieces in the hopper, ensures that firstly, one animal cannot monopolise the food but also 

ensures ease of access, as without the normal weight of the diet pinning down the ration, 

animals can often have difficulty eating from the hopper (Deacon and Rawlins 2006).  

Mice were familiarised with the food reward (chocolate flavoured cereal, Aldi, Ireland) for 

two days before the test by introducing a small amount into their cage. Habituating the mice 

to the taste of the reward  eliminates hyponeophagia, as mice are wary of eating anything 

new or while in a novel environment. The standard radial arm maze protocol consisted of 

one trial per day over 10 days. Mice were habituated to the Perspex radial arm maze (eight 

30 x 5 cm joined by a 20 cm diameter central area; bounded by wall 15 cm high) one day 
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before testing. Mice were placed in the maze with their cage mates and allowed to freely 

explore the apparatus in groups for 5 min. Habituation to the maze in groups was done to 

minimise any anxiety effects that may affect learning in the radial arm maze.  

On test days, the radial arm maze was baited with four food rewards. These were each 

placed into four of the eight arms, leaving four empty arms. Baited arms were 

pseudorandomly assigned for each mouse before the experiment started. The food rewards 

were put into recessed food wells so that mice could not see whether a food reward was 

present or not until they had travelled down the arm to directly check the well. The radial 

arm maze was cleaned with 70 % ethanol between all trials as well as after the food rewards 

had been added to minimise olfactory cues.  

For each trial, mice were individually placed in the central start zone of the radial arm maze 

and allowed to explore the maze until they had consumed all four of the food rewards or 

until the trial had run for 15 min (Fig. 2.21). At the end of the trial, mice were returned to 

their home cage. All trials were recorded using the computerised tracking system ANY- 

Maze (Version 4.99m, Stoelting Co., U.S.A. on a Hewlett-Packard ProBook running 

Windows 8.1) with the number of arm entries, average speed and trial duration being 

measured. Working memory errors were noted when a mouse entered an arm that it had 

already entered during that trial. Reference memory errors were noted when a mouse 

entered an arm that does not contain a food reward. The first two trials were considered as 

training trials and were not included in the statistical analysis of the task (Crusio et al., 

1993). Each experimental group was compared to its relevant control group via repeated 

measures ANOVAs for data obtain over the total experiment. Some measures were 

analysed on a trial-by-trial basis via unpaired t-test. 
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Figure 2.21. The radial arm maze apparatus 

Both short and long-term memory can be examined using the radial arm maze, which consists of 8 

potentially baited arms.  

2.4.13 Pre-pulse inhibition (PPI) of the acoustic startle response  

Sensorimotor gating was examined by prepulse inhibition (PPI) of the acoustic startle 

response. The PPI apparatus consisted of a soundproof PPI chamber with a weighing scale 

positioned in the centre of the chamber beside a loudspeaker. Mice were individually 

contained in a holding chamber which was placed on the scale.  

Each mouse was given two days to habituate to the PPI apparatus, by being placed in the 

holding chamber within the soundproof PPI chamber for 10 min each day with a constant 

white noise background, 65 decibels (dB). Before the beginning of the experiment, all 

instruments were calibrated and startle stimulus (71, 77, 83, 100, 110, 120 dB) were set. 

The animal holding chamber was cleaned with 70 % ethanol between trials and allowed to 

airdry. PPI was divided into 3 stages. The first stage is a 2 min habituation with a constant 

white noise background of 65dB. The next stage is the presentation of random combinations 

of prepulse (71, 77, 83 dB) and pulse (100, 110 and 120 dB) intensities to habituate the 

animals to the startle stimulus. Finally, 10 blocks of random combinations of prepulse alone, 

pulse alone, prepulse plus pulse and no stimulus trials are conducted. The startle stimulus 

were presented as 20ms bursts of white noise with a 100ms interstimulus interval, which is 

time between production of prepulse and pulse stimuli.  
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The PPI program was written in MATLAB and the sound files were generated in Microsoft 

Visual Studios. Raw data was exported from MATLAB to Excel. Excel files for each block 

were then loaded into MATLAB and the data were averaged across the 10 blocks for each 

prepulse, pulse, prepulse plus pulse and no stimulus trial and PPI was calculated as:  

 

 

2.4.14 Social interaction (SI) test 

SI testing was carried out under red-light conditions (Golden et al., 2011; Hodes et al., 

2014). SI testing is broken into 2 trials, each lasting 2.5 min. The first trial is without the 

aggressive mouse (AGG) present. To begin the trial mice were placed in a Plexiglas open-

field arena (42 cm × 42 cm × 42 cm, Nationwide Plastics), which contained a small empty 

wire animal cage at one end of the arena. All movement was monitored and recorded 

automatically using a tracking system Ethovision 11.0 Noldus Information Technology). 

This measures both locomotion and the exploratory behaviour of the mouse and provides a 

baseline behaviour for comparison. After this trial, the animal is removed from the open 

field arena and the arena is cleaned with 70 % ethanol. A novel social target, the AGG, is 

placed into the wire animal cage that is located within the open field. Next the mouse under 

observation is placed back into the arena and its exploratory behaviour is again monitored 

and recorded, with the time spent in the interaction and corner zones and the overall 

locomotion being compared to the first trial. The SI ratio is calculated by dividing the time 

spent in the interaction zone when the AGG is present by the time spent in the interaction 

zone when the AGG is absent. Mice that have an SI ratio below 1 are designated as stress-

susceptible (SS) and mice that have an SI ration above 1 are noted to be resilient (RES). 

The SI ratio was calculated as: 

 

 

SI ratio =

Time in interaction zone (AGG present)

Time in interaction zone (AGG absent)
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2.4.15 Sucrose preference test: 

Anhedonia describes the inability to experience pleasure from rewarding activities and is a 

hallmark symptom of depression. Anhedonia is evaluated in mice using the sucrose 

preference task. In this assay, the water bottle from the home cage was removed and 

replaced with two 50-mL conical tubes with sipper tops filled with normal water for a 24h 

habituation period. Next, the water in one of the 50-mL conical tubes was replaced with a 

1 % sucrose solution. Both tubes were weighed, and mice were allowed to drink ad libitum 

for a 24 hr period. After the 24 hr assay, tubes were reweighed and switched. Mice were 

allowed to drink ad libitum for another 24 hr period, which avoids place preference from 

affecting the results. After the completion of the 48 hr assay period, both tubes were 

reweighed. Sucrose preference was calculated by dividing the total amount of sucrose 

consumed by the total amount of fluid consumed over the 48 hr period of sucrose 

availability. Anhedonia is defined as a reduction in sucrose preference ratio relative to a 

control group in the preference test. Sucrose preference can be calculated as: 

 
 

 

2.4.16 CSDS model  

The CSDS protocol requires both the aggressor mouse as well as the mouse under 

investigation. CD-1 mice are used as the aggressor and were screened for aggressive 

behaviour during inter-male social interaction for 3 consecutive days utilising criteria 

describe in depth in Golden et al, 2011 and Golden et al.,2016. The CD-1 aggressor (AGG) 

was housed on one side of the clear perforated Plexiglas divider 

(0.6 cm × 45.7 cm × 15.2 cm, Nationwide Plastics) in the social defeat cage (26.7 cm 

width × 48.3 cm depth × 15.2 cm height, Allentown Inc) 24 hr before the start of the social 

defeat protocol. The mice under investigation were C57BL/6 J mice, and were subjected to 

physical interactions with an unfamiliar AGG for a 10 min period once a day for 10 

consecutive days. After every social defeat interaction the experimental mouse is moved 

and house in the opposite side of the social defeat cage divider for the next 24 hr period. 

This allows for sensory contact between the experimental mouse and the AGG mouse 

without any physical interaction. Unstressed control mice were housed 2 per cage, one on 

Volume of sucrose consumed 

Total volume of fluid consumed 

Sucrose preference = 
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either side of the social defeat cage divider and rotated each day, but are not exposed to the 

AGG mice. After the 10 day protocol, following the last social defeat session, experimental 

mice are housed singularly for 24 hr before undergoing the social interaction test to identify 

if they are susceptible or resilient (Hodes at al., 2014; Golden et al., 2011). 
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Chapter 3. Characterisation of the Cldn5fl/wtxTie2Cre mice  

 

3.1 Introduction:  

3.1.1 Animal models of disease 

Animal models of disease are a valuable preclinical tool with which to investigate the 

pathophysiology of diseases and associated mechanisms of injury, for the identification of 

potential drug targets as well as to evaluate novel therapeutics for their safety profile, their 

pharmacokinetics and pharmacodynamics and importantly their efficacy in vivo (Singh et 

al., 2021; McGonigle and Ruggeri., 2014).  

Animal models of disease offer a more rapid platform to monitor disease progression in 

comparison to humans. Moreover despite the advent of non-invasive technologies to study 

the human brain’s structure and function, the ability to examine certain details of the 

physiology and molecular biology as it relates to disease remains significantly limited. The 

use of animal models provides the ability to invasively investigate the underlying structural 

and molecular changes that are caused by the disease and test novel therapeutics, in a way 

that would be unethical with human patients (Winship et al., 2019). Moreover, safety and 

efficacy parameters established in animal models are an essential step during the initial 

phases of drug development, the results of which may determine the drugs approval for 

translation into human clinical trials and may also help to predict the clinical outcomes 

(Singh & Seed., 2021).    

However, modelling human neuropsychiatric disorders in animals is an extremely 

challenging task, due to the subjective nature of many key symptoms, the lack of biomarkers 

and objective diagnostic tests as well as the unknown underlying genetics (Jones et al., 

2011; Nestler 2010). Therefore, to be established as a strong model of a disease, there are 

three criteria all models must meet in order to be a good representative of a certain disease 

model. Firstly, construct validity refers to how the method utilised to develop the model 

relates to the natural development of the disease. For Mendelian disorders, caused by a 

single gene mutation, this would be as simple as knocking out the gene of interest to simply 

recapitulate the molecular etiological process in mice. However, most neurological 

disorders have complex genetic architecture with no single disease-causing genes 

established. Secondly, face validity describes the model’s ability to mimic the anatomical, 

neuropathological and behavioural features that are noted in the human disease. Finally, 
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predictive validity represents the models ability to respond to treatments in a manner that 

may predict the treatment efficacy in patients. In regard to neuropsychiatric disorders 

however this final validity is limited, as the assays developed to measure efficacy were 

designed to identify drugs that acted similarly to those found serendipitously, rather than 

being validated by an accurate pathophysiological model (Jones et al., 2011). Therefore 

current animal models have significant limitations, that range from weak validation to poor 

predictive power for therapeutic efficacy in human clinical trials. But their value in further 

elucidating the underlying mechanisms of neurological disorders cannot be undervalued, as 

progress in understanding pathophysiology are still highly dependent on specific animal 

models of disease.  

While neuropsychiatric disorders like schizophrenia and neurological disorders like 

epilepsy have complex genetic architecture and environmental influences, animal models 

with single gene manipulations are unlikely to replicate the full syndrome. However, this 

approach is designed to characterise the relationship between individual genes and the 

underlying pathophysiology and specific endophenotypes of the disorder and may help to 

identify potential biomarkers that have therapeutic relevance.  

Claudin-5, is our major gene of interest. Claudin-5 is located within the region of 

chromosome deleted in 22q11DS, individuals with a substantially increased risk of 

developing schizophrenia and psychosis. Furthermore, as recently reported by Greene et 

al., claudin-5 protein levels are significantly disrupted in surgically resected tissue from 

patients with temporal lobe epilepsy, with the tissue showing a decrease in the both the 

pattern and intensity of claudin-5 staining relative to the endothelial cell marker cluster of 

differentiation 31 (CD31) (Greene et al., 2022). Claudin-5, is the most highly expressed TJ 

component at the BBB, present at greater levels than other claudins and tight junction 

components. Single-cell RNA sequencing results conclude that there are over 10,000 Cldn5 

mRNA transcripts per cell in brain capillaries, which is ~10- fold more than the number of 

the housekeeper beta actin transcripts (Daneman et al., 2010; Vanlandewijck  et al., 2018). 

Overall, this indicates claudin-5 plays a vital role in BBB maintenance. Moreover, the BBB 

itself plays a vital role in protecting the brain while maintaining the optimum 

microenvironment for neuronal signalling. BBB disruption is a hallmark pathology in 

numerous neurological disorders, with the degree of disruption often demonstrating clear 

correlation with the severity of the disorder, as is seen in epilepsy, where seizure severity 
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often correlates with the extent of BBB disruption (van Vliet et al, 2015). Therefore, 

claudin-5 seems to be an important gene to target, to characterise its relationship with BBB 

function and the underlying pathophysiology and endophenotypes that result from its 

disruption.  

A full claudin-5 knockout (KO) mouse model has already been investigated by Nitta et al. 

The development and morphology of blood vessels in these claudin-5 deficit mice was 

normal. However, a size selective loosening of the BBB, for molecules that were less than 

800 Da was noted through tracer experiments, as well as through dynamic contrast-

enhanced magnetic resonance imaging (DCE-MRI) analysis (Nitta et al., 2003). Therefore, 

claudin-5 shows promising potential as a therapeutic target to regulate the permeability of 

the BBB and therefore may be key in the development of new gene therapy-based 

approaches for disorders with noted BBB disruption. However, in the Nitta et al 

investigation, the claudin-5 KO mice all died within 10 hr of birth. Therefore, to further 

investigate the effect of reduced claudin-5 expression in the brain and how this may relate 

to neurological disorders, a new claudin-5 heterozygote model was established, the 

Cldn5fl/wtxTie2Cre mouse model. 

3.1.2 The Cldn5fl/wtxTie2Cre mouse model:  

 

The Cldn5-LoxP mice was acquired from the Betsholtz Lab at the Uppsala University in 

Sweden.  The Cldn5-LoxP mouse has loxP inserts flanking the claudin-5 gene. This mouse 

is effectively wild-type in the absence of Cre. The Cldn5-LoxP mice were then crossed with 

another strain, the Tie2Cre mice,  which express Cre recombinase under the control of the 

Tie2 endothelial cell specific promoter. This ensures that the activity of the Cre recombinase 

was found almost exclusively in the ECs of Cre positive mice. This enzyme in combination 

with the loxP sites forms a recombination system which results in the excision of the DNA 

found between the loxP sites, which in this model, includes the claudin-5 gene. 

 

The Cre-loxP system, results in constitutive expression. Tie2Cre+; Cldn5fl/wt mice results in 

claudin-5 heterozygotes, specifically in ECs. This constitutive expression, occurs 

intracellularly as soon as Cre expression is activated. Therefore these mice develop in a 

claudin-5 deficient environment.  
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Figure 3.1. The Cldn5fl/wtxTie2Cre mouse model 

The Cldn5fl/wtxTie2Cre mouse model was generated by crossing the new Cldn5-LoxP  mouse with 

the Tie2Cre mouse. Utilising the loxP system, the cross ensures all Cre positive animals have only 

one copy of the claudin-5 allele and so produces ~ 50 % less claudin-5 mRNA and protein.  

 

The aim of this chapter is to further characterise claudin-5’s relationship with BBB function 

and the underlying pathophysiology and endophenotypes that result from its disruption.  

 

3.2 Objectives: 

• To quantify the level of claudin-5 expression in the Cldn5fl/wtxTie2Cre model 

• To determine the physical effects this loss of claudin-5 has on this model. 

• To assess how a decrease in claudin-5 expression affects symptomatology through 

behavioural characterisation.  

• To examine the effect of aging on this model.  
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3.3 Results: 

3.3.1 Physical characterisation of Cldn5fl/wtxTie2Cre mice shows a distinct and 

significant knockdown of Claudin-5 expression.  

Given that a full claudin-5 knockout mouse die before adulthood, to further elucidate the 

role of claudin-5 in the development of neurological disease, the Cldn5fl/wtxTie2Cre mouse 

line was generated. The first aim of this chapter is to physically characterise this model. 

This was necessary to firstly determine if one chromosomal copy of the Cldn5 gene was 

successfully excised by the Cre induced recombination and additionally, to examine if any 

dosage related effects were observed due to this haploinsufficiency. Examining Cldn5 

mRNA expression levels obtained from microvasculature alone or whole brain samples 

showed an approximate 50 % loss of claudin-5 expression (Fig. 3.2 A, B). A similar 

reduction was noted at the protein level using immunohistochemical analysis of isolates 

microvessels from these mice (Fig. 3.2 C). This loss of claudin-5 did not cause any notable 

change at a macroscopic level with both the claudin-5 heterozygote Cre+Cldn5fl/wt mice 

showing no obvious physical differences compared to the Cre-Cldn5fl/wt controls (Fig. 3.3).  
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Figure 3.2. Initial physical characterisation of the Cldn5fl/wtxTie2Cre mouse model  

Cldn5 transcript levels were significantly decreased in (i) isolated microvasculature (**p = 0.0023) 

and (ii) whole brain (**p = 0.0014) of the Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt 

controls.  (iii) This decrease in claudin-5 expression was also noted through IHC analysis of the 
microvasculature. All data are means ± SEM; each data point represents one animal. Statistical 

analysis was carried out using two-sided unpaired t-test. *p < 0.05 Scale bar – 50 μm. Work carried 

out by Dr Chris Greene (Greene et al., 2022).  
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Figure 3.3. No macroscopic differences noted between the claudin-5 heterozygote mice and 

controls. 

Cre+Cldn5fl/wt mice developed normally with no macroscopic differences noted in comparison to 

their Cre-Cldn5fl/wt littermates.  

 

To further characterise this model, with evidence that there is a ~ 50 % reduction in claudin-

5 in both the microvasculature and whole brain, specific regions of the brain were then 

examined. The brain regions chosen were the hippocampus, the PFC and the NAc. The 

hippocampus, which includes the CA1, CA3 and dentate gyrus (DG), is an easily 

identifiable area of the brain with distinct morphological properties of small pyramidal 

neurons in CA1, and large pyramidal neurons in CA3. Due to these clear morphological 

areas it was possible to examine each region using IHC analysis to examine claudin-5 

protein levels in addition to examining the mRNA transcript level of the whole hippocampal 

structure through RT-PCR analysis. RT-PCR analysis of hippocampal tissue revealed a 

50% reduction in Cldn5 mRNA in the Cre+Cldn5fl/wt mice in comparison to the Cre-

Cldn5fl/wt control littermates (** p = 0.0022) (Fig. 3.4). More specifically, IHC analysis of 

hippocampal subregions revealed a significant reduction in claudin-5 expression in the (iii)  

dentate gyrus (** p = 0.0013)  (iv) the CA1 (* p = 0.0393) and (v) the CA3 (* p = 0.0221) 

(Fig. 3.4). In addition to the intensity of the claudin-5 (green) staining relative to CD31 
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(red), the patterning of the claudin-5 staining was discontinuous (Fig.3.4; Fig 3.7). RT-PCR 

analysis of PFC tissue indicates that the claudin-5 heterozygote Cre+Cldn5fl/wt mice express 

at least 50 % less mRNA in comparison to the Cre-Cldn5fl/wt control littermates (**** p = 

<0.0001). Moreover IHC analysis supported this finding with significant reduction in the 

level of claudin-5 expression noted within the PFC (** p = 0.0015) (Fig. 3.5). The final 

region analysed, the NAc, again supported the finding that Cre+Cldn5fl/wt mice express over 

50 % less mRNA and protein in comparison to the Cre-Cldn5fl/wt control littermates (**** 

p = <0.0001) (Fig. 3.6). 
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Figure 3.4 RT-PCR and IHC analysis of claudin-5 expression level in the hippocampus. 
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(i) Schematic of the hippocampus, showing location within the brain and the specific structures 
within the hippocampus including the dentate gyrus (DG), the CA1 and CA3 regions. (ii) RT-PCR 

analysis of hippocampal tissue shows Cre+Cldn5fl/wt mice express ~ 50 % less mRNA in comparison 

to the Cre-Cldn5fl/wt control littermates (** p = 0.0022). IHC analysis of claudin-5 expression (green) 

in comparison to CD31 (red) within hippocampal regions show a significant reduction in claudin-5 
expression in the (iii)  DG (** p = 0.0013)  (iv) the CA1 (* p = 0.0393) and (v) the CA3 (** p = 

0.0069). A discontinuous staining pattern of claudin-5 is also noted. Scale bar – 100 μm. Statistical 

analysis was carried out using two-sided unpaired t-test. All data are means ± SEM; each data point 

represents one animal, n = 6 per group. 

 

 

Figure 3.5.  RT-PCR and IHC analysis of claudin-5 expression level in prefrontal cortex (PFC)  

(i) Schematic of the brain showing location of PFC (ii) RT-PCR analysis of prefrontal cortical tissue 

dissected from brain shows Cre+Cldn5fl/wt mice express over 50 % less mRNA in comparison to the 
Cre-Cldn5fl/wt control littermates (**** p = <0.0001) (iii) IHC analysis shows a significant reduction 

of claudin-5 (green) expression, relative to the microvessel marker CD31 (red) within the PFC (** 

p = 0.0015). Scale bar – 100 μm. Statistical analysis was carried out using two-sided unpaired t-test. 

All data are means ± SEM; each data point represents one animal, n = 6 per group. 
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Figure 3.6. RT-PCR and IHC analysis of claudin-5 expression level in nucleus accumbens (NAc) 

(i) Schematic of the brain showing location of NAc (ii) RT-PCR analysis of tissue dissected from 

NAc shows Cre+Cldn5fl/wt mice express over 50 % less mRNA in comparison to the Cre-Cldn5fl/wt 

control littermates (**** p = <0.0001) (iii) IHC analysis examining claudin-5 expression (green) in 

comparison to CD31 (red) shows a significant reduction in the level of claudin-5 expression within 
the NAc (**** p = <0.0001). Scale bar – 100 μm. Statistical analysis was carried out using two-

sided unpaired t-test. All data are means ± SEM; each data point represents one animal, n = 6 per 

group. 

 

A distinct decrease in both the pattern and intensity of claudin-5 protein expression can 

been seen clearly in the microvessels of Cre+Cldn5fl/wt, in comparison to Cre-Cldn5fl/wt 

control littermates (Fig. 3.4 - 3.7). However, examining BBB permeability through the 

functional screen of tracer analysis showed no significant leakage of biotin in the claudin-

5 heterozygote mice in comparison to the Cre-Cldn5fl/wt controls. Despite this, through 
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Image J analysis a non-significant trend for an increase in biotin leakage in the claudin-5 

heterozygote mice was noted (Fig. 3.8).  

 

 

Figure 3.7. IHC analysis of claudin-5 expression in a vessel  

Immunohistochemical analysis of claudin-5 (green) and CD31 (red) in a vessel within the brains of 

Cldn5fl/wt x Tie2Cre mice in the hippocampus. Cellular nuclei stained with 4′,6-diamidino-2-

phenylindole (DAPI, blue). Scale bar – 50 μm.  
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Figure 3.8. IHC analysis of Sulfo-NHS biotin leakage in Cldn5fl/wtxTie2Cre mouse model 

Quantification of biotin (red) staining relative to isolectin (green) staining was carried out in ImageJ. 

Statistical analysis carried out by two-sided unpaired t-test (ns p = 0.1154). Scale bar – 50 μm. All 

data are means ± SEM; each data point represents one animal, n = 6 per group 

 

Astrogliosis is noted in the claudin-5 heterozygote mice with IHC analysis of astrocyte 

marker GFAP revealing significantly increased staining in the CA1, CA3 and DG regions 

of the hippocampus in Cre+Cldn5fl/wt in comparison to the Cre-Cldn5fl/wt control littermates 

(Fig. 3.9).  No significant changes in microglial expression or any discernible structural 

changes are noted with the level of microglial marker IBA1 remaining similar between the 

two cohorts. Both show ramified microglial structures, a resting form of microglia noted by 

the long branching processes and small cellular body, that are indicated by the arrows (Fig. 

3.10).  
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Figure 3.9. IHC analysis of GFAP in the CA1, CA3 and DG regions of the hippocampus of 

Cldn5fl/wt xTie2Cre mice 

IHC analysis of GFAP (red) in the CA1, CA3 and dentate gyrus (DG) regions of the hippocampus 

of Cldn5fl/wtxTie2Cre mice. Cellular nuclei stained with DAPI (blue). Quantification of GFAP levels 
was carried out using  ImageJ. Scale bar 50 μm. *P<0.05 by two-way ANOVA with Tukey’s post-

test. All data are means ± SEM with n = 6 mice per group.  
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Figure 3.10. IHC analysis of IBA1 staining in Cldn5fl/wt xTie2Cre mice. 

IHC analysis of IBA1 (green) in the brains of Cre-Cldn5fl/wt controls compared to Cldn5 

heterozygote Cre+Cldn5fl/wt mice in the DG region of the hippocampus. Cellular nuclei stained 

with DAPI (blue). Scale bar 50 μm. Arrows indicating clear microglia structures.  

 

Heatmap analysis illustrating mRNA expression level changes of key junctional proteins 

and inflammatory markers in hippocampal tissue taken from Cre-Cldn5fl/wt control mice and 

Cre+Cldn5fl/wt heterozygote mice (Fig. 3.11). BBB disruption is a hallmark pathology in 

numerous neurological conditions, which often co-insides with altered inflammatory 

processes. The Cre+Cldn5fl/wt mice are haploinsufficent for a key TJ component required 

to maintain BBB integrity. Therefore investigating if this haploinsufficiency affects the 
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other key junctional proteins or elicits any changes in inflammatory responses is an 

important part of the physical characterisation of the Cldn5fl/wt xTie2Cre model. 

An approximate 50 % loss in Cldn5 expression is again noted in this analysis. This loss of 

the most highly expressed and essential component of the TJs does not however affect any 

of the remaining TJ proteins analysed, all remaining within their normal range of expression 

(Fig. 3.11). A non-significant increase in tricellulin (Marveld2) expression was noted (p = 

0.0671). Important markers of both cell adhesion as well as inflammation are Icam1 and 

Vcam1. Both play important roles in the maintenance of BBB integrity, but also act as 

markers of inflammation. Under inflammatory conditions, their expression would be 

expected to be upregulated by proinflammatory cytokines (Huang et al., 2021). However, 

in the transcript analysis of the Cldn5fl/wtxTie2Cre mice, no significant changes are noted 

between the Cre+Cldn5fl/wt and Cre-Cldn5fl/wt  controls. A significant increase in Gfap 

expression was observed in the Cre+Cldn5fl/wt mice, which further supports the IHC finding 

of elevated astrogliosis observed previously (Fig. 3.9). Astrocytes have an important role 

in the maintenance and regulation of the BBB, and are capable of producing both pro- and 

anti-inflammatory mediators which can have a significant effect on BBB permeability 

(Farfara et al., 2019). No change in Iba1 expression is observed, again supporting the 

previous IHC findings (Fig. 3.10). Moreover, other markers of inflammation such as Rage, 

Mmp-2 and Il-34 remain unchanged between the two cohorts. Interestingly, the chemokine, 

Ccl2 and the macrophage marker Cd68 were both decreased in the Cre+Cldn5fl/wt cohort. 

This suggests that a 50 % loss of claudin-5 does not cause sufficient disruption to BBB 

integrity to allow for increased immune cell infiltration. However a more in-depth analysis 

with other inflammatory molecules and immune cell markers would be required to obtain a 

definitive assessment. Finally, Sarm1 was also significantly downregulated in the 

Cre+Cldn5fl/wt mice. As a Toll/IL-1 Receptor (TIR) adaptor, Sarm1 plays an important role 

in mediating immune responses, but also has a novel role in the induction of neuronal axon 

degeneration following injury (Gibbons et al., 2022). Interestingly, loss of Sarm1 function 

has been shown to be neuroprotective in mice (Osterloh et al., 2012) and so this reduced 

expression in Cre+Cldn5fl/wt mice may potentially be a protective mechanism in this 

Cldn5fl/wt xTie2Cre model (Fig. 3.11). 
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Figure 3.11. RT-PCR analysis of junctional and inflammatory markers in Cldn5fl/wtxTie2Cre mice 

RT-PCR revealed changes in the claudin-5 heterozygote Cre+Cldn5fl/wt when compared to the Cre-

Cldn5fl/wt littermate controls of gene expression related to junctional proteins and inflammatory 
markers. mRNA expression levels were normalised to β-actin. *P<0.05 two-sided unpaired t-test. 

All data are means ± SEM with n = 6 per group. 

 

3.3.2 Behavioural characterisation of the Cldn5fl/wtxTie2Cre mice:  

In many disorders with noted BBB disruption, such as schizophrenia and epilepsy, there are 

clear and noted behavioural characteristics. However, these are complex, multifactorial  

disorders, in which many biological pathways are disrupted. The second aim of this chapter 

was to determine the behavioural effects of an endothelial-specific 50% knockdown of 

claudin-5 expression. For this purpose, a behavioural dataset was generated. Behaviour 

assays was broken down into a few different categories; learning and memory, anxiety, 

locomotor and sensorimotor gating.  
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3.3.2.1 Learning and memory tasks: 

Learning and memory capacity were examined through both spatial and non-spatial trials 

which included the Y-maze and T-maze, the novel object recognition test as well as the 

radial arm maze.  

Both the Y-Maze and T-Maze are used to assess working spatial memory by exploiting 

spontaneous alternation behaviour. Spontaneous alternation behaviour describes the 

animals need to explore their environment in search of resources, which results in the 

tendency to alternate their search routes in consecutive trials without any training or 

reinforcement. Spatial memory relates to the ability to record and recover spatial 

information, to recall the location of an object or occurrence of an event. Working memory, 

also known as short term memory, is where information is retained temporarily and utilised 

during the completion of a task. 

In the Y-maze, successful spontaneous alternation is defined as the mouse entering all three 

arms of the Y-Maze over any 4-arm entry span (Fig.3.12 A). No differences were noted 

between the groups alternation scores, however a non-significant trend for an increased 

side-bias in Cre+Cldn5fl/wt mice was noted in the Y-maze (p = 0.0513) (Fig.3.12 (i;ii)). This 

may explain why we do not see a difference in alternation scores between cohorts, as mice 

with a side-preference have the potential to outperform controls just by preferentially 

turning in the one direction in the Y-maze, and so it can be difficult to identify memory 

errors. However, Cre+Cldn5fl/wt mice committed significantly more errors, which is defined 

as re-entering the same arm it had just left.  When mice are examined individually, specific 

expression of Cldn5 mRNA was found to be reduced in mice that made more errors in the 

Y-maze (Fig. 3.12 A (iii)). Spontaneous alternation, which in the T-maze is simply going 

into alternate arms, as well as the time taken to complete the trial were not significantly 

different between the two groups (Fig. 3.13).  

Long-term recognition memory was assessed using the novel object recognition task. A 

preference for a novel object would result in a discrimination index with a positive value, 

while negative values are associated with a preference for the familiar object. Values around 

0 suggest that there was no preference for one object over the other. No significant 

difference in the discrimination index was noted between the claudin-5 heterozygote 
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Cre+Cldn5fl/wt group and Cre-Cldn5fl/wt control group, with the preference values varying 

equally within each group (Fig. 3.14).  

The radial arm maze is a 10 day protocol on a restricted diet (see section 2.4.12). As with 

the Y-maze, the radial arm maze shows a significant increase in the number of errors made 

by the Cre+Cldn5fl/wt group in comparison to the Cre-Cldn5fl/wt group (Fig. 3.15 A (ii). 

Errors are defined as a mouse re-entering an arm it has just been in, before it has entered 

any of the other arms in the maze. As mice have exploratory behaviour in which they want 

to exhaust an environment of any resources, re-entering an arm that has a noted lack of 

resources, indicates an issue with their short-term spatial memory. The radial arm maze is 

beneficial as it allows numerous forms of memory to be analysed at the same time, allowing 

for both short-term “working” memory as well as long term “reference” memory to be 

examined. Working memory errors were counted when a mouse entered a baited arm that 

it had already visited during that trial. Across the trial, the number of working memory 

errors made by the Cre-Cldn5fl/wt control group was lower in comparison to the claudin-5 

heterozygote Cre+Cldn5fl/wt group, with statistically significant differences noted on day 6, 

8 and 10 (Fig. 3.15 A (i)). Reference memory errors, reflecting long-term storage of food 

reward locations, were counted when a mouse entered a non-baited arm. Again, across 

nearly the whole duration of the 10-day trial, the Cre-Cldn5fl/wt control mice made fewer 

errors in comparison to the Cre+Cldn5fl/wt group, with statistically significant differences 

noted on days 6, 8, 9 and 10 (Fig. 3.15 A (iii)). 
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Figure 3.12. Learning and memory function analysed via the Y-maze.  

(A) Schematic of  the Y-maze. (i) No differences noted between the groups alternation scores. (ii) 

A non-significant trend for an increased side-bias in Cre+Cldn5fl/wt mice was noted (p = 0.0513) 

(iii) A significant number of errors were made by the Cre+Cldn5fl/wt mice in comparison to the Cre-

Cldn5fl/wt controls (* p = 0.0243). The Cldn5 mRNA expression level, normalized to β-actin, showed 
a negative correlation with the number of errors made in the Y-maze (* p = 0.0121; r = -0.5271). 

*P<0.05 by two-sided unpaired t-test. Correlations were evaluated with Pearson’s correlation 

coefficient. All data are means ± SEM; each data point represents one animal, with n = 10 per group. 

Schematic created with BioRender. 
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Figure 3.13. Learning and memory function analysed via the T-maze 

(A) Schematic of the T-maze. (i) Neither spontaneous alternation or (ii) the time to complete the 
trial were significantly different. Not significant by two-sided unpaired t-test. All data are means ± 

SEM; each data point represents one animal, with n = 10 per group. Schematic created with 

BioRender. 

 

Figure 3.14. Learning and memory analysed via novel object recognition task.  

(A) Schematic of the Novel object recognition apparatus. (i) No significant difference in the 
discrimination index was noted between the claudin-5 heterozygote group and the littermate 

controls. Not significant by two-sided unpaired t-test. All data are means ± SEM; each data point 

represents one animal, with n = 10 per group. Schematic created with BioRender. 
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Figure 3.15. Learning and memory analysed via the radial arm maze. 

(A) Schematic of the Radial arm maze apparatus. (i) A significant difference between the 

Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt controls in both the number of working 

memory errors and (iii) reference memory errors made. (ii) A significant number of errors made by 
the Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt controls (* p = 0.0142 r = -0.6745). The 

Cldn5 mRNA expression level showed a negative correlation with the number of errors made in the 

radial arm maze. Cldn5 mRNA expression level was normalized to β-actin. *P<0.05 by two-sided 
unpaired t-test. Correlations were evaluated with Pearson’s correlation coefficient. All data are 

means ± SEM; each data point represents one animal, with n = 10 per group. Schematic created with 

BioRender. 

 

3.3.2.2 Anxiety assays: 

Anxiety and depressive-related behaviour was examined through a number of different 

assays. In the splash test (Section 2.4.10), a 10 % sucrose solution was squirted on the dorsal 

coat of a mouse in its home cage. The sucrose solution dirties the coat and induces grooming 

behaviour. While there was no significant difference in total time spent grooming, the 

Cre+Cldn5fl/wt group neglected coat grooming when compared to the Cre-Cldn5fl/wt controls 

as shown by the increased latency (Fig. 3.16). Correlation data shows a negative correlation 

with the lower level of  Cldn5 mRNA expression resulting in a longer latency to begin 

grooming (Fig. 3.16(ii)). 
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Social behaviour was assessed using the social preference and social novelty tasks. For the 

social preference trial, the mouse being tested was placed in the start zone and allowed to 

explore the apparatus, which contains one empty housing container and one with an 

unfamiliar mouse in it, for 10 min. There was a significant difference between the two 

cohorts, with the Cre+Cldn5fl/wt mice having a reduced preference for social interaction 

(Fig. 3.17 A(i)). While the correlation data was not significant, it still showed a clear trend 

for increased Cldn5 mRNA expression being associated with a high social interaction index 

score again supporting the finding that reduced claudin-5 expression is causing this reduced 

preference for social interaction. For the social novelty trial, the apparatus is the same 

except that both housing containers have mice in them, one containing a familiar mouse 

from the social preference trial and the other containing a novel mouse. In this trial there 

was no significant difference in the social interaction index noted between groups (Fig. 3.17 

B(i)). 

The open field test provides a unique opportunity to assess a multitude of behaviours, 

including novel environment exploration, general locomotor activity as well as anxiety-

related behaviours. Behaviours such as total time grooming, the latency to begin grooming, 

freezing and the time spent in the two zones of the field, are good indicators of anxiety-like 

behaviour. No significant change in the time spent in the inner and outer zones, the time 

spent freezing or in the total time spent grooming was noted between cohorts (Fig. 3.18). 

However, as was seen in the splash test, the latency to begin grooming and the average 

grooming episode were both significantly increased in the Cre+Cldn5fl/wt claudin-5 

heterozygote group in comparison to the Cre-Cldn5fl/wt control group (Fig. 3.18 (ii; iii)). 

These findings are supported by the correlation data, both which show significant 

correlation supporting the results that reduced Cldn5 mRNA expression results in an 

increased latency to begin grooming (Fig. 3.18). The remaining anxiety and depression 

assays of the forced swim test, the elevated plus maze and marble burying did not yield any 

significant results (Fig. 3.19). 
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Figure 3.16. Anxiety analysed via the splash test. 

(A) Schematic of the splash test procedure. (i) No significant difference between the Cre+Cldn5fl/wt 

mice in comparison to the Cre-Cldn5fl/wt controls in the total time spent grooming following the 
sucrose spray (ii) The latency to begin grooming behaviour is significantly increased in the 

Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt group  (* p = 0.0305; r = -0.4851). 

Correlation data shows a negative correlation between mice with a lower level of Cldn5 mRNA 

expression and a longer latency to begin grooming (* p = 0.0353). Cldn5 mRNA expression level 
was normalized to β-actin. *P<0.05 by two-sided unpaired t-test. Correlations were evaluated with 

Pearson’s correlation coefficient. All data are means ± SEM; each data point represents one animal, 

with n = 10 per group. Schematic created with BioRender. 
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Figure 3.17. Anxiety analysed via the social behaviour tests. 

(A) Schematic of the social preference test. (i) A significantly decreased preference for social 
interaction is noted in the Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt controls (* p = 

0.0309). Correlation data shows, while not significant, that a higher level of Cldn5 mRNA 

expression is associated with a higher social interaction index score (p = 0.1723; r = 0.3265). (B) 

Schematic of the social novelty test. (i) No significant difference is noted in the social interaction 

index score for novelty between  the  Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt group. 

Correlation data did not observe anything of significance (p = 0.2299; r = 0.2979). Cldn5 mRNA 
expression level was normalized to β-actin. *P<0.05 by two-sided unpaired t-test. Correlations were 

evaluated with Pearson’s correlation coefficient. All data are means ± SEM; each data point 

represents one animal, with n = 10 per group. Schematic created with BioRender. 
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Figure 3.18. Anxiety analysed via the open field test. 

(A) Schematic of the open field test apparatus (i) No significant differences noted in the total time 

spent grooming between the cohorts. (ii) The latency to begin grooming and (iii) the time of an 

average grooming episode were both significantly increased in the Cre+Cldn5fl/wt mice in 

comparison to the Cre-Cldn5fl/wt control group. The correlation data supports these results, 
indicating that mice with reduced Cldn5 mRNA expression took longer to initiate grooming 

behaviour (p = 0.0010; r = -0.6926) but had longer grooming episodes (p = 0.0326; r = -0.4790). 

(iv)  The time spent freezing and (v) the time spent in the different zones of the open field showed 
no differences of note between the groups. Cldn5 mRNA expression level was normalized to β-

actin. *P<0.05 by two-sided unpaired t-test. Correlations were evaluated with Pearson’s correlation 

coefficient. All data are means ± SEM; each data point represents one animal, with n = 10 per group. 

Schematic created with BioRender.  
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Figure 3.19. Anxiety analysed via forced swim, elevated plus maze and marble burying tests.  

(A) Schematic of the forced swim test. (i) No significant differences noted in the total time spent 
inactive between the cohorts. (B) Schematic of the elevated plus maze (i) No significant differences 

noted in the time spent in the open arms of the maze between the cohorts. (C) Schematic of the 

marble burying assay (i) No significant differences noted in the total number of marbles buried 

between the cohorts. *P<0.05 by two-sided unpaired t-test. All data are means ± SEM; each data 

point represents one animal, with n = 10 per group. Schematics created with BioRender. 

 

3.3.2.3 Locomotor trials:  

No locomotor differences were noted between the claudin-5 heterozygote Cre+Cldn5fl/wt 

mice and their littermates controls in three different locomotor assays utilised, the open field 

test, the rotarod as well as the radial arm maze. This is important to note as it shows that 

any other behavioural outputs such as memory or anxiety deficits noted previously are not 

due to locomotor issues (Fig. 3.20).  
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Figure 3.20. Locomotor assays.  

(A) Schematic of the open field test. (i) No significant differences noted in the average speed, (ii) 
distance travelled or (iii) time spent rearing between the cohorts. (B) Schematic of the rotarod (i) 

No significant differences noted in the latency to fall or (ii) the acceleration speed at time of fall 

between the cohorts. (C) Schematic of the radial arm maze (i) No significant differences noted in 

the distance travelled, (ii) the average speed or (iii) the time spent immobile between the cohorts. 
*P<0.05 by two-sided unpaired t-test. All data are means ± SEM; each data point represents one 

animal, with n = 10 per group. Schematics created with BioRender.  
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3.3.2.4 Sensorimotor gating assay: 

Acoustic PPI is a sensorimotor gating phenomenon that is preserved across species and has 

previously been shown to strongly associate with many neurological disorders, such as 

schizophrenia. PPI describes the ability of a non-startling “prepulse” stimulus, such as in 

this case a lower decibel (dB) sound to inhibit the response to a subsequent “pulse” startling 

stimulus, which in this case is a larger dB sound level. Mice were assessed for PPI at 71, 

77, 83 dB prepulse sound levels with 100, 110 and 120 dB pulse sound levels. 

Cre+Cldn5fl/wt mice displayed a significantly reduced acoustic PPI response with a 77 dB 

prepulse at a 110 dB pulse  and a 77 and 83 dB prepulse at a 120 dB pulse (Fig. 3.21(ii;iii). 

Significant positive correlation is noted between these prepulse-pulse combinations and 

Cldn5 mRNA expression. Both cohorts showed similar startle responses at 100, 110 and 

120 dB indicating that these deficits in PPI are not just a result of an impaired startle 

response or due to impaired hearing (Fig. 3.21(i)).  
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Figure 3.21. Sensorimotor gating deficits in Cldn5fl/wtxTie2Cre mice.  

(A) Schematic of PPI chamber. (i) Analysis of startle amplitude at 100, 110 and 120 dB pulse sound 
levels. Examining acoustic prepulse inhibition at 71, 77 and 83 dB prepulse sound levels (ii) 110 

dB (iii) 120 dB pulse sound levels. Correlation data shows that (ii) 77-110 dB (p = 0.0317; r = 

0.4588) (iii) 77-120 dB (p = 0.0002; r = 0.7445) and 83-120 dB (p = 0.0112; r = 0.5419) prepulse-
pulse combinations, mice with a higher level of Cldn5 mRNA expression had higher % PPI 

response. Cldn5 mRNA expression level was normalized to β-actin. *P<0.05, **P<0.01 by two-

way ANOVA with Bonferroni post-test. All data are means ± SEM; each data point represents one 

animal, with n = 10 per group. Schematic created with BioRender. 
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3.3.3 Characterisation of the aged Cldn5fl/wtxTie2Cre model:  

Cldn5fl/wtxTie2Cre mice were aged to 50 weeks old in order to examine the effects of aging 

on this model. Behavioural characterisation of the mice was carried out after which mice 

underwent a submandibular puncture procedure to obtain blood samples for serum and then 

were sacrificed and tissue taken for analysis.  

3.3.3.1 Physical characterisation the aged Cldn5fl/wtxTie2Cre model:  

 

S100β is a calcium binding protein that is expressed mainly by astrocytes in the brain 

parenchyma. Under normal conditions, when the BBB is intact, S100β levels in peripheral 

circulation are low. Thus the level of serum S100β has been a useful biomarker to measure 

the integrity of the BBB, with increased S100β levels in peripheral circulation indicating 

disruption of the BBB (Marchi et al., 2004). While there have been some conflicting results, 

due to issues such as cohort size and previous exposure to neurotherapeutics, overall, there 

is an accumulation of evidence that S100β levels are elevated in untreated patients with 

neurological disorders such as schizophrenia and MDD (Schroeter et al., 2008, Zhang et al., 

2010). Higher levels of serum S100β reflect a higher degree of BBB disruption, however, 

in this analysis of the aged Cldn5fl/wtxTie2Cre model, no significant difference in level of 

S100β was noted between the aged Cre+Cldn5fl/wt and the age matched Cre-Cldn5fl/wt 

control  mice (p=0.2229) (Fig. 3.22). 

 

Heatmap analysis illustrating changes in mRNA expression level for key junctional proteins 

and inflammatory markers in hippocampal tissue taken from aged Cldn5fl/wtxTie2Cre mice 

(Fig. 3.23). In comparison to what was noted in the younger cohort, the 50 % loss of claudin-

5 expression does appear to be affecting some of the remaining TJ proteins analysed. A 

significant decrease in ZO-1 (Tjp1), Lsr and Vcam1 expression was noted in the aged 

Cre+Cldn5fl/wt  in comparison to the age matched Cre-Cldn5fl/wt controls. As before there 

was a non-significant increase in tricellulin (Marveld2) expression observed (p = 0.0728). 

The significant increase in Gfap expression that was noted in the younger Cre+Cldn5fl/wt 

cohort is again observed in the aged Cre+Cldn5fl/wt cohort, but this time a non-significant 

increase in the expression of the microglial marker Iba1 is also noted. The majority of the 

inflammatory markers observed no significant change, with only Cd68 and Sarm1 showing 

a significant decrease in expression in the Cre+Cldn5fl/wt group.  
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Figure 3.22. ELISA analysis of serum S100β in aged Cldn5fl/wtxTie2Cre mice 

 

ELISA analysis of serum S100β in aged Cre+Cldn5fl/wt mice compared the Cre-Cldn5fl/wt controls. 

Statistical analysis carried out by two-sided unpaired t-test (ns p =0.2229). All data are means ± 

SEM; each data point represents one animal, with n = 7 Cre-Cldn5fl/wt group, n=8 Cre+Cldn5fl/wt 
group.  
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Figure 3.23 RT-PCR analysis of junctional and inflammatory markers in aged Cldn5fl/wtxTie2Cre 

mice   
 

RT-PCR revealed changes in the aged Cre+Cldn5fl/wtclaudin-5 heterozygote mice when compared 

to the aged matched Cre-Cldn5fl/wt controls of gene expression related to junctional proteins and 
inflammatory markers. mRNA expression levels were normalized to β-actin. *P<0.05 by two-sided 

unpaired t-test. All data are means ± SEM, with n = 7 Cre-Cldn5fl/wt group, n=8 Cre+Cldn5fl/wt group.  

 

 

 

3.3.3.2 Behavioural characterisation the aged Cldn5fl/wtxTie2Cre model:  

 

3.3.3.2.1 Learning and memory assays:  

Learning and memory capacity were again examined through both spatial and non-spatial 

trials which included the Y-maze and T-maze, the novel object recognition test as well as 

the radial arm maze.  
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Unlike in the young mice, in the Y-maze, a significant difference was noted between the 

groups alternation scores. The Cre+Cldn5fl/wt mice showed a significant lower spontaneous 

alternation % score in comparison to the age-matched Cre-Cldn5fl/wt controls (Fig. 3.24 (i)). 

Interesting the non-significant trend for an increased side-bias in Cre+Cldn5fl/wt mice was 

still noted in the Y-maze (Fig. 3.24 (iii)). The errors made in the Y-Maze, which is defined 

as re-entering the same arm it had just left, is still significantly higher in the Cre+Cldn5fl/wt 

mice in comparison to the control cohort.  The lower level of Cldn5 mRNA expression level 

showed a significant negative correlation, indicating that the increased the number of errors 

made in the Y-maze is associated with the lower level of claudin-5 expression. Spontaneous 

alternation, on the T-maze however remains unchanged between the two groups as does the 

time taken for the mice to complete the trial (Fig. 3.25 A (i; ii)).  

The results from the radial arm maze remain similar to what was noted for the younger 

cohort of mice. Significant errors are noted in both short-term “working” memory and long 

term “reference” memory. Across nearly the whole duration of the 10-day trial, the number 

of both working and reference memory errors made by the Cre-Cldn5fl/wt age matched 

control group was lower in comparison to the claudin-5 heterozygote Cre+Cldn5fl/wt group, 

with statistically significant differences noted on day 7, 8 and 10 (Fig. 3.24 B (ii)). 

Moreover, errors made in the radial arm maze, defined as a mouse re-entering an arm it has 

just been in before it has entered any of the other arms in the maze, also showed significant 

differences between cohorts (Fig. 3.24 B (i)). As mice have exploratory behaviour in which 

they want to exhaust an environment of any resources, re-entering an arm that has a noted 

lack of resources, indicates an issue with their short-term spatial memory. 

Long-term recognition memory was again assessed using the novel object recognition task. 

As the mean discrimination index values for each group are around 0, this suggests that 

there was no preference for one object over the other (Fig. 3.25 (i)).  
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Figure 3.24. Learning and memory function in aged Cldn5fl/wtxTie2Cre mice analysed via the Y-

maze and radial arm maze  
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(A) Schematic of the Y-maze. (i) A significant difference is noted between the groups alternation 
scores. A higher spontaneous alteration score correlates with mice with higher Cldn5 mRNA 

expression (p = 0.0281; r = 0.5652) (ii) A significantly higher number of errors were made by the 

Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt controls.  A negative correlation is observed 

between the Cldn5 mRNA expression level and the number of errors made in the Y-maze (p = 
0.0167; r = -0.6057). (iii) A non-significant trend for an increased side-bias was noted in 

Cre+Cldn5fl/wt mice. (B) Schematic of the radial arm maze apparatus. (i) Significantly more errors 

were made by the Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt controls. The level of 
Cldn5 mRNA expression displays a negative correlation with the number of errors made in the 

radial arm maze (p = 0.0353; r = -0.5458). (ii) A significant difference is noted between the 

Cre+Cldn5fl/wt mice compared to the Cre-Cldn5fl/wt controls in both the number of working memory 
and reference memory errors made. Cldn5 mRNA expression level was normalized to β-actin. 

*P<0.05 by two-sided unpaired t-test. Correlations were evaluated with Pearson’s correlation 

coefficient. All data are means ± SEM; each data point represents one animal, with n = 8 per group. 

Schematics created with BioRender. 

 

 

Figure 3.25. Learning and memory function in aged Cldn5fl/wtxTie2Cre mice analysed via the T-

maze and novel object recognition task 

(A) Schematic of the T-maze. (i) Neither spontaneous alternation nor (ii) the time to complete the 

trial were significantly different. (B) Schematic of the novel object recognition apparatus. (i) No 
significant difference in the discrimination index was noted between the Cre+Cldn5fl/wt claudin-5 

heterozygote group and the Cre-Cldn5fl/wt littermate controls. Not significant by two-sided unpaired 
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t-test. All data are means ± SEM; each data point represents one animal, with n = 8 per group. 

Schematics created with BioRender. 

 

3.3.3.2.2 Anxiety assays: 

Anxiety and depressive behaviour was measured through the splash test, the social 

behaviour tests as well as the open field test.  

As was seen in the characterisation of the younger Cldn5fl/wtxTie2Cre mice, there was no 

discernible difference noted between the claudin-5 heterozygote Cre+Cldn5fl/wt mice and 

the control group in the splash test (Fig. 3.26 A). The latency to begin grooming too shows 

no significant difference between groups, however there is still a clear trend indicating that 

the loss of claudin-5 is associated with a longer latency to groom, which is supported by the 

correlation data (Fig. 3.26 A (ii)) 

Social behaviour was assessed using the social preference and social novelty tasks. As 

before, the social preference trial measures sociability by allowing the test mouse to freely 

explore the apparatus which contains one empty housing container and one with an 

unfamiliar mouse in it, with the time spent with each being measured (Fig. 3.26 B). As in 

the original characterisation, a significant difference was noted between the two cohorts, 

with the Cre+Cldn5fl/wt mice having a significantly reduced preference for social interaction 

(Fig. 3.26 B (i)). For the social novelty trial, there was again no significant difference in the 

social interaction index scores observed between the two groups (Fig. 3.26 C (i)). 

The open field test was again utilised to examine a number of anxiety and depressive-related 

behaviours. The time spent in the different zones, as well as the total time spent grooming 

and the latency to groom all showed no significant differences between groups (Fig. 3.27 

A (ii; iii; iv)). The time spent freezing, while not significant, suggests that the claudin-5 

heterozygote Cre+Cldn5fl/wt mice spent less time freezing in place (Fig. 3.27 A (i)). Finally, 

while the other grooming behaviours showed no significant changes, the average grooming 

episode was significantly higher in the Cre+Cldn5fl/wt claudin-5 heterozygote mice (Fig. 

3.27 A (v)). 
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Figure 3.26. Anxiety in aged Cldn5fl/wtxTie2Cre mice analysed via splash test and social behaviour 

tests. 

(A) Schematic of the splash test procedure. (i) No significant difference between the Cre+Cldn5fl/wt 

mice in comparison to the Cre-Cldn5fl/wt controls in the total time spent grooming following the 

sucrose spray (ii) The latency to begin grooming behaviour while not significant, is still increased 
in the Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt group. Correlation data shows a 

significant negative correlation with mice with a lower level of Cldn5 mRNA expression exhibiting 

a longer latency to begin grooming (* p = 0.0478; r = -0.5183)  (B) Schematic of the social 
preference test. (i) A significantly decreased preference for social interaction is noted in the 

Cre+Cldn5fl/wt mice in comparison to the Cre-Cldn5fl/wt controls, with significant correlation noted 

between a higher level of  Cldn5 mRNA expression and a higher social interaction index score (p = 

0.0025; r = 0.7196). (C) Schematic of the social novelty test. (i) No significant difference is noted 
in the social interaction index score between  the Cre+Cldn5fl/wt mice in comparison to the Cre-

Cldn5fl/wt group. Cldn5 mRNA expression level was normalized to β-actin. *P<0.05 by two-sided 

unpaired t-test. Correlations were evaluated with Pearson’s correlation coefficient. All data are 
means ± SEM; each data point represents one animal, with n = 8 per group. Schematics created with 

BioRender.  
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Figure 3.27. Anxiety in aged Cldn5fl/wtxTie2Cre mice analysed via the open field test 

(A) Schematic of the  open field test apparatus (i) Non significant trend indicating Cre+Cldn5fl/wt 

mice spent less time freezing. (ii) However, no differences were noted in the time spent across the 

different zones of the open field. (iii) Neither the time spent grooming and (iv) the latency to groom 
showed any significant differences between groups. (v) The average grooming episode of the 

Cre+Cldn5fl/wt mice were significantly longer, which is supported through the correlation data 

comparing Cldn5 mRNA expression with the average grooming episode duration (p = 0.0319; r = -
0.5546). Cldn5 mRNA expression level was normalized to β-actin. *P<0.05 by two-sided unpaired 

t-test compared to Cre-Cldn5fl/wt control littermates. Correlations were evaluated with Pearson’s 

correlation coefficient. All data are means ± SEM; each data point represents one animal, with n = 

8 per group. Schematic created with BioRender. 

 

3.3.3.2.3 Locomotor activity: 

Locomotor activity was assessed by the open field test, the rotarod and radial arm maze, 

analysing behaviours such as speed and distance travelled, as well the time spent rearing. 

Neither the open field test or the radial arm maze noted any significant differences in regards 

to the speed at which these animals moved or the distance they travelled (Fig. 3.28 A; C). 

However the rotarod did show a substantial change in the latency to fall and thus in turn the 

acceleration rate at which the mice fell (Fig. 3.28 B). In this assay, the claudin-5 

heterozygote Cre+Cldn5fl/wt mice maintained their balance and movement on the revolving 

rod for longer than the controls.  
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Figure 3.28 Locomotor ability in aged Cldn5fl/wtxTie2Cre mice  

(A) Schematic of the open field test. No significant differences noted in (i) the average speed, (ii) 

distance travelled or (iii) time spent rearing between the cohorts. (B) Schematic of the rotarod. 
Significant increase in both (i) latency to fall or (ii) the acceleration speed at time of fall noted in 

claudin-5 heterozygote Cre+Cldn5fl/wt mice compared to the age matched controls. (C) Schematic 

of the radial arm maze. No significant differences noted in (i) the distance travelled or (ii) the 

average speed. Cldn5 mRNA expression level was normalized to β-actin. *P<0.05 by two-sided 
unpaired t-test. Correlations were evaluated with Pearson’s correlation coefficient. All data are 

means ± SEM with n = 8 per group. Schematics created with BioRender. 

 

3.3.3.2.4 Sensorimotor gating 

To investigate the sensorimotor gating phenomenon mice were assessed for PPI at 71, 77, 

83 dB prepulse sound levels with 100, 110 and 120 dB pulse sound levels. Cre+Cldn5fl/wt 

mice displayed a significantly reduced acoustic PPI response with a 77 and 83 dB prepulse 

at a 120 dB pulse (Fig. 3.29 (ii)). Correlation data for both support the finding that reduced 
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claudin-5 expression is associated with a reduced PPI response and thus indicates a potential 

sensorimotor gating deficit in these mice (Fig. 3.29).  

 

Figure 3.29. Sensorimotor gating deficits in aged Cldn5fl/wtxTie2Cre mice.  

(A) Schematic of PPI chamber. Examining acoustic prepulse inhibition at 71, 77 and 83db prepulse 

sound levels (i) 100 dB (ii) 110 dB and (iii) 120dB pulse sound levels. Correlation data for the 
significant findings (iv) % PPI response at 77-120 dB (p = 0.0055; r = 0.6839) (v) % PPI response 

at 83-120dB (p = 0.0217; r = 0.5965). Cldn5 mRNA expression level was normalized to β-actin. 

*P<0.05, by two-way ANOVA with Bonferroni post-test. Correlations were evaluated with 
Pearson’s correlation coefficient. All data are means ± SEM; each data point represents one animal, 

with n = 8 per group. Schematic created with BioRender. 

 

3.5 Discussion: 

 

Cldn5fl/wtxTie2Cre mouse model was generated from crossing a Cldn5-LoxP mouse with a 

Tie2Cre mouse. The resulting Cre+Cldn5fl/wt mice are claudin-5 heterozygotes and so 

express 50 % less claudin-5 mRNA and protein. Cre-Cldn5fl/wt cohort are essentially wild-

type mice expressing the normal level of claudin-5 mRNA and protein and so function as 

the control group.  

 

Altering gene dosage in a subset of genes in our genome, either by duplication or deletion 

will cause a phenotypic effect and so these genes are known as dosage sensitive genes. A 

copy number change in such genes often results in disease (Rice and McLysaght., 2017). 
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Through research into 22q11DS, a chromosomal abnormality deletion syndrome within a 

region that the claudin-5 gene is located, it has been shown that claudin-5 is a dosage 

sensitive gene. An association between schizophrenia in 22q11DS patients and a variant in 

the claudin-5 gene which results in 75 % less claudin-5 expression had been noted (Greene 

et al., 2018; Guo et al., 2020). Moreover, a duplication in this region appears to have a 

protective effect, with this reciprocal copy number variant (CNV) being significantly less 

common in patients with schizophrenia in comparison to the general population (Rees et 

al., 2014). Overall, claudin-5 is a dosage sensitive gene with notable deleterious or 

protective effects. Thus the generation of a mouse model that is haploinsufficent must be 

fully characterised both physically and behaviourally to understand its potential as a mouse 

model of disease. 

 

In regards to the physical characterisation, no macroscopic changes were noted between the 

claudin-5 heterozygote mice and the control group (Fig. 3.3). Despite this, it was shown 

that at both the microvasculature and whole brain level, the claudin-5 heterozygote mice 

did indeed produce 50 % less claudin-5 (Fig. 3.2). Region-specific regulation and 

dysregulation of claudin-5 expression in CNS disorders such as schizophrenia and MDD 

have been recently highlighted (Greene et al., 2018; Menard et al., 2017). Reduced claudin-

5 expression has been noted in the PFC and hippocampus grey matter of schizophrenic 

patients in comparison to controls, while no changes were noted in hippocampus white 

matter or the orbitofrontal cortex (Nishiura et al., 2017; Greene et al., 2020). Moreover, 

site-specific suppression of claudin-5 in either the hippocampus or mPFC resulted in 

localized BBB disruption and schizophrenia-like behavioural changes in mice (Greene et 

al., 2018). Moreover, it has been shown that in patients with MDD, claudin-5 expression is 

also decreased, but in an entirely different region of the brain than was noted in patients 

with schizophrenia. From post mortem studies of MDD patients, claudin-5 expression is 

reduced in the NAc but not in the PFC or hippocampus. This loss of claudin-5 in the NAc 

is also noted in the CSDS model and site-specific suppression of claudin-5 in the NAc of 

mice also results in a depression-like phenotype (Menard et al., 2017). Overall these 

findings indicate that claudin-5 expression is altered in a brain region-selective manner in 

both schizophrenia and MDD. Therefore it was essential to further examine regionality of 

claudin-5 expression in the brain, with a focus on 3 major regions of the brain, the 

hippocampus, the PFC and the NAc. Through RT-PCR and IHC analysis, there was a 
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significant decrease in claudin-5 expression in the hippocampus (Fig. 3.4), the PFC (Fig. 

3.5) and NAc (Fig. 3.6).  

 

Examining claudin-5 expression at the vessel level showed a decrease in both the pattern 

and intensity of claudin-5 staining, relative to the endothelial cell marker CD31 (Fig. 3.7). 

This discontinuous pattern of claudin-5 immunoreactivity has also been observed in the 

resected tissue from patients with epilepsy, suggesting that claudin-5 disruption and 

associated BBB dysfunction are key drivers in the epilepsy pathology (Greene et al., 2022). 

Therefore noting similar patterns of claudin-5 staining in this model is suggestive that 

similar hyper-permeability may be noted in these mice. However, functional analysis 

examining the permeability of the BBB through a tracer experiment did not display a 

significant increase in permeability to Sulfo-NHS-biotin in the claudin-5 heterozygote 

cohort in comparison to their littermate controls (Fig. 3.8).  

At the NVU level, other important cell types were examined. Through IHC analysis, 

increased expression of the astrocyte marker Glial fibrillary acidic protein (GFAP) was 

noted in the DG, CA1 and CA3 regions of the hippocampus of the Cre+Cldn5fl/wt cohort in 

comparison to the Cre-Cldn5fl/wt controls (Fig. 3.9). This indicates that there is astrocytic 

gliosis in the claudin-5 heterozygote cohort in comparison to the controls. However no 

changes were noted in microglial expression, with IBA1 staining remaining similar between 

the two mouse groups (Fig. 3.10).  

Transcript analysis, via RT-PCR revealed numerous changes in the Cre+Cldn5fl/wt claudin-

5 heterozygote mice compared to the Cre-Cldn5fl/wt control mice for gene expression related 

to BBB integrity and inflammatory responses (Fig. 3.11).  In numerous neurological 

disorders, in addition to BBB disruption, CNS inflammation is a frequently noted co-

morbidity, with each pathology potentially exacerbating the other. For example, 

inflammatory processes in the CNS enhance neuronal excitability, which is associated with 

alterations in BBB integrity in animal models of epilepsy (Vezzani & Friedman, 2011). It 

is known that a loss of BBB integrity can allow infiltration of immune cells and 

inflammatory molecules into brain parenchyma which can lead to a positive feedback loop 

of further BBB disruption through glial activation. Therefore it was necessary, as part of 

the physical characterisation of the Cldn5fl/wtxTie2Cre model, to determine if a 50% loss of 
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claudin-5 at the BBB was sufficient to result in alterations to other junctional proteins as 

well as inflammatory markers. 

 

In regards to the other important components of the TJs, this loss of Cldn5 expression in 

the Cre+Cldn5fl/wt mice, did not cause any significant changes to their expression. The 

transcript levels of bTJs components occludin (Ocln) and ZO-1(Tjp1) were both 

comparable between cohorts. At the tTJs, while Lsr expressed was unchanged, the level of 

tricellulin (Marveld2) expression in the Cre+Cldn5fl/wt claudin-5 heterozygote mice was 

elevated, although not to a statistically significant level (p = 0.0671). Taken together these 

findings suggest that there is no other junctional component that is playing a compensatory 

role for the loss of claudin-5 at the level of the BBB.  Icam1 and Vcam1 are adhesion 

molecules expressed on ECs which help to maintain BBB integrity. However, under 

inflammatory conditions, proinflammatory cytokines can upregulate expression of adhesive 

molecules such as Icam1 and Vcam1. This activation can result in gap formation or 

junctional weakening of EC–cell interactions, which facilitates leukocyte transendothelial 

migration into the CNS (Huang et al., 2021). Therefore changes in expression of either of 

these genes can provide insight into changes to barrier integrity or potential changes in 

inflammatory responses. However, in this characterisation no significant changes were 

observed for either Icam1 or Vcam1 expression between the Cre+Cldn5fl/wt and Cre-

Cldn5fl/wt  controls.  

 

The CNS immune system in itself is represented by glia cells such as astrocytes and 

microglia.  

A significant increase in the expression of the astrocyte marker, Gfap was noted in the 

Cre+Cldn5fl/wt  cohort, supporting the finding noted through IHC analysis (Fig. 3.9), of 

astrocytic gliosis in this cohort. Astrocytic gliosis refers to the reactive astrocytic response 

to a brain injury or insult (Sofroniew and Vinters., 2010). Moreover, depending on what 

has prompted the response, astrocytes can produce pro- or anti-inflammatory mediators 

which can have a significant effect on BBB permeability and leukocyte infiltration (Farfara 

et al., 2019). No change in Iba1 expression is observed, again supporting the previous IHC 

findings that no significant microglial activation is noted in this model (Fig. 3.10). 

Moreover, other markers of inflammation such as Rage and Mmp-2 remain unchanged 

between the two cohorts. The chemokine, Ccl2 and the macrophage marker Cd68 were both 

decreased in the Cre+Cldn5fl/wt cohort. This suggests that a 50 % loss of claudin-5 does not 
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cause sufficient disruption to BBB integrity to allow for increased immune cell infiltration. 

However a more in-depth analysis with other inflammatory makers such as Tnf‐α, Il‐1β, Il‐

6, Tgf‐β and Vegf will be necessary to obtain a more definitive assessment of the changes 

that are occurring in the Cldn5fl/wtxTie2Cre model. Finally, Sarm1 was also significantly 

downregulated in the Cre+Cldn5fl/wt mice. As a Toll/IL-1 Receptor (TIR) adaptor, Sarm1 

plays an important role in mediating immune responses, but also has a novel role in the 

induction of neuronal axon degeneration following injury (Gibbons et al., 2022). 

Interestingly, loss of Sarm1 function has been shown to be neuroprotective in mice 

(Osterloh et al., 2012) and so this reduced expression in Cre+Cldn5fl/wt mice may potentially 

be acting as a protective mechanism in this Cldn5fl/wtxTie2Cre model (Fig. 3.11). 

As the overarching aim of this chapter was to fully characterise this claudin-5 heterozygote 

model, an essential component is to outline the neurobehavioral sequelae of claudin-5 loss 

and TJ disruption. There are relatively no neurobiological abnormalities that have been 

classified with certainty as a unique hallmark and biomarker of common neurological 

disorders like MDD or schizophrenia. Due to this, these disorders still rely solely on 

behavioural observations and questionnaires for diagnosis. Therefore, in animal models, the 

behavioural features that may potentially mirror that of the human disorder are necessary 

for face validity of the model. Therefore to assess how a 50 % decrease in claudin-5 

expression specifically in the ECs affects symptomatology, a behavioural dataset was 

generated. Mice were subjected to a series of behavioural assays designed to identify 

impairments in several domains such as learning and memory, depression and anxiety, 

locomotor and sensorimotor gating.  

Importantly, before beginning to discuss the behavioural trials themselves, it is essential to 

discuss the methods used to handle the mice. There are a number of external environmental 

influences that may affect trial outcomes. A most notable one is the handling stress. The 

traditional approach is to lift mice at the base of the tail, a method known as “tail handling”. 

However, this approach has consistently been shown to cause adverse effects. Elevated 

stress and anxiety in mice has been shown to suppress exploratory behaviour, can impair 

ability to learn and overall can impair the reliability of the results (Gouveia and Hurst., 

2017). Handling stress is a well-recognised source of variation that can result in failure to 

replicate phenotypes between experiments (Mandillo et al., 2008; Crabbe et al., 1999). 

Despite this, this aversive handling technique has remained a consistent method to handle 
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mice. However, other methods, such as the tunnel handling method have more recently been 

encouraged. Tunnel handling is considered an important refinement in animal research and 

is encouraged by the National Centre for the Replacement, Refinement and Reduction of 

animals in research. This method utilises a tunnel that is kept within the home cage, which 

in itself has been shown to be beneficial as a source of enrichment for mice (Moons et al., 

2004). There are now many studies that support the use of tunnel handling as it has been 

shown to reduce anxiety. This in turn allows the mice to complete the trials with more robust 

and accurate results. Therefore in these trials, in addition to handler and environment 

habituation, tunnel handling was utilised across all behavioural trials to ensure robust and 

reliable results as well as improving the welfare for the test subjects.  

The Y-maze examines learning and memory through spontaneous alternation behaviour that 

is generally exhibited in mice. No differences were noted between the cohorts alternation 

scores, however a non-significant trend for an increased side-bias was noted in claudin-5 

heterozygote mice. Firstly a side-bias, in which mice will preferentially turn in one 

particular direction, is often noted in mice with a damaged or resected hippocampus 

(Deacon and Rawlins, 2006).  Secondly, this potential side-bias may explain the similar 

alternation scores between cohorts. It can be difficult to clearly identify memory errors, as 

mice with a side-preference have the potential to out-perform control mice by preferentially 

turning in the one direction. However, through a different memory error measure, which 

was defined as re-entering the same arm it had just left, there were a significant increase in 

the number of errors made by the claudin-5 heterozygote mice. A negative correlation was 

noted when examining Cldn5 mRNA expression levels and the number of errors made in 

the Y-maze indicating that reduced claudin-5 resulted in more errors (Fig. 3.12). Learning 

and memory function was further examined through the radial arm maze. This 10-day baited 

protocol on a restricted diet permits various components of memory to be examined. For 

both short (working)  and long (reference) term memory, there is clear and significant 

differences noted between the claudin-5 heterozygote mice and their control littermates 

(Fig. 3.13). Additionally, the number of errors was significantly higher in the claudin-5 

heterozygote mice in comparison to the control mice, with again correlation data clearly 

indicating that 50 % loss of claudin-5 is associated with an increased number of errors. This 

data together indicates that claudin-5 heterozygosity resulted in issues with learning and 

memory function.  
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The ability to interact with others, either cooperatively or competitively, is a fundamental 

skill that is crucial for both survival and reproduction. Mus musculus is a social species that 

participates in high levels of reciprocal social interactions, that includes cooperative 

behaviours such as communal nesting, mating and parenting as well as competitive 

behaviours such as territorial scent marking and fighting. Social interactions between two 

mice typically occurs through two phases. The first is the appetitive phase, which reflects 

the mouses desire to satisfy a biological need and is characterised by approaching and 

investigating the new individual via touch and smell. This is then followed by the 

consummatory phase which, depending on factors such as gender and familiarity of the two 

mice, may result in a variety of goal-directed behaviours such as mating or fighting 

(Anderson 2016; Chen and Hong 2018). The three-chamber paradigm test, otherwise 

known as “Crawley's sociability and preference for social novelty protocol” allows for two 

important but separate aspects of social behaviour to be examined. The first “sociability”, 

reflects social motivation. As mice are a social species, healthy mice should display a 

tendency to approach and spend time with the unfamiliar mouse rather than spending time 

alone in the centre chamber or the identical empty chamber. Preference for novelty, reflects 

social memory. Mice have an innate tendency to prefer a novel social stimulus in 

comparison to a familiar one and so this assay measures the mouses ability to discriminate 

between two mice and recognise which is familiar and which is novel (Thor and Holloway., 

1982; Netser et al., 2017). 

 

In the analysis of the Cldn5fl/wtxTie2Cre model there was a significant decrease in 

preference for social interaction in the claudin-5 heterozygote mice. The correlation data, 

while not significant, does appear to support the finding that lower levels of claudin-5 

expression results in a low social interaction index score. No significant differences were 

noted between the control mice and the claudin-5 heterozygote mice in regards to social 

novelty measures (Fig. 3.17). However, while the control mice showed a distinct preference 

for the novel interaction, as would be expected, the claudin-5 heterozygote mice show a 

social interaction index score that is close to zero, indicating they showed no preference for 

either the familiar or novel mouse (Fig. 3.17). Numerous neuropsychiatric disorders have 

clear characteristic deficits in social behaviour and social recognition including 

schizophrenia, depression, autism and obsessive-compulsive disorders (OCD).  
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Social behaviour, is a multi-step information process requiring multimodal sensory inputs 

that through a social decision-making network are transformed into appropriate behavioural 

outputs. This social decision-making network is thought to consist of the mPFC, anterior 

cingulate cortex, amygdala and the hippocampus (Tanimizu et al., 2017; Xu et al., 2021). 

The hippocampus is thought to be at the centre of this neural circuit, acting as a connector 

hub. The hippocampus is essential for encoding declarative memory, the archive of 

knowledge on who, what, where and when. Therefore the hippocampus plays an essential 

role in forming the relational memory that is essential for both flexible cognition and social 

behaviour, both of which are needed for a diverse range of tasks such as navigation, decision 

making, social discourse and establishing and maintaining social bonds (Rubin et al., 2014). 

Moreover, the CA2 region of the hippocampus has been shown to be essential for social 

recognition memory (Hitti and Siegelbaum 2014). Therefore loss of claudin-5 expression 

at the BBB is clearly negatively affecting this social decision making circuit, with a 

significantly reduced preference for social interaction and no notable preference for novelty. 

While the change in preference for social interaction is a likely indicator of heighted 

anxiety, the discernible lack of preference for novelty supports the previous findings in the 

Y-maze and radial arm maze, which indicate clear issues with memory formation, in this 

case social recognition memory.   

 

Self-grooming is an innate behaviour seen across most animal species and is an important 

component in mouse behaviour, taking up between 30-50 % of their waking time (Kalueff 

et al., 2007). In mice there is a general pattern to self-grooming behaviour known as 

cephalocaudal progression. This behavioural sequence can be broken down into four 

distinct phases. It starts with paw licking followed by nose and face wash, then head wash 

to body wash and fur licking and finishes with tail licking and wash (Kalueff et al., 2004). 

Once the first phase begins, the remaining sequential pattern is continued to completion 

approximately 15 % of the time (Kalueff et al., 2007). The remainder of the time, more 

flexible sequences of grooming are noted. Self-grooming is a complex behaviour with 

multiple brain regions involved in its regulation, such as the limbic circuitry which includes 

the amygdala and hypothalamus (Kalueff et al., 2016). Therefore examining mouse self-

grooming behaviour in research provides more than just a direct comparison to aberrant 

grooming behaviour in human disease but should be really used to examine the models 

ability to carry out complex repetitive, self-directed and sequentially patterned behaviours. 

Claudin-5 heterozygote mice took longer to initiate grooming behaviours, with increased 
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latency to begin grooming observed in regards to both spontaneous grooming behaviour 

that was examined via the open field test (OFT) as well as in forced grooming behaviour 

analysed through the splash test. Moreover, in the spontaneous grooming in the OFT 

protocol, the average grooming episode in the claudin-5 heterozygote mice was 

significantly longer than that of the control mice. Manipulation of the dopamine levels in 

the brain, through lesions of the dopamine-containing nigrostriatal tract, administration of 

dopaminergic drugs, as well as via a DA1-deficient mutant model, have all been shown to 

induce aberrant grooming behaviour (Cromwell and Berridge., 1996; Berridge and 

Whishaw 1992; Berridge and Aldridge 2000; Cromwell et al., 1998). Potentially the loss of 

claudin-5 expression at the BBB is disrupting the neural microenvironment, altering the 

dopamine levels and overall negatively affecting synaptic signalling that is required for 

these complex motor functions. However, further research into this behaviour may be 

necessary, as only gross measures of time, including total time spent grooming and the 

latency to begin grooming were examined. Examining the frequency at which mice 

correctly carried out the cephalocaudal sequential pattern correctly, may give more insight 

into the full extent of potential neurological deficits.  

 

Finally sensorimotor gating was examined in the Cldn5fl/wtxTie2Cre model through PPI. 

Sensorimotor gating refers to the regulation of sensory information as it is transmitted to 

motor outputs. As sensory information is processed, some level of filtering, known as 

“gating” is needed before inducing any motor output. Therefore, put simply it is the ability 

of a sensory event to suppress a motor response. PPI is a form of startle plasticity, in which 

a non-startling stimulus preceding an intense startling stimulus within 500ms, will inhibit a 

startle response (Graham 1975; Hoffman and Ison 1980). The underlying mechanism of this 

inhibition is thought to mirror the normal filtering process of incoming sensory stimuli 

(Geyer and Braff 1987). PPI response level therefore should signify an operational measure 

of sensorimotor gating.  

 

PPI response is reduced in schizophrenic patients, as first reported in 1978 (Braff et al., 

1978). Since then however reduced PPI response been shown in other neuropsychiatric and 

neurodevelopmental disorders including OCD, Tourette’s syndrome, Huntington’s disease, 

bipolar patients in a manic episode and autism in adults (Swerdlow et al. 1993; Swerdlow 

et al. 2001; Swerdlow et al. 1995; Perry et al. 2001; Perry et al. 2007). Interestingly in 

regards to our research into reduced claudin-5 expression, patients with 22q11DS have also 
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shown distinct deficits in PPI (Sobin et al., 2005). While the central symptoms in each of 

these disorders is different, each feature a common gating deficit, which may be broken into 

one of three deficit domains, sensory, motor or cognitive. Deficits in sensory gating has 

been well characterised in schizophrenia, while motor gating deficits are noted in 

Huntington’s and Tourette’s, and cognitive gating deficits are noted in OCD (Braff et al., 

2001; Hoenig et al., 2005). As PPI is preserved across species, it has emerged as a widely 

translational tool in both preclinical neuropharmacological and genetic research, allowing 

the integrity of basic neural circuits in genetic mouse models to be examined in addition to 

screening new therapeutic agents.  

PPI can be examined through various parameters such as acoustic, tactile and light stimulus. 

In this study acoustic startle response was used to assess PPI deficits in the 

Cldn5fl/wtxTie2Cre mouse model. PPI of the acoustic startle response was tested at three 

non-startling “prepulse” sound levels of 71, 77 and 83 dB  in combination with 3 startling 

“pulse”  sound levels of 100, 110 and 120 dB. In comparison to the control mice, the 

claudin-5 heterozygote mice had significantly reduced acoustic PPI response at 77 dB 

prepulse with 110 dB pulse and at 77 dB and 83 dB prepulse with 120 dB pulse (Fig. 3.21). 

Correlation data of Cldn5 mRNA expression and PPI response showed a clear positive 

correlation between claudin-5 expression and higher PPI % responses. Moreover examining 

the acoustic startle amplitude, showed that startle responses were similar between the 

claudin-5 heterozygote cohort and their littermate controls, indicating that no hearing 

impairments in the claudin-5 heterozygote model is causing the reduced PPI response. 

Overall these findings provide conclusive evidence that there is a distinct sensorimotor 

gating deficit in mice that are deficient in claudin-5 at the BBB. A summary of the 

behavioural dataset generated for the Cldn5fl/wtxTie2Cre model, highlighting the 

behavioural changes that are caused by a 50% loss of claudin-5 can be seen in Fig. 3.30.  

Further characterisation of Cldn5fl/wtxTie2Cre mouse model was carried out by examining 

physical and behavioural changes in an aged version of this model. Characterisation of an 

aged model is beneficial in order to identify any progressive or enhanced pathological 

phenotypes. Moreover, in this claudin-5 haploinsufficent model, there are a number of 

factors that incentivise further investigation into the ramifications of aging on this dosage 

sensitive TJ-component. This is due firstly, to the noted changes in BBB that are associated 

with healthy aging. It has been shown that there is an age-dependant loss of BBB integrity 
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in the hippocampus, even in those that show no distinct cognitive impairment (Montagne 

et al., 2015). Moreover in aged mice, the hallmarks of diminished BBB integrity, which 

include increased immunoglobulin (IgG) leakage into the brain parenchyma, reduced TJ 

protein expression and a reduction in pericyte coverage, has been noted when compared to 

a younger cohort (Yang et al., 2020; Elahy et al., 2015). However, while there is a certain 

level of BBB disruption that is associated with aging, these hallmarks of BBB breakdown 

appear exacerbated in age associated neurodegenerative disorders. BBB disruption is a key 

characteristic in several neurodegenerative disease including Alzheimer’s disease (AD), 

amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) (Sweeney  et al., 2018). 

An increase in BBB permeability is commonly noted in post-mortem AD patients with 

noted reduction of TJ proteins (Sweeney  et al., 2018; Bake et al., 2009). Additionally, a 

distinct loss of claudin-5 expression has been noted in both mouse models of AD as well as 

in aged mice (Zhu et al., 2022). Taken together, these findings suggest that there is a close 

association between aging and a loss of claudin-5 expression and ultimately damage to the 

integrity of the BBB. Moreover, claudin-5 has been shown to cycle in a distinct circadian 

rhythm and is regulated by the essential circadian clock transcription factor, BMAL-1. Loss 

of BMAL-1 function has been shown to block claudin-5 cycling, which in turn affects EC 

expression and overall results in a loss of barrier integrity (Hudson et al., 2019). 

Importantly, it has also been established that BMAL1-mediated circadian rhythm is notably 

dysregulated in aging cohorts (Wyse and Coogan., 2010; Kondratov, et al., 2006). Therefore 

there is the potential that in this model, further claudin-5 downregulation may occur which 

has the potential to further exacerbate the previously described phenotype.  

The Y-maze and the radial arm maze were again utilised to examine learning and memory 

ability of the aged Cldn5fl/wtxTie2Cre. A significantly reduced spontaneous alternation score 

was noted in the claudin-5 heterozygous mice, which had not been noted in the previous 

characterisation of the model. This was potentially due to the increased side bias noted in 

the heterozygous mic, however in this aged model the presence of a non-significant side 

bias is still noted. As before, there was an increase in the number of errors made by the 

claudin-5 heterozygous mice. The correlation data utilising Cldn5 mRNA levels supports 

both significant behaviour findings, that lower claudin-5 level results in a lower 

spontaneous alternation score but a higher number of repeat entry errors (Fig. 3.24 A). The 

radial arm maze analysis provides similar results to what had been noted in the 

characterisation of the younger cohort. The number of repeat entry errors was significantly 
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higher in the claudin-5 heterozygote mice in comparison to the control mice, which is again 

supported by the correlation data (Fig. 3.24 B (i)). Moreover the claudin-5 heterozygous 

mice, committed significantly more working and reference memory errors in comparison 

to the control cohort on days 7, 8 and 10 of the trial (Fig. 3.24 B (ii)). Across these learning 

and memory trials, while deficits are still clearly present in the claudin-5 heterozygote 

cohort, no substantial changes due to age are noted. The social interaction behaviour that 

was noted in the original characterisation did not change with age. The reduced preference 

for social interaction but no preference or aversion to novelty was still noted in this aged 

model (Fig. 3.26 B (i;ii)). The neglect of grooming behaviour that had been noted in the 

original characterisation of Cldn5fl/wtxTie2Cre mouse model is no longer seen in the aged 

cohort. The aberrant grooming in the claudin-5 heterozygous cohort is thought to potentially 

be associated with disrupted neuronal signalling which results in the inability to complete 

complex sequential patterns and a loss of motor skills. In the characterisation of the aged 

cohort however, the significant difference is no longer noted between the claudin-5 

heterozygote mice and the controls (Fig. 3.26 A; 3.27 A (iii;iv)). Rather than due to the 

effect of age on the knockdown mice, this may be due more to gradual impairments in the 

healthy cohort as they age, which results in a less significant difference between the cohorts. 

Locomotor skills were examined during both characterisations to ensure no mobility issues 

could potentially confound the results. While in the young Cldn5fl/wtxTie2Cre model no 

locomotor deficits were noted, in the aged model an increased latency to fall from the 

rotarod was noted in the aged claudin-5 heterozygous mice (Fig. 3.28 B). In comparison to 

the age matched control mice, the aged claudin-5 deficient mice had significantly reduced 

acoustic PPI response at 77 dB and 83 dB prepulse with 120 dB pulse (Fig. 3.29). 

Correlation data of Cldn5 mRNA expression and PPI response showed a clear positive 

correlation between claudin-5 expression and higher PPI % responses (Fig. 3.29 (iv;v)). 

The sensorimotor gating deficits noted have not deteriorated further with age. Overall these 

findings suggest that aging does not causes any further exacerbation on the behavioural 

deficits noted in the Cldn5fl/wtxTie2Cre mouse model. A summary of all aged 

Cldn5fl/wtxTie2Cre behavioural outputs can be seen in Fig. 3.31.   
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3.6 Summary: 

 

 
 

Figure 3.30 Summary of the behavioural dataset generated for the Cldn5fl/wtxTie2Cre mice.  

Data is expressed as Z-scores ± SEM. A positive Z-scores indicates the behaviour is above the 

average expected behavioural output and a negative Z-score signifies that the behaviour is below 

the expected behavioural output.  
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Figure 3.31 Summary of the behavioural dataset generated for the aged Cldn5fl/wtxTie2Cre mice.  

Data is expressed as Z-scores ± SEM. A positive Z-scores indicates the behaviour is above the 

average expected behavioural output and a negative Z-score signifies that the behaviour is below 

the expected behavioural output.  

 

 

3.7 Conclusion:  

 

• To our knowledge, this is the first ever behavioural characterisation of a claudin-5 

heterozygous mouse model.  

• This characterization has shown that a 50 % loss of claudin-5 is sufficient to result 

in negative behavioural phenotypes which includes issues with memory and 

elevated anxiety and sensorimotor gating deficits.   
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Chapter 4. Developing an AAV vector based gene therapy approach to 

overexpress claudin-5 specifically in ECs of the CNS. 
 

4.1 Introduction:  

 

As was discussed in detail in chapter 3, there is a large body of work which shows a clear 

link between decreased claudin-5 expression, BBB disruption and neurological disorders. 

Importantly, it has also been shown that in disorders with BBB disruption, such as epilepsy, 

if the barrier integrity is restored, the disease pathology can be attenuated. In the inducible 

claudin-5 knockdown model which will be described in detail in chapter 5, section 5.1.1, a 

severe pathology has been noted which includes seizures and death after 5 weeks of claudin-

5 suppression (Greene et al., 2018). However it has also been shown that the reversal of 

claudin-5 suppression rescues the seizure phenotype. Mice put on doxycycline (Dox) for 4 

weeks showed significant seizure activity as scored by the Racine scale and also significant 

astrogliosis in the hippocampus. These disease phenotypes were resolved following the 

removal of Dox for 2 weeks and the rescue was maintained, as noted in a 3 month follow 

up examination (Greene et al., 2022). Overall these findings showed that restoring claudin-

5 expression at the barrier can restore function even when a clear and significant disease 

phenotype has developed.  

 

Moreover, dynamic contrast enhanced MRI (DCE-MRI) imaging of patients with 

pharmacoresistant epilepsy conducted pre-surgical resection of epileptogenic tissue showed 

numerous sites of gadolinium extravasation, a finding that is drastically different to the age 

matched controls (Greene et al., 2022). Interestingly, findings from the lab has discovered 

in follow-up DCE-MRI imaging, two of the patients post-surgical resection noted a distinct 

reduction in gadolinium extravasation and overall clear rescue of BBB integrity (data 

unpublished). 

 

ALK5 is an important signalling component of the TGFβ pathway. RepSox, a potent ALK5 

inhibitor has also been shown to be an effective regulator of claudin-5 expression 

(Roudnicky et al., 2020). It is capable of inducing Cldn5 mRNA expression and enhancing 

barrier properties in vitro. Moreover, its therapeutic effect has been further demonstrated, 

as when administered into a mouse model of epilepsy it sufficiently reduced  seizures 

induced by intrahippocampal administration of KA. In addition to reducing seizure activity, 
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other rescue effects noted include attenuated BBB leakiness and reducing neural activity 

and astrogliosis. These findings suggest that RepSox, by restoring the level of claudin-5 in 

brain ECs, helps to stabilise the barrier integrity and prevent seizure activity (Greene et al., 

2022). Moreover, as was also previously discussed in Section 1.8, several current 

neurotherapeutic drugs on the market that target disorders with BBB disruption such as 

MDD and schizophrenia, which include the anti-depressant, imipramine and the anti-

psychotic drugs lithium, haloperidol and chlorpromazine have all been shown to normalise 

claudin-5 expression levels in in vivo studies (Menard et al., 2017; Greene et al., 2018). 

These findings further support the hypothesis that resolving barrier integrity through the 

restoration of claudin-5 expression in the ECs may rescue barrier function and reduce 

disease pathology.  

 

While gene therapy has until now focussed on monogenic and usually rare disorders, it has 

become clear that this focus needs to pivot to include more common disorders. This pivot 

is essential, as monogenic rare diseases alone have a limited market and the cost of 

developing them cannot scale up to be commercially viable. This is due to two major 

contributing factors. Firstly, the cohort size for rare disorders is clearly limited. 

Additionally, the most common administration route in clinical trials is systemic (Au et al., 

2021). This choice of administration route is often due to the disease in question, with 

disorders such as lysosomal storage disease requiring high systemic dosing. However, 

disease pathology for many disorders can be localised to a more specific target tissue. 

Despite this, often systemic administration is still chosen as the route of administration in a 

clinical trial solely because it is the least invasive and technically easiest method for 

clinicians. But this pathway requires a large dose to be effective. All of these factors drive 

the cost of goods (COGs) upwards (Fig. 4.1). Therefore it is essential to examine techniques 

to treat patients with local delivery and with a lower dose of the viral vector. This could 

drive down the overall COGs but also open up the potential of gene therapy to more 

common disorders that also have limited therapeutic options available currently. To develop 

gene therapies for more common diseases such as epilepsy, identifying a novel mechanism 

of action, such as the loss of claudin-5 expression at the BBB, is essential.  

 

Therefore the central theme of this chapter is to develop a gene therapy based approach to 

treat refractive epilepsy and other neurological disorders with noted reduction in claudin-5 

expression. To achieve this, the overarching aim is to design an AAV vector that is capable 
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of specifically expressing high levels of claudin-5 expression in the cerebrovascular 

endothelium.  

 

Figure 4.1 Example of delivery routes affecting COGs for gene therapy development. Schematic 

created with BioRender. Example based on standard dosages (Au et al., 2021). 

 

 

4.2 Objectives:  

• Carry out in vitro characterisation of the various plasmids and identify what 

components result in the most efficient upregulation of claudin-5 expression.   

• Characterise the resulting AAV in vivo examining aspects such as administration 

route, dosage and toxicity.  

• Behaviourally characterise the effect of overexpression of claudin-5 in vivo. 
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4.3 Results:  

4.3.1 Screening plasmids in vitro to assess efficacy of claudin-5 expression induction 

4.3.1.1 Screening non-inducible claudin-5 plasmids in vitro  

Initial development of the gene therapy based approach starts with the design and 

optimisation of the gene expression vector that will later be incorporated into an AAV 

vector. Plasmids were designed by Dr. Chris Greene. The gene of interest for our new gene 

therapy is the most enriched TJ protein and one that is notably downregulated in numerous 

neurological disorders, claudin-5. Therefore each plasmid contains a claudin-5 gene. 

However, while all plasmids carried a claudin-5 gene, between plasmids there are numerous 

sources of variation, most notably the use of either the human (H) or mouse (M) versions 

of the claudin-5 gene. Additionally screening to compare the native (N) version of each 

gene to a codon optimised (CO) version was undertaken (Fig. 4.2). Moreover, the effect of 

different promoters driving expression was investigated, comparing the endogenous 

claudin-5 promoter to the EC specific promoter Icam2. Plasmids were screened in vitro in 

the mouse brain EC line, bEnd.3 cells. Initial screening was used to investigate any changes 

to claudin-5 expression over time, at 24 hr and 48 hr.  

 

Figure 4.2. Non-Inducible Plasmid Maps  

Plasmid map represent the various plasmids used. Each plasmid contains a Cldn5 gene. Between 

plasmids, this gene varied in a number of ways. Firstly, the gene was either  human or mouse. 

Secondly, the gene could either be the native or the codon optimised version. Lastly the gene was 
under the control of one of two possible promoters, either the endogenous Cldn5 or the Icam2 

promoter.  
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The first screen compared two plasmids with the native mouse claudin-5 gene insert under 

the control of either the Icam2 promoter or the claudin-5 promoter. In this case the Icam2 

promoter plasmid (Icam2-Cldn5(N.M)) was more successful, as after 48 hr there was a 

significant increase in claudin-5 expression in both the RNA and protein screens (Fig. 4.3 

A; C). The claudin-5 promoter (Cldn5-Cldn5(N.M)) in comparison, while resulting in some 

increased RNA expression 48 hr post transfection, showed no significant change at the 

protein level (Fig. 4.3 B). Through RT-PCR analysis the effect of the claudin-5 plasmid 

transfection on the other junctional components was examined. In comparison to the empty 

vector (EV) treated cells, the Icam2-Cldn5(N.M) plasmid resulted in an increase in occludin 

expression only. However the Cldn5-Cldn5(N.M) plasmid significantly increased the 

expression of ZO-1, occludin and Lsr, even more so than the claudin-5 expression itself 

(Fig. 4.3 C). Overall, transfection with the Cldn5-Cldn5(N.M) plasmid resulted a less 

successful overexpression of claudin-5 and resulted in more off target changes in gene 

expression.  

Next, two plasmids containing native human claudin-5 gene were compared, again 

examining expression changes driven by the Icam2 promoter to the Cldn5 promoter. In this 

case the Icam2 promoter plasmid (Icam2-CLDN5(N.H)) resulted in a significant increase 

in the RNA expression levels of claudin-5, with again the protein levels mirroring the 

expression changes but not significantly (Fig. 4.4 A;C). The claudin-5 promoter version of 

the plasmid (Cldn5-CLDN5(N.H)) actually resulted in an overall very poor level of 

expression at the protein level and resulted in only off target gene expression changes at the 

transcriptional level (Fig. 4.4 B;C) .  

Optimising expression was further examined by investigating the effect of utilising CO 

versions of the claudin-5 genes in the plasmid design. Therefore, four more plasmids were 

designed with the CO versions of the mouse or human claudin-5 gene under the control of 

either the Icam2 or the Cldn5 promoter. In comparison to the Icam2-Cldn5(N.M) plasmid 

used in (Fig. 4.3 A;C), the codon optimised version (Icam2-Cldn5(CO.M)) resulted in 

poorer results overall, with an increase in claudin-5 at the transcriptional level but no 

changes noted at the protein level ( Fig. 4.5 A;C).   

Codon optimisation of the claudin-5 driven plasmid (Cldn5-Cldn5(CO.M)) however did 

result in improved expression from what had been observed with the Cldn5-Cldn5(N.M) 

plasmid (Fig. 4.3C). The Cldn5-Cldn5(CO.M) version yielded much higher transcriptional 
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expression of claudin-5 (Fig. 4.5 C). Codon optimisation of the human claudin-5 plasmids 

also noted improvement from what had been noted in the native screens (Fig. 4.5 vs 4.4). 

Transfection with the Icam2-CLDN5(CO.H) plasmid resulted in significant increase in 

claudin-5 expression at both the transcriptional and translational level (Fig. 4.5 D;F). The 

Cldn5-CLDN5(CO.H) plasmid resulted in significant increase in claudin-5 RNA 

expression, however this was not seen at the protein level examined through Western blot 

(Fig. 4.5 E;F). Across the board, codon optimisation appeared to be result in fewer off target 

effects. (Fig. 4.5 C;F).  

Overall, the Icam2 promoter appears to generally result in a much higher level of expression 

in comparison to the endogenous Cldn5 promoter. Additionally, while codon optimisation 

is generally carried out to enhance expression, in this case, while it did appear to help reduce 

off-target effects, the overall level of claudin-5 expression did not appear to significantly 

change, particularly in the plasmids whose expression was controlled by the Icam2 

promoter.  To verify this observation, a final screen was carried out to directly examine and 

compare the efficacy of the CO plasmids in comparison to their native counterparts. 

Through this final screen it is clear that firstly, the Icam2 promoter overall resulted in a 

consistently higher level of claudin-5 expression at 48 hr in comparison to the endogenous 

Cldn5 promoter at both the transcriptional and translational level (Fig. 4.6 A (i;ii)). 

Moreover, while the CO plasmids had reduced off-target gene expression, it had not 

successfully increased the level of claudin-5 expression in comparison to the native 

versions. Consistently the native plasmids resulted in equally if not better levels of 

expression (Fig. 4.6).  

 



 159 

Figure 4.3. Changes in protein and RNA expression in bEnd.3 cells following transfection with 

plasmid containing the native mouse claudin-5 gene under Cldn5 or Icam2 promoter 

 

A. (i) Western blot and (ii) densitometric analysis of claudin-5 protein expression in bEnd.3 cells 

transfected for 24 or 48 hr with Icam2-Cldn5(N.M) plasmid. B. (i) Western blot and (ii) 

densitometric analysis of claudin-5 protein expression in bEnd.3 cells transfected for 24 or 48 hr 
with Cldn5-Cldn5(N.M) plasmid C. RT-PCR data of important bTJ and tTJs components revealed 

transfection resulted in a significant increase in Cldn5 mRNA expression compared to the empty 

vector (EV) control, with the Icam2-Cldn5(N.M) promoter plasmid being the most successful. 
Transfection with the Cldn5-Cldn5(N.M) plasmid resulted in more off target changes in gene 

expression. All control samples were taken 24 hr post transfection with plasmid of interest. HeLa 

samples act as the negative control. CMV-Cldn5 functions as the positive control. Results expressed 
as mean ± SEM. Unless otherwise stated, the results were non-significant. *P<0.05 by one-way 

ANOVA and Tukey’s post-test. n=2 per transfection. 

 

 

 

Figure 4.4. Changes in protein and RNA expression in bEnd.3 cells following transfection with 

plasmid containing the native human claudin-5 gene under Cldn5 or Icam2 promoter 

 

A. (i) Western blot and (ii) densitometric analysis of claudin-5 protein expression in bEnd.3 cells 

transfected for 24 or 48hr with Icam2-CLDN5(N.H) plasmid. B. (i) Western blot and (ii) 
densitometric analysis of claudin-5 protein expression in bEnd.3 cells transfected for 24 or 48 hr 

with Cldn5-CLDN5(N.H) plasmid. C. RT-PCR data revealed transfection resulted in a significant 

increase in Cldn5 mRNA expression compared to the EV control  with the Icam2-CLDN5(N.H) 
plasmid only. Transfection with the Cldn5-CLDN5(N.H) plasmid resulted in only off-target changes 

in gene expression. All control samples were taken 24 hr post transfection with plasmid of interest. 

HeLa acts as the negative control. CMV-Cldn5 functions as the positive control. Results expressed 

as mean ± SEM. Unless otherwise stated, the results were non-significant. *P<0.05 by one-way 

ANOVA and Tukey’s post-test. n=2 per transfection. 

 



 160 

 

Figure 4.5  Changes in protein and RNA expression in bEnd.3 cells following transfection with 
plasmid containing the codon optimised mouse or human claudin-5 gene under Cldn5 or Icam2 

promoter 

 

A. (i) Western blot and (ii) densitometric analysis of claudin-5 protein expression in bEnd.3 cells 
transfected for 24 or 48 hr with Icam2-Cldn5(CO.M) plasmid. B. (i) Western blot and (ii) 

densitometric analysis of claudin-5 protein expression in bEnd.3 cells transfected for 24 or 48 hr 

with Cldn5-Cldn5(CO.M) plasmid. C. RT-PCR data revealed transfection resulted in a significant 

increase in Cldn5 mRNA expression compared to the EV control for both plasmids, with a higher 
level of Cldn5 expression noted from the Cldn5-Cldn5(CO.M) plasmid transfection. Neither 

resulted in any off target changes in gene expression. D. (i) Western blot and (ii) densitometric 

analysis of claudin-5 protein expression in bEnd.3 cells transfected for 24 or 48 hr with Icam2-
CLDN5(CO.H) plasmid. E. (i) Western blot and (ii) densitometric analysis of claudin-5 protein 

expression in bEnd.3 cells transfected for 24 or 48 hr with Cldn5-CLDN5(CO.H) plasmid. F. RT-

PCR data revealed transfection resulted in a significant increase in Cldn5 mRNA expression 
compared to the EV control with both the Icam2-CLDN5(CO.H) and Cldn5-CLDN5(CO.H) plasmid 

with no off target gene expression changes. All control samples were taken 24 hr post transfection 

with plasmid of interest. HeLa samples act as the negative control. CMV-Cldn5 functions as the 

positive control. Results expressed as mean ± SEM. Unless otherwise stated, the results were non-

significant. *P<0.05 by one-way ANOVA and Tukey’s post-test. n=2 per transfection. 
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Figure 4.6  Changes in protein and RNA expression in bEnd.3 cells following plasmid transfections 

comparing efficacy of native gene expression to the codon optimised gene expression 

A. (i) Western blot and (ii) densitometric analysis of claudin-5 protein expression, comparing 
efficacy of native mouse Cldn5 gene to the codon optimised version, both under the control of the 

Icam2 promoter 24 or 48 hr post-transfection. (iii) 2^-∆∆Ct values of Cldn5 mRNA expression. B. 

(i) Western blot and (ii) densitometric analysis of claudin-5 protein expression, comparing efficacy 
of native mouse Cldn5 gene to the codon optimised version, both under the control of the Cldn5 

promoter 24 or 48 hr post-transfection. (iii) 2^-∆∆Ct values of Cldn5 mRNA expression. C (i) 

Western blot and (ii) densitometric analysis of claudin-5 protein expression, comparing efficacy of 

native human CLDN5 gene to the codon optimised version, both under the control of the Icam2 
promoter 24 or 48 hr post-transfection. (iii) 2^-∆∆Ct values of Cldn5 mRNA expression. D. (i) 

Western blot and (ii) densitometric analysis of claudin-5 protein expression, comparing efficacy of 

native human CLDN5 gene to the codon optimised version, both under the control of the Cldn5 
promoter 24 or 48hr post-transfection . (iii) 2^-∆∆Ct values of Cldn5 mRNA expression. All control 

samples were taken 24 hr post transfection with plasmid of interest. HeLa samples act as the 

negative control. CMV-Cldn5 functions as the positive control. Results expressed as mean ± SEM. 
Unless otherwise stated, the results were non-significant. *P<0.05 by one-way ANOVA and 

Tukey’s post-test. n=2 per transfection. 
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4.2.1.2 Screening inducible claudin-5 plasmids in vitro 

The introduction of additional control elements into the vector is a necessary step when the 

aim is to move this towards therapeutic relevancy in the clinic. The inclusion of the Tet-

inducible system was designed in a way that not only allows for temporal control but 

additionally due to the arrangement of the promoters ahead of an essential element of the 

Tet-on system, the reverse tetracycline controlled transactivator (rtTA), it should also 

ensure more cell specific expression.  

In this screen, only the mouse claudin-5 gene was incorporated into plasmids. Furthermore, 

due to the clear success in driving expression in the previous non-inducible plasmid screens, 

the Icam2 promoter was utilised in the plasmid design and became the focus of further 

investigation. As with the previous plasmid screens, the point of variability was the use of 

the CO version of the gene in comparison to the native version of the gene. An additional 

control was added into this screen with the inclusion of a control plasmid, which contains 

the green fluorescent protein (GFP) gene under the control of either the Icam2 promoter.  
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Figure 4.7. Inducible Plasmid Map and the Tet-On system  

(A) Representative plasmid map for the inducible plasmids. (i) location of the inducible tetracycline 

response element (TRE) within the plasmid. (ii) location of the gene of interest, Cldn5. For each 

plasmid, the backbone was the same, containing a Tet-On system which controls the gene of 
interests expression. (B) The inducible Tet-On system, contains tetO repeats upstream of a 

cytomegalovirus (CMV) minimal promoter, which together form the TRE. Cldn5 is under the 

control of the TRE and so can only be expressed in the presence of tetracycline (Tet) or its derivative 
doxycycline (Dox), as the rtTA protein can only bind to the operator if it is also bound by Tet. 

Therefore in this case the presence of doxycycline activates expression. 

 

bEnd.3 cells were transfected with the doxycycline (Dox) inducible plasmid. 24 hr 

following transfection, cells were treated with (1 µg/ml) of Dox. Both inducible plasmids 

displayed clear induction of claudin-5 overexpression following Dox treatment in 

comparison to the control plasmid, a Dox inducible plasmid with the Icam2 promoter 
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driving GFP expression. However, as was seen in the non-inducible screens, the native 

plasmid did overall result in a much higher level of overexpression in comparison to the 

CO version (Fig. 4.8 A;B).  

The inducibility of the plasmids over time was investigated, comparing the expression 

levels of claudin-5 in bEnd.3 cells transfected with the control or the plasmid of interest, 

followed by either treatment with Dox or no treatment (DMEM media). While there is clear 

upregulation of claudin-5 expression following treatment with Dox, it is important to note 

that this inducible expression system may not be maintaining tight control on gene 

expression. Indications of a “leaky” expression system can clearly be seen when comparing 

the control plasmid to the claudin-5 plasmid when neither have been treated with Dox. 

While both untreated, there is still increased claudin-5 expression in bEnd.3 cells 

transfected with the claudin-5 plasmid in comparison to the control (Fig. 4.9 A).  

 

Another important factor to examine when using an inducible expression system is the 

ability to reverse the effect of the inducible system. The effect of treating transfected bEnd.3 

cells with Dox for 24 hr followed by the removal of the treatment along a series of 

timepoints was examined. Changes in claudin-5 expression was compared to both the 

control plasmid and the claudin-5 plasmid being treated with Dox for those same timepoints 

(Fig. 4.10). The results for both protein and mRNA expression following treatment with the 

inducible plasmid carrying the native claudin-5 plasmid were similar. Firstly, the Dox 

treated controls showed a low level of expression, providing a baseline level of claudin-5 

expression in bEnd.3 cells. This expression however significantly increases both at the 

protein and mRNA levels in claudin-5 plasmid transfected cells treated with Dox, with the 

consistent finding of the most significant expression seen 48hrs post Dox treatment (Fig. 

4.10). Finally, following the removal of Dox the level of claudin-5 expression quickly 

reverts to low level that is more similar to the control samples (Fig. 4.10 A). The level of  

claudin-5 expression that results from transfection with the CO plasmid and treatment with 

Dox is low in comparison to the native plasmid. While the control samples retain a low 

level of expression that is comparable to the controls in the native plasmid screen, the 

transfected and Dox treated cells did not result in any major increase in expression at the 

protein or mRNA level. While a significant increase in expression is noted at the 

transcriptional level, this was found when treatments were compared to the 24 hr control 

sample, which in itself is significantly different to the other control samples of later 
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timepoints (Fig. 4.10 B). While the reversible treatment group showed a trend towards 

decreasing expression with time following drug withdrawal, its expression levels as with 

the Dox treated group, are all within the control expression range and so not realistically 

significant in comparison to the results with the native plasmid (Fig. 4.10 A versus B).    

 

Examining the reversibility of plasmid expression over time was then carried out, firstly 

treating cells with Dox for set time periods ranging from 24 hr-72 hr followed by removal 

of this treatment for a range of time periods again between 24 hr and 72 hr. Both the native 

(Fig. 4.11A) and the CO (Fig. 4.11 B) plasmids were examined. The native plasmid clearly 

produced significantly higher levels of Cldn5 mRNA expression in comparison to the CO 

plasmid transfection. For the native plasmid, RT-PCR analysis details the clear effect of the 

treatments on bEnd.3 cell expression. The control samples (GFP) show little expression 

regardless of Dox treatment while treatment with Dox on the inducible claudin-5 samples 

result in a statistically significant increase in expression. Samples that were taken off Dox 

show much lower levels of expression in comparison to the Dox treated samples, 

demonstrating reversibility along a range of timepoints. Following the removal from Dox 

the claudin-5 expression levels reduce to a comparable level to the control samples (Fig. 

4.11A). An important finding to note is again the issue of leakiness within this inducible 

system. When comparing the expression at the level of transcription, in the untreated group, 

the control GFP and the native plasmid should show the same level of expression. However 

as seen in Fig.4.11 A, there is a statistically significant increase in expression of the native 

plasmid without treatment. Comparing the expression level of the untreated claudin-5 with 

its counterpart in the treated group however, there is a substantially higher level of 

expression in the treated group. Therefore this system while certainly inducible, shows 

indications that there may be issues with the control of its expression. 

 

All previous experiments had been carried out using the standard Dox treatment 

concentration of 1 µg/ml. To fully characterise the inducibility of this plasmid an 

investigation into the effect of Dox concentration on the efficacy of induction was carried 

out. Following transfection with either the native or codon optimised plasmid, cells were 

treated with Dox at a range of concentrations 0.1 g/ml, 0.5 g/ml, 1 g/ml and 2 g/ml. 

While the level of protein expression appears comparable between the native claudin-5 

plasmid and the vector carrying the CO gene, through densitometric analysis the native 
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plasmid resulted in higher claudin-5 expression over both time and dose and moreover 

resulted in much higher claudin-5 expression with RT-PCR analysis in comparison to the 

CO construct (Fig. 4.12). For the native plasmid transcriptional data indicated that at both 

24 hr and 48 hr, at all concentrations assessed there was increased expression. This indicates 

that the inducible system is highly sensitive to the Dox effector molecule. This expression 

is reduced by the 72 hr timepoint. The high mRNA levels noted translates to high protein 

expression with a later timepoint, with both the 48 hr and 72 hr timepoints showing higher 

expression.  

 

Overall the plasmid construct containing the native claudin-5 gene under the control of the 

Icam2 promoter resulted in overall better overexpression of claudin-5 at the mRNA and 

protein level, as verified through RT-PCR and WB analysis respectively. Clear inducibility 

and reversibility was demonstrated with the presence or absence of the effector, Dox. While 

the inducible target gene overexpression was achieved, results demonstrate that there may 

be leaky expression in the inducible expression system.  

 

Figure 4.8. Western blot and densitometric analysis of protein expression levels of claudin-5 in 

bEnd.3 cells transfected with doxycycline inducible plasmids. 

A. (i) Western blot and (ii) densitometric analysis of bEnd.3 cells transfected with inducible native 
claudin-5 plasmid from 24 to 96 hr, showing clear induction of claudin-5 overexpression in 
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transfected cells following Dox treatment.  B. (i) Western blot and (ii) densitometric analysis of 
bEnd.3 cells transfected with inducible codon optimised claudin-5 plasmid from 24 to 96 hr, 

showing induction of claudin-5 overexpression in transfected cells following Dox treatment. Results 

expressed as ± SEM. Unless otherwise stated, the results were non-significant. *** P<0.001 by 

ANOVA with Dunnett post-test. n=2 per transfection.  

 

 

Figure 4.9. Change in claudin-5 protein and mRNA expression following doxycycline inducible 

plasmid transfection and treatment with doxycycline over time 

 

A.(i) Western blot shows claudin-5 expression in bEnd.3 cells transfected with plasmid containing 

native Cldn5 gene following treatment with or without Dox treatment over a series of timepoints 

from 24-72hr. Densitometry analysis normalised to β-actin. (ii) Graph represents 2^-∆∆Ct of bEnd.3 

cells following the same treatment. B.(i) Western blot shows claudin-5 expression in bEnd.3 cells 

transfected with plasmid containing CO Cldn5 gene following treatment with or without Dox 

treatment over a series of timepoints from 24-72 hr. bEnd.3 cells transfected with plasmid 

containing GFP gene following treatment with or without Dox treatment over a series of timepoints 

from 24-72hr used as a control. Densitometry analysis normalised to β-actin. (ii) Graph represents 

2^-∆∆Ct of bEnd.3 cells following the same treatment. Results expressed as ± SEM. *** P<0.001 

by ANOVA with Dunnett post-test. n=2 per transfection.  
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Figure 4.10. Determining reversibility of claudin-5 expression following removal of doxycycline 

treatment 

bEnd3 cells were transfected with plasmid containing native claudin-5 (A) or CO claudin-5 (B) 

followed by treatment with Dox (+) for varying periods of time compared to GFP control plasmid. 

To assess reversibility bEnd3 transfected cells were treated with Dox for 24 h and then subsequently 

dox removed (+/) and claudin-5 expression levels analysed 24-48 h after dox removal (i)Western 

blot and densitometric analysis determining claudin-5 expression levels normalised to β-actin. (ii) 

Transcript analysis representing claudin-5 changes expressed as 2^-∆∆Ct of bEnd.3 cells following 

the same treatment as (i). Results expressed as ± SEM. *** P<0.001 by ANOVA with Dunnett post-

test. n=2 per transfection. 

 

Figure 4.11. Determining reversibility of claudin-5 expression following removal of doxycycline 

treatment over time 
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A. Cldn5 mRNA expression in bEnd.3 cells transfected with plasmid containing native (N) Cldn5 

gene following treatment and withdrawal of Dox for varying time periods (24-72hrs). Graph 

represents 2^-∆∆Ct. B. Cldn5 mRNA expression in bEnd.3 cells transfected with plasmid 

containing codon optimised (CO) Cldn5 gene following treatment and withdrawal of Dox for 

varying time periods (24-72hrs). Results expressed as ± SEM. *** P<0.001 by ANOVA with 

Dunnett post-test. n=2 per transfection.  

 

 

 
 

Figure 4.12. Change in claudin-5 protein and mRNA expression following doxycycline inducible 

plasmid transfection and treatment with doxycycline at different concentrations. 

 

A. (i) Western blot shows claudin-5 expression in N plasmid transfected bEnd.3 cells following Dox 

treatment at a range of concentrations. Densitometry analysis normalised to β-actin (ii) Graph 

represents 2^-∆∆Ct of bEnd.3 cells following the same treatment. B. (i) Western blot shows claudin-

5 expression in CO plasmid transfected bEnd.3 cells following treatment with Dox treatment at a 

range of concentrations. Densitometry analysis normalised to β-actin. (ii) Graph represents 2^-∆∆Ct 

of bEnd.3 cells following the same treatment. Dox concentration treatments were 0.1g/ml, 

0.5g/ml, 1 g/ml and 2 g/ml. Results expressed as ± SEM. *** P<0.001 by ANOVA with Dunnett 

post-test. n=2 per transfection.  

 

4.3.2 Screening inducible AAV in vivo  

4.3.2.1 Investigating Delivery method for AAV:  

Having fully characterised the plasmids effect in vitro, the next step was to generate the 

inducible claudin-5 overexpression AAV. Thus, the inducible plasmids, either containing 

the Icam2-Cldn5(N.M) plasmid or the relative GFP control plasmid, were incorporated in 

to respective AAV-9 vectors by SignaGen (USA). As before the gene insert, either claudin-

5 or GFP is under the control of the Tet-On inducible CMV minimal promoter and the 
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expression of the rtTA component of the Tet-On system is controlled by the Icam2 

promoter.  

Two methods of AAV delivery were under investigation, intrahippocampal (IH) and 

intravenous (IV) administration. Mice receiving an IH injection received a dose of 2x1010
 

VG/ml of the control AAV (GFP-AAV) while the IV injected mice received a dose of 

4x1010
  VG/ml. Following AAV administration, all mice were left for one week to allow 

the mice that had undergone an IH injection to recover. After this the IH or IV mice were 

then further divided into groups, either the untreated group (no Dox added to water) or the 

treated group (Dox added to their water). Mice were left on their respective treatments for 

3 weeks before they were sacrificed for tissue collection.  

 

Figure 4.13. Timeline of experiment for investigating the optimum delivery method of the AAV.  

AAV was administered by either IH or IV injection. 1 week later, Dox was added to the treatment 

groups drinking water, the untreated controls were left on normal water. Delivery of Dox activates 
the Dox inducible AAV and initiates gene expression. Mice are sacrificed following three weeks of 

Dox treatment and brains and peripheral tissues were taken for characterisation. Schematic created 

with BioRender. 

 

Analysis of GFP expression was carried out by IHC of PFA fixed tissue of mice sacrificed 

3 weeks post IH or IV injection of the AAV. Brain sections were analysed for the expression 

of GFP, Isolectin  and DAPI post-IH injection (Fig. 4.14 A) or post-IV injection (Fig. 4.14 

B). Intrahippocampally injected mice show very clear and strong expression of GFP 
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following 3 weeks of Dox treatment. However no GFP expression was noted in the mice 

intravenously injected with the AAV and put on Dox for 3 weeks.  

AAVs have known tropisms for specific tissues. AAV9, has clear neuronal tropism but this 

is not exclusive. Tropism to other peripheral tissues such as lung, liver and heart has also 

been noted for this serotype (Wu, et al., 2006; Zincarelli, et al., 2008). Therefore to further 

determine the most successful administration route, it was essential to verify no-off target 

tissues were being inadvertently transduced instead of the target brain ECs. IHC analysis of 

GFP expression was carried out on peripheral tissues of the lung, liver, heart and eye of 

mice IH or IV injected with the AAV-GFP and placed on Dox for 3 weeks. Peripheral tissue 

sections of both IH and IV mice were analysed for GFP, Isolectin and DAPI following 3 

weeks of Dox treatment (Fig. 4.15). No notable expression of GFP was observed in either 

administration groups.  

To examine the efficacy of the inducible system in vivo brain tissue was obtained from 

cohorts of mice that were administered the AAV-GFP via IH injection comparing one group 

administered Dox in their water supply (treated group) to  another which remained on 

normal water (untreated group). In the treatment group, strong GFP expression is noted 

following the 3 weeks of Dox treatment. Comparing this expression to the untreated group, 

which shows no GFP expression, clearly indicates that the AAV is functioning in a highly 

inducible manner (Fig. 4.16). While target gene overexpression was achieved, there also 

appeared to be off target expression which would indicate a leaky inducible system as was 

noted in the in vitro screens of the inducible plasmid (Fig. 4.9 A (ii)). The design of the 

inducible system with the use of the EC specific promoter Icam2 should ensure that all 

expression remains endothelial specific, however cells which are clearly not vasculature are 

expressing GFP as denoted by the arrow in (Fig. 4.17). Moreover, while there are noted 

issues regarding the transduction cell specificity of this AAV, it is also expressing the 

relevant protein at an extremely high level, as can been seen through both IHC analysis  

(Fig. 4.14 A) as well as with the naked eye, in which GFP expression could be clearly seen 

during the dissection of the brain (Fig. 4.18). This level of expression is so potent that it 

may have the potential to cause alterations in the sensitive NVU microenvironment. 

Astrogliosis is also observed in brain sections of the high dose treated mice, with elevated 

levels of GFAP expression noted in the DG region of the hippocampus (Fig. 4.19).   
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Overall, it was determined that the best route for AAV administration was through a local, 

IH injection. This coupled with the Dox treatment resulted in successful induction of GFP. 

However, while having determined the optimum route of administration, the dose used 

clearly required additional examination. This high dose, yielded excessive expression which 

firstly does not have the EC specificity for which it was designed. Moreover this high level 

of expression appears to have activated inflammatory responses within the CNS. Overall, 

this indicates a need to carry out a dose curve to determine if a lower dose of the AAV can 

yield significant expression of the viral gene of interest, without causing any negative 

effects with the NVU.  



 173 

 

Figure 4.14. AAV-GFP expression following IH or IV AAV administration. 

(A) Clear GFP expression in the DG region of the hippocampus following IH administration of 
AAV. (B) No GFP expression in the dentate gyrus region of the hippocampus following IV 

administration of AAV. Isolectin used as a vessel marker (red) and Dapi for cell nuclei. Scale bar = 

100 μm.  
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Figure 4.15 IHC analysis of peripheral tissues following IH vs IV administration of AAV-GFP.  

Across 4 main peripheral tissues, the lung, liver, heart and eye, no endogenous GFP (eGFP) 

expression is noted in either the IH or IV administered cohorts. Vessel maker isolectin (red), eGFP 

(green) and cell nuclei stained with DAPI (blue). Scale bar = 100 μm.  
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Figure 4.16. AAV-GFP expression examining inducibility of the virus with doxycycline.  

(A) Clear GFP expression in the DG region of the hippocampus following IH administration of 
AAV and Dox treatment for 3 weeks. (B) No GFP expression in the DG region of the hippocampus 

following IH administration of AAV but no Dox treatment. Co-stained for isolectin (red) and DAPI 

(blue). Scale bar = 100 μm. 
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Figure 4.17. Unspecific transduction of AAV-GFP 

IHC analysis of brain sections following transduction of AAV9-GFP and treatment with Dox 
indicates issue with inducible expression system. GFP expression indicates the cells transduced with 

the AAV. Arrow points to non-endothelial cell expressing GFP. Cell nuclei are stained with DAPI. 

Scale bar = 50 μm. 
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Figure 4.18 Potent expression of GFP following IH administration and Dox treatment.   

Brain immediately after removal and dissection of the 2 hemispheres through a sagittal cut shows 

clear and extremely potent level of GFP expression in the hippocampal region of the brain, that can 

been seen by eye.   
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Figure 4.19 Astrogliosis in the dentate gyrus region of the hippocampus post AAV IH 

administration.  

(A) IHC analysis of GFAP (red), eGFP (green) and DAPI (blue) showing clear elevated GFAP 
expression in the DG region of the hippocampus. (B) ImageJ analysis of GFAP expression changes. 

Scale bar = 100 μm. Results expressed as mean ± SEM. *P<0.05 by one-way ANOVA and Tukey’s 

post-test.  n=4 per group.  
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4.3.2.2 Optimising AAV Dose: 

The high dose of the inducible AAV9-GFP, yielded excessive and non-specific expression 

which overall appeared to induce an inflammatory responses within the CNS. Therefore 

conducting a dose curve analysis to determine if a lower dose of the AAV can yield 

significant expression of the viral gene of interest, without causing any negative effects with 

the NVU was a necessary step in this characterisation. Examining the effect of different 

concentrations on transduction efficiency was carried out using three different dose groups 

of the AAV9 GFP,  high (2x1010VG/ml), medium (5x109 VG/ml) and low (1x109 VG/ml) 

doses, as well as a saline injected control. Mice were bilaterally injected intrahippocampally 

and following a week of recovery, were put on Dox for 3 weeks (Fig. 4.20).  

In high dose AAV-injected mice there is an extremely significant level of GFP protein 

expression that appears to be to be expressed throughout the hippocampal tissue rather than 

co-localising with the vasculature (Fig. 4.21). Both medium and low dose treated brains 

show a dose dependant decrease in the level of GFP expression that appears to be more 

vascularly expressed but still not exclusively (Fig. 4.21 ). Imaging of the whole 

hippocampus at a lower magnification provided an overview of the full hippocampal region. 

This gave a clear and distinct display of dosage effect. High magnification images may have 

distorted the overall level of expression that was being achieved in the hippocampus, 

therefore a wider scope of the overall affect was important when examining the dose curve 

(Fig. 4.22). Finally, an ELISA was carried out to examine any potential detrimental effect 

the AAV was having at the various doses on the integrity of the BBB. S100β is an astrocytic 

protein that is used as a peripheral reporter of BBB disruption (Bargerstock et al., 2014). 

As it is derived from an intracranial source when a certain concentration of this marker 

appears in peripherally circulating blood, this is an indication of BBB disruption. When 

comparing the GFP expressing AAV to the therapeutic claudin-5 expressing vector, the 

GFP control virus does appear to result in higher S100β circulating serum levels, that is 

dose dependant, indicating that the high levels of GFP expression are actually damaging the 

BBB. The claudin-5 expressing AAV however does not seem to yield the same issue. This 

may be due to the high levels of GFP being toxic in the brain, rather than the viral load itself 

being too high (Fig. 4.23). 
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Figure 4.20. Timeline of experiment investigating the optimum dose required for strong AAV 

expression. 

Optimising the titre of the AAV vector required to achieve high transduction efficiency while 
minimising off-target effects and toxicity is a necessary step in AAV in vivo characterization. Mice 

were injected on day 1 with AAV9-GFP at three different doses. On day 7 mice were given Dox 

supplemented in their drinking water or normal water for controls. At day 28 mice were sacrificed 

and tissue collected. Schematic created with BioRender. 
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Figure 4.21 Dose curve analysis for inducible AAV9-GFP.  

A. IHC analysis of GFP expression in untreated mice compared to low, medium and high dose 

AAV9-GFP injected mice. GFP expression (green), co-stained with vessel marker isolectin (red) 

and cell nuclei stained using DAPI (blue) B. ImageJ analysis of IHC GFP staining. Scale bar = 100 
μm. Results expressed as mean ± SEM. *P<0.05 by one-way ANOVA and Tukey’s post-test. n=4 

per treatment group.   
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Figure 4.22 Dose curve analysis for inducible AAV9-GFP visualising the full hippocampus.  

IHC analysis of GFP expression (green) in low, medium and high dose AAV9-GFP IH injected 

mice. Co-stained with DAPI (blue) to stain for cellular nuclei, which provides clear visualisation of 
the hippocampus and its subregions identified by their distinct nuclear staining patterns. Scale bar= 

200μm. 
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Figure. 4.23 S100β  levels in the serum of peripherally circulating blood following AAV9 GFP or 

AAV9-Cldn5 injection at varying doses. 

ELISA examining S100β  levels in the serum of peripherally circulating blood. Results expressed 

as mean ± SEM. The results were non-significant by one-way ANOVA and Tukey’s post-test. n=3 

per treatment group.   

 

4.3.2.3 Determining AAV transduction capacity: 

To further characterise the AAV in vivo, analysis of transduction capacity was carried out 

through IHC of the mouse brain following bilateral IH injection of high dose 

(2x1010VG/ml) AAV9-GFP under the control of the Icam2 promotor after one week of Dox 

administration. 200μm sections were consecutively taken along the coronal plane. IH 

injection site was at position anterior/posterior (AP): -2. Through IHC analysis of GFP 

expression, the AAV was shown to be capable of transducing cells within the AP:-1.4 

section, which is 600 μm from the injection site in the anterior direction. Cells were 

transduced to position AP:-3, which is 1000 μm in the posterior position (Fig. 4.24).  
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Figure 4.24 Transduction capacity of AAV9-GFP  

Transduction capacity of AAV analysed through IHC. Co-ordinates are determined according to 
bregma (0.0). (B) The mouse brain atlas visually represents the co-ordinates of the IH injection. 

Medial-Lateral (ML)+/- 1.5, Anterior-Posterior (AP) -2 and Dorsal-Ventral (DV) -2. (A) Sections 

were taken along the coronal plane and so their labelled co-ordinates are based on their location 
along the AP axis. Green staining identifies the GFP expressing AAV and its transduction capacity 

throughout the brain. Cell nuclei are stained with DAPI (blue). Scale bar = 40μm Brain atlas 

(Paxinos and Franklin., 2001)  

 

4.3.3 Characterising non-inducible AAV in vitro 

The results in section 4.3.2 showed that the inducible AAV, while producing strong 

overexpression of the viral protein, resulted in uncontrolled and non-EC specific 

expression. These factors do not meet the requirements for the design of a new BBB 

restoring AAV.  Therefore, a new AAV, utilising the non-inducible plasmid that was 

originally screened in section 4.3.1, (Fig. 4.3 A) was made. The non-inducible plasmid, 

which contains the native mouse claudin-5 gene under the control of the Icam2 promoter 

was incorporated into an AAV-9 vector and separately into an AAV-BR1 vector by 

SignaGen. AAV-BR1 is a recently developed AAV serotype that has shown strong 

specificity and long-lasting transduction efficiency in brain ECs when administered 

intravenously (Körbelin et al., 2016).  

Next, the mouse brain EC line bEnd.3 cells were transfected with either AAV-9 (Fig. 4.25) 

or AAV-BR1(Fig. 4.26) at various doses. Claudin-5 expression was then examined via WB 

and RT-PCR. Examining the toxicity of the various doses of the AAV were also examined 
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by doing an MTS assay on transfected cells. Across both the AAV-9 and AAV-BR1 

screens, no significant change in expression was noted either at the transcription or 

translation level. No viability issues was noted either (Fig. 4.25; Fig. 4.26).  

 

 
 

 

 
Figure 4.25 in vitro screen of non-inducible AAV-9-Cldn5  

A. Western blot and densitometric analysis of claudin-5 protein expression examining effect of 
AAV-9 transfection at various doses. B. 2^-∆∆Ct values of Cldn5 RNA expression following AAV-

9 transfection at various doses. C. MTS assay examining viability of cells following transfection 

with AAV-9 at various doses.1E(number) denotes the dosage of  1x10NVG/ml. Results expressed 

as mean ± SEM. Unless otherwise stated, the results were non-significant by one-way ANOVA and 

Tukey’s post-test. n=2 for each untreated control, n = 4 for each AAV dosage group 
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Figure. 4.26 in vitro screen of non-inducible AAV-BR1-Cldn5 

A. Western blot and densitometric analysis of claudin-5 protein expression examining effect of 

AAV-BR1 transfection at various doses. B. 2^-∆∆Ct values of Cldn5 RNA expression following 

AAV-BR1 transfection at various doses. C. MTS assay examining viability of cells following 

transfection with AAV-BR1 at various doses. 1E(number) denotes the dosage of  1x10NVG/ml. 
Results expressed as mean ± SEM. Unless otherwise stated, the results were non-significant by one-

way ANOVA and Tukey’s post-test. n = 2 for each untreated control n = 4 for each AAV dosage 

group.   

 

4.3.4 Characterising non-inducible AAV in vivo 

While in vitro analysis had not provided much insight into the efficacy of the AAV, further 

work was carried out in vivo, as although no difference had been seen in cells the same 

might not be true for mice. As before, two routes of AAV administration were examined, 

IH and IV administration. In this case, AAV-9 was examined for both route of 

administration as well as a dose curve, while when investigating the AAV-BR1 virus, 

administration route was the focus. In regards to the administration route, C57BL/6J mice 
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undergoing an IH injection, received a dose of 2x1010 VG/ml, while the IV injected mice 

received a dose of 4x1010 VG/ml. For the dose curve, the 2x1010 VG/ml dose was classified 

as the high dose, and this was compared to a medium dose of 5x109 VG/ml, as well as a low 

dose of 1x109 VG/ml. This investigation again was carried out using the GFP version of the 

AAV. Following AAV administration, mice were left for 3 weeks before they were 

sacrificed for tissue collection (Fig. 4.27).  

 

 

Figure 4.27. Timeline for administration and collection of tissue for the characterisation of non-

inducible AAV-9 or AAV-BR1. Schematic created with BioRender. 

 

IHC analysis of GFP expression was carried out on PFA fixed tissue of mice sacrificed 3 

weeks post IH or IV injection of the AAV-9 or AAV-BR1. To focus on AAV-9 first, brain 

sections were co-stained for GFP, isolectin and DAPI post-IH injection (Fig. 4.28 A) or 

post-IV injection (Fig. 4.28 B). While there was no noted GFP expression in the brain 

sections of the IV injected mice, there was GFP staining noted in the IH injected mice. Its 

expression in comparison to the inducible AAV is significantly lower. The inducible system 

utilised a CMV promoter within its system, while the non-inducible system relies solely on 

the Icam2 promoter. Icam2 being an EC specific promoter is therefore going to have a lower 

expression efficacy than the CMV promoter. However, the reduced expression does co-

inside with much more specific expression, with the GFP staining clearly co-localising with 
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the vascular marker, isolectin (Fig. 4.33). Again, following IV administration of AAV-9,  

peripheral tissues were also examined to verify no-off target tissues were being 

inadvertently targeted instead of the brain. No GFP expression was noted in any peripheral 

tissue from either the IH or IV AAV-9 administered groups (Fig. 4.29). This also verifies 

that the lack of GFP expression in the brain noted from IV administration, is more likely to 

be due to an inadequate dose of the AAV rather than peripheral tissues monopolising the 

AAV. Next AAV-BR1 was examined. No GFP expression was noted in either the IH or the 

IV administered groups (Fig. 4.30 A;B). Moreover, no GFP expression was noted in the 

peripheral tissues of both IH and IV AAV-BR1 injected mice (Fig. 4.31). Simultaneously, 

a dose curve of the AAV-9 vector was carried out to examine GFP expression. It was noted 

that only the high dose of  2x1010 VG/ml was sufficient to achieve GFP expression 

following IH administration (Fig. 4.32).  

Following this, another cohort of mice were bilaterally IH injected with the claudin-5 

version of the AAV-9 vector at the high dose to examine the expression change. This 

achieved stronger results than the GFP version of the virus. When ImageJ analysis was used 

to quantify the difference in IHC staining, a significant increase in claudin-5 expression was 

noted in the brain sections that had been intrahippocampally injected with the AAV-9-

Cldn5 virus (Fig. 4.34). Moreover, tissue collected following 3 weeks transduction after IH 

AAV administration, was used to quantify claudin-5 RNA and protein expression in the 

hippocampus. Both at the transcriptional and translation level, hippocampal tissue that had 

received the claudin-5 overexpression AAV noted a significant increase in claudin-5 

expression (Fig. 4.35).  

 

 

 

 



 189 

 

Figure 4.28. AAV-9-GFP expression following IH or IV AAV administration. 

(A) GFP (green)  expression in the DG region of the hippocampus following IH administration of 

AAV. Specific expression in the vasculature is observed by co-staining with vessel marker isolectin 
(red) (B) No GFP expression in the DG region of the hippocampus following IV administration of 

AAV. DAPI (blue) stains cellular nuclei, providing clear visualisation of the DG region of the 

hippocampus. Scale bar = 100 μm. 
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Figure 4.29 IHC analysis of peripheral tissues following IH vs IV administration of AAV-9-GFP.  

Across 4 main peripheral tissues, the lungs, liver, heart and eye, no GFP (green) expression is 

noted in either the IH or IV administered cohort. Isolectin (red), DAPI (blue). Scale bar = 100 μm. 
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Figure 4.30 AAV-BR1-GFP expression following IH or IV AAV administration. 

(A) No GFP (green) expression in the DG region of the hippocampus following IH administration 

of AAV. (B) No GFP expression in the DG region of the hippocampus following IV administration 
of AAV. Vasculature stained with isolectin (red), cell nuclei stained with DAPI (blue). Scale bar = 

100 μm.  
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Figure 4.31 IHC analysis of peripheral tissues following IH vs IV administration of AAV-BR1-

GFP.  
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Across 4 main peripheral tissues, the lungs, liver, heart and eye, no GFP (green) expression is noted 
in either the IH or IV administered cohort. Vasculature stained with isolectin (red), cell nuclei 

stained with DAPI (blue). Scale bar = 100 μm. 

 

Figure 4.32. Dose curve analysis for non-inducible AAV9-GFP.  

A.  IHC analysis of GFP (green) expression in untreated (saline injected) mice compared to low, 
medium and high dose AAV9-GFP injected mice. Vasculature stained with isolectin (red), cell 

nuclei stained with DAPI (blue). Scale bar = 100 μm. 
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Figure 4.33. AAV-9-GFP expression showing specific transduction in vasculature. 

(A) GFP expression in the DG region of the hippocampus following IH administration of AAV 

showing specific expression in vasculature with good co-staining with Isolectin (red). Cell nuclei 

stained with DAPI (blue). Scale bar = 50 μm.  
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Figure 4.34 IHC analysis of claudin-5 overexpression using AAV-9 vector 

(A) Immunohistochemical analysis of  claudin-5 expression (green), co-stained with vessel marker 
isolectin (red) and cell nuclei stained by DAPI (blue). (B) ImageJ analysis comparing untreated to 

high dose of AAV-9 expressing claudin-5. Scale bar = 100 μm. Results expressed as mean ± SEM. 

*P<0.05 by one-way ANOVA and Tukey’s post-test. n=4 per treatment group.   
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Figure 4.35 Protein and transcript analysis of claudin-5 overexpression using AAV-9 

A. Representative Western blot and densitometric analysis of claudin-5 protein expression 

examining effect of AAV-9 transduction compared to the control AAV-GFP. B. 2^-∆∆Ct values of 
Cldn5 mRNA expression following AAV-9 transduction. Results expressed as mean ± SEM. 

*P<0.05 by two-sided unpaired t-test.  n=10 for each treatment group.   

 

4.3.5 Behavioural characterisation of AAV in C57BL/6J mice  

The loss of claudin-5 expression has been shown to cause significant behavioural deficits 

(Greene et al., 2018). As this TJ protein is a dose dependant gene, it is important to also 

verify that negative behavioural outputs do not occur if the protein is overexpressed. 

Therefore before beginning any investigation into the rescue effect of claudin-5 

overexpression as a gene therapy based approach, it was important to firstly verify that no 

determinantal effects on behaviour are noted when claudin-5 is overexpressed in control 

animals.  

C57BL/6J mice were bilaterally stereotaxically injected with either the control GFP-AAV 

or with the therapeutic Cldn5-AAV. Behavioural assays were carried out 3 weeks post AAV 

administration. Following behavioural trials, mice were sacrificed and tissue was taken to 

verify the overexpression of claudin-5 (Fig. 4.36). Behaviour assays were broken into three 

main areas to investigate. Firstly learning and memory ability were analysed by the T-maze 

which utilises spontaneous alternation behaviour to examine memory. No differences were 

noted in this assay, with the duration to trial completion and the spontaneous alternation 

score for both treatment groups remaining similar (Fig. 4.37).  

Anxiety were assessed through the splash test, the forced swim test and the open field test. 

In the splash test, both the latency to groom and the total time spend grooming was similar 
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between treatment groups (Fig. 4.38 A). The time spent immobile, in which the mice do not 

exhibit any escape behaviour, was also not significantly different between the groups (Fig. 

4.38 B). Additionally none of the behavioural assays measured in the open field test, which 

includes total time spent grooming, freezing or the time spent in the two different zones in 

the open field noted any significant changes between cohorts (Fig. 4.38 C).  

Finally locomotor ability was also assessed through the open field test. Examining the 

distance the mice travelled and the average speed at which the mice moved indicated that 

no locomotor issues were noted between the treatment groups. Moreover the time spent 

rearing, showed no differences of note between the cohorts (Fig. 4.39 A). Finally, the 

rotarod provided a final insight into the locomotor ability of both cohorts. Again, the latency 

to fall and the acceleration at which they fell was similar between groups and so no 

discernible issues with locomotor ability were noted (Fig. 4.39 B). Overall significantly 

increasing claudin-5 expression in the hippocampus did not cause any detrimental effects 

on behaviour.  

 

 

 

Figure 4.36 Timeline for AAV-9-Cldn5 characterisation   

Timeline for administration of AAV, followed by recovery and transduction period after which 
behavioural test were carried out and collection of tissue for the characterisation of the non-inducible 

claudin-5 overexpression AAV.  Schematic created with BioRender. 
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Figure 4.37.  Analysis of claudin-5 overexpression on learning and memory function 

(A) Schematic of  the T-maze. No differences noted between the groups time to complete the trial 
or their alternation scores. No significant results by two-sided unpaired t-test. All data are means ± 

SEM with n = 10 per group. Schematic created with BioRender.  

 

 

Figure 4.38. Analysis of claudin-5 overexpression on anxiety 
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(A) Schematic of the splash test procedure. No significant difference between the Cldn5-AAV 
treated mice in comparison to the GFP-AAV controls in both the latency to begin grooming and the 

total time spent grooming following the sucrose spray (B) No difference noted in the time spent 

immobile in the forced swim test. (C) No differences between the claudin-5 overexpression AAV 

treated mice in comparison to the GFP treated controls noted in time spent grooming, time freezing 
or the time in the zones of the open field. No significant results by two-sided unpaired t-test. All 

data are means ± SEM with n = 10 per group. Schematics created with BioRender. 

 

 

Figure 4.39. Analysis of claudin-5 overexpression on locomotor ability  

(A) Schematic of the open field test. No significant differences noted in the time spent rearing, the 

distance travelled  or the average speed between the cohorts. (B) Schematic of the Rotarod. No 
significant differences noted in the latency to fall or the acceleration speed at time of fall between 

the cohorts. No significant results by two-sided unpaired t-test. All data are means ± SEM with n = 

10 per group. Schematics created with BioRender. 

 

4.4 Discussion:  

4.4.1 Screening non-inducible claudin-5 plasmids in vitro: 

To develop and optimise an AAV based gene therapy that is capable of overexpressing 

claudin-5 in the ECs of the CNS, it was essential to begin this work from the ground up, by 

optimising the gene cassette first. Various components of the gene cassette can be adapted 

and optimised, including the promoter and version of the transgene used. These factors can 

affect potency and expression pattern which overall may affect the dose of the AAV 



 200 

required. The safety and efficacy of AAVs are closely linked with the dose of the viral 

vector and thus optimising expression allows lower doses to achieve a therapeutic outcome.  

 

In a recent meta-analysis of clinical trials, of 106 disclosed promoters, over half used one 

of three different ubiquitous promoters, either CBA, CMV or CAG, with the latter two 

being heavily used in CNS targeting therapies (Au et al., 2021). The heavy reliance of these 

promoters is realistically due to each having a strong history of high efficiency. However, 

more tissue-specific promoters are beginning to be used to achieve more specific expression 

into the target tissue. While these tissue specific promoters show great promise, their 

translation to clinical trials has been slow. The first neurone-specific NSE promoter, was 

utilised to deliver glutamic acid decarboxylase (GAD) in Parkinson’s patients in a clinical 

trial in 2005 and has taken 16 years to progress to phase 2 (MEIRAGTX., 2018; Carvalho 

J., 2020). Previous work in the lab had attempted to design an AAV to upregulate claudin-

5, with the claudin-5 gene under the direct control of a CMV promoter. While this 

successfully upregulated the expression of claudin-5, it resulted in excessive and non-

specific expression of claudin-5 in the brain which in turn resulted in neuroinflammation 

and astrogliosis. As mentioned, the CMV promotor is a heavily utilised promoter in gene 

therapy development due to its ability to drive high levels of gene expression constitutively 

in all cell types. Therefore it was necessary to utilise a different promoter to achieve a more 

refined and target-specific transgene expression. Two different promoters were examined 

for this purpose, the endogenous claudin-5 (Cldn5) promoter and the intercellular adhesion 

molecule 2 (Icam2) promoter. Firstly, the claudin-5 promoter was selected for screening as 

it is the natural promoter for the gene of interest. As the claudin-5 gene is specifically 

expressed in the EC layer of numerous tissues of the body, including the brain, lung and 

liver, it should show a much higher specificity in expression in comparison to a constitutive 

promoter like CMV. This is also the case for the expression of the Icam2 promoter, which 

in adult tissue is restricted to vascular ECs (Cowan et al., 1998). The use of either of these 

tissue specific promoters in the construct should ensure that overexpression of claudin-5 is 

specific to the target cell type, the ECs of the BBB. Increasing the specificity of the 

expression profile will be beneficial to reduce any off target effects. The inclusion of a cell 

specific promoter adds an additional level of control and safety that is essential when 

developing a therapeutic delivery system.  
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Another method to optimise expression of a gene cassette is through codon optimisation. 

Due to redundancy within the genetic code, a codon usage bias, which as the name suggests 

is the unequal use of different codons, has been observed in many different organisms from 

unicellular organisms right up to complex multicellular organisms like humans. It is thought 

that this bias is a method to optimise translation efficiency, by favouring codons that have 

higher tRNA levels (Ikemura., 1985; dos Reis et al., 2004; Waldman et al., 2010). Codon 

optimisation is a method to resynthesise genes so that their codons are more appropriate for 

the desired expression host.  Therefore, we examined both the native (N) versions of both 

human derived and mouse derived claudin-5 genes compared to versions that were codon 

optimised (CO). 

 

Each plasmid was transfected into the mouse brain EC bEnd.3 cell line for 24 and 48 hr 

periods. Their resulting expression levels were compared to both an empty vector (EV) 

plasmid and a CMV promoter plasmid. The EV is a plasmid vector that contains the 

contents of the plasmid without the gene of interest. It firstly provides information regarding 

the general protein expression level of the cell. Furthermore it provides information 

regarding the effect the plasmid has on the viability of the cell, if the transfection rather 

than the overexpression of the gene is causing an issue with viability. Hence, this is the 

control that will be used to determine any significant changes in expression from plasmid 

transfection. Additionally each plasmid was also transfected into HeLa cells as a negative 

control. Plasmids rely on the host machinery to make additional copies. HeLa cells are an 

epithelial cell line and a claudin-5 null cell, meaning they lack the ability to produce the 

associated gene product (Daugherty et al., 2007). Thus, HeLa cells act as a strong negative 

control in this experiment, in a two-fold manner. Firstly, they intrinsically do not produce 

claudin-5 protein and so the expression level should be null. Additionally as plasmid 

expression is driven by an endothelial cell specific promoter, no claudin-5 expression 

should be observed in this epithelial cell line following transfection.  

 

The native mouse-claudin-5 plasmid driven by the Icam2 promoter (Icam2-Cldn5(N.M)),  

showed a significant increase at both the mRNA and protein level 48 hr post transfection. 

The same plasmid driven by the Cldn5 promoter (Cldn5-Cldn5(N.M)) by comparison 

resulted in less of an increase in expression of claudin-5 at 48hrs, although increases in 

other TJ proteins ZO-1, occludin and Lsr at the transcriptional level was observed (Fig. 

4.3). The native human claudin-5 plasmids resulted in poorer expression levels in 
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comparison to the mouse claudin-5 plasmids but again the Icam2 promoter driven plasmid 

(Icam2-CLDN5(N.H)) resulted in higher expression levels of the two (Fig. 4.4). The codon 

optimised version of the mouse claudin-5 plasmid at the protein level showed no significant 

changes in expression in comparison to the EV control, but at the transcriptional level, 

Cldn5-Cldn5(CO.M) plasmid had significantly improved expression in comparison to the 

native version with more specific upregulation of claudin-5 alone. This more specific 

upregulation of claudin-5 was also noted in the Icam2-Cldn5(CO.M) plasmid but the overall 

increase in expression was less efficient when compared to the native plasmid, Icam2-

Cldn5(N.M) (Fig. 4.5 C; Fig. 4.6 A, B). The codon optimised version of the human-claudin-

5 plasmids also resulted in significant increases in both the protein and mRNA levels at 48 

hr post transfection, again with the Icam2-CLDN5(CO.H) plasmid resulting in higher 

expression of claudin-5 in comparison to the endogenous promoter, Cldn5-CLDN5(CO.H) 

(Fig. 4.5 D, E).  

Overall, through the various individual screens of the plasmids, RT-PCR analysis indicated 

that both the Cldn5 and the Icam2 promoters worked well at the transcriptional level, often 

leading to significantly increased levels of Cldn5 mRNA expression after 48 hr. However 

at the protein level, only the native mouse and the codon optimised human plasmids, both 

driven by the Icam2 promoter, resulted in significant increases in claudin-5 expression 48 

hr after transfection. The Icam2 promoter generally resulted in higher expression in 

comparison to the Cldn5 promoter with fewer off target changes in TJ expression.  

Directly comparing the native genes to their codon optimised counterparts found that, while 

RT-PCR analysis noted relatively equal levels of claudin-5 expression at the transcriptional 

level, the results of the WB demonstrated that the native plasmids in each case resulted in 

higher expression than the codon optimised version (Fig. 4.6). The native plasmid not only 

result in higher expression in comparison to the codon optimised plasmids, but in each case 

also led to higher expression in comparison to the positive control, the plasmid construct 

carrying CLDN5 driven by the CMV promoter. CMV as a constitutive promoter, drives 

constant and high levels of claudin-5 expression in all relevant cell types (Fig. 4.6). When 

comparing the effect of the claudin-5 gene derived from different species, both the human 

and the mouse claudin-5 genes resulted in similar expression profiles for both the codon 

optimised version of the gene as well as the native form. There was no notable species 

specificity in expression observed, as both the mouse and human derived claudin-5 gene, 
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when transfected in the mouse brain ECs, produced similar changes in claudin-5 expression. 

Overall, gene expression that was driven by the Icam2 promoter resulted in better 

expression, with generally the native constructs resulting in higher expression of claudin-5 

in comparison to the codon optimised version.  

4.4.2 Screening inducible claudin-5 plasmids in vitro: 

Further development of this plasmid construct was carried out by redesigning it to include 

a tetracycline inducible expression system. Using the results from section 4.3.1.1, two new 

inducible plasmids were designed. Each construct carried a mouse claudin-5 gene which 

was either the native version or codon optimised version, with the Icam2 promoter driving 

expression as well as a GFP control plasmid with either promoter for comparison.  

While the Icam2 promoter is still driving expression, it is now part of the Tet-On system. 

The EC specific promoter is located upstream of the reverse tetracycline-controlled 

transactivator (rtTA) driving its expression. The claudin-5 transgene is situated downstream 

of a set of tetO repeats and a CMV minimal promoter, that together form the tetracycline 

response element (TRE). If the Dox effector is present, the Dox bound rtTA will only then 

be capable of binding to the tetO sequence in the TRE of the target transgene and allow for 

transcription (Fig. 4.7). The key aspect to consider when analysing inducible plasmid 

constructs was the inducibility of the plasmid, and how factors such as exposure time and 

concentration of the effector molecule Dox would effect this induction. The initial screen 

of inducibility demonstrated clear induction of expression for each plasmid following 

treatment with Dox (Fig. 4.8). bEnd.3 cells transfected with the plasmid carrying the native 

claudin-5 insert resulted in higher expression in comparison to the vector carrying the codon 

optimised version. There was strong expression noted both at 24 and 48 hr, with a possible 

peak in expression levels recorded at the 48hr timepoint that was observed through WB and 

RT-PCR (Fig. 4.10)  

The general standard Dox treatment concentration in vitro was 1 μg/ml. However in order 

to fully characterise the inducibility of this plasmid investigating the effect of Dox 

concentration on the efficacy of induction was carried out using additional concentrations 

of 0.1 μg/ml, 0.5 μg/ml and 2 μg/ml. Comparing the CO to the native, as with all previous 

findings, the native plasmid was more successful, resulting in much higher expression in 

both WB and RT-PCR analysis (Fig. 4.12). For the native plasmid, transcriptional data 
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indicated that at both 24 hr and 48 hr there was increased expression at all concentrations. 

This demonstrates that the inducible system is highly sensitive to the Dox effector molecule. 

This expression reduces by the 72 hr timepoint as has been seen previously (Fig. 4.10). The 

high mRNA levels noted translate to high protein expression at a later timepoint, with both 

the 48 hr and 72 hr timepoints showing higher expression (Fig. 4.12).  

Additionally, examining the reversibility of expression following the withdrawal of the 

effector molecule is also essential. The use of an inducible expression system is beneficial 

to control when and where a transgene is expressed, therefore being capable of reverting 

expression with the removal of the effector is important to verify. Results are consistent 

across RT-PCR and WB, following transfection with the inducible plasmid carrying the 

native claudin-5 insert (Fig. 4.10). Firstly, from WB and RT-PCR analysis the Dox treated 

controls show low level of claudin-5 expression, indicating the normal level of claudin-5 

expression in bEnd.3 cells. This expression however significantly increases after 48 hr on 

Dox treatment. Finally, following the removal of Dox, the level of claudin-5 expression 

quickly reverts to a low level that is more consistent with the control samples (Fig. 4.10). 

The native plasmid overall results in a much higher expression in comparison to the codon 

optimised version.  

4.4.3 A leaky inducible expression system: 

This analysis has shown that the tetracycline dependent expression system is clearly 

inducible following treatment with Dox over time. Moreover, it is highly sensitive, 

activating expression over a range of effector concentrations and expression is reversible 

when Dox is removed. However, a key issue was also observed through these inducible 

screens, a leakiness within the expression system. Through the various screens that were 

carried out, in the untreated group, it was consistently noted that the native claudin-5 

plasmid resulted in higher claudin-5 expression in comparison to the control GFP plasmid 

(Fig. 4.9; 4.11- 4.12 A(ii)). If the inducible expression system was under tight control it 

would be expected that when untreated, both plasmids should result in the same level of 

expression. This is not the case, with a statistically significant difference in the claudin-5 

expression level noted between the control and native claudin-5 plasmid transfected cells 

when they are untreated. Therefore, despite the lack of the Dox effector, the plasmid must 

still be actively producing the gene product (Fig. 4.11 A.(ii)).  
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The Tet system, is a highly accepted system for engineered gene expression control, that 

enables modulation of target gene transcription. However, it appears that the system has a 

tendency to activate transcription even in the absence of tetracycline, resulting in leaky 

target gene expression (Roney et al., 2016). There are numerous components within the 

Tet-On system that may be the source of the background expression. Firstly, the rtTA upon 

the addition of the tetracycline derivative Dox, undergoes a conformational change that 

increases its affinity for its DNA binding site and enhances the recruitment of the machinery 

required for transcription. However it has been found that the rtTA protein retains some 

affinity for its DNA binding site in the absence of inducer which could result in leaky 

transcription of target genes. Nevertheless, the rtTA is one of the most investigated and 

modified components of the system. The Tet-On system is derived from the original Tet-

Off system through the molecular manipulation of the rtTA and continued work to improve 

this activation system has focussed on transactivator manipulation, attempting to either 

reduce residual DNA binding in the non-induced state or through the enhancement of 

activation in the induced state (Roney et al., 2016). Therefore it is unlikely to be this 

component of the system.  

The other main component that may be causing the leaky expression is the TRE, which is 

made up by several TetO repeats upstream of a minimal promoter. The Tet-On system 

depends critically on the choice of minimal promoters. In the AAV designed for this project, 

the widely used CMV promoter was included in the TRE. It is likely that activation of this 

minimal promoter is the source of the intrinsic background activity. There are numerous 

characteristics of the promoter that may influence background expression. Firstly this 

expression may be intrinsic activity of the promoter due to the presence of hidden binding 

sites for transcription factors. Secondly, rtTA independent expression is often caused by the 

presence of enhancers (Loew et al., 2010). Uncontrolled expression can also be due to the 

accessibility of the promoter, determined by epigenetics parameters. Overall, the non-

specific expression of the target gene is likely due to activation of the TRE in the absence 

of the Dox bound rtTA.  

4.4.4 Screening inducible AAV in vivo:  

Following the in vitro screening of the various plasmids, the Icam2-Cldn5(N.M) plasmid  

was chosen to translate into in vivo work. An AAV9 vector was generated by Signagen, 

incorporating the chosen inducible plasmid for an in vivo work-up. As discussed in Chapter 
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1, section 1.7, AAVs are a favoured vector for in vivo gene transfer for numerous reasons 

and have been clinically enabled with recent FDA approval for two AAV based gene 

therapies. Characterisation of the AAV was carried out in vivo, optimising both the route of 

administration as well as the dose required. The inducibility and persistence of AAV gene 

expression was examined in addition to its transduction capacity.  

To characterise the AAV in vivo, determining the optimum administration route for AAV 

delivery is essential. Safety and efficacy are generally the main factors that must be 

considered when choosing an injection route (Jin et al., 2015). Many clinical trials opt for 

the systemic route due to its technical ease of administration, being both a fast and relatively 

non-invasive method of administration. However, factors such as the high systemic dosing 

required to achieve therapeutic efficacy, the potential off target effects and inflammatory 

risks, as well as the cost of these therapeutics, suggest that other administration routes 

should be considered. Investigating more local administrations routes, especially in regards 

to disorders that are localised to the CNS may have some benefits. Therefore two methods 

of AAV delivery were under investigation in this work, the intrahippocampal (IH) and 

intravenous (IV) routes of administration. Mice receiving an IH injection received a dose 

of 2x1010 VG/ml of the control AAV-GFP, while the IV injected mice received a higher 

dose of 4x1010 VG/ml. One week after administration, Dox was added to the water supply 

for 3 weeks before mice were culled and tissue was collected (Fig. 4.13). In IH injected 

mice, strong endogenous GFP expression in the hippocampus was noted following 3 weeks 

on Dox. In comparison, mice that were injected IV showed no GFP expression within the 

brain following the same 3 week treatment timeline (Fig. 4.14). Moreover, no GFP 

expression was noted in any peripheral tissue following either administration route (Fig. 

4.15).   

AAV9 has been shown to be capable of crossing the BBB following systemic injection 

(Foust et al., 2009). Thus it is not the vectors inability to cross the barrier that is the cause 

of the lack of GFP expression noted in the brain of the IV injected mice. The absence of 

any GFP expression in the brain as well as in any peripheral tissues, would indicate that the 

systemic dose, at  4x1010 VG/ml, was too low. While it is a larger dose than the 2x1010 

VG/ml that was administered locally via IH injection which yielded a very successful result, 

the IV dose at 4x1010 VG/ml based on the literature, is a low systemic dose. It is generally 
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suggested that AAV vector titres used for IV administration should be within the 1012 -1013 

VG/ml range (Stoica et al., 2013; Shibata et al., 2017). 

As mentioned previously, progressively increasing the dosage to achieve therapeutic 

efficacy is not a viable strategy due to a number of limiting factors. Firstly, dosages that are 

too high may produce transduction related toxicities (Hinderer et al., 2018). Moreover, 

ectopic expression of the transgene in peripheral tissues may lead to unwanted side effects. 

AAV9, while capable of transducing cells within the CNS, shows no strong preferential 

tropism to any one tissue in particular. AAV9, while having neuronal tropism, has also been 

shown to have tropism to peripheral tissues such as lung, liver and heart. (Wu, et al., 2006; 

Zincarelli, et al., 2008). While non-target expression may be limited by a cell-type-specific 

promoter (Dashkoff et al., 2016), in this case the vector contains an EC specific promoter, 

Icam2. While Icam2 is EC specific, its expression is not limited to the vasculature of the 

BBB, but is broadly expressed throughout body. The claudin-5 gene is expressed in 

numerous tissues including the lung, liver and kidney (Greene et al., 2019). Being a dose 

dependent gene, overexpression of claudin-5 systemically could have serious off-target 

effects on peripheral tissues if administered systemically. Additionally, the efficacy of 

systemic administration may be limited by the presence of neutralising antibodies, which 

have been noted in commonly used animal models (Rapti et al., 2012). Thus there is the 

possibility that regardless of the dose used, through IV administration there could be a 

generalised inhibition of gene transfer, limiting its efficacy in vivo. Finally, as previously 

discussed the route of administration chosen could have a major effect on the 

pharmacoeconomic value of the AAV produced. Therefore while a non-invasive vector 

delivery route for the neural tissue would be advantageous, in this case, the high dose that 

may be required, in addition to the risk of off-target effects suggest that IH-injection is a 

better route of administration for this particular AAV. 

As with the in vitro work, when working with the inducible system, it is important to verify 

the inducibility of the system. Using the same timeline as in the delivery investigation, mice 

that were intrahippocampally injected with AAV-GFP, were either the untreated control 

group and supplied normal “no Dox” water, or the treatment group with Dox added to the 

drinking water. The control mice that receive no Dox show no GFP expression in the 

hippocampus, which indicates that the AAV is acting in an inducible manner (Fig. 4.16). 

When treated with Dox, GFP overexpression was achieved in the target cells of the 
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vasculature. However there also appeared to be off-target expression, which supports the 

potential for a leaky inducible system, as was discussed in the in vitro screens of the 

inducible plasmid (Fig. 4.11 A(ii)). The design of the inducible system with the use of the 

EC specific promoter Icam2 should ensure that all expression remains endothelial specific, 

however cells which are clearly not vasculature are expressing GFP as denoted by the arrow 

in Fig. 4.17. The cell structure suggest a glial origin, such as microglia. The reasons for the 

non-specific expression of the target gene are, as discussed previously, likely due to 

activation of the TRE in the absence of the Dox bound rtTA.  

Importantly, while the high dose resulted in notably strong GFP expression in IHC analysis, 

the potency of the virus was unprecedented, with GFP expression clearly seen with the 

naked eye during the tissue collection and dissection protocol (Fig. 4.18). With this finding, 

it is unsurprising to note that astrogliosis is noted in the hippocampal region of the brain 

following administration with high dose AAV (Fig. 4.19). Astrocytes play a vital role in the 

maintenance of the BBB and changes in their morphology and function, referred to as 

reactive astrogliosis, are highly associated with disruption in the homeostasis of the NVU 

(Sofroniew and Vinters., 2010). High levels of GFAP staining, a marker for astrocytes, is 

noted in both the CA1 and DG regions of the hippocampus in AAV treated brains. Moreover 

Image J analysis shows a statistically significant difference in the GFAP staining in the DG 

region of the hippocampus between the control saline-injected brains and those that 

received a high dose of the GFP expressing AAV. Reactive astrogliosis is a 

neuroinflammatory response which highlights the need for a more precise and controlled 

upregulation of gene expression if this is to become a realistic treatment option.  

The transduction efficiency of an AAV depends on viral concentration. While IH-injection 

of 2x1010 VG/ml of AAV-GFP resulted in successful expression, this expression was 

excessive and non-specific. Therefore examining the effect of different concentrations on 

transduction efficiency was carried out using 3 different dose groups, high (2x1010VG/ml), 

medium (5x109 VG/ml) and low (1x109 VG/ml). Investigations were carried out using 

AAV-GFP. In each case, mice were bilaterally injected intrahippocampally and following 

a week of recovery, were put on Dox for 3 weeks (Fig. 4.20). The high dose, as seen before, 

results in a significant elevation of GFP expression that appears to be to be expressed 

throughout the hippocampal tissue rather than co-localising with the vasculature. The 

expression profile for both the medium and low dose was significantly less than the high 
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dose treatment, with the concentration of AAV administered correlating with the expression 

profile, verifying that transduction efficiency depends on viral concentration. However, 

even at the low dose, the GFP expression does not appear to be exclusively expressed within 

the vasculature (Fig. 4.21). 

To further characterise the AAV in vivo, analysis of transduction capacity was carried out 

through IHC of the mouse brain following bilateral IH injection of high dose 

(2x1010VG/ml) AAV-GFP after three weeks on Dox. Through IHC analysis of GFP 

expression, the AAV was shown to be capable of transducing cells 600 µm away from the 

injection site at the AP and 1000 µm towards the posterior with GFP expression noted in 

the AP (Fig. 4.24). As the target for this gene therapy is the cerebrovasculature which forms 

the BBB, achieving a global transduction of the AAV throughout the brain from bilateral 

injection would be beneficial in the practical development of this as a therapeutic option. 

This is a promising result, however, as seen previously the dose used may be eliciting an 

neuroinflammatory response. Overall, these findings conclude that it will be necessary to 

design a more precise claudin-5 vector. 

4.4.5 Screening non-inducible AAV in vivo:  

Due to the structural set up of the inducible plasmid backbone, the Icam2 promoter is 

upstream of the rtTA, while the  CMV promoter is upstream of the GFP gene. Therefore, 

while the Icam2 promoter is still controlling overall gene expression, the CMV promoter is 

directly involved in GFP expression and so while being an excellent promoter with high 

transduction efficiency, it is not sufficiently specific. Thus to simplify this plasmid 

structure, in order to ensure EC specific expression, the non-inducible Icam2-Cldn5(N.M) 

plasmid backbone was utilised and incorporated into either AAV-9 or AAV-BR1 for further 

analysis. AAV-9 has been shown to have tropism to the CNS as well as being capable of 

crossing the BBB following systemic injection (Foust et al., 2009). AAV-BR1 is a more 

recently developed AAV serotype, an AAV2 viral vector displaying a capsid variant which 

has displayed an unprecedented degree of specificity and long- lasting transduction 

efficiency for brain microvasculature ECs  (Körbelin et al., 2016). 

 

However, in this case, the AAV-BR1 administered either IH or IV did not result in any 

notable transduction, with no GFP staining noted in either brain sections or in peripheral 

tissues. Due to the degree of specificity this AAV has been shown to have towards the ECs 
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of the BBB, the lack of GFP expression in the peripheral tissues is unsurprising. However, 

the lack of GFP expression in the brain was disappointing. Previous work has shown 

impressive transduction following either local or IV administration of AAV-BR1 (Ivanova 

et al., 2022).  While the dose that was used in those experiments was higher than what was 

utilised in these current experiments, ultimately, this is unlikely the whole issue.  The 

promoter previously utilised while examining the efficacy of AAV-BR1 was either a CAG 

or CMV promoter, while in this investigation, an Icam2 promoter was used. As can been 

seen within this research itself, when comparing the difference in expression of the AAV-

9 inducible to non-inducible vectors, there is a considerable difference in the level of 

expression that is solely due to the strength of different promoters. Interestingly, previous 

work has shown that when administered IV, the virus targets the vasculature, but when 

administered locally neurons are the main target of the AAV-BR1 vector (Ivanova et al., 

2022). Therefore, while the AAV-BR1 vector is an excellently designed new AAV serotype 

for targeting the BBB,  the need for peripheral administration at high doses in order to 

specifically target the ECs of the BBB, does not fit into gene therapy design that is the aim 

of this project. The overarching aim is to target locally and with lower doses to achieve a 

financially viable therapy option for common neurological disorders. For disorders such as 

epilepsy, which often has a focal region that is damaged, local administration may be 

sufficient to treat, rather than the global effect the IV administration route generally obtains.  

 

The AAV-9 vector on the other hand, when administrated locally, did result in GFP 

expression, which showed much higher specificity to the brain microvasculature ECs, as 

seen via the counterstaining with isolectin (Fig. 4.28A; 4.33). Hippocampal tissue taken 

from mice injected with AAV-9-GFP or AAV-9-Cldn5 showed significant increase in 

claudin-5 mRNA and protein level expression relative to the GFP control treated group 

(Fig. 4.35). 

 

4.4.6 Behavioural characterisation of AAV induced claudin-5 overexpression: 

Claudin-5 is a dose dependant gene, therefore before examining its potential rescue effect 

in various disease models, it was essential to determine that overexpression of claudin-5 in 

the cerebrovasculature does not in itself cause any detrimental effects. Therefore, 

characterisation of normal C57BL/6J mice behaviour was conducted following IH injection 

of either the control GFP-AAV or the therapeutic Cldn5-AAV. As before, mice were 
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bilaterally intrahippocampally injected with the relevant AAV at a dose of 2x1010 VG/ml. 

Three weeks post-surgery behavioural assays were conducted and once complete tissue was 

collected for analysis (Fig. 4.36).  

Behaviour assays were divided into 3 main areas of investigation. The first was learning 

and memory, which was analysed via the T-maze which utilises spontaneous alternation 

behaviour to examine if subjects have a functioning spatial working memory. No issues 

with working memory were noted as both treatment groups completed the trial in similar 

times and with similar  spontaneous alternation scores (Fig. 4.37).  

The next area of investigation is in anxiety related behaviour, which was assessed through 

the splash test, the forced swim test and the open field test. Across all three assays there 

were no significant differences noted between the treatment groups, again indicating that 

claudin-5 overexpression has no adverse effect on anxiety or depression related behaviour. 

(Fig. 4.38). Finally the locomotor skills were also assessed through the open field test and 

rotarod test. Factors such as the distance travelled and the average speed as well as latency 

to fall displayed no discernible issues with locomotor ability. This indicates that a 

significant increase in claudin-5 expression in the hippocampus does not cause any 

locomotor issues (Fig. 4.39). 

Overall, these findings indicate that the claudin-5 overexpression AAV, does not have a 

toxic effect, with no detrimental effects on mouse behaviour. Therefore the next step will 

be to examine the rescue potential it has in models of disease, which is the subject of 

Chapter 5.  

4.5 Conclusions: 

• From in vitro screening the plasmid containing the native mouse claudin-5 gene 

under the control of the Icam2 promoter, (Icam2-Cldn5(N.M)), resulted in the most 

efficacious upregulation of expression.  

• From in vivo characterisation, the non-inducible AAV-9 vector, administered at the 

high dose of 2x1010 VG/ml via IH injection resulted in the most efficient claudin-5 

overexpression specifically in the cerebrovasculature. 

• Overexpression of claudin-5 in the hippocampus did not cause any negative 

behavioural outputs in normal C57BL/6J mice.   
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Chapter 5. Rescue potential of newly generated claudin-5 overexpression 

AAV 

5.1 Introduction: 

BBB breakdown and its association with numerous neurological disorders has been 

extensively discussed in previous sections of this thesis. Moreover, from the work described 

in Chapter 3, in addition to the various published work in this field, including the work of 

Nitta et al., 2003, Greene et al., 2018; 2022 and Menard et al., 2017, there is a undeniable 

association between BBB breakdown, the loss of claudin-5 expression and the 

neurobehavioral sequelae that is associated with disorders such as schizophrenia, epilepsy 

and MDD. Additionally, the work described in Chapter 4 has established a gene therapy 

based approach to re-establish BBB integrity through the overexpression of claudin-5 in 

ECs specifically. Therefore, the next step in the development of this gene therapy based 

approach, is to examine the AAV’s rescue potential, in vivo, in animal models of disease. 

As discussed previously, animal models of disease are an essential preclinical tool to 

evaluate novel therapeutics for their safety profile, their pharmacokinetics, 

pharmacodynamics and importantly their efficacy in vivo (Singh et al., 2015; McGonigle 

and Ruggeri., 2014). Therefore a number of models were administered this newly 

established gene therapy to determine its potential efficacy.  

The four models used to examine the claudin-5 overexpression AAVs rescue potential can 

be broken into two different cohorts. The first includes the Cldn5fl/wtxTie2Cre mouse model 

and the inducible claudin-5 knockdown mouse model. Both of these models have noted 

behavioural deficits that are the direct result of a loss of claudin-5 expression. These are 

proof of concept models, to show that restoring claudin-5 expression at the level of the BBB 

can resolve the barrier’s function and rescue the pathological phenotype. The second two 

models are the KA-induced epilepsy model and the CSDS model of MDD. Both of these 

models are established and accepted models of their respective diseases. Examining the 

rescue potential of claudin-5 overexpression in these models is essential. As these models 

are established models of disease, they have been validated and proven to mirror many 

aspects of their representative disorder. The method utilised to develop the model relates to 

the natural development of the disease, the model mimics the anatomical, neuropathological 

and behavioural features that are noted in the human disease and most importantly for this 
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work, the model has the ability to respond to treatments in a manner that may be predictive 

to the treatment efficacy in patients.  

Details of each model used in the examination of AAV rescue potential are described below:  

5.1.1 The Inducible Claudin-5 Knockdown Mouse model:  

 

To further investigate the role of claudin-5 in BBB function, the generation of an inducible 

knockdown (KD) model was required. An inducible KD model, allows both cell type-

specific and time-specific KD of gene expression, thus avoiding the inviability issue while 

beneficially adding an additional level of control to the investigation. Previous work in the 

Campbell lab generated such a model (Greene et al., 2018). Inducible KD mice were 

generated, through a complex strategy of knock-in genes and crosses. As can be seen in 

Figure 5.1, a gene containing a doxycycline-inducible claudin-5 160 shRNA was knocked-

in at the Col1a1 locus on chromosome 11, while on chromosome 6, at the Rosa26 locus, a 

CAG-lox-stop-lox-rtTA3-IRESmKate2 (CLR3K) allele was knocked in. Knock-in mice 

were then crossed with another strain expressing Cre recombinase under the control of the 

Tie2 EC specific promoter. This ensured that the activity of the Cre recombinase was found 

only in the ECs of Cre positive mice. This enzyme in combination with the loxP sites forms 

a recombination system which results in the excision of the DNA found between the loxP 

sites, which in this model, includes a stop codon. The removal of the stop codon, allows the 

reverse tetracycline-controlled transactivator (rtTA) to be transcribed. In the presence of its 

effector, tetracycline or the tetracycline derivative, doxycycline (Dox), the rtTA is activated 

and can then activate the transcription of genes under the control of the tetracycline-

responsive promoter element (TRE) (Das et al., 2016). Thus, when the induction of 

expression of the shRNA is required, this engineered inducible knockdown mouse must 

simply be supplied with doxycycline in their drinking water. The claudin-5 targeted shRNA 

transcribed is then processed into siRNA, which results in the degradation of Cldn5 mRNA 

and overall results in the RNAi mediated silencing of claudin-5 in the ECs of this inducible 

knockdown mouse model (Davison and McCray., 2011). 
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Figure 5.1. Doxycycline inducible knockdown system.  

The inducible claudin-5160xTie2Cre mice were generated, through a complex strategy of knock-in 
genes, at chromosomes 6 and 11 followed by crossing with a Tie2Cre mouse. The cross ensures that 

the RNAi mediated silencing of claudin-5 is specific to ECs of Cre positive mice. shRNA and rtTA 

expression is verified by the GFP and mKate2reporters. The puromycin resistance gene (PuroR) is 

incorporated for cloning of shRNA vectors. (Greene et al., 2018) 

 

 

 

5.1.2 The Cldn5fl/wtxTie2Cre Mouse model:  

The genetics of Cldn5fl/wtxTie2Cre mice has been described in detail on section 3.1.2. In 

summary utilising the Cre-loxP system, mice that are Tie2Cre+ are EC specific claudin-5 

heterozygotes. 
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Figure 5.2. The Cldn5fl/wtxTie2Cre mouse model.  

The Cldn5fl/wtxTie2Cre mouse model was generated by crossing the new Cldn5-LoxP  mouse with 

the Tie2Cre mouse. Utilising the loxP system, the cross ensures all Cre positive animals have only 

one copy of the claudin-5 allele and so produces ~ 50 % less claudin-5 mRNA and protein.  

 

 

5.1.3 Kainic Acid Model for Temporal Lobe epilepsy 

While no experimental animal model reproduces all the features of temporal lobe epilepsy 

(TLE), some models have been extensively used in epilepsy research due to their high level 

of similarity to human epilepsy. One of these models is the KA model of TLE, that was 

originally discovered by Ben-Ari (Ben-Ari and Lagowska, 1978; Ben-Ari et al., 1979). The 

KA model of TLE has become one of the most established animal models of epilepsy and 

has greatly contributed to the understanding of the molecular, cellular and pharmacological 

mechanisms underlying epileptogenesis, which is the sequence of events that convert a 

normal neural network into hyperexcitable one. 

 

The initial studies carried out by Ben-Ari showed that an intra-amygdaloid injection of KA 

resulted in seizure activity and the development of neuropathological lesions in the CA3 

region of the dorsal hippocampus that are comparable to those noted in patients with TLE. 

Importantly, this model is also characterised by a latent period that ensues the initial 

precipitating injury, in this case status epilepticus, until the development of recurrent 
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spontaneous seizures, as is seen also in the human condition. Status epilepticus, the injury 

driven by the KA administration, is a prolonged, continuous seizure that lasts longer than 5 

minutes, or having two or more sequential seizures without recovery between episodes, 

which may lead to permanent brain damage or death. 

 

KA is a cyclic analogue of L-glutamate and an agonist of ionotropic KA receptors. It was 

first identified and isolated in the 1950s from red algae (Digenea simplex) and originally 

utilised as an ascaricide, to treat a parasitic disease ascariasis (Murakami et al., 1953). 

However when it was noted that it could cause prolonged excitatory responses in cortical 

neurons in rats, the potential for KA in neurological research as an analog for glutamate 

became clear (Shinozaki and Konishi, 1970). Glutamate is a principal excitatory amino acid 

transmitter in the CNS and binds to numerous ionotropic receptors such as NMDA 

receptors, AMPA receptors, and kainate receptors.  KA is capable of binding to kainate 

receptors, and thus could induce robust depolarization and neuronal cell death via 

repression of presynaptic GABA release and activation of postsynaptic glutamatergic 

neurons, which is a central pathology noted in TLE (Bloss and Hunter, 2010; Vincent and 

Mulle, 2009). 

 

 

Figure 5.3. Chemical structure of KA 

 

The KA model is a robust model that can be reproduced in a variety of species, through 

various administration routes, systemic, intrahippocampal or intra-amygdaloid 

administrations (Levesque and Avoli 2013). Doses range from 10-30 mg/kg for systemic 

injection or 0.1-0.5 µg for intracerebral injection. For this thesis the model was utilised 

through a systemic route. Seizures were induced by an IP injection of 10mg/kg KA. Seizure 

severity was recorded according to the Racine scale: 0: no change in behaviour; 1: 

immobility; 2: head nodding; 3: forelimb clonus; 4: forelimb clonus with rearing and 
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falling; 5: wild running and jumping often followed by generalised tonic-clonic activity and 

loss of postural tone.  

5.1.4 Chronic Social Defeat Stress (CSDS) Model: 

MDD is the most prominent cause of disability and the most common mood disorder 

worldwide (Menard et al., 2017; Kessler et al., 2005). Chronic social stress is a key 

contributor to the prevalence of mood disorders and suicide attempts in cohorts of 

individuals that have been subjected to bullying (Meltzer et al., 2011). Similarly in rodents, 

CSDS is an established method of creating a mouse model of depression. This method 

induces a depression-like phenotype that includes social withdrawal and anhedonia, in a 

subset of mice, which can be reversed with chronic anti-depressant treatment. This subset 

of mice are characterised as susceptible (SS) mice. Those that do not develop the 

depression-associated behaviours are known as resilient (RES) mice, further mimicking 

outcomes noted in humans, in which not every individual that experiences trauma or 

bullying will develop depression. Interestingly, CSDS also induces changes in metabolism 

in mice which is noted by weight gain and insulin and leptin resistance, which again is 

consistent to homeostatic abnormalities in MDD patients.  

CSDS protocol requires an aggressor, in this case a CD-1 mouse. Mice under investigation, 

in this case C57Bl/6 J mice, are subjected to physical interactions with an unfamiliar CD-1 

aggressor mouse 10 min per day, over 10 consecutive days. Following these social defeat 

sessions, the C57Bl/6 J mouse is removed and housed on the opposite side of the social 

defeat cage divider, which allows for sensory but not physical contact. Following the 10 

day protocol, 24 hr after the final social defeat, mice undergo the social interaction test to 

determine if they are susceptible or resilient.  

5.2 Objectives: 

• Characterisation of the rescue effect of claudin-5 overexpression in the 

hippocampus of Cldn5fl/wtxTie2Cre mice. 

• Characterisation of the rescue effect of claudin-5 overexpression in the PFC of 

Cldn5fl/wtxTie2Cre mice. 

• Characterisation of the rescue effect of claudin-5 overexpression in the 

hippocampus of the inducible knockdown claudin-5 mouse model.  
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• Characterisation of the rescue effect of claudin-5 overexpression in the 

hippocampus of MDD model, CSDS mice.  

• Characterisation of the rescue effect of claudin-5 overexpression in the 

hippocampus of KA-induced epilepsy model. 

 

5.3 Results  

Clear behavioural deficits were noted in the Cldn5fl/wtxTie2Cre, due to the 50 % loss of 

claudin-5 expression in the cerebrovasculature, as describe in Chapter 3. Chapter 4 detailed 

the design and optimisation of the AAV vector gene therapy to overexpress claudin-5 

specifically at the level of ECs and so can specifically upregulate expression of claudin-5 

at the vasculature of the brain. Therefore the next step, and the overarching aim of this 

chapter, was to determine if overexpression of claudin-5 can attenuate the behavioural 

deficits in models of disease.   

5.3.1 Characterisation of rescue potential in Cldn5fl/wtxTie2Cre mice following AAV 

administration into the hippocampus. 

The Cldn5fl/wtxTie2Cre mice were divided into four groups, with both the claudin-5 

heterozygote Cre+Cldn5fl/wt mice as well as the Cre-Cldn5fl/wt control mice each receiving 

either the control GFP version of the AAV (GFP-AAV) or the therapeutically relevant 

claudin-5 overexpression AAV (Cldn5-AAV). To determine the potential rescue effect of 

the therapeutic AAV on the behavioural issues noted in the Cldn5fl/wtxTie2Cre model, a 

behavioural dataset was generated following targeted upregulation of claudin-5 in vivo in 

the hippocampus.  

All mice underwent stereotaxic surgery, with the relevant control or therapeutic AAV being 

bilaterally, intrahippocampally injected. Allowing 3 weeks for recovery and AAV 

transduction, all mice then underwent a series of behavioural trials, the timetable of which 

are outlined in section 2.4.1. When all behaviour assays were complete mice were sacrificed 

and tissue was collected for analysis and claudin-5 quantification (Fig. 5.4)  
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Figure 5.4. Timeline for characterisation of rescue potential of claudin-5 overexpression AAV in 

hippocampus of Cldn5fl/wtxTie2Cre mice.  

Timeline depicting bilateral intrahippocampal injection of AAV followed 3 weeks later by 

behavioural characterisation. Mice were sacrificed and tissue taken when all behaviour trials were 

completed. Schematic created with BioRender. 

 

As there were clear deficits noted in memory function of the Cldn5fl/wtxTie2Cre mice, 

various behavioural tests were carried out to examine the effect of the overexpression 

claudin-5 AAV on the Cre+Cldn5fl/wt claudin-5 heterozygote mice. Firstly, spontaneous 

alternation on the Y-maze was again used to examine working spatial memory. There were 

significant differences in spontaneous alternation noted between the treatment groups in the 

Cre+Cldn5fl/wt mice with the GFP-AAV control mice showing a significantly lower 

spontaneous alternation in comparison to those that received the Cldn5-AAV treatment. 

The correlation data between the two Cre+Cldn5fl/wt groups again indicates that the level of 

claudin-5 being expressed is associated with a high spontaneous alternation score (p = 

0.0398; r = 0.5984) (Fig. 5.5. A (i)). Additionally the number of errors made was 

significantly higher in the Cre+Cldn5fl/wt GFP-AAV treated group in comparison to the 

Cre-Cldn5fl/wt GFP-AAV group and the Cre+Cldn5fl/wt Cldn5-AAV cohort. The 

Cre+Cldn5fl/wt Cldn5-AAV treated mice, committed fewer errors in the maze and finished 

the test with a result that is much more comparable to the Cre-Cldn5fl/wt control groups, 

which would indicate the claudin-5 overexpression AAV is indeed having a positive effect 

on memory function (Fig. 5.5. A (ii)). The number of arm entries remained similar between 

the groups (Fig. 5.5. A (iii)). 

The radial arm maze was again utilised to further examine various aspects of the 

Cldn5fl/wtxTie2Cre model’s memory that had noted impairments in the original 
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characterisation. In the radial arm maze the Cre-Cldn5fl/wt mice that received either AAV 

treatment, GFP-AAV or Cldn5-AAV, produced very similar results across the duration of 

the 10 day trial in regards to both their working and reference memory (Fig. 5.5). This in 

turn shows that in healthy subjects, no adverse effects are being caused by the control or 

treatment gene therapy. However in the Cre+Cldn5fl/wt mice there were numerous days that 

showed a significant difference between the treatment groups. Examining reference 

memory, within the Cre+Cldn5fl/wt groups, significant differences are noted between the 

two treatment groups, on day 3 as well as from day 6 onwards to the completion of the trial 

on day 10 (Fig. 5.5 B (iii)).  Reference memory, emulates long-term memory therefore these 

errors reflect an inability to retain memory regarding the location of the food rewards in this 

trial resulting in mice entering the incorrect arms in their search. Overtime these errors 

should reduce, as is seen in the Cre-Cldn5fl/wt control mice (Fig. 5.5 B (ii)). This is also seen 

in the Cre+Cldn5fl/wt mice that received the therapeutic Cldn5-AAV further supporting the 

rescue potential of this gene therapy (Fig. 5.5 B (ii;iii)).  

Working memory, which reflects short term memory, is counted when a mouse enters an 

arm it has already investigated during the trial. As with the reference memory, no 

discernible differences were noted between treatment groups in the Cre-Cldn5fl/wt mice. 

However in the Cre+Cldn5fl/wt mice there are significant differences were noted between 

the two treatment groups from day 7 to 10, again further supporting the hypothesis that 

these memory issues can be resolved if claudin-5 expression in the BBB is restored. Further 

support for this  hypothesis is seen in Fig. 5.5 B (iv;v) with the lower levels of Cldn5 mRNA 

expression in the hippocampus showing a significant negative correlation with the number 

of working memory errors made during the trial (p = 0.0280; r = -0.6304).  

In the characterisation of the Cldn5fl/wtxTie2Cre mouse model, one of the most notable 

changes in behaviour that is associated with anxiety was in grooming behaviour. There was 

a significant neglect in both forced and spontaneous grooming, noted through the splash 

test and open field test. Following claudin-5 overexpression in the hippocampus through 

AAV administration, the claudin-5 heterozygote Cre+Cldn5fl/wt mice showed a latency that 

is comparable with both Cre-Cldn5fl/wt control treatment groups. Moreover, the 

Cre+Cldn5fl/wt mice that were treated with the control GFP-AAV continued to exhibit a 

significant neglect to initiate grooming behaviour compared to the control mice that 

received either treatment option (Fig. 5.6 A (ii)). Correlation data again indicates that the 
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increased latency to groom shows an association with decreased claudin-5 expression (p = 

0.0234; r = -0.4810) (Fig. 5.6 A (iii)). This same finding is seen for the open field test in 

regards to spontaneous grooming behaviour (p = 0.0002; r = -0.7210) (Fig. 5.6 C (ii)). 

Additionally, another behaviour associated with increased anxiety is the reduced preference 

for social interaction, which was measured in the social preference task. The Cre+Cldn5fl/wt 

mice that received the control GFP-AAV continues to show a decreased preference for 

social interaction, while the Cre+Cldn5fl/wt that were administered the therapeutic Cldn5-

AAV showed a trend towards an increased social interaction index score (Fig. 5.6 B (i)).  

Distinct deficits in sensorimotor gating had been noted in the Cldn5fl/wtxTie2Cre mouse 

model, with a significant decrease in PPI response at the 77-110 dB, 77-120 dB and 83-120 

dB prepulse-pulse combinations (Fig. 3.21 (ii;iii)). Mice were again assessed for PPI 

response at 71, 77, 83 dB prepulse sound levels with 100, 110 and 120 dB pulse sound 

levels. Following therapeutic overexpression of claudin-5 in the Cre+Cldn5fl/wt mice there 

was a significant improvement of this PPI response, with a significant difference noted in 

the Cre+Cldn5fl/wt mice that were treated with the therapeutic Cldn5-AAV over the cohort 

that received the control GFP-AAV vector at 83-120db pre-pulse pulse (Fig. 5.8 (ii)). The 

Cre+Cldn5fl/wt Cldn5-AAV treated mice show a PPI response that is much more 

comparable to the Cre-Cldn5fl/wt control mice (Fig. 5.8 (i) vs (ii)).  
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Figure 5.5. Improvement in learning and memory ability noted following intrahippocampal 

administration of the claudin-5 overexpression AAV in Cldn5fl/wtxTie2Cre model 

The rescue potential of the AAV IH administered to the Cldn5fl/wtxTie2Cre model. Learning and 

memory deficits that had previously been noted in this model were rescued following treatment with 

Cldn5-AAV. *P<0.05 by two-way ANOVA and Tukey’s post-test. Correlations were evaluated 
with Pearson’s correlation coefficient. All data are means ± SEM with n=5 per Cre-Cldn5fl/wt group, 

n = 6 per Cre+Cldn5fl/wt group. Schematics created with BioRender. 
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Figure 5.6.  Reduced anxiety related behaviours noted following intrahippocampal administration 

of the claudin-5 overexpression AAV in Cldn5fl/wtxTie2Cre model 

The rescue potential of the therapeutic AAV IH administered to the Cldn5fl/wtxTie2Cre model. (A) 
Shorter latency to groom in the Cre+Cldn5fl/wt mice treated with the Cldn5-AAV (B) (i) 

Cre+Cldn5fl/wt mice treated with Cldn5-AAV show a non-significant increase in preference for 

social interaction in comparison to the control treated ones (C) Cre+Cldn5fl/wt mice treated with 

Cldn5-AAV display grooming behaviour that is more comparable to Cre-Cldn5fl/wt mice in 
comparison to the Cre+Cldn5fl/wt; GFP-AAV treated cohort. *P<0.05 by two-way ANOVA and 

Tukey’s post-test. Correlations were evaluated with Pearson’s correlation coefficient.  All data are 

means ± SEM with n=5 per Cre-Cldn5fl/wt group, n = 6 per Cre+Cldn5fl/wt group. Schematics created 

with BioRender. 
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Figure 5.7. No change in locomotor activity noted following intrahippocampal administration of 

the claudin-5 overexpression AAV in Cldn5fl/wtxTie2Cre model 

Locomotor activity remained normal regardless of treatment *P<0.05 by two-way ANOVA and 

Tukey’s post-test. Correlations were evaluated with Pearson’s correlation coefficient. All data are 

means ± SEM with n=5 per Cre-Cldn5fl/wt group; n = 6 per Cre+Cldn5fl/wt group. Schematics created 

with BioRender. 
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Figure 5.8. Improved sensorimotor gating noted following intrahippocampal administration of the 

claudin-5 overexpression AAV in Cldn5fl/wtxTie2Cre model 

The rescue potential of the AAV intrahippocampally administered to the hippocampus of 
Cldn5fl/wtxTie2Cre model examining sensorimotor gating. (A) PPI apparatus (i) Cre-Cldn5fl/wt 

showed no difference in PPI response regardless of AAV treatment (ii) Cre+Cldn5fl/wt mice that 

were treated with the control GFP-AAV displayed a significantly reduced acoustic PPI response 
with a pre-pulse/pulse combination of 83dB-120dB in comparison to those treated with the Cldn5-

AAV, showing rescue effect. (iii) Correlation data (p = 0.0119; r = 0.6040) *P<0.05 by two-way 

ANOVA and Tukey’s post-test. Correlations were evaluated with Pearson’s correlation coefficient. 

All data are means ± SEM with n=7 per Cre-Cldn5fl/wt group; n = 7 per Cre+Cldn5fl/wt group. 

Schematic created with BioRender. 
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5.3.2 Characterisation of rescue potential in Cldn5fl/wtxTie2Cre mice following AAV 

administration into the medial prefrontal cortex. 

Section 5.3.1 has shown a distinct rescue effect of the claudin-5 overexpression AAV when 

administered into the hippocampal region of the brain. Therefore the next step was to 

examine the potential rescue effect this BBB restoring AAV may have in a different region 

of the brain. The mPFC was selected as the next targeted brain region for examination. 

Previous work by Greene et al., had shown that suppression of claudin-5 in the mPFC 

resulted in profound behavioural changes, with distinct impairments in various forms of 

memory (Greene et al., 2018). As described in section 1.9.2 the mPFC is involved in 

memory function, as well as emotional processing and high-order cognitive processes. 

Taken together, this region showed strong potential as a target for claudin-5 overexpression 

in a gene therapy-based approach.  As before the Cldn5fl/wtxTie2Cre mice were divided into 

four groups, with both the claudin-5 heterozygote, Cre+Cldn5fl/wt mice, as well as the Cre-

Cldn5fl/wt control mice each receiving either the control GFP version of the AAV (GFP-

AAV) or the therapeutically relevant claudin-5 overexpression AAV (Cldn5-AAV). To 

determine the potential rescue effect of the therapeutic AAV on the behavioural issues noted 

in the Cldn5fl/wtxTie2Cre model, a behavioural dataset was generated following targeted 

upregulation of claudin-5 in vivo in the mPFC.  

All mice underwent stereotaxic surgery, with the relevant control or therapeutic AAV being 

bilaterally injected into the mPFC. Following 3 weeks for recovery and AAV transduction 

all mice underwent a series of behavioural trials, the timetable of which are outlined in 

section 2.4.1. When all behaviour assays were complete mice were sacrificed and tissue 

was collected for analysis and claudin-5 quantification (Fig. 5.9)  
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Figure 5.9. Timeline for characterisation of rescue potential of claudin-5 overexpression AAV in 

mPFC of Cldn5fl/wtxTie2Cre mice.  

Timeline depicting bilateral prefrontal cortex injection of AAV followed 3 weeks later by 

behavioural characterisation. Mice were sacrificed and tissue taken when all behaviour trials were 

completed. Schematic created with BioRender. 

To examine the effect of the Cldn5-AAV in the mPFC in the Cre+Cldn5fl/wt claudin-5 

heterozygote mice, the same assays were utilised as in section 5.3.1. the Y-maze and the 

radial arm maze. The Y-maze noted no differences in spontaneous alternation (Fig. 5.10 A 

(i)). The number of errors remained significantly higher in the Cre+Cldn5fl/wt mice that were 

treated with the control GFP-AAV, however in this case the therapeutic Cldn5-AAV does 

not appear to have any significant rescue effect (Fig. 5.10 A (ii)). Finally, no noted side bias 

was observed in these mice (Fig. 510 A (iii)).  

The radial arm maze was utilised to further examine the potential rescue effect the BBB 

restoring AAV had when administered to the mPFC. As was noted in the Y-maze, the 

Cre+Cldn5fl/wt cohort treated with the GFP-AAV committed the most errors in the trials, 

but those that were treated with the Cldn5-AAV also committed a higher number of errors 

in comparison to either Cre-Cldn5fl/wt control group (Fig. 5.10 B (i)). In regards to both 

reference and working memory errors, as before the Cre-Cldn5fl/wt mice that received either 

AAV treatment produced very similar results across the duration of the 10 day trial (Fig. 

5.10 B (ii; iv)). Comparing reference memory errors within the Cre+Cldn5fl/wt groups, 

showed no significant differences between treatment groups (Fig. 5.10 B (iii)). This result, 

when compared to the hippocampally injected cohort shows poor rescue of the reference 

memory  deficits that are noted in this model (Fig. 5.5 B (iii)). In regards to the working 

memory errors committed by the Cre+Cldn5fl/wt mice, significant differences are noted 
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between the two treatment groups, on day 7 and 8 (Fig. 5.10 B (v)). This rescue is minimal 

in comparison to what was noted in the hippocampally injected mice (Fig. 5.5 B (v)). 

Forced grooming behaviour analysed through the splash test did not show any significant 

differences in any cohort (Fig. 5.11 A). Spontaneous grooming showed a significant 

difference in the total time spent grooming between the Cre+Cldn5fl/wt treatment groups, 

with the control AAV treated cohort showing a longer latency to begin grooming but when 

doing so, the total time that was spent grooming was significantly higher than the 

therapeutic Cldn5-AAV cohort (Fig. 5.11 C (i;ii)). Neither of the social behaviour tasks 

noted any discernible differences. A decreased social interaction score had been noted in 

the characterisation of this model. While this trend can still be seen in the Cre+Cldn5fl/wt 

mice compared to the Cre-Cldn5fl/wt controls, there is no differences noted between the AAV 

treatment groups (Fig. 5.11 B (i)). The lack of behavioural changes between treatment 

groups are not due to any mobility issues which was verified through open field test, radial 

arm maze and rotarod (Fig. 5.12).  

Sensorimotor gating deficits had been noted in the model and some rescue had noted with 

AAV treatment overexpressing claudin-5 in hippocampus. A similar result was obtained 

through the same AAV treatment in the mPFC. Mice were again assessed for PPI response 

at 71, 77, 83 dB prepulse sound levels with 100, 110 and 120 dB pulse sound levels. 

Following therapeutic overexpression of claudin-5 in the mPFC of Cre+Cldn5fl/wt mice 

there is a significant improvement of this PPI response, with a significant difference noted 

in the Cre+Cldn5fl/wt mice that were treated with the Cldn5-AAV over the cohort that 

received the GFP-AAV control at 83-120db pre-pulse pulse (Fig. 5.13 (ii)) 
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Figure 5.10. No significant rescue of the learning and memory deficits following bilateral 

administration of AAV into the mPFC of Cldn5fl/wtxTie2Cre model 

Learning and memory function was analysed via the (A) Y-maze and (B) radial arm maze. No 

significant differences in behaviour were observed between Cre+Cldn5fl/wt mice treated with the 

Cldn5-AAV or the GFP-AAV. This suggests that claudin-5 overexpression in the mPFC does not 

have a therapeutic effect on the memory deficits observed in the Cldn5fl/wtxTie2Cre mice. *P<0.05 
by two-way ANOVA and Tukey’s post-test. Correlations were evaluated with Pearson’s correlation 

coefficient. All data are means ± SEM with n=8 per group. Schematics created with BioRender. 

 

 

Figure 5.11. No significant rescue of the anxiety-associated behaviours following bilateral 

administration of AAV into the mPFC of Cldn5fl/wtxTie2Cre model 

Anxiety-associated behaviours were analysed via the (A) splash test, (B) the social behaviours tests 

and (C) the open field test. (B (i)) No significant rescue of the anxiety-associated reduced preference 

for social interaction in the Cldn5fl/wtxTie2Cre model was noted following Cldn5-AAV treatment in 
the mPFC but (A;C) some potential improvement in grooming behaviour was noted. *P<0.05 by 
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two-way ANOVA and Tukey’s post-test. Correlations were evaluated with Pearson’s correlation 

coefficient. All data are means ± SEM with n=8 per group. Schematics created with BioRender. 

 

 

Figure 5.12. No change in locomotor activity noted following administration of the claudin-5 

overexpression AAV in the mPFC of Cldn5fl/wtxTie2Cre model 

Locomotor activity remained normal regardless of treatment. *P<0.05 by two-way ANOVA and 

Tukey’s post-test. All data are means ± SEM with n=8 per group. Schematics created with 

BioRender. 

 

 

 



 232 

 

Figure 5.13. Improved sensorimotor gating noted following administration of the claudin-5 

overexpression AAV in the mPFC of Cldn5fl/wtxTie2Cre model 

Cre+Cldn5fl/wt mice that were treated with the GFP-AAV displayed a continued deficit in PPI 
response at 83-120 dB prepulse pulse while the Cldn5-AAV treated cohort showed improvement, 

more comparable to the control Cre-Cldn5fl/wt result. *P<0.05 by two-way ANOVA and Tukey’s 

post-test. Correlations were evaluated with Pearson’s correlation coefficient. All data are means ± 

SEM with n=8 per group. Schematic created with BioRender. 
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5.3.3 Characterising the rescue potential of the AAV in the doxycycline inducible 

claudin-5 knockdown mouse. 

In the previous Cldn5fl/wtxTie2Cre model, the Cre+Cldn5fl/wt mouse is constitutively 

haploinsufficent for claudin-5 and so development and maintenance of its BBB has been 

carried out in claudin-5 deficient background. These mice while having behavioural 

deficits, have a normal lifespan with no extreme pathological phenotype. However the 

inducible claudin-5 knockdown mice, which were established in the Campbell lab a number 

of years ago, have been shown to, in conjunction with behavioural deficits, also develop 

seizures and die following persistent knockdown of claudin-5 (Greene et al., 2018). These 

mice are essentially wild-type mice with normal levels of claudin-5 until doxycycline is 

introduced into their diet. The overall greater loss of claudin-5 expression that is observed 

in this model, in comparison to the Cldn5fl/wtxTie2Cre model, in addition to the sudden 

change from sufficient to deficient expression of claudin-5, are together likely to be 

contributing factors in their more severe symptoms and shorter lifespan. The inducible 

knockdown model, is a second model in which the noted pathogenesis is the direct result of 

claudin-5 knockdown. Therefore this model, in conjunction with the previous, act as a proof 

of concept that restoring claudin-5 expression can resolve function. 

 

The inducible claudin-5 knockdown mouse were bilaterally intrahippocampally injected 

with the claudin-5 overexpression AAV or the control GFP-AAV. 1 week after surgery 

doxycycline was added to the drinking water. Following two weeks of doxycycline 

administration mice were subjected to a range of behavioural tasks to examine learning and 

memory, anxiety and depression, locomotor activity and sensorimotor behaviour. After all 

behavioural trials were complete a survival curve was carried out. A survival curve required 

the observation of the mice every day to do welfare checks and to note any loss of life. (Fig. 

5.14). 
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Figure 5.14 Timeline of treatment and behavioural characterisation of inducible claudin-5 

knockdown model.  

Timeline depicting bilateral intrahippocampal injection of AAV. 1-week post-surgery Dox 
treatment was added water supply. Following 2 weeks of Dox treatment behavioural 

characterisation was carried out. Mice were then observed until death for survival curve. Schematic 

created with BioRender. 

 

Numerous impairments in learning and memory were noted in these mice, with sufficient 

rescue noted in those treated with the claudin-5 overexpression AAV. Claudin-5 

knockdown (Cre+) mice treated with the control GFP-AAV committed significantly more 

errors in the Y-maze in comparison to the control (Cre-) mice or the Cre+ mice that were 

treated with the Cldn5-AAV (Fig. 5.15 (ii)). A non-significant increase in side bias is also 

seen in the Cre+ GFP-AAV injected mice which may have impaired the spontaneous 

alternation behaviour in this trial (Fig. 5.15 (iii)). Additionally, on the T-maze the Cre+ 

GFP-AAV injected mice showed significant impairments in comparison to both Cre- 

treatment cohorts and the Cre+ mice injected with the Cldn5-AAV (Fig. 5.15 B (i)).  

 

Social interactions measured in the social behaviours tests did not detect any significant 

differences between treatment groups, regardless of genotype (Fig. 5.16 A;B). No increased 

level of anxiety was noted across the elevated plus maze (EPM) in which similar number 

of entries into open arms were observed for all four cohorts (Fig. 5.15 C). The total time 

spent grooming was, however, significantly reduced as well as a distinct neglect for coat 

grooming as measured through latency to groom during the trial is noted in the Cre+ mice 

that were treated with the control GFP-AAV. The Cre+ mice that were treated with the 

therapeutic Cldn5-AAV showed distinct rescue from this behaviour, with behavioural 

outputs similar to the Cre- control mice treated with either the control or therapeutic AAV 

(Fig. 5.16 D (iii;iv)). There was also a significant decrease in the amount of exploratory 
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behaviour noted in the Cre+ GFP-AAV mice, as noted through the reduced rearing 

behaviour noted in the open field test (Fig. 5.16 D (ii)). 

Both the Cre- controls and the Cre+ claudin-5 knockdown mice regardless of treatment 

completed the locomotor-related tasks with no differences noted in distance travelled or 

average speed on the open field test (Fig. 5.17 A (i;ii). Moreover, all four cohorts 

performance were similar on the rotarod (Fig. 5.17 B).  

Clear sensorimotor gating deficits had been noted in the model during its characterisation 

(Greene et al., 2018). Claudin-5 knockdown mice exhibited a distinctly reduced acoustic 

PPI response with a 77-110 dB, 77-120 dB and 83-120 dB prepulse-pulse combinations. 

Moreover both the Cre- controls and the Cre+ knockdown mice had shown comparable 

startle responses at 100, 110 and 120 dB which verified these deficits in PPI are not due to 

impaired hearing (Greene et al., 2018). Thus following AAV administration the four cohorts 

were analysed for PPI response, as before they were assessed for PPI at 71, 77, 83 dB 

prepulse sound levels with 100, 110 and 120 dB pulse sound levels. The Cre+ knockdown 

mice that were treated with the control GFP-AAV continued to show distinct deficits at the 

same prepulse-pulse combinations that were seen in the original characterisation, when 

compared to the Cre- controls of either AAV treatment. However, the Cre+ mice that had 

been treated with the Cldn5-AAV displayed a higher PPI response that was no longer 

significantly different from either of the Cre- control treated cohorts (Fig. 5.18). This again 

provides strong support that there is therapeutic relevance for the claudin-5 overexpression 

AAV.  

As mentioned previously, the persistent knockdown of claudin-5 in this model does result 

in seizure development and death following 4-5 weeks of claudin-5 suppression. In the 48 

hr before death, the claudin-5 knockdown mice all display a similar pathological phenotype, 

which included seizures, hyperactivity followed by notable immobility as well as refraining 

from food and water consumption. A clear rescue effect was noted, in which Cre+ 

knockdown mice treated with the therapeutic Cldn5-AAV survived for longer than those 

that received the control AAV (* p=0.0268) (Fig. 5.19). 
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Figure. 5.15 Rescue of learning and memory impairments in inducible KD model following 

intrahippocampal administration of the claudin-5 overexpression AAV 

(A) Schematic of Y-maze (i) no changes in spontaneous alternation (ii) significant number of errors 

noted in Cre+ mice treated with control GFP-AAV but not the therapeutic Cldn5-AAV (iii) non-

significant trend for an increased side bias in the Cre+ control treated mice in comparison to both 
Cre- groups and Cre+ mice treated with Cldn5-AAV. (B) Schematic of the T-maze (i) significantly 

reduced spontaneous alternation on the T-Maze in Cre+ control treated mice in comparison to all 

other cohorts. (ii) no differences in the time to complete the trial. (C) novel object recognition trial 

noted no differences. *P<0.05 by two-way ANOVA and Tukey’s post-test. All data are means ± 

SEM with n=7 per group. Schematics created with BioRender. 
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Figure 5.16 Rescue of anxiety-like behaviours in inducible KD model following intrahippocampal 

administration of the claudin-5 overexpression AAV  

(A) Schematic of social preference task (i) no differences noted between Cre- and Cre+, or between 

treatment groups in social preference. (B) Schematic of social novelty task (i) no differences noted  

no differences noted between Cre- and Cre+, or between treatment groups in preference for novelty. 
(C) Schematic of elevated plus maze. (i) All cohorts completed trial with a similar number of open 

arm entries. (D) Schematic of open field test apparatus. No differences noted in time spent freezing 

or the average grooming episode (i; v) but significant changes in the GFP-AAV treated claudin-5 
knockdown Cre+ mice for time spent rearing, time spent grooming and the latency to begin 

grooming behaviour (ii; iii; iv). *P<0.05 by two-way ANOVA and Tukey’s post-test. All data are 

means ± SEM with n=7 per treatment group. Schematics created with BioRender.   



 238 

 

 
 

Figure 5.17. No change in locomotor ability in inducible KD model following intrahippocampal 

administration of the claudin-5 overexpression AAV 

(A) Schematic of the open field test apparatus. No differences noted in (i) average distance travelled 
and (ii) average speed. (B) No differences noted in (i) latency to fall or (ii) the acceleration 

regardless of treatment type or genotype. *P<0.05 by two-way ANOVA and Tukey’s post-test. All 

data are means ± SEM with n=7 per treatment group. Schematic created with BioRender. 
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Figure 5.18. Improved sensorimotor gating noted in inducible claudin-5 KD model following 

intrahippocampal administration of the claudin-5 overexpression AAV  

Claudin-5 knockdown (Cre+) mice treated with the control GFP-AAV displayed a significantly 

reduced acoustic PPI response with a pre-pulse/pulse combination at 77-110, 77-120 and 83dB-

120dB in comparison to those treated with the Cldn5-AAV. *P<0.05, **P<0.01 by two-way 

ANOVA and Tukey’s post-test. All data are means ± SEM with n=7 per treatment group. Schematic 

created with BioRender. 
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Figure 5.19. Survival curve in claudin-5 knockdown mice treated with the claudin-5 overexpression 

AAV.   

Survival analysis of the claudin-5 knockdown (Cre+) and its relative control (Cre-), either treated 

with the therapeutic Cldn5-AAV or the control GFP-AAV. Cre+ mice that were treated with the 
control gene therapy all died within 35 days with a median survival of 27days, while those that were 

treated with the therapeutic AAV had a median survival of 40 days with all dying within 42 days. 

*P<0.05 by Log-rank Mantel-Cox test. n=7 per treatment group. 
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5.3.4 Characterising the rescue potential of the AAV in the Chronic Social Defeat 

Stress (CSDS) model of depression.  

The CSDS model is a mouse model of depression. This work was carried out in 

collaboration with Laurence Dion-Albert and the Menard Lab, Department of Psychiatry 

and Neuroscience, Université Laval and CERVO Brain Research, Canada, who have 

established this model in their lab. The claudin-5 overexpression AAV and control GFP 

vector were sent to the Menard lab. All mice underwent stereotaxic surgery, with the 

relevant control or therapeutic AAV being bilaterally, intrahippocampally injected. 

Following 1 week of recovery all mice underwent the 10 day CSDS protocol after which 

mice were assessed for social avoidance in the social interaction (SI) test. This test allows 

the cohorts to be broken into susceptible and resilient groups. Once the groups have been 

assigned, all undergo a series of behavioural studies to investigate any potential rescue 

effect from the AAV. The control mice in this case are those that underwent IH 

administration of the relevant AAV but were not put through the CSDS protocol and so act 

as an unstressed control (Fig. 5.20).  

 

 

Figure 5.20. Timeline of AAV treatment followed by CSDS protocol and behavioural studies. 

Schematic created with BioRender. 

 

SI ratio is calculated by dividing the time spent in the interaction zone when the aggressor 

(AGG) was present by the time spent in the interaction zone when the AGG was absent. 

Mice that obtain an SI ratio that was less than 1 were designated stress-susceptible (SS) 

mice while those over 1 were classified as resilient (RES). The percentage of mice that 

show a resilient phenotype following CSDS protocol is  ~30–40 % (Golden et al., 2011). 
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While the numbers are small in this pilot study, there does appear to be more RES mice in 

the Cldn5-AAV treated cohort (n=5, compared to RES mice treated with GFP-AAV n=3, 

or SS mice n=3 each per treatment group) (Fig. 5.21 A).  

However, no differences in behaviour are noted between the SS and RES or between AAV 

treatment groups. Cldn5-AAV had no noted rescue effect on anxiety-related behaviours as 

assessed with the elevated plus maze (Fig. 5.21 B) or the open field tests (Fig. 5.21 E). 

Stressed mice treated with Cldn5-AAV spent equal time grooming in the splash test (Fig. 

5.21 C), did not display anhedonia as examined with the sucrose preference test (Fig. 5.21 

D) and spent a similar amount of time immobile in the forced swim test (Fig. 5.21 F)  as 

those that had been treated with the GFP-AAV. Overall no rescue effect noted following 

intrahippocampal administration of the claudin-5 overexpression AAV in this mouse model 

of depression.  
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Figure 5.21. Behavioural analysis of the CSDS model following treatment with claudin-5 

overexpression AAV. 

(A) Schematic of social interaction apparatus. (i) SI ratio for the unstressed controls, the SS and 

RES cohorts injected with GFP-AAV or Cldn5-AAV. (ii) time in interaction zone when AGG 



 244 

present for each cohort injected with GFP-AAV or Cldn5-AAV. (iii) time spent in the open field 

when AGG present for each cohort injected with GFP-AAV or Cldn5-AAV.  

(B) Schematic of elevated plus maze (EPM) apparatus. (i) Locomotion in the EPM for the unstressed 

controls, the SS and RES cohorts injected with GFP-AAV or Cldn5-AAV. (ii) time spent in closed 

arms of the EPM for each cohort injected with GFP-AAV or Cldn5-AAV. (iii) time spent in open 

arms of the EPM for each cohort injected with GFP-AAV or Cldn5-AAV.  

(C) Schematic of splash test. (i) time spent grooming for the unstressed controls, the SS and RES 
cohorts injected with GFP-AAV or Cldn5-AAV. (ii) latency to begin grooming for each cohort 

injected with GFP-AAV or Cldn5-AAV.  

(D) Schematic of sucrose preference test. (i) sucrose preference for the unstressed controls, the SS 

and RES cohorts injected with GFP-AAV or Cldn5-AAV.  

(E) Schematic of open field test. (i) distance travelled for the unstressed controls, the SS and RES 
cohorts injected with GFP-AAV or Cldn5-AAV. (ii) Time spent in centre of the open field each 

cohort injected with GFP-AAV or Cldn5-AAV. (iii) Time spent in outer of the open field each 

cohort injected with GFP-AAV or Cldn5-AAV.  

(F) Schematic of forced swim test. (i) time spent immobile for the unstressed controls, the SS and 

RES cohorts injected with GFP-AAV or Cldn5-AAV.No significant therapeutic effect was noted 

between treatment groups  

*P<0.05 by two-way ANOVA and Tukey’s post-test. Schematics created with BioRender.  

 

5.3.5 Characterising the rescue potential of the AAV in the Kainic Acid (KA) model 

of Epilepsy.  

 

C57BL/6J mice bilaterally intrahippocampally injected with either the control GFP version 

of the AAV or the therapeutically relevant claudin-5 overexpression AAV. 3 weeks post 

AAV administration mice were IP injected with a mildly-convulsant dose of KA. All mice 

were observed and video recorded for 2 hr to measure seizure activity based on the Racine 

scale. After this both control and claudin-5 mice were divided into timeline groups, one 

group were then sacrificed at the 3 hr post KA timepoint, while the other group were left 

48 hr post KA administration before they were sacrificed for tissue collection (Fig. 5.22).  
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Figure 5.22. Timeline of treatment and seizure induction in KA model of epilepsy. Schematic 

created with BioRender. 

 

Mice treated with the claudin-5 overexpression AAV  had a lower cumulative seizure score 

in comparison to those treated with the GFP expressing AAV (Fig. 5.23 A (i)). Moreover, 

claudin-5 overexpression in the hippocampus appeared to non-significantly increase the 

latency to seizure onset, thus acting in a protective fashion (p = 0.0512)(Fig.  5.23 A (iii)). 

Finally it appears that the Cldn5-AAV treatment non-significantly reduced the overall  

seizure severity (Fig.  5.23 A (ii)).  

 

Elevated neuronal activity is noted in mice 3 hr post KA administration that had been 

previously treated with the control GFP-AAV virus. A non-significant increase in cFos 

staining is notable in the control mice at the 3 hr timepoint when compared to those treated 

with the therapeutic claudin-5 overexpression virus at the same timepoint (Fig. 5.24). NeuN 

staining is also non-significantly higher in the control treated mice in comparison to the 

therapeutic vector (Fig. 5.25) Mice that were treated with GFP-AAV showed some initial 

increased inflammation in the brain, as noted through an increase in IHC staining for GFAP 

when compared at the acute 3 hr timepoint, this however had equalised with continued high 

levels of GFAP expression at the 48 hr timepoint (Fig. 5.26). Moreover, IBA1 staining 

remained elevated but equal between the two cohorts (Fig. 5.27). 
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Figure 5.23. Reduced Racine score following intrahippocampal administration of the claudin-5 

overexpression AAV.  

(A) (i) Reduced Racine score over time in mice treated with the claudin5 overexpression AAV (*p= 

0.0366) at 20-30 mins post KA (ii) Non-significant difference in maximum Racine score between 

treatment groups post injection of KA (iii) Non-significant increase in latency to stage 2 of the 

Racine scale in mice treated with Cldn5-AAV. Racine scale 1: immobility, 2: head nodding, 3: 
forelimb clonus, 4: forelimb clonus with rearing and falling, 5: wild running and jumping often 

followed by generalised tonic-clonic activity and loss of postural tone.  *P<0.05 by two-sided 

unpaired t-test. n=6 per treatment group.  
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Figure 5.24 Immunohistochemical analysis of cFos expression in mice post KA administration at 

set timepoints   

Immunohistochemical analysis examining cFos expression (red) and GFAP (green) within the DG 

region of hippocampus as noted through DAPI (blue) staining of the cell nuclei. (A) Mice 3 hr post 
KA injection that had been treated with GFP-AAV showed the highest cFos expression. Higher 

levels noted at 3 hr post KA in comparison to 48 hr (B) ImageJ analysis of cFos expression. Scale 

bar – 100 μm. Statistical analysis was carried out using two way ANOVA and Tukey’s post-test 
comparing GFP-AAV treated mice to Cldn5-AAV treated mice at set timepoints. All data are means 

± SEM with n = 6 all groups   
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Figure 5.25 Immunohistochemical analysis of NeuN expression in mice post KA administration at 

set timepoints. 

Immunohistochemical analysis examining GFAP (red) and NeuN (green) in the hippocampal DG 

as noted through DAPI (blue) staining of the cell nuclei. Acute time points following IP 

administration of KA in AAV injected mice. Scale bars, 100 μm for 20X images; 50 μm for 40X 

images. Statistical analysis was carried out using two way ANOVA and Tukey’s post-test 
comparing GFP-AAV treated mice to Cldn5-AAV treated mice at set timepoints. All data are means 

± SEM with n = 6 all groups   

 

 

 

Figure 5.26 Immunohistochemical analysis of GFAP expression in mice post KA administration at 

set timepoints.  

Immunohistochemical analysis examining GFAP (green) in the hippocampal DG visualised via 
DAPI (blue) staining of the cell nuclei. Acute time points following intraperitoneal administration 

of KA in AAV treated mice. Scale bars, 100 μm. Statistical analysis was carried out using two way 

ANOVA and Tukey’s post-test comparing GFP-AAV treated mice to Cldn5-AAV treated mice at 

set timepoints. All data are means ± SEM with n = 6 all groups   
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Figure 5.27 Immunohistochemical analysis of IBA1 expression in mice post KA administration at 

set timepoints.  

Immunohistochemical analysis examining IBA1 (green) in the hippocampal DG visualised via 
DAPI (blue) staining of the cell nuclei. Acute time points following intraperitoneal administration 

of KA in AAV treated mice. Scale bars, 100 μm. Statistical analysis was carried out using two way 

ANOVA and Tukey’s post-test comparing GFP-AAV treated mice to Cldn5-AAV treated mice at 

set timepoints. All data are means ± SEM with n = 6 all groups   
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5.4 Discussion: 

We examined four different models to determine if claudin-5 overexpression at the level of 

the BBB could have the potential to attenuate the noted pathologies. However, these four 

models should be examined as two separate groups. Firstly the Cldn5fl/wtxTie2Cre mice and 

the inducible claudin-5 KD model, both show distinct behavioural pathology, with the latter 

also showing seizure development and death. These pathologies are directly associated with 

loss of claudin-5 expression. Therefore together, these models being treated with the 

claudin-5 overexpression AAV act as a proof of concept, that resolving the barrier can 

restore function.  

 

However, most of the relevant disorders, such as schizophrenia, epilepsy and MDD are all 

complex, multifactorial disorders. While each has shown a distinct link to claudin-5 

downregulation, it is not the only factor that contributes to the disease. The models that 

were examined over the course of this research, the CSDS model and the KA model are 

both well-established and accepted models of their respective diseases of MDD and 

epilepsy. These models have been validated and proven to mirror many aspects of the 

relevant disease. This includes the method utilised to develop the model, which mirrors the 

natural development of the disease, such as stress or status epilepticus. The models mimic 

the anatomical, neuropathological and behavioural features that are noted in the patients, 

which are complex and affect numerous cell signalling pathways and cell types. 

Importantly, these models also generally have the ability to respond to treatments in a 

manner that is likely to be predictive to the treatment efficacy in patients. Overall, 

determining a rescue effect in these models is crucial to prove therapeutic relevance.  

 

Thus to start with the proof of concept element to this research. Can restoration of claudin-

5 attenuate the noted pathologies? In the characterisation of the rescue potential of the 

claudin-5 overexpressing AAV in the Cldn5fl/wtxTie2Cre model, the answer is yes. This 

BBB restoring AAV was shown, when administered into the hippocampus, to significantly 

improve learning and memory deficits that had been noted in this model (Fig. 5.5). It also 

improved the aberrant grooming behaviour that had been noted (Fig. 5.6) and rescued 

sensorimotor gating deficits (Fig. 5.8). Interestingly, this same effective rescue was not as 

clearly seen when the AAV was administered into the mPFC. A summary of the behavioural 

dataset, displayed as Z-scores to signify the deviation of behaviour from the expected 
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behaviour noted in the control mice can be seen for both the hippocampus (Fig. 5.28) and 

mPFC (Fig. 5.29). Both the hippocampus and the mPFC have been shown to have essential 

roles in learning, memory and spatial processing, which allow for flexible cognition and 

thus the ability to carry out complex behaviours such as navigation, exploration, decision 

making and social interaction (Rubin et al., 2014). The mPFC, the hippocampus as well as 

other structures such as the anterior cingulate cortex and the amygdala have been shown to 

form a neural network that is involved in learning and memory processes such as fear 

conditioning and social recognition (Feder et al., 2009; Tanimizu et al., 2017). However, 

within this circuit, it appears that the hippocampus may play a more central role, acting as 

a connector hub, integrating information from numerous other brain regions and generating 

memory (Tanimizu et al., 2017). In comparison, the mPFC, while being an essential region 

for the consolidation of memory, does not appear to act in the same manner. This may 

potentially explain why significant rescue is noted following the local restoration of the 

BBB via claudin-5 overexpression in the hippocampus but not as significantly in the mPFC. 

As a central hub, connecting many brain regions and integrating all information, the 

hippocampus appears to be a better region to target to improve function.  

 

To further this proof of concept, an examination of the inducible claudin-5 KD model was 

carried out. This model, has a normal level of claudin-5 expression until the induction of 

claudin-5 KD through RNA interference (RNAi). Therefore unlike the previous 

Cldn5fl/wtxTie2Cre model, which developed in a claudin-5 deficient environment and thus 

has a controlled and constant 50 % loss of claudin-5, the inducible model goes from a 

normal, 100 % level of claudin-5 expression to a sudden and persistent loss of claudin-5 

that is likely to be significantly more than a 50 % loss of the TJ protein over time. Thus 

overall it results in a more severe phenotype. While similar behavioural issues are noted, 

there is the additional pathologies of seizures and death with persistent knockdown. Thus 

this model is a larger challenge for the AAV based gene therapy approach. Following 

administration of the gene therapy there was noted rescue of some of the behavioural issues. 

Memory deficits, as measured through both the Y- and T-mazes, were rescued with the 

knockdown Cre+ mice treated with the Cldn5-AAV behaving more similarly to the control 

Cre- mice. The aberrant grooming behaviour was also rescued following treatment with the 

Cldn5-AAV. PPI response was improved, with only the Cre+ knockdown mice that were 

given the GFP-AAV showing a significantly reduced PPI response, while those treated with 

the Cldn5-AAV had an improved response. Finally, the survival time was also increased in 
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the cohort treated with the therapeutic Cldn5-AAV. Overall, it appears the RNAi 

mechanism in these mice outcompetes the therapeutic Cldn5-AAV in the end and reduces 

the claudin-5 level to a point that makes the mice inviable. However, this still provides 

evidence that maintaining a certain level of claudin-5 expression at the level of the BBB 

can help function. As a dose dependent gene, if claudin-5 expression can be maintained at 

a certain threshold, it may have the potential to attenuate symptoms of a disease.  

 

Examining the potential therapeutic effect of claudin-5 overexpression was then carried out 

in established models of disease, which are, due to the methods used to develop the disorder, 

more complex, with many potential disease contributing components. Multifactorial 

disorders are thought to have many small contributing factors which together increase the 

risk of disease development. Diseases like MDD and schizophrenia have a clear heritable 

element but do not function like Mendelian disorders. Therefore there is clearly a disease 

burden threshold that must be reached through a combination of contributing genetic and 

environmental factors. Starting with the CSDS model, an interesting aspect to this model is 

its ability to recapitulate an aspect of neurological disorders that few other models do, which 

is variance within its population. In this model following the CSDS protocol, mice either 

show SS or RES  phenotypes. When investigated, it was found that at the NAc the SS mice 

had a significantly lower level of claudin-5 expression in comparison to both the unstressed 

controls and also the RES mice. At the hippocampus however, the transcriptional loss of 

claudin-5 was seen in both SS and RES compared to the controls. Interestingly, at the 

translational level in the RES mice, the claudin-5 level was higher than in the SS. This 

together indicates some compensation and indicates that claudin-5 is protective (Menard et 

al., 2017). Therefore, IH administration of the claudin-5 overexpression AAV could 

potentially act in a protective manner. However, in this study no significant rescue effect 

was noted. This may be due to the AAV not having rescue potential in this more complex 

disorder but other factors may have effected this result. Firstly, the region in which the AAV 

was administered may not have been the ideal target area for notable change. As stated 

earlier, it is the NAc that has the most distinct expressional difference between the RES and 

SS and potentially this area would have been better to target in order to observe significant 

behavioural rescue. However a crucial element, that may be potentially confounding the 

results, is that the depression phenotype wasn’t strong enough in this small cohort that was 

acting as a pilot study. This model has shown distinct behavioural changes associated with 

anxiety and depression, however in this case there was few significant changes noted 
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between the unstressed control group and stressed mouse groups regardless of treatment.  

Finally, while behaviourally no changes were noted between viral treatment groups, it 

should be noted that in this small study there was an increased number of RES mice in the 

cohort that had been injected with the Cldn5-AAV. Increasing the level of claudin-5 

expression before undergoing the chronic stress may have protected vulnerable individuals 

from the SS phenotype. Larger numbers would be required to verify this hypothesis.  

 

A second established model of disease, the KA model of epilepsy was utilised to investigate 

the potential of the claudin-5 overexpression AAV. This model, which utilises a 

chemoconvulsant to induce a status epilepticus injury, is a strong and validated model of 

epilepsy. The previous work of Greene et al., has provided significant evidence that the 

level of claudin-5 expression in the microvasculature ECs of the CNS play a significant role 

in the risk of seizure development. Not only does KA-induced seizures reduce claudin-5 

expression, but additionally the Cldn5fl/wtxTie2Cre model, which is haploinsufficent for 

claudin-5, has an increased vulnerability to seizure induction (Greene et al., 2022). Overall, 

the idea of a positive-feedback loop, in which loss of claudin-5 expression is both cause and 

consequence of seizures is undeniable. These findings again provide evidence that there is 

a threshold to claudin-5 expression which is protective to pathologenesis. However, if 

expression goes below threshold, either through genetics or injury, seizures occur. 

Therefore utilising the gene therapy based approach to restore claudin-5 levels at the BBB 

to a level that is above this threshold, has the potential to restore the protective function of 

the BBB and resolve the pathology. In this pilot investigation into the rescue effect the 

claudin-5 overexpression AAV, C57BL/6J mice 3 weeks previously administered the gene 

therapy, were treated with a mildly convulsive dose of KA. It was found that those treated 

with the Cldn5-AAV had a lower cumulative seizure score examined across a 2 hr time 

period (Fig. 5.23 A(i)). Moreover the latency to seizure onset was longer in comparison to 

the control treated mice (Fig. 5.23 A(iii)). However, across both treatment groups the 

seizure severity was similar (Fig. 5.23 A(ii)). This may be due to the mildly convulsive KA 

dose, which produced overall mild symptoms with few mice exceeding stage 3 on the 

Racine scale. If repeated, mice could be administered stronger doses which may show more 

notable rescue. Additionally, hallmark features of the KA model, such as the acute induction 

of cFos appeared more extreme in the control treated mice in comparison to those treated 

with the Cldn5-AAV (Fig. 5.24). Moreover there appeared to be potential granule cell 

dispersion in the DG region in GFP treated mice (Fig. 5.25) Acute CNS inflammation was 
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noted through IHC analysis of the astrocyte marker GFAP (Fig. 5.26) but the microglial 

marker IBA1 remained similar through both timepoint and treatment.  

 

Overall these findings indicate that maintenance of claudin-5 expression at the BBB can 

restore its function, which can resolve some pathologies. However, in complex diseases 

such as MDD, schizophrenia and epilepsy, there are many factors at play. It appears that 

this concept of resolving barrier function through the overexpression of claudin-5 is still a 

viable and beneficial avenue to investigate in regards to the development of a gene therapy 

based approach to treat neurological disorders. However, objectively it may need to be 

looked at as an adjunct therapy. Most neurological disorders have at least 100 years of 

research behind them, and after that degree of investigation, it is clear that there is 

realistically no all-inclusive solution. Therefore for a complex problem, complex and co-

operative solutions are required. For example, this claudin-5 overexpression gene therapy, 

in conjunction with the gold-standard clinical and pharmacological approaches may 

improve the current efficacy of clinical outcomes. For example in the treatment of epilepsy, 

30 % of cases are refractory. Interestingly, in these cases when the tissue has been surgically 

resected as a last resort treatment option, there has been notably increased levels of drug 

efflux transporters such as P-gp noted in the ECs of the cerebrovasculature (Tang et al., 

2017). It is likely that any anti-seizure drugs (ASDs) entering the brain are immediately 

getting pumped back out into peripheral circulation, aiding in this high number of refractive 

cases. But there is a line of thought that this high level of P-gp expression is acting as a 

second line of defence due to the loss of barrier integrity. Therefore if barrier function could 

be resolved with this BBB restoring gene therapy approach, there would be no need for this 

second line of defence and thus efflux transporter pump expression should normalise. This 

would allow adequate levels of ASDs to enter the brain and reduce the number of refractive 

cases which at present is a common and expensive issue. This drug resistant issue is a 

universal problem for most neurological disorders, as along with ASDs, anti-psychotics and 

anti-depressants currently have limited success. This is due to a multitude of issues, 

including intolerable side-effects, which again may be due to the high doses required to 

overcome BBB issues. The increased function and expression of P-gp is also not exclusive 

to epilepsy, with similar findings noted in schizophrenic patients (Hoosain et al., 2015).  
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5.5 Conclusions:  

• Overexpression of claudin-5 in the hippocampus of Cldn5fl/wtxTie2Cre mice and the 

inducible claudin-5 KD mice resulted in improved learning and memory function 

and reduced aberrant grooming behaviour and sensorimotor gating deficits. 

Increased survival time for the inducible claudin-5 KD mice.  

• When administered to the mPFC of Cldn5fl/wtxTie2Cre mice the claudin-5 

overexpression AAV did not show the same effective rescue.  

• No significant rescue noted in the CSDS model but some improvement noted in the 

KA model of epilepsy. 

• Overall this gene therapy based approach to overexpress claudin-5 within regions 

of the brain may have strong potential as an adjunct therapy. 

 

5.6 Summary:  

 

Figure 5.28.  Summary of the behavioural dataset generated for the Cldn5fl/wtxTie2Cre mice 

following AAV claudin-5 overexpression in the hippocampus.  
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Data is expressed as Z-scores ± SEM. A positive Z-scores indicates the behaviour is above the 
average expected behavioural output and a negative Z-score signifies that the behaviour is below 

the expected behavioural output.  

 

 

Figure 5.29.  Summary of the behavioural dataset generated for the Cldn5fl/wtxTie2Cre mice 

following AAV claudin-5 overexpression in the mPFC.  

Data is expressed as Z-scores ± SEM. A positive Z-scores indicates the behaviour is above the 
average expected behavioural output and a negative Z-score signifies that the behaviour is below 

the expected behavioural output.  
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Assay 

Cldn5fl/wt 

xTie2Cre model 

AAV rescue - 

Hippocampus 

AAV rescue –  

PFC 

Learning and memory assays                                                     

Y-maze (Spont. Altern.) -   ↑ - 

Y-maze (Side bias)  ns ↑   ↓ - 

Y-maze (Errors)    ↑   ↓ ns↓ 

T-maze (Spont. Altern.) - - - 

T-maze (Time) - - - 

RAM (Working Memory)   ↑   ↓ - 

RAM (Ref. Memory)   ↑   ↓ - 

RAM (Errors)   ↑ ns↓ - 

NOR - - - 

Depression and anxiety assays                                                    

Splash test (Time) - - - 

Splash test (Latency)    ↑   ↓ - 

OFT (Grooming Time) - -   ↓ 

OFT (Grooming Latency)   ↑   ↓   ↓ 

OFT (Av. Grooming episode)    ↑   ↓ - 

OFT (Centre time) - - - 

OFT (Time freezing) - - - 

FST -   

EPM -   

Social Preference   ↓ ns ↑ - 

Social Novelty  - - - 

Marble burying -   

Locomotor                                                     

Rotarod (time) - - - 

OFT (Speed) - - - 

OFT (Distance) - - - 

OFT (Rearing) - - - 

RAM (Speed) - - - 

RAM (Distance) - - - 

Sensorimotor gating                                                     

PPI   ↓   ↑   ↑ 

 

Table 5.1. Summary of Cldn5fl/wt xTie2Cre behavioural outputs and changes that are obtained 

following AAV derived/directed claudin-5 overexpression in distinct regions of the brain.  

Radial arm maze (RAM), novel object recognition (NOR), open field test (OFT), forced swim test 

(FST), elevated plus maze (EPM) and prepulse inhibition (PPI).  
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Chapter 6. General Discussion and Future directions  
 

Neurological disorders are estimated to affect roughly 1 in 4 individuals worldwide, and in 

spite of the prevalence of these disorders and the extensive research that has been carried 

out in this field, the efficacy of treatment remains severely limited (Greene et al., 2020). 

Due to the lack of reliable and specific biomarkers, as well as a continued reliance on 

behavioural observations to make a clinical diagnosis, many individuals remain 

undiagnosed or misdiagnosed (Nobis et al., 2020). Adding to this, despite the availability 

of pharmacological and psychological therapies, it is estimated that only one third of people 

utilise these treatment options (Greene et al., 2020). Of those that do receive treatment, there 

are further obstacles that include intolerable side-effects or being refractive to treatment. 

Unfortunately, intolerable side-effects are commonly reported for many routinely used anti-

depressants and anti-psychotics, which generally results in poor medication compliance and 

reduced usage (Leucht et al., 2009). Moreover, the prevalence of patients that do not 

respond to treatment, known as the refractive cohort, is notably high for these common 

neurological disorders. Treatment resistance or symptom recurrence is estimated to be 

around 30 % of all epilepsy patients, 30-50 % of all MDD patients and approximately 34 % 

of schizophrenic patients (Kwan et al., 2011; Fava and Davidson, 1996, Krishnan and 

Nestler, 2008; Potkin et al., 2020). These common disorders, with high refractive cohorts, 

place an extremely high economic burden on society, with the economic burden of 

schizophrenia estimated  to be US$343.2 billion and MDD to be US$326.2 billion for the 

US alone, while globally the estimated cost burden of epilepsy is $119.27 billion (Kadakia 

et al., 2022; Greenberg et al., 2021; Begley et al., 2022). In fact, mental health disorders as 

a whole have been estimated to cost approximately US$6 trillion by 2030 (The Lancet 

Global Health., 2020). Research into the mechanisms behind these disorders has mainly 

focussed on neuronal function, while many neurotherapeutics have been developed through 

the reverse engineering of drugs previously observed to be clinically efficacious (Berton 

and Nestler, 2006). The limited efficacy, high prevalence of refractive cohorts and the 

economic burden of these diseases, taken together, highlight the clear need for the 

identification of novel mechanisms of action that are associated with these diseases, in order 

to develop new and innovative therapies.  

 

Dysfunction of the BBB is a newly recognised mechanism of action that has strong 

therapeutic relevance in neurotherapeutic development. This dynamic barrier acts as a first 
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line of defence. It is essential for the maintenance of the neuronal microenvironment, 

regulating ion and nutrient exchange between blood and brain, while simultaneously 

protecting the neural tissue from potentially damaging blood-borne components. There is 

accumulating evidence that BBB disruption is a hallmark pathology in numerous 

neurological disorders and can proceed and/or exacerbate the symptoms of these disorders. 

Thus BBB disruption may be seen as both a cause and consequence of the disease. 

Therefore restoration of BBB integrity may have strong potential as a novel mechanism of 

action for innovative treatment design. The BBB is however a complex and dynamic 

structure composed of many synergistic components, so the first question will be what 

component should be specifically targeted. Claudin-5, is a TJ protein of the BBB. It is so 

highly expressed in the ECs of the BBB that it is estimated to be 10-fold higher than the 

housekeeper, beta-actin (Daneman et al., 2010; Ohtsuki et al., 2008; Vanlandewijck et al., 

2018). KO studies have shown a size selective loosening of the barrier and results in post-

natal death (Nitta et al., 2003). Taken together, this data supports claudin-5’s essential role 

in BBB maintenance. Moreover, decreased levels of claudin-5 expression have been noted 

in either post-mortem or surgically resected tissue from patients with either MDD, 

schizophrenia or epilepsy (Greene et al., 2020; 2022). Therefore, claudin-5 shows 

promising potential as a therapeutic target. Thus, the overarching aim of this thesis was to 

further characterise claudin-5’s relationship with BBB function and the underlying 

pathophysiology and endophenotypes that result from its disruption, as well as to utilise it 

to develop a new gene therapy-based approach to treat disorders with noted BBB disruption. 

 

KO mouse models are generally extremely useful in order to identify the role certain genes 

play in an overall system. However, while the seminal work by Nitta et al using a claudin-

5 KO model provided great insight into the size selective changes to barrier function that 

results from the loss of claudin-5 expression, all mice died within 10 hr of birth (Nitta et 

al., 2003). Therefore the continued use of this KO model for further characterisation is 

limited. Thus in chapter 3, a claudin-5 heterozygote model was established, utilising the 

Tie2Cre system to ensure that claudin-5 expression was lost specifically in the ECs of the 

mice. The 50 % loss of claudin-5, was shown both specifically in the vasculature, as well 

as within key brain regions, and resulted in a discontinuous pattern of claudin-5 expression 

in the vessels, similar to what has been noted in the resected tissue from patients with 

epilepsy (Greene et al., 2022). While it did not cause significant permeability into the brain, 

astrocytic gliosis was noted in the claudin-5 heterozygote cohort in comparison to the 
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controls. Moreover, distinct deficits in learning and memory function, cognitive impairment 

and sensorimotor gating issues were noted in the claudin-5 heterozygous mice. Many of 

these behavioural deficits can be associated with neurological disorders such as 

schizophrenia. To our knowledge, this is the first ever behavioural characterisation of a 

claudin-5 heterozygous mouse model. Of note for future work, examining sex differences 

as part of this models characterisation will be important. In this characterisation, both male 

and female mice were utilised. However, there is accumulating epidemiological data 

indicating that there are significant sex differences in regards to prevalence, clinical 

symptoms and age of onset of disorders like MDD and schizophrenia. Reduced claudin-5 

expression has been noted in patients with schizophrenia, a study which included both male 

and female patients, but sex was not a factor considered in the analysis of the results (Greene 

et al., 2020). In MDD, however, through sex-specific analysis it was shown that there were 

clear gender differences, with claudin-5 loss noted in the NAc of men but in the PFC of 

women (Menard et al., 2017; Dudek et al., 2020; Dion-Albert et al., 2022). This finding 

highlights the importance of further examination of this work, and in fact all neurological 

disorder research, in a sex specific manner. These findings may provide further insights into 

why male and female patients with the same disorder exhibit different clinical symptoms, 

as well as display different efficacy and side effects following treatment (Hoekstra et al., 

2021). Overall there is compelling evidence that sex differences are an important variable 

in mental health research and thus in order to further develop our understanding of claudin-

5 and the role it plays in these disorders, it will be essential to further characterise this model 

in a sex-specific manner.  

 

The work described in Chapter 4, established a gene therapy based approach to re-establish 

BBB integrity through the overexpression of claudin-5 specifically in ECs. Gene therapy 

has exponential potential in therapeutic development. However, for too long focus has 

remained on monogenic disorders, which for the most part are rare. While progress has been 

made, the cost of goods and the rarity of some of these disorders has made translating these 

new therapeutics into clinical application commercially infeasible. The prime example 

being the first approved human AAV based gene therapy, Glybera. Glybera was both 

approved and withdrawn from the market within a 5 year period, having only treated 31 

people, due to the expense on both patient and company (Mendell et al., 2021). Therefore 

utilising this technology to treat more prevalent disorders with a clear genetic mechanism 

of action will be crucial to push this field forward. One of the major cost limiting aspects to 
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gene therapy thus far is the use of large systemic doses. Therefore, utilising a local delivery 

approach and thus a lower dose of the vector may be a method to pivot gene therapy 

innovation towards more common disorders. In utilising lower doses, many more patients 

can be treated from a singular batch of AAV produced, driving down the cost of goods per 

patient. There are clear limitations to this as a therapeutic option, including the limited 

transduction of the viral vector to specific brain regions as well a more invasive treatment 

approach when compared to systemic administration. However, based on current standard 

of care, in which there are such large cohorts of refractive patients that have no treatment 

options available, or in the case of epilepsy where surgical resection of brain tissue is the 

last resort, local injection of gene therapy may be a welcome alternative.   

 

Examining the rescue effect of this new claudin-5 overexpression gene therapy was then 

examined in four different mouse models. These four models were broken into two 

etiological cohorts. Firstly the Cldn5fl/wtxTie2Cre model and the inducible claudin-5 

knockdown model, act as a proof of concept as all pathology noted in these models is 

directly associated with reduced claudin-5 expression. The second cohort, the CSDS model 

and the KA mouse model, are established models of disease with more complex etiology 

than just reduced claudin-5 expression, and thus were more predictive to the treatment 

efficacy in patients. In the Cldn5fl/wtxTie2Cre model and the inducible claudin-5 knockdown 

model, when the therapeutic AAV was administered into the hippocampus, it significantly 

improved learning and memory deficits, the aberrant grooming behaviour and rescued 

sensorimotor gating deficits. Moreover, for the inducible KD model, the survival time was 

also increased in the cohort treated with the therapeutic AAV. Overall these findings 

support what has been shown in previous studies (Greene et al., 2022), that restoring 

claudin-5 expression at the barrier can restore function even when a distinct disease 

phenotype has developed. Therefore, it appears likely that below the normal level of 

claudin-5 expression, there is a certain threshold level of claudin-5 expression that is 

required to maintain BBB integrity and support normal neuronal function. Once below this 

minimum threshold however, the homeostasis of the neuronal microenvironment changes 

and will result in physiological and behavioural changes. As described previously, 

establishing a strong model of disease can be difficult, as the method used to develop the 

model should relate to the natural development of the disease. As many of these disorders 

are known to have strong genetic and environmental contributions, a potentially interesting 

future direction for the Cldn5fl/wtxTie2Cre model would be to utilise it in conjunction with 
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an environmental stressor. Environmental stressors include post-weaning social isolation 

protocol for schizophrenia models and chronic social defeat stress protocol for MDD 

models. Using an environmental stressor in a mouse that is already genetically vulnerable 

may further exacerbate any underlying pathology and allows for further investigation into 

the environmental and genetic contributions to neurological disease development and 

progression. Overall, this may create a model with stronger construct validity, that has the 

potential to be a strong model of disease. Additionally, in regards to the gene therapy 

administration method, future studies should examine the potential for enhancing efficacy 

through multiple injection sites. These initial rescue experiments validated that 

overexpression of claudin-5 within the hippocampal region resulted in an improved 

outcome in comparison to the mPFC targeted cohort. However, executing complex higher 

order behaviours such as self-grooming, social behaviour and memory consolidation 

requires a complex neural circuit that comprises multiple brain regions, including the 

hippocampus, the mPFC and the NAc. Moreover, all three of these regions have been 

associated with a distinct loss of claudin-5 expression and associated disordered behaviour 

(Greene et al., 2018; Menard et al., 2017; Dion-Albert et al., 2022). Therefore, future 

research should examine the potential to improve therapeutic efficacy by targeting multiple 

brain regions with this gene therapy.  

 

Examining the potential therapeutic effect of claudin-5 overexpression was then carried out 

in established models of disease, the CSDS and the KA model, which are, due to the 

methods used to develop the disorder, more complex with many potential disease 

contributing components. For the CSDS, no significant rescue effect was noted. While this 

may be due to the overexpression of claudin-5 within the hippocampus not being sufficient 

to rescue the more complex disease phenotype, it may also be due to the fact that the 

incorrect brain region was targeted. As described previously, claudin-5 loss has been noted 

in the NAc of men but in the PFC of women (Menard et al., 2017; Dudek et al., 2020; Dion-

Albert et al., 2022). Therefore a potential future study should be carried out, injecting these 

brain regions in a sex specific manner with larger numbers in each trial to examine if the 

lack of rescue effect is due to claudin-5 being insufficient to rescue pathology or if more 

specific brain regions are required to achieve therapeutic potential. In the second established 

model of disease, the KA model of epilepsy, it was found that those treated with the Cldn5-

AAV had a lower cumulative seizure score examined across a 2 hr time period. 

Additionally, the latency to seizure onset was longer than the control treated mice, but 
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across both treatment groups the seizure severity was similar. Hallmark features of the KA 

model, such as the acute induction of cFos appeared more extreme in the control treated 

mice in comparison to those treated with the Cldn5-AAV. Acute CNS inflammation was 

noted through IHC analysis of the astrocyte marker GFAP in the GFP-AAV treated 

controls, but the microglial marker IBA1 remained similar through both timepoint and 

treatment. As mice were treated with a mildly convulsive KA dose, it produced overall 

milder symptoms with few mice exceeding stage 3 on the Racine scale. For future 

examination, mice could be administered a stronger KA dose, which may produce a more 

distinct pathology and may also give clearer insight into the potential of this AAV for 

therapeutic rescue. 

 

In summary, the work described in Chapter 3, supports the current published literature and 

research, that there is a undeniable association between loss of claudin-5 expression and the 

neurobehavioral sequelae that is associated with neurological disorders such as 

schizophrenia and MDD. Moreover, the work described in Chapter 4 developed a gene 

therapy based approach to re-establish BBB integrity through the overexpression of 

claudin-5 in ECs specifically. Finally the work described in Chapter 5 provided evidence 

that maintaining a certain minimum threshold of claudin-5 can attenuate pathology. 

However for more complex models, while still being a viable avenue for therapeutic 

development, it may need to be approached as an adjunct therapy. As discussed many of 

these neurological disorders have high refractive cohorts. High level of P-gp efflux 

transporter expression has been noted in many neurological disorders and the idea that 

increased P-gp expression is acting as a second line of defence due to the loss of barrier 

integrity is becoming a popular line of thinking (Tang et al., 2017; Hoosain et al., 2015). 

However, while trying to protect the brain, this mechanism may be playing a role in the 

reduced efficacy of current therapeutics, by reducing the bioavailability of medication in 

the brain. Therefore if the primary barrier function could be resolved with this BBB 

restoring gene therapy, this second line of defence would no longer be required and efflux 

transporter expression should normalise. This in turn would resolve the pharmacodynamic 

issues noted for the current therapeutics and reduce the number of refractive cases. 

Therefore an interesting future direction for investigation would include, examining the P-

gp expression level in the  Cldn5fl/wtxTie2Cre model. Determining the level of P-gp 

expression in claudin-5 heterozygotes as well as evaluating any changes in expression 

following treatment with the claudin-5 overexpressing AAV will give further insight into 
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the potential this gene therapy has to treat the refractive cohort of neurological disease. 

Additionally to further examine its use as an adjunct therapy, mouse models of disease such 

as the CSDS model, in which behaviour pathology is reversed by chronic antidepressant 

treatment, could be utilised to examine if the latency to treatment efficacy and the dosage 

of antidepressant required can be reduced if utilised in parallel with this gene therapy. 

Overall, developing a gene therapy based approach to restore claudin-5 expression at the 

BBB, in order to re-establish barrier function appears to be a promising step in the 

development of a novel and improved method to treat neurological disorders.  
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