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Abstract

The absence of a gold-standard in vitro blood-brain barrier (BBB) model in drug
development is a leading cause of high attrition rates of central nervous system
drugs through clinical trials. Within the past decade, porcine brain endothelial
cells (PBECSs) have been established as a leading candidate for BBB modelling.
In conjunction, advances in microfluidics have led to a new generation of BBB
“on-a-chip” (BBBoaC) models, which allow endothelial cells to be subjected to
flow, resulting in the upregulation of genes associated with the BBB phenotype.

However, a BBBoaC model has not yet been developed using primary PBECSs.

The purpose of this study was to establish a PBEC BBBoaC model for
compound permeability screening. Initially, a method was established to isolate
PBECs. These cells were characterised to ensure retention of BBB phenotype;
this included the implementation of scanning electron microscopy to reveal, for
the first time, the detailed surface structure of cell-cell junctions in PBEC

cultures, and the novel identification of VE-cadherin expression.

Using Transwell cultures of PBECs, it was shown that the BBB phenotype of
PBECs was closer to in vivo physiology than an immortalised cell line, HBEC-
5i. Furthermore, the PBEC phenotype could be improved through co-culture
with immortalised astrocytes. However, drug transport studies undertaken in the
PBEC Transwell model may suggest that paracellular movement of compounds
is the dominant transport process taking place, which could be indicative of

“leaky” cell-cell junctions.

From the static Transwell model, two microfluidic BBBoaC models were
developed from PBEC and HBEC-5i cultures. Comparison of the BBBoaC
seeding protocols for both cell types showed that PBECs required more
adaptations to maintain the cells under flow. However, in spite of more complex
technical requirements, PBECs grown in the microfluidic chip showed an
increased ability to withstand shear stress by comparison to HBEC-5i cells.
Therefore, this project has established a methodology to culture a novel PBEC-
BBBoaC model, however, further refinement will be required to establish this

model as a candidate for use within drug development.
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1.1 Project background

The lack of effective pharmacological treatments for diseases of the central
nervous system (CNS) is a prominent issue within our society. Neurological
conditions have a high prevalence, with 1 in 6 people suffering from a form of
CNS disease (The Neurological Alliance, 2019). Furthermore, neurological
disorders are associated with a 39% increase in deaths in the period of 2001-
2014, by comparison with a 6% fall in all-cause deaths (Public Health England,
2018). Thus, the need for effective drugs for common CNS disorders has never

been higher.

The bottleneck in production of effective CNS therapeutics can be attributed to
designing drugs which are able to overcome three challenges unique to the
CNS. Firstly, the incomplete understanding of the multifaceted pathologies
underlying most neurological disorders. Secondly, the intrinsic complexity of the
brain architecture that prevents compounds reaching targets. Finally, the lack of
clinically relevant in vivo and in vitro pharmacokinetic models. These rate-
limiting factors manifest themselves in the high attrition rates of CNS drugs
throughout clinical trials; CNS drugs are less than half as successful in FDA

approval as non-CNS drugs in the United States (Pardridge, 2012).

The major hurdle to overcome in CNS drug permeability is the restrictive nature
of the blood-brain barrier (BBB), which limits the size and structure of
compounds that can pass from the blood to the brain compartment (Abbott et
al., 2006). The BBB is formed by extremely tight junctions between endothelial
cells of the brain microvasculature, eliminating the paracellular diffusion of drug-
like molecules and forcing molecules through the transcellular pathway (Liu et
al., 2012). High concentrations of metabolic enzymes and non-specific efflux
transporters work in addition to the restricted paracellular permeability to limit
the entry of 98% of all small molecule drugs, and 100% of all biologics without
a transport mechanism, to the CNS (Pardridge, 2005). It is, therefore, imperative
to characterise the permeability of the BBB to a novel compound as early as

possible in the drug development process.
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Many in vitro models are currently used within the pharmaceutical industry as
affordable and simplified models of the BBB (Wilhelm et al., 2011). However,
within recent years the BBB has been shown to have a dynamic and complex
structure, which is dependent upon signalling from many external sources
(Hayashi et al., 1997; Wang et al., 2020). The majority of widely used in vitro
BBB models do not allow for a realistic representation of shear-stress, which
has been shown to have a significant effect upon the expression and
translocation of endothelial cell proteins (Cucullo et al. 2011). It is this
limitation, alongside recent developments in microfluidic technologies, which
have driven the development of a new generation of dynamic in vitro models
known as “BBBs- on-a-Chip” (BBBoaC) models (Wilhelm & Krizbai, 2014).

In their simplest form, BBBoaC models consist of “vascular’ and “CNS”
chambers within a plastic “chip”. The two compartments are separated by a
semi-permeable membrane, which allows free movement of molecules between
compartments unless diffusion is restricted by the in vitro “BBB” (Oddo et al.,
2019). BBBoaC models aim to surpass the standards set by current BBB models
by maintaining a flow of media through the artificial vasculature, mimicking in
vivo haemodynamic flow. This project has built upon the foundations presented
in published literature in the aim of developing a novel BBBoaC model for use

in drug permeability screening in the pharmaceutical industry.

1.2 Evolution and discovery of the BBB

Over the course of evolution, neural tissue has become larger and more
centralised, providing the selective advantage of increased control over bodily
function and an increased ability of animals to interact with their surroundings.
However, a larger and more centralised nervous system requires a more
efficient system to deliver nutrients and clear waste, therefore, the CNS evolved
in conjunction with a dense vascular system (Mastorakos & McGavern, 2019).
Alongside an increase in the surface area for nutrient transport and waste
clearance, the modern vertebrate vascular system in the CNS has an increased
surface area for the diffusion of potentially harmful xenobiotics. Since the CNS

regulates vital for life functions, and neuronal cell division is limited, restricted
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transfer of molecules between the blood and brain compartments has a strong
selective advantage (Niven & Chittka, 2016).

It has been proposed that when a semblance of the BBB first evolved, the barrier
was formed by glial cells (Bundgaard & Abbott, 2008). However, specialisation
in the roles of glial cell types within the CNS led to the divergence of pathways,
and the evolution of an endothelial BBB with tight junctional adhesion took place;
it is suggested that the endothelial BBB evolved separately six times across

history, proving its strong selective advantage (Niven & Chittka, 2016).

The first concept of a compartmentalised CNS in scientific research was evident
in the work of Paul Ehrlich in 1885 (Ribatti et al., 2006). Ehrlich injected a vital
dye into the bloodstream of animals and examined the distribution throughout
the organs. As expected, the dye was observed in all parts of the body other
than the CNS. Erhlich explained this phenomenon as lack of absorption into the
CNS. Edwin Goldman (a student of Erhlich) continued Ehrlich’s work in 1909.
Goldman demonstrated that the dye could permeate the CNS after injection
directly into the cerebrospinal fluid (CSF), whilst the rest of the body remained
unstained (Pardridge, 1983). Thereafter, the concept of a barrier between the

brain and blood compartments came to be recognised.

1.3 Structure & function of the BBB

As stated, the BBB controls the transport of critical nutrients and waste products

in and out of the CNS, maintaining the carefully regulated microenvironment
needed for neuronal signalling. The BBB is fundamentally formed by a
continuous monolayer of endothelial cells that line the microvessels within the
CNS which express tight junctional adhesion proteins, efflux transporters and
metabolic enzymes. Supportive cells within the neurovascular unit (NVU), and
shear stress, induce and maintain the unique BBB characteristics of the
endothelial cells (Cucullo et al., 2011). Figure 1.1 demonstrates the overall

structure of the BBB within brain microvessels.
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Figure 1.1 - An overview of BBB structure within a cross section of a brain microvessel. The blood vessel
is formed from endothelial cells, and surrounded by pericytes, astrocyte endfeet and being contacted by a
neuronal process. Basement membrane is indicated by the yellow dashed line. Adapted from Abbott et
al., 2006.

1.3.1 Junctional adhesion between BECs

The junctional integrity between brain endothelial cells (BECs) forms the
physical component of the BBB, restricting the entry of large and polarised
molecules into the CNS. The BBB also restricts ion movement across the
endothelial membrane, which creates an electrical potential difference between
the blood and brain compartments. The potential difference across the
membrane is commonly reported in literature as units of resistance per unit of
surface area, known as transendothelial electrical resistance (TEER, Q.cm?). In
vivo TEER values have been reported between 1000 and 6000 Q.cm? in rats
(Butt et al., 1990).

Two groups of proteins maintain the junctional adhesion between the BECs:
tight junctions and adherens junctions. The tight junction group of proteins are
claudins, occludin and junctional adhesion molecules (JAMs). Claudins are
bound homotopically to other claudins on adjacent cells to form the primary tight
junction seal, while occludin forms heteropolymers with claudins and plays a

larger role in regulating tight junctions through phosphorylation. Claudins,
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occludin and JAMs are all associated with the accessory zona occludens
proteins (ZO-1, ZO-2, and ZO-3) which connect these primary membrane
proteins to the actin cytoskeleton of the cell (Lochhead et al., 2020; Stamatovic
et al., 2016).

The adherens junction group is made up of cadherin-catenin complexes. VE-
Cadherin is recognised as a major adherens junction protein, binding to the actin
cytoskeleton through alpha and beta catenins (Tietz & Engelhardt, 2015). Figure
1.2 illustrates the organisation of key tight junction and adherens junction

proteins and their interactions within BECs.
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Figure 1.2 — A simplified schematic of junctional adhesion proteins at endothelial cell junctions in the BBB.
Tight junctions (claudins, occludin & JAMs) and adherens junctions (catenins & cadherins) are shown
alongside ZO-1 and the actin cytoskeleton. Blue dashed arrows indicate interactions between Junction
proteins and ZO-1, and red dashed arrows indicate interactions with the actin cytoskeleton.

1.3.2 The role of ABC transporters at the BBB

In addition to tight junction proteins, BECs express high levels of adenosine 5’-
triphosphate-binding cassette (ABC) transporters compared with other
endothelial cell types. ABC transporters are a superfamily of multi-domain
membrane proteins, which are classified into seven subfamilies (ABCA-ABCG)
(Mahringer & Fricker, 2016). ABC transporters act as an additional line of

defence; they are responsible for the efflux of a heterogeneous range of
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substrates, from ions to large molecules, and the mechanism underlying this
function is not well-defined within published literature (Zhang, 2010). ABC
transporters can be responsible for the efflux of lipophilic drug-like compounds,
limiting the efficacy of novel CNS drugs designed to enter the brain via
transcellular transport. Therefore, awareness and analysis of ABC transporters
is critical in any BBB model, as a change in expression levels may result in
discrepancies in drug penetration data. The major ABC transporters that have
been identified as an obstacle to CNS drug penetration are P-
glycoprotein/MDR1 (P-gp) (ABCB1), BCRP (ABCG2), and MRP1 (ABCC1)
(Morris et al., 2017).

P-gp (MDR1) was the first ABC transporter to be identified in BECs (Miller,
2010). P-gp is highly conserved in the BECs of many mammalian species and
serves as a critical defence mechanism in the mammalian CNS (Borst &
Schinkel, 2013). For example, the accumulation of toxic compounds in the CNS
increases 10-100-fold in rodent models which have P-gp knocked out (Loscher
& Potschka, 2005). The ability to efflux an unlimited number of substrates is an
intrinsic property of P-gp, as P-gp can bind with a broad range of compounds
with seemingly no structural similarities (Gomez-Zepeda et al., 2020). In 2011,
Rauch proposed an “oscillating transporter” hypothesis, where the transporter
fluctuates between an open and closed state to stochastically catch drugs and
expel them, whilst not relying upon structural binding sites (Rauch, 2011).
Another hypothesis, supported by data from Esser et al., 2017, proposes that
the structure within the P-gp substrate binding pocket is continuously changing,
allowing the substrate to create its own binding site within the pocket (Esser et
al.,, 2017). The effect of P-gp upon the permeability of CNS drugs is
demonstrated by the pharmacokinetic profile of Loperamide. Loperamide is an
opioid derivative used to reduce gut motility without unwanted CNS side effects
(Baker, 2007). However, PET studies have demonstrated that CNS permeability
of 1C-N-desmethyl-Loperamide is significantly increased when administered
alongside the P-gp inhibitor, Tariquidar. Furthermore, oral administration of
supratherapeutic doses of Loperamide saturates P-gp efflux transporters to
cause activation of p-opioid receptors in the CNS; this scenario is common in
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patients suffering with opioid addiction (Kreisl et al., 2010). Thus, P-gp is of
utmost importance when studying BBB pharmacokinetics and therefore will be

considered the main ABC transporter of interest during this study.

Breast cancer-resistance protein (BCRP) was identified as a drug efflux
transporter in a breast cancer cell line, but has since been identified in intestine,
liver, kidney, testis, placenta, and BBB (Miller, 2010). The overlapping tissue
distribution of BCRP with P-gp suggests the role of this protein in the efflux of
xenobiotics. Although the role of BCRP in drug efflux at the BBB is not as
defined as that of P-gp, multiple studies have demonstrated that BCRP
influences the permeability of many chemotherapeutic agents into the CNS
using rodent knockout models (Morris et al., 2017). Furthermore, BCRP has
been implicated in both multidrug resistant cancers, epilepsy, and
neurodegenerative diseases (lorio et al., 2016). BCRP can therefore be
considered a major contributor to multidrug resistance at the BBB and should,

therefore, be considered when creating representative in vitro models.

The expression of a number of organic anion transporters from the multidrug
resistance protein family (MRPs) has been quantified at the BBB, with varying
levels of MRP1-MRP6 being expressed in mammalian brain capillaries from
different species (Léscher & Potschka, 2005). Although there is uncertainty
regarding the expression of MRP subtypes in different brain locations, and
across species, there is no doubt that the ABC-C family are implicated in the
efflux of a broad range of substrates from chemotherapeutics to anticonvulsants
(Gomez-Zepeda et al., 2020). As BCRP and MRPs have overlapping tissue
distributions and substrates with P-gp and with each other, ABC transporters at
the BBB are thought to work in concert with each other to efflux a wide range of

drugs with great efficacy.

1.3.3 Solute carrier transporters at the BBB

The solute carrier (SLC) transporter family is the largest family of transporters
involved in the exchange of molecules across membranes in the human body
(Morris et al., 2017). The SLC superfamily is classified into 65 families with 439
members, many of which are expressed at the BBB (Morris et al., 2017). SLC
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transporters are typically involved in the uptake of molecules, whereas ABC
transporters are mainly responsible for efflux; however, it has been reported that
some SLC transporters can function in efflux or bidirectional transport (Hu et al.,
2020). Thus, SLC transporters are relevant to pharmacokinetics in the context
of carrier-mediated uptake of drugs, and the efflux of lipophilic compounds.

SLC families considered to be of relevance at the BBB include L-alpha amino
acid transporters and monocarboxylate transporters that transport
neurotransmitter precursor compounds, and the SLCO family, which consists of
organic anion transporters (OATS), organic anion transporting polypeptides
(OATPSs), and organic cation transporters. OATs and OATPs are bidirectional
transporters and are involved in the efflux of CNS drugs, such as bumetanide,
across the BBB (Romermann et al., 2017). Figure 1.3 illustrates the location of
critical BBB transporters on BECs.
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Figure 1.3 - A schematic showing key ABC and SLC transporters expressed by BECs, using localisation
data from Morris et al., 2017. Key: OCT1 — organic cation transporter 1 (SLC22A1), OAT3 — organic anion
transporter 3 (SLC22A8), OATP2 — Organic anion transporter protein 2 (SLCO1B1), MCT1 -
monocarboxylate transporter 1 (SLC16A1), LAT1 — L-alpha amino acid transporter 1 (SLC7A5), MDR1 —
multidrug resistance transporter 1 (P-glycoprotein, ABCB1), BCRP — breast cancer resistance protein
(ABCG2), MRP1 — multidrug resistance protein 1 (ABCC1).

1.3.4 Metabolic enzymes at the BBB

Tight junctions and efflux systems work in conjunction with metabolic enzymes
to prevent entry of xenobiotics to the CNS (Decleves et al., 2011). Cytochrome

P450 (CYP) enzymes belong to a superfamily of enzymes responsible for the
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metabolism of xenobiotics and endogenous compounds. CYP enzymes have
been widely studied with regard to drug metabolism in the liver; however, CYP
enzymes are also present in extra-hepatic tissues. Multiple studies have
identified the presence of CYP enzymes in the brain microvasculature with the
CYP1B1 and CYP2UL1 isoforms being the most abundant in humans (Ghosh et
al., 2011). Alongside the presence of CYP enzymes at the BBB, y-glutamyl
transferase and alkaline phosphatase have been identified, which act to
dephosphorylate or transfer functional groups, respectively, from drug-like
molecules. Thus, metabolism of centrally acting drugs by enzymes present at
the BBB often results in polarised molecules which cannot diffuse across the
transcellular pathway and may no longer bind to the sight of action (Ghosh et
al. 2010). Thus, in order to be functional and physiologically representative, it is
critical that any BBB model expresses high levels of functioning efflux
transporters and metabolic enzymes, to provide the appropriate values of drug

permeability.

1.4 The neurovascular unit

In 1981, a cornerstone study by Stewart & Wiley investigated the induction of
BBB properties in microvessels by expatriating neural tissue into the gut of chick
embryos. The study determined that when the tissue was vascularised by gut
endothelial cells, the microvessels exhibited restricted permeability. However,
when the inverse experiment took place, where gut tissue was transplanted into
the brain, the resulting vascularisation was permeable, strongly indicating that
the BBB phenotype was not an inherent quality of BECs, but rather a result of
signalling in the surrounding tissue. At the time, it was not known which cell

types were responsible for the phenotypic change (Stewart & Wiley, 1981).

It is now known that the development, maintenance, and dynamic regulation of
the BBB is governed by multiple cellular and protein elements, which act to
induce the BBB phenotype in BECs. These individual supportive components
are grouped together, alongside the BECs themselves, to create the
neurovascular unit (NVU). Astrocytes, pericytes and the basement membrane

proteins (BMPs) are widely considered the main supportive components of the
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neurovascular unit (NVU); however, neurons, microglia and other immune cells
can also contribute to changes within the BBB (Berezowski et al., 2004)
(Dohgu et al.,, 2005). Figure 1.1 shows a schematic of the main NVU

components relative to BECs within the microvessel.

1.4.1 The NVU: pericytes

Pericytes are a widely heterogeneous cell type, taking on a range of
morphologies and roles within different tissues. All microvessels within the brain
are ensheathed by pericytes; the brain has the highest percentage coverage of
microvessels by pericytes than any other tissue in the human body, reinforcing
their critical role within the CNS (Armulik et al., 2010). Pericytes can signal
directly to BECs, as both cell types express transforming growth factor- (TGF-
B) and its receptor TGFB-R2, activation of which induces increased expression

of tight junction proteins (Dohgu et al., 2005).

1.4.2 The NVU: astrocytes

Astrocytes are the most abundant cell type within the CNS; long thought to be
simple cells with basic processes that support neuronal function, it is now
recognised that astrocytes are a complex and dynamic signalling network
(Zonta et al., 2003). Astrocytes extend long processes that contact neurons and
cover the outermost layer of microvessels within the CNS, known as astrocytic
perivascular endfeet. lonic and molecular changes, primarily due to neuronal
signalling, in the microenvironment surrounding an astrocyte result in the
propagation of calcium waves throughout the astrocytic network ().
Downstream signalling at perivascular endfeet in response to the calcium wave
can result in the release of myriad signalling molecules. These signalling
molecules include TGF-(, glial derived neurotrophic factor (GDNF) and basic
fibroblast growth factor (bFGF) which act to increase and decrease vascular
permeability through the regulation of the expression of tight junction proteins
(Cheslow & Alvarez, 2016). However, it should be noted that changes in barrier
tightness do not always depend on transcriptional changes, as cAMP and
phosphodiesterase inhibitors cause fast and temporary increases in junctional
adhesion between BECs (Ishizaki et al., 2003). As gap junctions connect BECs

30



within a microvessel, it is likely that permeability signals can propagate down
the vascular network (Blomstrand et al., 1999). Furthermore, signalling
between astrocytes and endothelial cells is reciprocal; with one study
demonstrating that the addition of medium conditioned by BECs to a
monoculture of astrocytes induces cellular polarisation through expression of
aquaporin-4 (AQP4) (Mader& Brimberg, 2019).

The majority of research surrounding astrocyte and endothelial interactions has
taken place in in vitro models, where the addition of astrocytes in co-culture with
BECs has been shown to cause expression changes in metabolic enzymes,
tight junction proteins, and transporters including GLUT1 and P-gp (Gaillard et
al., 2000). As soluble signalling molecules mediate the majority of astrocyte-
endothelial interactions, some of the benefits of astrocyte co-culture can be
mimicked by the addition of astrocyte-conditioned medium (ACM) to cell types,
which has been shown to decrease BBB permeability in in vitro studies (Nielsen
et al., 2017). Therefore, it is evident that astrocytes and BECs within the NVU
are a carefully orchestrated network, working in synchrony to produce varied

and dynamic modulation of BEC phenotype and BBB permeability.

1.4.3 Basement membrane proteins

Basement membrane proteins (BMPs), alongside the interstitial matrix, form the
extracellular matrix (ECM) around blood vessels in the CNS (Abbott et al. 2006).
BECSs, pericytes and astrocytes all contribute to the formation of the ECM, which
primarily consists of structural proteins including collagen type IV, laminin, and
fibronectin (Zobel et al.,, 2016). The ECM both connects, and functionally
separates, endothelial cells from the surrounding pericytes and astrocytes (as
shown in Figure 1.1), acting as an interface for the accumulation of NVU
signalling molecules. However, the BMPs also directly interact with cell surface
receptors to regulate gene transcription (Abbott et al., 2010). Therefore, the
presence of the ECM is essential in maintaining and inducing BBB properties;
for example, the addition of BMPs in vitro culture increases junctional adhesion
between BECs and increase expression of metabolic enzymes (Zobel et al.,

2016). Additionally, the presence of an ECM has also been shown to polarise
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astrocytes through AQP4 expression in in vitro culture (Mader & Brimberg,
2019). As the aim of any BBB model is to create a physiologically representation
of the vivo system, it is therefore imperative that BMPs are considered as an

active component in the BEC culture system.

1.4.4 Shear stress and BEC phenotype

Shear stress is defined as a force that causes deformation of a material by
slippage along a plane that is parallel to the imposed stress. BECs that line
microvessels within the CNS are constantly exposed to shear stress due to
haemodynamic flow, with flow rates within human brain capillaries ranging
between 0.5 and 2.3 Pa (Wang et al., 2020). Within recent years, the importance
of mechanical stress in maintaining the BBB phenotype of BECs has become
widely recognised. Many studies have demonstrated that the force of shear
stress upon BECs upregulates the expression of tight junction proteins,
multidrug efflux transporters, CYP enzymes and regulates carrier-mediated
transport and immune cell invasion across the membrane (Cucullo et al., 2011,
Partyka et al., 2017; Rochfort & Cummins, 2019; Santaguida et al., 2006).

The effect of haemodynamic flow upon BBB phenotype is exerted upon BECs
through many signalling pathways. Firstly, haemodynamic flow activates
mechanoreceptors upon the luminal membrane of BECs. This includes the
NOTCH1 receptor, which in turn affects NOTCH inducible ligands, increasing
transcription factors and inducing a cell-signalling pathway that results in the
activation of the shear stress response element (Jahnsen et al., 2015).
Furthermore, the adherens junction protein, VE-cadherin, has been confirmed
as a mechanosensory adaptor protein that is capable of transducing mechanical
signals through interactions with the tight junction protein occludin, promoting
junctional adhesion through tight junction modification (Wang et al., 2020).
Figure 1.4 shows an overview of NVU and shear stress signalling across the
BBB.

Thus, haemodynamic flow is directly responsible for limiting the paracellular
transport of large and hydrophilic molecules, reducing the diffusion of small and
lipophilic molecules, increasing metabolism of xenobiotics, and regulating the
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disruptive barrier effects of inflammatory mediators. It is therefore evident that
shear stress upon BECs will affect drug transport across the BBB into the CNS
within the in vivo system and will be a critical component of a representative in

vitro BBBoaC model.
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Figure 1.4 - An illustrative overview of neurovascular unit (NVU) components: astrocytes, pericytes,
extracellular matrix (ECM, indicated by yellow dashed line) and shear stress caused by haemodynamic
flow in the vessel. Black dashed arrows represent signalling pathways within the NVU that directly
modulate barrier integrity, and blue dashed arrows represent reciprocal signalling pathways from
endothelial cells.
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1.5 Druq transport across the BBB

The molecular characteristics of the BBB, as described in the previous sections,
create the perfect obstacle, one which will always need to be surpassed in the
development of novel neurotherapeutics. Consequently, recent advances in the
understanding of molecular neuroscience have not led to significant
advancements in drug treatments of CNS diseases. As previously stated, drug
compounds can pass into most peripheral tissues through the paracellular and
transcellular pathways. However, tight junctional adhesion and high expression
of multidrug efflux transporters between BECs at the BBB reduces paracellular
entry of compounds to a negligible level. Transendothelial transport of
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molecules across the BBB are split into three main routes: passive diffusion,

transcytosis, and carrier mediated transport (Pardridge, 2005).

1.5.1 Drug transport: passive diffusion

Drug molecules that cross the BBB via passive diffusion have two main features:
firstly, the molecular weight must be less than 500 Da, and secondly, the
compound must be lipid soluble and form less than 8-10 hydrogen bonds with
water (Pardridge, 2012). Thus, drugs that can cross the BBB are often altered
by medicinal chemistry so as to make them more lipid soluble. A compound with
increased lipid solubility will become more permeable across the BBB; however,
it will also become more permeable across all biological membranes in the
system, consequently increasing drug clearance. Therefore, increased
lipophilicity of the drug can also minimise brain uptake as increased clearance
offsets the increase caused by lipidisation (Pardridge, 2005). Furthermore,
many molecules that enter via passive diffusion over the transendothelial
pathway are also subject to efflux by broad-spectrum multidrug efflux
transporters such as P-gp, BCRP and MRPs. One possible solution to this
issue could be the administration of a co-drug, which could act as an inhibitor of
the multidrug efflux transporter, to allow passive diffusion of the lipophilic small
molecule drug without efflux (Loscher & Potschka, 2005).

1.5.2 Drug transport: transcytosis

Transcytosis across the transendothelial pathway is the main route of CNS entry
for large molecules. Large molecules are taken into the membrane and an
intracellular vesicle is formed, which will travel through the endothelial
cytoplasm to fuse with the opposite membrane to release its contents.
Transcytosis can take place when proteins bind to specific receptors on the cell
membrane (receptor mediated transcytosis; RMT) or when positively charged
molecules bind to negatively charged glycolyx in the membrane, inducing
internalisation (adsorptive mediated transcytosis; AMT) (Pulgar, 2019). Since
large molecule products including antibodies, recombinant proteins and gene
therapies cannot enter the CNS via the paracellular pathway, delivery of large

molecule drugs could be possible via molecular Trojan horses. These
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therapeutic compounds could be re-engineered as a fusion protein with the
molecular Trojan horse that would gain access to the CNS via RMT (Pardridge,
2007).

1.5.3 Drug transport: carrier mediated transport

Carrier mediated transport (CMT) of molecules into the CNS is dependent upon
SLC transporters as discussed in Section 1.3.3. SLC transporters are
responsible for the influx of essential molecules required by the CNS, however,
they can also be utilised to aid drug access into the CNS by taking on the
structure of a pseudo-nutrient (Morris et al., 2017). Many CNS drugs already
utilise these transporters, for example, the pro-drug L-dopa and gabapentin
cross the BBB using LAT transporters, and lidocaine, imipramine and
propranolol all cross the BBB using OCT transporters (Tsuji, 2005). The main

drug entry pathways are illustrated in Figure 1.5.

In summary, although paracellular diffusion of drug compounds is restricted at
the BBB, transendothelial transport mechanisms such as RMT and CMT offer
exciting potential methods for overcoming the challenge of BBB permeability.
This further fortifies the need for a more reliable BBB model; one which is not
only capable of measuring drug entry via passive diffusion but can also account
for ABC transporter mediated efflux and also represent the advanced transport
systems (RMT and CMT) which will be needed for a new generation of biotech

generated biologic drugs.

35



Receptor - Carrier
Passive

Mediated : 2 Mediated
; Diffusion
Transcytosis Transport
Y % - ’
. e) \Y/
Luminal 4
T membrane ¢ ‘
4 ® v
@
Endothelial
T Cell Cytoplasm
O
,L Abuminal
membrane ‘ T
: ®s :' *

b

o

Figure 1.5 - A schematic showing three types of drug transport across the BBB: receptor mediated
transcytosis (large polar molecules), passive diffusion (small lipophilic molecules), and carrier mediated
transport (small to mid-sized molecules). The diagram indicates the luminal and abluminal membranes of
the BEC.

1.6 Quantification of drug permeability at the BBB

Quantification of drug permeability across the BBB is necessary to assess the
extent to which a novel drug can reach a target within the CNS and be freely
available to bind. The most commonly used permeability values to describe drug
penetration into the CNS include the blood-to-brain concentration ratio (Kp),
unbound blood to unbound brain concentration ratio (Kp,u), and apparent and
exact permeability values (Papp and Pexact) (Di et al., 2008; Loryan et al., 2013;
Weidman et al., 2016).

1.6.1 Blood-to-brain concentration ratio

The blood-to-brain concentration ratio (Kp) of a drug represents the fraction of
total drug between the two compartments. The Ky value of a drug can be
calculated experimentally by either 1) administering the drug into the plasma
compartment and taking samples at set time points from both the plasma and
the brain compartments and comparing the area under the curves of the brain
and plasma total concentrations versus time graphs or 2) infusing the drug to
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steady-state and comparing the blood-to-brain total concentrations (Fridén et
al., 2009). However, the use of Kpas a measure of brain penetration is falling
out of favour, as this value includes bound drug in calculations which would not

be free to bind at the target site (Loryan et al., 2013).

1.6.2 Unbound blood to unbound brain concentration ratio

Unbound blood to unbound brain concentration ratio (Kp, w) is often seen as a
more useful value than K, as this is the ratio of concentration of free drug in the
brain interstitial fluid to free drug in plasma. Drug-protein binding is the reversible
interaction of the drug with a protein, and according to the free drug hypothesis,

only unbound drug is available to act pharmacologically at the target site.

Equation 1.1

Free drug + Free protein < Drug Protein Complex

Therefore, the free (unbound) drug will represent only the drug available in the
plasma compartment to cross the BBB, and the drug available within the brain
compartment to bind with the target site. When the K u, value (the fraction of
unbound drug in both compartments) is close to 1, this indicates that the
compound that is able to freely diffuse across the barrier and is not a substrate
for a multidrug efflux transporter. When Kp,uu is greater than 1, this indicates that
a drug that is a substrate for uptake transporters and is being transported into
the brain through RMT or CMT. Finally, if Ky, wis less than 1, this indicates that
the drug is not freely permeable across the barrier and the drug could be a
substrate for a multidrug efflux transporter (Loryan et al., 2013). Kp, wu can be
calculated experimentally using microdialysis, however, pre-clinical in vivo
microdialysis studies are low throughput and time consuming. Kp uu values can
be calculated using the equation below, where the Ky value generated is
multiplied by the fraction unbound in the brain (Fy, brain) Over the fraction unbound

in the blood (Fu, biood), calculated by equilibrium dialysis (Fridén et al., 2009).

Equation 1.2
Fu, brain

Kp,uu = Kp, bramm
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1.6.3 Apparent and exact permeability calculations

Apparent permeability (Papp) (Equation 1.3) describes the rate of transport of a
compound across the BBB, and thus, can be indicative of uptake or efflux via
transporter mechanisms. However, Equation 1.3 is only accurate when drug
transport is linear, when there is less than 10% of the drug transported across
the monolayer, and there is negligible backflow and a favourable mass balance
(Palumbo et al., 2008). More recently, an alternative measure of the rate of drug
transport, known as Pexact (Equation 1.4, 1.5), has been derived and provides a
mathematical solution for the whole transport curve (Tran et al., 2004).
Furthermore, Pexact remains accurate when there are mass balance issues
(Zhang et al., 2016).

Equation 1.3

P (cm.s 1) = (A_C).(V_)
app At ACo

Ac/At = Change in receiver compartment concentration over time (mol. I, s-1)
V = Volume in receiver compartment (cm?3)
A = Surface area of Transwell insert (cm?)

Co = Initial concentration of compound in donor compartment (mol. I'1)

Equation 1.4

VrVD (Cr (t))

A (G3),

Pexact = _m }

Vb = Donor compartment volume (cm?)

VR = Receiver chamber volume (cm?)

A = Surface area of the permeability barrier (cm?)

t = Time of measurement (s)

Cr( = Drug concentration in the receiver compartment (mol. I'1) at time t

C(t)= Average system concentration of drug defined by Equation 1.5
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Equation 1.5

VpCon(t) + VrCr(t)
Vpo+Vr

(€)=

Co = Drug concentration in the donor compartment (mol. L) at time t

1.7 Current BBB models

BBB permeability testing within the pharmaceutical industry depends upon high

throughput in vitro testing during drug discovery and low throughput whole
system in vivo assays during drug development. However, it is recognised that
high throughput in vitro assays are low-cost, convenient, and quick while lacking
accuracy, and whole system in vivo assays reveal detailed analysis of
pharmacodynamic and pharmacokinetic properties of the drug, while being
high-cost and requiring high levels of technical expertise. This section will
examine the in vivo and in vitro assays currently most widely used within the

drug discovery and development processes.

1.7.1 In vivo drug transport studies

The use of in vivo assays to examine BBB permeability of novel compounds is
commonplace within the pharmaceutical industry (Pardridge, 2005). These in
vivo experiments include: microdialysis, in situ perfusion, and equilibrium
dialysis, all of which are invasive and usually carried out in rodents to calculate
BBB permeability values such as Kp and Kpuu (Deguchi, 2002) (Di & Chang,
2015). There are also non-invasive techniques including single photon
computed tomography (SPECT) and positron emission tomography (PET)
where radiolabelled compounds are administered, and BBB permeability is
examined through dynamic scanning procedures (Bickel, 2005). In vivo
techniques are considered the most accurate form of BBB permeability assay
as they use physiological tissue and, consequently, are considered the gold
standard for evaluating drugs that depend upon transport mechanisms such as
CMT or RMT (Bickel, 2005). However, in vivo experiments also have numerous

disadvantages: non-invasive techniques do not allow for analysis of metabolites
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present the brain tissue, while invasive techniques require the sacrifice of the
animals used in the experiments, and all permeability data are subject to species
differences in drug transport and metabolism (Heymans et al., 2018). In broader
terms, in vivo assays are low throughput, costly and require specialist equipment
and training, in exchange for more physiologically results than most in vitro

techniques.

1.7.2 In vitro drug transport studies

No single in vitro model has been adopted as a standard across the
pharmaceutical industry despite a huge increase in the availability and
complexity of in vitro BBB models in recent years (Wilhelm & Krizbai, 2014). In
fact, the search for an in vitro BBB model that offers the representative accuracy
of an in vivo model has become a holy grail for many researchers. It is widely
recognised that current BBB models used within the pharmaceutical industry
leave a lot to be desired, as no widely used assay is able to mimic passive
permeability, transport, and metabolic functions of the BBB (Bicker et al., 2014).

1.7.2.1 Non-cellular based in vitro models

Non-cellular based in vitro models of the BBB are high throughput and low-cost
indicators of BBB permeability. The most widely used non-cellular based model
for BBB permeability testing is the parallel artificial membrane permeability
assay (PAMPA). The PAMPA assay was first developed to measure gut
absorption of orally administered drugs but has since been optimised for BBB
permeability testing with the development of the PAMPA-BBB assay (Di et al.,
2009). However, it is evident that PAMPA assay is only capable of determining
permeability through passive diffusion across the BEC monolayer, and as
previously discussed, this is only accurate for assessing the movement of
readily permeable lipophilic small molecule drugs that are not multidrug efflux
transporter substrates (Section 1.5). Furthermore, the PAMPA-BBB assay does
not allow for analysis of drugs that could be absorbed by CMT or RMT

mechanisms.

Another widely used non-cellular method of predicting BBB permeability is
through in silico modelling (Zhang et al., 2016). Computer models can build
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structure-activity relationships through analysis of commonalities in permeable
compound structures, predicting permeability depending upon molecular
weight, lipophilicity, and hydrogen bond forming ability (Wang et al., 2018).
Computational models are typically used during the very early phase of drug
discovery and can identify molecules that are most likely to cross the barrier via
passive diffusion. However, as previously discussed in Section 1.2.3, the
structure-binding relationship of many multidrug efflux transporters at the BBB
is poorly defined. Therefore, no current in silico model can accurately predict
whether a compound would be subject to efflux or uptake at the BBB.

The models described offer high throughput and low-cost benefits that cannot
be rivalled by any cell-based model due to the technical cell culture expertise
required. However, these models could never be used in isolation, without
supportive data from cellular-based systems due to the inability of these
methods to account for the complex uptake and efflux mechanisms present at
the BBB.

1.7.2.2 The Transwell BBB model

One of the most widely used cell-based in vitro models used for BBB research
and during drug development is the Transwell BBB model (Bicker et al., 2014).
In this model, cells are suspended upon a semi-permeable membrane insert in
a cell culture well, creating apical and basal chambers that are separated by a
cell monolayer. Drug permeability can be quantified in the Transwell model by
administering a compound to the donor compartment and measuring the
compound that has passed into the receiver compartment, across the “BBB”
formed by BECs on the semi-permeable insert (Oddo et al., 2019). The
Transwell system is a versatile model as different cell types can be cultured in

the apical and basal compartments, as shown in Figure 1.6.
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Figure 1.6 - A diagram of a Transwell model of the BBB: the Transwell insert is placed inside a multi-well
culture plate and the BBB monolayer formed is from primary BECs, immortalised BECs, or non-CNS
epithelial cells upon the semi-permeable apical insert. Co-cultured NVU cells such as astrocyte, pericytes
and neurons can be grown on the bottom culture well. During drug transport studies, compounds are
administered to the apical compartment and permeability into the basal compartment is measured.

There are three widely used cell types in Transwell BBB monolayers for drug
permeability testing: isolated primary BECs, immortalised BECs, and
immortalised non-CNS epithelial cells (Abbott, 2004). Using primary or
immortalised BECs is inarguably more accurate and physiologically
representative than non-endothelial alternatives. Primary BECs have been
reported high TEER values in Transwell culture, and immortalised cells,
although demonstrating reduced junctional adhesion, retain expression of many
key BBB uptake and efflux transporters (Neilsen et al., 2017). However, these
models are not well standardised for industrial use, and it is for this reason that
many Transwell BBB models used within the pharmaceutical industry use
immortalised non-CNS epithelial cells, which have been created for in vitro gut
permeability testing (Hellinger et al., 2012). Human colon adenocarcinoma
(Caco-2) and Madin-Darby canine kidney (MDCK) cell lines were originally
developed for gut permeability screening assays but are now widely used for
CNS permeability screening (Lundquist & Renftel, 2002). Variations of the cell
lines have been developed to account for high expression levels of transporters,
including VB-Caco-2, a high P-gp expressing vinblastine treated caco-2 cell line,
and MDR1-MDCKII, which has increased P-gp expression (Hellinger et al.

2012). Previous studies have shown that these cell lines have a reasonable
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correlation with BBB permeability; however, there are some discrepancies,
which could be due to differences in efflux transporter expression and passive
permeability (Di et al., 2009). Furthermore, another major limitation of Transwell
BBB models using non-CNS epithelial cells is that these models could never be
considered representative of metabolic or uptake functions of the BBB (Abboitt,
2004).

Transwell culture systems allow for monoculture of the endothelial and epithelial
cells on the insert, and ease of measurement of drug transport from the apical
to the basal compartment. However, another benefit is the ability to co-culture
the endothelial/epithelial cells with NVU cells (Bicker et al., 2014). As previously
discussed, (Section 1.4.2), astrocytes induce BBB properties through the
release of soluble signalling molecules. In line with these studies, including
immortalised or primary astrocytes in non-contact co-culture with the above cell
types (primary, immortalised, and non-CNS) increases tight junctions and
expression of efflux transporters, allowing for a more representative model
(Nielsen et al., 2017). However, a major limitation of the Transwell model is
that the system does not allow for haemodynamic flow, and thus inductive
mechanical signalling pathways from shear stress are not activated, which may
result in a loss of the true BBB phenotype of the cells (Cucullo et al., 2011).

Therefore, it is evident that with both in vitro and in vivo BBB permeability assays
there is a balance between convenience and accuracy of the model. It is,
therefore, evident that the drug development process remains dependent upon
both the costly and technical in vivo, and convenient high throughput in vitro,
assays to deduce BBB drug permeability. However, a second generation of in
vitro models which more accurately represent NVU signalling, while remaining

relatively inexpensive and convenient may offer a solution to this issue.

1.8 BBB on-a-chip models

Recent advances in microfluidic technology and nanofabrication, and a new
understanding of the complexities of shear stress upon cellular function, have
laid the foundation for the new generation of in vitro simulations: “Organ on-a-

Chip” models. This new and advanced group of models have been engineered
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to represent microphysiological systems within the body, capable of mimicking
entire organ function in just centimetres of plastic (Jiang et al., 2019). The
complex issues surrounding BBB modelling in the pharmaceutical industry
make the BBB an ideal candidate for “on-a-Chip” technology (Yu et al., 2020).
Within the past decade, a multitude of “BBB on-a-Chip” (BBBoaC) models have
been published with huge variation in methodology (van der Helm et al., 2016).
In the simplest form, BBBoaC models consist of “vascular’ microfluidic channels
alongside “CNS” chamber, which contain endothelial and supportive NVU cells,
respectively. A continuous monolayer of endothelial cells lines the vascular
microfluidic channel, which are subjected to constant flow, in order to induce
shear stress upon the cells and mimic the biophysical properties of the in vivo
tissue (Oddo et al., 2019). This section will review the key features of BBBoaC
models: evaluating design, cell culture, and quantification, and finally evaluating

their practicality in drug metabolism and pharmacokinetic studies.

1.8.1 BBBoaC model design

An archetypal BBBoaC model would mimic the key properties of the
physiological BBB: a 3D vessel-like structure, NVU cell-cell interactions, flow
induced shear stress, and a permeable ECM (Oddo et al. 2019). However,
BBBoaC models have a broad range of designs, which represent the above
criteria to differing extents. One of the first layouts for a BBBoaC model was the
‘sandwich” design, which can be considered a natural evolution from the
Transwell system. Much like the Transwell system, the “sandwich” design has
an upper and lower PDMS chamber separated by a polycarbonate semi-
permeable membrane, where the upper compartment contains BECs and lower
compartment contains NVU cells (Jiang et al., 2019). However, unlike the
Transwell system, this layout is formed from elongated channels where the cells
are subjected to flow. This design could be considered flawed; the vertically
stacked channels provide poor visibility for continuous monitoring of cell growth
and the polycarbonate membrane separating the cell types increases the

distance beyond that measured physiologically (Oddo et al., 2019).
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The more recent “parallel” BBBoaC design overcomes both limitations. This
design also consists of a PDMS-formed BEC vessel and NVU compartment;
however, these two sections lie laterally to each other and are separated by
PDMS micropillars (Jiang et al. 2019). This results in increased cell-cell contact,
particularly with growth of astrocyte endfeet between the micropillars, and
allows improved imaging as there is no viewing obstruction (Prabhakarpandian
et al., 2013). One mutual limitation with both “sandwich” and “parallel” designs
is that most channels are rectangular in cross section, which is not
representative of microvessel physiology, and results in issues with shear stress

due to a non-uniform flow (van der Helm et al., 2016).

Some of the most recent BBBoaC designs overcome this issue by growing
BECs in 3D-microtubules in a collagen-based hydrogel, with NVU cells hosted
in the gel matrix, or allowing BECs to construct their own vascular networks,
which are then subject to flow (vasculogenesis) (Campisi et al., 2018; Yu et al.,
2020). Although these models are undoubtedly more physiologically accurate,
microtubules and vascular networks would be unsuitable for drug transport
studies, due to the lack of a drug collection chamber where compounds that
permeate across the BBBoaC can be quantified (Jiang et al., 2019). Examples

of all the above BBBoaC designs are shown in Figure 1.7.
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A) Parallel Design: B) Sandwich Design:
Deosakar et al., 2015 Brown et al., 2016
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Figure 1.7 - lllustrations from four key publications of BBB on-a-Chip models representing the main design
categories: parallel from Deosarkar et al., 2015, sandwich from Brown et al., 2016, collagen hydrogel from
Yu et al., 2019, and vasculogenesis from Campisi et al., 2018. All illustrations were used from original
publications.

1.8.2 Sources of endothelial cells in BBBoaC models

Many different classes of BECs are available for use in BBBoaC models and
each have different benefits (Oddo et al. 2019). Primary BECs isolated from
mammalian CNS tissue remain the gold standard for cell culture modelling, as
these cells maintain several features of the in vivo phenotype (Abbott, 2004).
BECs isolated from many different species have been used to create BBBoaC
models, including rodent, bovine, porcine and human (Oddo et al.,, 2019).
Rodent brains are easy to obtain, but low yield of capillary fragments from the
small brains can increase the technical difficulty of the isolation process,

whereas porcine and bovine sources circumvent the issue of low capillary yield
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and studies have also show increased homology with humans in critical ABC
multidrug efflux transporters expressed by BECs (Lundquist & Renftel, 2002;
Warren et al., 2009). Primary human BECs would be an ideal model, eliminating
any discrepancies in transporter expression between species; however, ethical
concerns and availability clearly limit the use of primary human tissue (van der
Helm et al., 2016).

Recent studies have used human induced pluripotent stem cells (iPSCs) to
derive human BECs that show clear BBB characteristics (Linville et al., 2019).
Human derived iPSC-ECs offer nearly unlimited renewal and have high
expression levels of tight junction proteins and drug efflux transporters
(Workman & Svendsen, 2020). However, despite the fact that derivation of
BECs from human iPSCs offer an ethically viable and readily obtainable way to
model the human BBB, increased complexity, technical requirements, and cost
could outweigh their benefit over primary cells (Jiang et al., 2019).

Immortalised BECs offer some of the benefits of primary BECs without the
limitation of complex isolation methodologies and low passage numbers (Oddo
et al., 2019). Alongside offering purity and robustness, immortalised cell lines
also circumvent issues with species differences, as many immortalised human
BEC cell lines are now available (Jiang et al.,, 2019). However, the
immortalisation process often causes a relative loss of phenotype (Lundquist &
Renftel, 2002). Immortalised BECSs, including the hCMEC/D3 human cell line,
both show reduced expression of junctional adhesion molecules, leading to
leaky cell-cell junctions, and therefore reducing their benefit in drug transport
studies (He et al., 2014; Urich et al., 2012). The endothelial cell types used in
different BBBoaC models are described in Table 1.1.

1.8.3 Quantification and evaluation of BBBoaC models

When implementing a new class of model, evaluation through quantification
parameters is paramount; this allows direct comparison between BBBoaC
models to determine the most accurate system. Most publications of BBBoaC
models use a combination of TEER and permeability coefficients of large tracer
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compounds to evaluate the BBB phenotype of the BBBoaC model (Oddo et al.,
2019).

As previously described in Section 1.3.1, BECs are tightly adhered together to
restrict paracellular entry of xenobiotics, and charged ions, into the CNS. The
restriction of movement of ions across the barrier sets up a potential
difference, and consequently, the membrane has a measurable resistance
known as TEER (Srinivasan et al., 2015). To measure TEER experimentally,
an electrode must be placed in the “blood” and in the “brain” compartments.
TEER measurements can be taken easily in both “sandwich” and “parallel’
BBBoaC configurations and many BBBoaC models allow for real-time
measurements of TEER without any barrier disruption (Oddo et al., 2019).
TEER values can reach up to 6000 Q.cm? in vivo, and values of up to 5000
Q.cm? have been reported from BBBoaC models (Brown et al., 2016; Butt et al.,
1990). As shown in Table 1.1, primary cell-based models have a TEER of up
to 2210 Q.cm?, while immortalised cell lines have a TEER up to 280 Q.cm?
(Booth & Kim, 2012; Brown et al., 2016). However, models using human
iPSCs, where the maximum range of 400-5000 Q.cm? has been reported,
supersede both classes (Wang et al., 2017).

An alternative measurement to TEER values is the quantification of the
permeability of marker compounds across the barrier (Oddo et al.,, 2019).
Commonly used probes include FITC-dextran, sodium fluorescein, and sucrose
(Jiang et al., 2019). The addition of marker compounds to the “blood” chamber
and measuring concentration in the “brain” chamber allows the calculation of
permeability co-efficients. However, due to variation in the size and structure of
marker compounds used, the comparison of permeability co-efficients between
models becomes difficult. Therefore, there is need for increased standardisation
between BBBoaC testing protocols (Oddo et al., 2019).
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Table 1.1: BBBoaC models

Reference Design Endothelial | Supporting | Shear | TEER
Cell Type Cells Stress | value
mPa Q.cm?
Phan et al., | Vasculogenes | Human Human Not Not
2017 is Design colony stromal Stated | Stated
forming pericytes,
BECs human
neural stem
cell derived
astrocytes
Campisi et | Vasculogenes | Human iPSC | Human Not Not
al., 2018 is Design derived BECs | pericytes Stated | Stated
and
astrocytes
Yu et al., Collagen-gel | Primary rat Primary rat | Not 200 -
2020 microchannel | BECs astrocytes Stated | 400
and
pericytes
Wang et Sandwich Human iPSC | Primary rat | 2-3 2000 -
al., 2017 Design derived BECs | astrocytes 4000
Brown et Sandwich Primary Primary 2 1950
al., 2016 Design human brain | human -2210
derived BECs | pericytes &
astrocytes,
hiPSC-
derived
neurons
Booth & Sandwich bEnd.3 Cé6 1500 223 -
Kim, 2014 | Design immortalised | Astrocytes 280
mouse BEC
cell line
Griep et Sandwich hCMEC/D3 N/A 600 37-
al., 2013 Design immortalised 120
human BEC
cell line

Table 1.1 - A summary of some of the published BBB-on-a-Chip models, listing different design styles,
endothelial cell types, supportove cells, shear stress and corresponding TEER values. If TEER or shear
stress values were not presented in the publication these were omitted.
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1.8.4 BBBoaC models for drug transport studies

BBBoaC models have been developed for a wide range of uses, from research
to personalised medicine. However, certain aspects of some BBBoaC model
designs and qualities would make them able to fulfil the unmet need for a
standardised, universal BBB model for drug transport studies. This model would
have to allow for real-time TEER measurement, have compound donor and
receiver chambers, and must lend itself to medium throughput testing. Some
publications to date have tested the permeability of current drugs within
BBBoaC models.

In 2014, Booth & Kim tested the permeability of seven neuroactive compounds
in their BBBoaC model, which was formed from BEnd.3 immortalised mouse
BECs in a sandwich model design. The permeability of drugs from the “vascular”
to the “CNS” compartment of the chip was measured by LC-MS, and a highly
linear correlation between in vivo and in vitro permeability was determined (R?
> 0.85). Furthermore, the correlation between permeability values was
determined to be more accurate in the BBBoaC model than in the equivalent
Transwell system (Booth & Kim, 2014).

Wang et al., 2017 tested three compounds in their BBBoaC models formed from
human iPSCs in a sandwich model design; caffeine is a small lipophilic molecule
that readily diffuses across the BBB, cimetidine has moderate BBB permeability
through CMT, and doxorubicin has low permeability in vivo due to efflux by
multidrug efflux transporters such as P-gp. Testing the permeability of these
compounds in the BBBoaC model resulted in high permeability of caffeine,
moderate permeability of cimetidine, and low permeability of doxorubicin, in line
with in vivo studies. Furthermore, the ability to measure real-time TEER values
within the BBBoaC showed that administration of doxorubicin reduced TEER
values by 1500 Q.cm?, although this reportedly did not have effect on drug efflux
by P-gp (Wang et al., 2017).

Additionally, a publication by Wevers et al. in 2018 demonstrated that BBBoaC
models could be used for the high throughput testing of large biologic drugs.
Addition of two antibodies to the BBBoaC model, a human transferrin receptor
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antibody subject to RMT and a control, resulted in higher uptake of the receptor-
targeted antibody through RMT (Wevers et al., 2018). Therefore, it is evident
that BBBoaC models have untapped potential for use within the drug discovery

process to predict CNS permeability of new compounds.

1.9 The SynVivo idealised microfluidic chip

An analysis of the numerous BBBoaC models published within the past decade
demonstrates the wide range of designs, cell types, and quantification
parameters. However, if a BBBoaC model were to be successful as a drug
guantification assay, this model must be standardised. The ideal BBBoaC model
for examining compound permeability across the BBB must be representative
of true CNS microvessel diameter, allow induction of shear stress, require a
reasonably small amount of compound to achieve results, allow for real-time
optical monitoring of cell growth, facilitate real-time measurement of TEER
values as a representation of barrier tightness, contain separate vessel and
CNS chambers to allow drug permeation across compartments, allow for co-
culture of supportive NVU cells at physiological distances, have individual inlet
and outlet ports to allow compound collection from each chamber separately,
and finally must allow for multiple chips to be run at one time in a medium

throughput assay system

A model that is inclusive of all of these properties is the SynVivo idealised BBB
model, which has been used in multiple publications over the past decade.
This BBBoaC model has a parallel design (Figure 1.7, Deosarkar et al., 2015)
consisting of two lateral outer vessel chambers, separated from one inner
circular CNS chamber by 3 um spaced micropillars. This model is made from
oxygen-permeable and optically clear PDMS and has built-in electrodes for real-
time monitoring of TEER with no risk to cell viability in either chamber. The
PDMS chip is connected to a multi-syringe pump via the tubing and has
individual inlet and outlet ports for sample collection. One multi-syringe pump is
capable of hosting 5-10 microfluidic BBBoaC models in unison (Deosarkar et
al., 2015; Prabhakarpandian et al., 2013).
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Prabhakarpandian et al., first presented this model in 2013 as the “SyM-BBB”
microfluidic system (Prabhakarpandian et al., 2013). In this publication, RBE4
immortalised rat BECs were cultured in the outer chambers, and astrocyte
conditioned medium (ACM) was used as the supportive NVU component.
Results demonstrated that culturing RBE4 cells in the SynVivo model increases
the expression of tight junction protein ZO-1 and multidrug efflux transporter P-
gp, and decreases the permeability of FITC-dextran, relative to results from the
Transwell model (Prabhakarpandian et al.,, 2013). A further publication by
Deosarkar et al., in 2015, used the SynVivo model to culture neonatal primary
rat BECs with neonatal primary rat astrocytes in a model of the neonatal BBB;
TEER values were reported in this publication as 171 Q.cm? in Transwell,
increasing to 252 Q.cm? in the SynVivo microfluidic chip. Within this publication,
immunofluorescence studies show that astrocyte endfeet cross from the CNS
chamber through the micropillars to contact the endothelial barrier, giving a
physiological organisation to the in vitro NVU (Deosarkar et al., 2015). The
SynVivo model has also been adapted to model the blood-tumour barrier (BTB),
in this study human umbilical vein endothelial cells (HUVECS) were cultured with
immortalised rat astrocytes (CTX-TNA2 cell line) and murine metastatic breast
cancer cells to model the increased permeability of the BTB by comparison to
the BBB (Terrell-Hall et al., 2017). This demonstrated increased permeability of
three tracers in the BTB compared to the BBB, with real-time imaging of the
permeability of the fluorescent tracer compounds being captured by microscopy
techniques. Furthermore, Brown et al., 2019, developed the SynVivo
microfluidic chip to model the human BBB using hCMEC/D3 immortalised
human BECs which were cultured with primary human astrocytes (Brown et al.,
2019).

Thus, the SynVivo microfluidic BBB model has been used with a wide range of
cells to model various BBB set-ups, and although few of these publications
report TEER values explicitly, one commonality is that the SynVivo model
consistently reduces tracer compound permeability and increases tight junction
proteins (Brown et al., 2019; Deosarkar et al., 2015; Prabhakarpandian et al.,

2013; Terrell-Hall et al., 2017). In the first publication of this model, the primary
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aim of this microfluidic model was “to allow predictive screening, evaluation, and
optimisation of the abilty of a drug candidate to permeate the BBB”
(Prabhakarpandian et al., 2013). However, to date, none of the SynVivo
BBBoaC publications report having tested common drug compounds within the

model and comparing these values to in vivo data.

In conclusion, there is a distinct area of unmet need within the field of BBB
modelling. It is evident that the restricted entry of xenobiotics across the BBB is
critical in protecting the CNS, but consequently creates an insurmountable issue
within the drug discovery process. However, the complex molecular biology and
biophysics underlying the structure of the BBB has resulted in significant
difficulty generating accurate BBB models for the prediction of novel drug
permeability into the CNS. Thus, the current drug discovery process depends
upon a mix of costly in vivo studies with high technical requirements, alongside
high throughput yet inaccurate non-CNS cell line or non-biological in vitro
models. Consequently, the aim of this project was to investigate the use of
freshly isolated primary BECs in creating a BBBoaC for use in drug discovery.
BECs from porcine brain were isolated, characterised and used to generate a
static co-culture model of the BBB, and a more complex primary BBBoaC model
using the SynVivo microfluidic system, in a push towards generating a gold-

standard BBB model for use in CNS drug discovery.
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Chapter 2

Materials and methods
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2.0 Materials

The sources for frequently used reagents and equipment are listed in Table 2.1.

Table 2.1: Frequently used reagents & equipment

Reagent Source
Ham’s F-10 Media Lonza, CH
DMEM: F-12 1:1 Media Lonza, CH
Normal Goat Serum (NGS) Abcam, UK
Bovine Serum Albumin (BSA) Thermofisher, UK
Equipment Source
Conical Tube 50 ml Corning, US

GentleMACS Disassociator,
GentleMACS C-Tubes & M-Tubes

Milteny Biotech, US

Culture Flask, Filtered (T-75cm?, T- Thermofisher
25cm?)

Microscope Leica, DE
Digital Camera Leica, DE

TEER Meter EVOM2 & 6 mm Voltage
Cup ENDHOM-6G

World Precision Instruments, UK

Transwell Inserts & Plate (6 mm insert,
24-well plate, 4 um pore size)

Corning, US

Table 2.1 - Details of frequently used reagents and equipment throughout methodology with sources.

PBS was used at a 1 x concentration unless otherwise stated. All other reagents

were sourced from Sigma, UK unless otherwise indicated.
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2.1 Isolation of primary BECs

Methodologies from Abbott et al., 1992, Rosas-Hernandez et al., 2018, and

Nielsen et al., 2017, were used to determine the most effective approach to
isolate brain endothelial cells (BECs) across the study. Initial primary BEC
isolation methods used rat tissue; however, porcine tissue was pursued in
subsequent isolations. The species used for each isolation is indicated in the

appropriate methods section.

2.1.1 Isolation method derived from Abbott et al. 1992

The first protocol used to isolate BECs in the study was developed from Abbott
et al. 1992, which detailed the isolation of BECs from rats. This methodology
was used for male Sprague-Dawley rats. Between one and three brains were
taken from rats sacrificed by cervical dislocation for each isolation. The brains
were removed by dissecting a triangular flap in the skull with surgical scissors,
and a spatula was used to excavate the cerebrum from inside the skull and
meninges, discarding the cerebellum and brain stem. The cerebral
hemispheres were transferred on ice in Ham’s F-10 media to a Class Il hood
within 15 minutes of dissection. From thereafter, all procedures were conducted
in an aseptic manner. Grey matter was extracted by placing each brain in a 15
cm Petri dish containing 10 ml of ice-cold Ham’s F10 media and slicing the
cerebral hemispheres in a sagittal section using a scalpel blade and cutting as
much visible white matter as possible without damaging the outer hemisphere.
The remaining hemisphere tissue was rolled on damp laboratory tissue paper
to remove meninges and outer vessels. After dissection, each brain was
chopped into approximate 1 mm sections and suspended in PBS in a 50 ml
conical tube. If multiple brains were used the suspensions were pooled together,
before being centrifuged at 600 xg at 4°C for 5 minutes. After centrifugation, the
supernatant was poured off and the brain tissue was resuspended in 7.5 ml of
‘Enzyme Mix’ per brain used. The ‘Enzyme Mix" contained 13 pg/ml
collagenase/dispase, 20 U/ml DNase |, and 147 pg/ml TLCK in HBSS without
calcium, magnesium, or phenol red (Gibco, UK), with 1x antibiotic-antimycotic.
The brain and enzyme suspension mix were digested for 1 hour at 37°C in a
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culture incubator at 5% CO3, with gentle agitation every 10 minutes. After the
enzyme digest, the cells were centrifuged at 600 xg at 4°C for 5 minutes. The
pellet of brain tissue was resuspended in 10 ml of ice-cold Ham’s F-10 media
and added to a GentleMACS C-tube. The C-tubes were placed into a
GentleMACS disassociator and homogenised on the pre-programmed “Neural
Tissue” setting. After disassociation, the tissue suspension was centrifuged
again at 600 xg at 4°C for 5 minutes. The supernatant was removed, and the
brain suspension was added to 50 ml of 25% BSA in PBS. The BSA-cell
suspension was centrifuged for 15 minutes at 4°C at 1000 xg to create a density
dependent gradient that will separate buoyant myelin from the blood vessels.
The white myelin band was poured from the top of the gradient, and the
remaining brain tissue pellet was resuspended in the BSA solution by vigorous
shaking. The centrifugation step was repeated to extract more myelin from the
vessel fragments. After the second centrifugation, the upper myelin band was
again disposed of, along with the BSA supernatant, to leave a red pellet of
purified vessels from the brain tissue. This vessel pellet was resuspended in 2.5
ml of ‘Enzyme Mix’ (as described above) per brain and incubated for 3 hours at
37°C with occasional agitation. During this time, a T-25 cm? culture flask was
coated with 3 ml of 200 pg/ml fibronectin and incubated for 4 hours at 37°C and
then removed. Also, during this incubation period, a Percoll solution was created
by adding 15 ml of Percoll (GE Healthcare, UK) to 15 ml of PBS. Then, a Percoll
gradient was prepared by centrifuging a 30 ml of this Percoll solution at 20000
xg at 4°C for 1 hour in an Oak Ridge centrifuge tube (Thermofisher, UK). After
the enzyme digest was complete, the suspension was centrifuged at 600 xg at
4°C for 5 minutes and the supernatant was discarded. The pellet was
suspended in 10 ml of PBS and gently pipetted onto the top of the Percoll
gradient as to not disturb the density distribution. The Percoll cell suspension
was centrifuged at 1000 xg at 4°C for 10 minutes to create a visible band of
vessels and cells 4/5ths of the way down the centrifuge tube. The band was
extracted from the Percoll gradient using a Pasteur pipette and was suspended
in 40 ml of PBS in a falcon tube. The vessels were centrifuged at 700 xg at 4°C
for 5 minutes, the supernatant was discarded, the pellet was resuspended in 1:1

PBS to culture medium and the suspension was centrifuged again as previously.
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The final pellet was resuspended in 10 ml of cell media (Ham’s F10 media
supplemented with 10% FBS, 2 mM L-Glutamine, 1x antibiotic-antimycotic, 75
ug/ml ECGS), and plated onto the previously coated T-25cm? culture flask. Cells
were incubated at 37°C in 5% CO: overnight, before changing the media to
remove debris. The viability of the culture was assessed first at 24 hours and
then at 72 hours post-plating.

2.1.2 Isolation methodology developed from Rosas-
Hernandez et al., 2018.

This isolation methodology was used for both murine and porcine brains, with
adjustments to the amount of enzyme used, respectively. Porcine brains were
obtained from a local abattoir (R.B. Elliot & Son Ltd. Chesterfield, UK) and male
Sprague-Dawley rats were sacrificed by cervical dislocation for respective
isolations. Brains were transported into the laboratory on ice within 1 hour of
death. The methodology for dissection and homogenisation of the brains was
conducted as Section 2.1.1. At this point, the homogenised brains were added
to a dispase solution of 10 mg dispase Il per gram of brain tissue, suspended in
5 ml of MEM, for 30 minutes at 37°C with occasional agitation. After 30 minutes,
the digest was removed from the incubator and MEM pH 9-10 was added in a
1:1 ratio to the weight of the brain tissue. The solution was then returned to the
incubator and left to digest for a further 1 hour at 37°C with occasional agitation.
After the digestion with dispase was complete, the suspension was transferred
to a 50 ml conical tube and centrifuged at 1500 xg for 10 minutes at 4°C. After
centrifugation, the supernatant was discarded, and the pellet of digested brain
tissue was retained in the conical tube. On the day of dissection, 85 ml of
dextran solution (65 g of dextran powder (VWR International, US) to 422 ml of
distilled water) was added to 10 ml of 10 x MEM (Thermofisher, UK) and 5 ml
of 1 M HEPES. The brain tissue pellet was resuspended in 13% dextran
solution, and centrifuged at 9170 xg for 10 minutes at 4°C. After centrifugation,
the top semi-solid and liquid layers of myelin were discarded, and the vessel
pellet was retained. A collagenase/dispase solution, consisting of 0.55 mg

collagenase/dispase (Roche, CH) per gram of brain tissue in 4.5 ml of MEM,
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was added to the pellet. The volume in the falcon tube was increased to 20 ml
with MEM and the pellet was resuspended in the enzyme mix by aspiration. The
tissue/enzyme suspension was incubated in a shaking incubator (37°C, 100
rpm) for 1 hour and 5 minutes. During this time, a T-25cm? culture plate was
coated with 3 ml of 200 pug/ml fibronectin and incubated for 4 hours at 37°C. The
tissue suspension was removed from the incubator and centrifuged at 650 xg
for 10 minutes at 4°C After centrifugation, the supernatant was discarded, and
the pellet was resuspended in 4 ml of MEM. The resuspended pellet was added
to a Percoll gradient (20 ml of Percoll to 4 ml of 10x MEM, 2 ml of 1M HEPES,
and 4.4 ml of 1x antibiotic-antimycotic and centrifuged at 39,700 xg for 1 hour
at 4°C), and the suspension was centrifuged again at 1986 xg for 10 minutes at
4°C. After centrifugation, a red band of vasculature was observed approximately
one inch from the top of the tube. These cells were extracted from the gradient
using a 3 ml syringe (BD Medical, UK) with an 18-gauge needle (SGE Analytical,
UK). The cells were washed by suspending in 50 ml of MEM and centrifugation
at 650 xg for 10 minutes at 4°C. The pellet was retained and resuspended in 10
ml of complete culture medium (as detailed in Section 2.2). The cell suspension
was filtered through a 70 um cell strainer (Corning, US) into a new falcon tube
to remove large pieces of debris. The cell suspension was then plated onto the
fibronectin-coated T-25cm? culture flask. Cells were incubated at 37°C in 5%
CO: overnight, before changing the media to remove further debris. The viability

of the culture was assessed first at 24 hours and then at 72 hours post-plating.

2.1.3 Isolation methodology developed from Nielsen et al.,
2017

The methodology developed by Nielsen et al. 2017 was used exclusively for
porcine tissue. Between one and eight pig brains were collected from a local
abattoir (R.B. Elliot & Son, Chesterfield, UK) within an hour of slaughter, and
transported to the laboratory on ice. Brains were thoroughly washed in ice-cold
PBS containing 1x antibiotic-antimycotic. Brains were placed in a Class Il hood
for dissection. Each brain was dissected in a 20 cm Petri dish that contained 20
ml of DMEM/F12 medium. Firstly, the cerebellum, brainstem and meninges
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were removed from all brains using fine point forceps and discarded. All brains
were then cut in sagittal section. The grey matter from each half brain was
dissected by scraping the surface of the cerebrum with a scalpel in a horizontal
motion. The grey matter from each whole brain was placed into 20 ml of
DMEM/F12 in a new Petri dish. The tissue suspension was first homogenised
by aspirating ten times through a 50 ml syringe (BD Medical, UK), until no large
sections of tissue remained. The homogenate was combined and transferred to
a sterile 500 ml glass bottle, where the total liquid was brought to a total of 50
ml per brain with DMEM/F12. Next, 100 ml of homogenate was transferred to a
100 ml Dounce tissue homogeniser and homogenised with the small and large
clearance pestles with eight up and down strokes. This was repeated until all
brain matter had been homogenised. The homogenate was filtered through 150
pm Nylon filter meshes, followed by 60 pum Nylon filter meshes (Plastok
Associates Ltd., UK) using a 50 ml syringe and a 47 mm filter holder (Cole-
Parmer, UK). A maximum of 50 ml of homogenate per mesh (both sizes) was
used. The meshes were retained, and the remaining homogenate was
discarded, as all large capillary fragments were adhered to the filter meshes at
this point. The filter meshes of both sizes were added to an enzyme mix
containing 2000 1U/ml collagenase type 2 (Worthington Biochemical, US), 3400
IU/ml of DNase I, and 2.5% Trypsin EDTA in DMEM/F12 containing 1x
antibiotic-antimycotic (20 ml of enzyme mix per 3 meshes). Meshes were
incubated at 37°C in the enzyme mix for one hour, with gentle agitation every
10 minutes. After the incubation, any remaining capillary fragments were
removed from the meshes by gently scraping with a cell scraper (Greiner Bio-
one, UK). The capillary/enzyme suspension was aspirated and added to one 50
ml falcon tube and the final volume brought up to 50 ml with DMEM/F12. The
capillary suspension was centrifuged at 250 xg for 5 minutes at 4°C- The
capillary pellet was resuspended in fresh DMEM/F12 and centrifuged again.
This centrifugation step was repeated three times to wash the cell pellet, adding
fresh DMEM/F12 each time. After washing, the capillary pellets were aspirated
and combined in a 50 ml falcon tube. The capillary pellets were suspended in 1
ml per brain of FBS with 10% dimethyl sulfoxide. The capillary pellet/FBS

mixture was evenly added to cryovials, with 1 cryovial per brain used. The
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cryovials containing the cell suspension were placed in a freezing container
(Nalgene, US) and left at -80°C overnight. After 12 hours, they were transferred

to liquid nitrogen storage and were stored for a maximum of 3 months until use.

2.2 Cell culture

2.2.1 Coating flasks for PBECs

PBECs were seeded on a fibronectin-coated T-75cm? culture flasks. For
fibronectin-coating, 10 ml of 100 mg/ml fibronectin solution was added to the
flask and incubated for a minimum 4 hours at 37°C: After incubation, the
fibronectin solution was aspirated and replaced with sterile PBS, at which point

the flasks were incubated at 37°C, 5% CO: for up to 24 hours prior to seeding.

2.2.2 Thawing and culturing isolated PBECs

For PBEC culture, one cryovial of capillaries (stored in liquid nitrogen; Section
2.1.3) was raised to 37°C in a water bath, and three drops of pre-warmed growth
media (Table 2.2) was added to the vial. This suspension was added to 10 ml
of pre-warmed growth media and centrifuged at 250 xg for 7 minutes. The
supernatant was discarded, and the pellet of capillary fragments was suspended
in 10 ml of complete growth media. The suspension was added to the
fibronectin-coated T-75cm? flask. Cells were left to seed on the fibronectin for
24 hours before the spent media was removed, non-adherent cells were washed
off with pre-warmed sterile PBS, and 20 ml of complete media was replaced.
Cells were left to grow to confluence (around 72 hours). Puromycin (4 pg/ml)
was added to the media for this period to aid with culture purification, and if the
cells had not reached confluence after 72 hours, the media was replaced with

media without puromycin.

61



Table 2.2: Endothelial growth media

Growth Media Constituents Concentration
DMEM/F12 N/A
Antibiotic-Antimycotic 1x
Puromycin (for first 3 days) 4 pg/ml
Endothelial cell growth supplement 2 pg/ml
(ECGS)
Heparin 15 U/ml
Fetal bovine serum (FBS) 10%

Table 2.2 — Endothelial growth media (EGM) constituents for culturing primary pig BECs.

2.2.3 Passaging PBECs

Spent media was removed from the T-75cm? culture flask and the cells were
rinsed with sterile pre-warmed PBS. The pre-warmed TrypLE (10 ml) was added
to the T-75cm? and incubated for 10 minutes at 37°C 5% CO,. After 10 minutes,
the cells were observed under an inverted microscope to ensure that >80% of
the cells were detached. The TrypLE cell suspension was then aspirated and
centrifuged for 7 minutes at 250 xg at 4°C. The supernatant was discarded, and
the pellet was resuspended in 1 ml of endothelial growth media (EGM) without
puromycin (Table 2.2). A trypan blue assay was used to elucidate the number
of viable cells during passages. A 20 pl volume of cell suspension and 20 pl of
0.4 % (w/v) trypan blue were mixed in an Eppendorf. 20 ul of the trypan blue-
cell suspension was placed in a haemocytometer and the number of viable
cells (not stained blue) were counted. The estimated number of viable cells per
ml was calculated as the average cell count of unstained cells per grid square
multiplied by the haemocytometer correction factor of 10,000 and further
multiplied by the dilution factor of 2. The viable cell concentration was used to
dilute cellsin EGM (without puromycin) to a final concentration of 2.2 x 10° cells

per ml beforebeing plated.

2.2.4 Culture of immortalised HBEC-5i cell line

Immortalised HBEC-5i cells were obtained from American Type Culture
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Collections (ATCC, US) at Passage 8. All culture protocols were followed as
detailed for PBECs, other than the following exceptions: HBEC-5i cells were
seeded upon T-75cm? culture flasks coated with 0.1% Gelatine in dH20O (VWR,
UK), where flasks had been incubated at 37°C, 5% CO for 1 hour, and then
dried in a Class Il cabinet for 1 hour, before seeding. HBEC-5i cells did not
require the addition of puromycin to EGM (Table 2.2) during the first 3 days of

culture post-thawing as the cultures were already purified. HBEC-5i cells were
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seeded at a concentration of 1 x 10* cells/cm?, and were passaged at 70-80%
confluence, unless being used for Transwell or Chip studies (see section 2.5).

HBEC-5i cells were not used past passage 30, as recommended by ATCC.

2.3 Microscopy

2.3.1 Preparation of brain tissue samples

A one-inch section of pig cerebrum was collected from the brain during
dissection and washed in PBS in preparation for immunohistochemistry. The
cerebral tissue was incubated in 4% paraformaldehyde (VWR International, US)
for 48 hours, with the solution being changed after 24 hours. Once removed
from the paraformaldehyde, the cerebral tissue was transferred to PBS with 30%
sucrose solution for 3 days. The sample was then cut down into 2 cm x 1.5 cm
x 0.5 cm blocks and loaded into sample holders and placed in a tissue processor
for 26 hours (Leica, DE). The sample progressed through stages of 10% neutral
buffered formalin (1 hour), through increasing concentrations of IMS from 80%
to 100% (6 hours), xylene and Histoclear (SLS, UK) (4.5 hours), followed by
100% molten paraffin wax (4.5 hours). After processing, the embedded tissue
was sliced on a manual rotatory microtome (Leica, DE) in 4 um sections which
were immediately submerged in a 45°C water bath and placed on adhesive
microscope slides. Slides were left to dry for one hour before gentle heating on
a hot plate to 60°C. Sections were dewaxed in xylene twice for 2 minutes each

before staining.

2.3.2 H&E staining of brain tissue samples

Haematoxylin and Eosin (H&E) staining was performed on brain tissue sections
to identify key structures. Sections were treated with Harris’s haematoxylin for
20 minutes and washed in tap water until sections were visibly blued. Sections
were then submerged in 70% ethanol with 1% hydrochloric acid for 5 seconds
to remove excess dye and rewashed in tap water. Sections were subsequently
treated in an Eosin solution for 10 minutes and washed in tap water for 5
minutes. H&E-stained sections were dehydrated by submerging in Histoclear
(SLS, UK), and then treated with xylene twice for 2 minutes. Following
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dehydration, slides were left to dry overnight in a fume hood and then mounted
using Histomount (SLS, UK).

2.3.3 Immunohistochemistry

Embedded brain sections were incubated with 33% acetic acid and 67% ethanol
for 10 minutes at -20°C for fixation. Samples were incubated with 5% hydrogen
peroxide (VWR International, US) in methanol for 10 minutes to block
endogenous peroxidase activity. Slides were washed twice with PBS for 5
minutes on a shaking plate, and 20% NGS in PBS was added and incubated at
room temperature (RT) for 30 minutes. Primary antibodies were diluted in PBS
with 2% NGS and 1% Triton X-100 (Table 2.3). Samples were incubated with
the primary antibody overnight at 4°C in a humidified chamber. The primary
antibody was removed by washing with PBS twice for 5 minutes on a shaking
plate. Biotinylated secondary antibodies (Table 2.3) were diluted in PBS with
2% NGS and incubated at RT for 60 minutes The avidin and biotin (AB) (Vector
Labs, UK) were combined and incubated at RT for 30 minutes prior to
incubation. The secondary antibody was removed by rinsing in PBS twice for 5
minutes. The AB complex was added to the slides and left to incubate at RT for
30 minutes. The AB complex was removed by washing twice in PBS for 5
minutes on a shaking plate. The DAB solution (Vector Labs, UK) was added and
left to develop for up to 5 minutes before rinsing in RO water for 10 minutes.
Haematoxylin was added for 20 seconds to counterstain nuclei. Samples were
dehydrated by incubating with 100% ethanol for 2 minutes, followed by xylene
for 20 seconds, at RT. Staining was viewed using an upright microscope,
images were captured using the attached digital camera and processed using

Leica Image software.

2.3.4 Immunofluorescence

PBECs were grown on fibronectin-coated glass coverslips (19mm) in a 12-well
plate until 80% confluence was reached. Spent media was removed and cells
were incubated in a 1:1 solution of acetone: methanol at 4°C for 10 minutes for
fixation. Samples were incubated with 5% hydrogen peroxide in methanol for 10

minutes to block endogenous peroxidase activity. Cells were washed twice with
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PBS for 5 minutes on a shaking plate, and 20% NGS in PBS was added at RT
and left for 30 minutes. After blocking, primary antibodies were diluted in PBS
with 2% NGS (Table 2.3). Cells were incubated with the primary antibodies for
2 hours at RT. After incubation, the cells were rinsed by washing with PBS twice
for 5 minutes on a shaking plate. Secondary antibodies (Table 2.3) were diluted
in PBS with 2% NGS and incubated in the dark at RT for 1 hour. Coverslips
were removed from each well using forceps and mounted upon slides using
Vectashield mounting medium with DAPI counterstain (Vector Labs, UK).
Samples were viewed using an upright microscope, images were captured

using the attached digital camera and processed using ImageJ software.

Table 2.3: Antibodies for immunostaining

Primary Source Secondary Source
Antibody Antibody
Rabbit anti-ZO1 Thermofisher [#40- Goat anti-Rabbit Sigma [A9169]
Polyclonal 2200] IgG Peroxidase
(1:100) [IHC] Antibody
(1:5000)

Rabbit anti-ZO1
(2:100) [IF]

Abcam [ab221547]

Goat anti-Rabbit
IgG conjugated to
Alexa Fluor 488
(1:800)

Abcam [ab150077]

Rabbit anti-SMA
(2:100) [IF]

Abcam [ab5694]

Goat anti-Rabbit
IgG conjugated to

Abcam [ab150077]

Alexa Fluor 488
(1:800)

Table 2.3 - Primary and Secondary antibodies used in immunohistochemistry and immunofluorescence
2.3.5 Scanning electron microscopy of confluent PBEC

monolayers

Scanning electron microscopy (SEM) was used to assess the formation of tight
junctions between PBECs in a confluent monolayer. Cells were grown to
confluence on fibronectin-coated glass inserts in a 12-well cell culture plate.
When cells had reached confluence, the medium was aspirated, and cell
monolayers were rinsed twice with PBS. The cells were fixed in sodium
cacodylate buffer containing 0.1 M glutaraldehyde for 1 hour. The cells were
then washed twice with sodium cacodylate buffer and dehydrated in an
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increasing concentration of ethanolic solutions (70%, 90%, & 100% ethanol for
30 minutes each). SEM studies were carried out by Nicola Weston at the
University of Nottingham, Nanoscale, and Microscale Research Centre. In brief,
the scanning electron microscope used was an FEI Quanta 650 ESEM fitted
with Peltier cooling stage. The sample was coated in platinum for 90 seconds at

a 15-mA current and the dehydrated sample was imaged in high vacuum mode.

2.4 WWestern blotting

2.4.1 Preparation of cell and tissue samples

Brain tissue samples used in Western blot analysis were collected during
dissection and within 2 hours of slaughter. The samples (200 mg) were
suspended in 1 ml of ice-cold RIPA lysis buffer with 10 pl of 100x commercial
protein inhibitor (both Thermofisher, UK). Samples were homogenised using
gentleMACS M-tubes in a gentleMACS Disassociator and centrifuged at 2000

xg for 15 minutes.

Samples of porcine brain capillaries were collected from the capillary
suspension during the isolation procedure, immediately before
cryopreservation. Samples of cultured cells were taken after culture for 72
hours, or once the PBECs had reached confluence. Cells or capillary fragments
were centrifuged and resuspended in ice-cold RIPA Lysis Buffer with protein
inhibitor. The cell and capillary suspensions were incubated on ice for 30
minutes with occasional vortexing. Samples were centrifuged at 13,000 xg for
10 minutes, and lysates in the supernatant were collected, aliquoted and stored
at -80°C. Protein concentration was determined using the Bradford assay
(section 2.4.2).

2.4.2 Protein concentration determination using the

Bradford assay

Protein concentration of tissue, capillary or cell samples was determined using
the Bradford assay against a serial dilution of BSA standards. A stock
concentration of BSA in PBS at 2000 pg/ml was doubled diluted 8 times in PBS

to a final concentration of 7.8 ug/ml. BSA standards and a PBS blank were
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added to a 96-well plate in duplicate. Previously prepared samples were diluted
(1:4-10 [cells/capillaries] and 1:10-40 [tissue]) in PBS and added to the 96-well
plate in duplicate. Bradford solution (200 pl) was added to each standard and
sample well. The wells were gently mixed and left to develop for 30 minutes at
RT. Absorbance was measured at 595 nm, using a photometer (FLUOstar
optima, BMG lab tech). The protein content of the samples was determined from

the linear part of the BSA standard curve using GraphPad Prism.

2.4.3 Sodium dodecyl sulphate polyacrylamide gel

electrophoresis

Protein separation by gel electrophoresis was performed using NUPAGE SDS-
PAGE pre-cast 12% Bis-Tris protein gels (Thermofisher, UK) in the SureLock
Xcell Il electrophoresis chamber. The gels were allowed to equilibrate to RT, the
comb and protective tape were removed, and the chamber was assembled. 200
ml of MOPS SDS running buffer (Thermofisher, UK) was added to the central
chamber to the top of the gel. Samples were vortexed and the required volume
for 20 ug of protein was aliquotted. The appropriate volume of SDS-lysis buffer
(25 pl B-mercaptoethanol + 475 ul Laemmli buffer (Bio-Rad, UK)) and distilled
water were added to each sample according to the protein concentration
determined such that the final volume was 20 pl. Samples were heated at 100°C
for 10 minutes. Samples used in P-gp detection were not boiled, as per
manufacturers guidelines for the antibody (ab170904) (Abcam, 2021). Samples
were loaded into the wells at the top of the gel and the gel was run at 200 Volts

for 60 minutes at RT.

2.4.4 Semi-dry protein transfer

PVDF membranes were prepared by soaking in methanol for 10 minutes to
activate the membrane. The PVDF membrane was soaked in NUPAGE transfer
buffer (Thermofisher, UK) for a minimum of 20 minutes. The Bio-Rad Trans-Blot
Turbo Transfer System (Bio-Rad, UK) was used for Transfer. The PVDF
membrane and NuPAGE Gel used for electrophoresis were sandwiched

between 5 pieces of Whatman paper (soaked in Transfer buffer as above) on
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either side and placed in the transfer drawer. The Trans-Blot Transfer System

was run for 30 minutes at 25 Volts.

2.4.5 Immunoblotting

The membrane was incubated in blocking solution, 5% milk in PBS-Tween
(PBS-T) for one hour on a shaking plate at 40 rpm. After blocking, the membrane
was submerged in blocking solution containing the appropriate dilution of
primary antibody (Table 2.4) and incubated at 4°C overnight. Then the
membrane was washed five times in PBS-T for 10 minutes on a shaking plate
at 40 rpm. Secondary antibodies were diluted in blocking solution (Table 2.4)
and the membrane was incubated in the solution for 1 hour at RT with gentle
agitation. The membrane was washed five times in PBS-T for 10 minutes on a
shaking plate, and then rinsed twice in cold distilled water. The membrane was
covered with ECL Prime (GE Healthcare, UK) for 5 minutes at RT. The
membrane was drained of detection solution, wrapped in cling film, and imaged

in ChemiDoc MP imaging system (Bio-Rad, UK).

Table 2.4: Antibodies for immunoblotting

Primary Antibody Source Secondary Source
Antibody
Rabbit Anti-VE- Cell Signalling Goat anti-Rabbit Sigma [A9169]
Cadherin Monoclonal [D87F2] IgG Peroxidase
(1:1000) Antibody
(1:50000)
Rabbit Anti-P- Abcam [ab170904] Goat anti-Rabbit Sigma [A9169]
glycoprotein IgG Peroxidase
(1:1000) Antibody
(1:50000)
Rabbit Anti-aSMA Abcam [ab5694] Goat anti-Rabbit Sigma [A9169]
(1:1000) IgG Peroxidase
Antibody
(1:50000)

Table 2.4 - Primary and Secondary antibodies used in immunoblotting.
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2.5 PCR

2.5.1 Sample preparation

Samples of porcine brain were collected during dissection within 2 hours of
slaughter. Tissue (30 mg) was taken from the cerebrum and homogenised in
PBS using gentleMACS M-tubes in a gentleMACS Disassociator and
centrifuged at 2000 xg for 15 minutes. Samples of PBEC cells were collected
once the cells had reached confluence. Spent media was removed and replaced
with ice-cold PBS; cells were removed from the bottom of the well by scraping.
The cell suspension was aspirated from the wells and transferred into a 1.5 ml
Eppendorf tube for RNA isolation.

2.5.2 Isolation of RNA

RNA was isolated using the NucleoSpin RNA kit (Machery-Nagel, DE). In brief,
cells were suspended in 1:10 B-mercaptoethanol: lysis buffer, and further
homogenised using an Eppendorf micropestle. The lysate was filtered through
a NucleoSpin filter tube by centrifugation at 11,000 xg for 1 minute. Following
filtration, 350 pl of 70% ethanol was added and the sample was centrifuged at
11,000 xg for 30 seconds. The silica membrane was desalted through the
addition of 350 pl of membrane desalting buffer, and the samples were
centrifuged at 11,000 xg for 1 minute. DNA was digested through addition of 95
pl of DNase reaction mix, which was incubated at RT for 15 minutes. The silica
membrane was washed three times: firstly using 200 pl of RAW2 and
centrifuged at 11,000 xg for 30 seconds, followed by a wash with 600 ul of RA3
and centrifugation in the same conditions, and finally using 250 pl of RA3 and
centrifugation at 11,000 xg for 2 minutes. The purified RNA was extracted by
suspension in 30 pyl of RNase-free water and centrifugation at 11,000 xg for 1

minute.

2.5.3 cDNA synthesis

The RNA concentration and the A260:A280 ratio of the samples were quantified
using a Nanodrop (Thermofisher NanoDrop 8000). Samples were used for
amplification if the A260:A280 ratio exceeded 1.8. Once quantified, 1 ug of RNA
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was added to a PCR tube with 1 pl of Oligo (DT) 12-18 primer (Thermofisher, UK)
and 1 pl of deoxynucelotide mix (New England Biolabs, UK). The volume for
each sample was made up to 13 ul with RNase-free water. The samples were
heated in the thermocycler (Life Touch, BioER) at 65°C for 5 minutes and
incubated on ice for 1 minute. Samples were centrifuged briefly, and 4 pl of 5x
first strand buffer, 1 pl of 0.1M Dithiothreitol, 1 pl of RNaseOUT Recombinant
Ribonuclease Inhibitor and 1 pl of SuperScript Ill Reverse Transcriptase were
added (all reagents from Thermofisher, UK). Samples were mixed thoroughly,
incubated at 50°C for 60 minutes and inactivated by heating to 70°C for 15

minutes in the thermocycler.

2.5.4 Amplification

Amplification involved adding approximately 10 ng of cDNA (calculated relative
to the RNA concentration) to a PCR tube with 9.5 pl of REDTaq ReadyMix PCR
Reaction Mix, 1 pl of both forward and reverse primers (Table 2.5), and 7.5 pl
of RNase-free water. No template control samples were made up by replacing
the sample with 1 pl of RNase-free water. Samples were vortexed and amplified
in the Thermocycler for 3 minutes at 95°C, followed by 35 cycles of 95°C for 30
seconds, Tm’C for 30 seconds (Table 2.5), and 72°C for 45 seconds. Finally,
samples were heated to 72°C for 10 minutes.

2.5.5 Gel electrophoresis

To make the gel, 3 g of Agarose was mixed with 100 ml of Tris Acetate-EDTA
(TAE) buffer and heated until the agarose was fully dissolved. When slightly
cooled, 3 pl of ethidium bromide (Thermofisher, UK) was added. The 3%
agarose gel was placed in a gel electrophoresis tank filled with TAE buffer. The
gel combs were removed and 5 pl of low molecular weight DNA ladder (New
England Biolabs, UK) was loaded into the first well, followed by 8 ul of each
PCR sample and negative control into subsequent wells. The gel was run at 120
Volts for 30 minutes. Chemiluminescence was measured using the Bio-Rad
ChemiDoc MP.
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Table 2.5: PCR primers
Gene Forward Primer Reverse Primer | Product | Tm | Source
(protein) Size °c
(bp)
GAPDH CCTGGCCAAGGTCA | CGGCCATCACGCC 123 64 | Designed
(G3P) TCCA ACAG
CDH5 (VE- | TCATCTCGGACAAC | GGAGATCACTGCG 179 64 | Designed
Cadherin) GGGAGG ATGGTGAGG
OCLN GAGGAAGACTGGAT | GGCCACTGTCAAA 81 60 | Srinivasan
(Occludin) CAGGGAATATC ATTTCTCTTG etal.,
2015
ABCB1 (P- | CCAAAGTCACAGAT | GAACCAGCTCACG 194 64 | Designed
glycoprotein) CCTGAAACC TCCTGTC
ABCC1 GCCATGCCGTAGAA | CAGTTCCATGACT 152 60 | Designed
(MRP1) GAGACC GCACCG
ABCG2 GGACAAAACTTCTG | TCAGGTAGGCGAT 178 68 | Designed
(BCRP) CCCGGGACTCAA CGTCAGGAAAATG
SLC2A1 CCCGTCCCTCCCTG | CCGTCTATACACA 211 68 | Designed
(GLUT1) CTCAAACACTCT CAGCAGGGCAGGA
GFAP ACATCGAGATCGCC | ACATCACATCCTTG 219 60 | Czupalla
(GFAP) ACCTAC TGCTCC etal.,
2014
Wang et
al., 2017
ACTA2 CCATGAAGATCAAG | GTGTGCTAGAGAC 194 60 | Designed
(aSMA) ATCATTGCC AGACAGC
B2M (B2M) | CAAGATAGTTAAGT | TGGTAACATCAATA 161 60 | Patabendi
GGGATCGAGAC CGATTTCTGA geetal.,
2013

Table 2.5 - Primer sequences, expected product sizes and Tm values for each gene.

2.5.6 TagMan real time RT-PCR

Real time RT-PCR was performed using TagMan Gene Expression Assays

(Applied Biosystems, UK). Sample preparation, RNA isolation and cDNA

synthesis was undertaken as described in Section 2.5.1 - Section 2.5.3. TagMan
Gene Expression Assays were used for P-gp (ABCB1) (Ss03373435 ml,
Thermofisher), MRP1 (ABCC1) (Ss03376986_ul, Thermofisher) and BCRP
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(ABCG2) (Ss03393456_ul, Thermofisher), alongside GAPDH
(Ss03374854 g1, Thermofisher) as the endogenous control assay. The
TagMan gene expression assays were thawed and resuspended by vortexing.
For accuracy, 4 replicates of each cDNA sample were used per gene expression
assay and a no template control was used for each gene. Each PCR reaction
mix was prepared to 20 pl total volume in an RNase-free PCR tube using 1 pl
TagMan Gene Expression Assay (20X), 10 ul TagMan gene expression assay
master mix (4369016, Thermofisher), 10 ng cDNA from samples, and 5 pl of
RNase-free water. Each reaction was vortexed and centrifuged briefly before
samples were transferred to a 96-well real time PCR plate (Bio-Rad, UK). The
PCR plate was centrifuged briefly before being loaded into the real time PCR
machine (CFX Connect Real Time PCR System, Bio-Rad). The thermal cycling
conditions were as follows: hold at 50°C for 2 minutes, hold at 95°C for 10
minutes, before 40 subsequent cycles of 95°C for 15 seconds and 60°C degrees
for 1 minute. Real time PCR data was analysed using Bio-Rad CFX Maestro

software.

2.6 Assessment of y-glutamyl transferase activity

Assay adapted from Bentham, 2010. PBECs were grown to confluence on a
fibronectin-coated 96-well plate using 45 pl of 100mg/ml fibronectin per well
(Section 2.2.1 & 2.2.2). When cells had reached confluence, cell medium was
removed, and monolayers were washed twice in pre-warmed PBS. Following
the washes, 275 pl of 0.1 M Tris-HCL buffer containing 20 mM glycylglycine and
1 mM L-y-glutamyl-p-nitroanilide was added to each well. The plate was
incubated at 37°¢ at 5% COz for 40 minutes. The reaction was stopped with the
addition of 55 pl of 1 N NaOH per well. The amount of p-nitroanilide product
formed was measured spectrophotometrically using a plate reader (FLUOstar
Omega, BMG Labtech) at 410 nm. Calibrated using a standard curve of known
p-nitroanilide concentrations. Enzyme activity was calculated using Equation
2.1, where B is the amount of p-nitroanilide generated between Tinital (O
minutes) and Trina (40 minutes), T is the total reaction time, and V is the

sample volume of the well.
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Equation 2.1

B x [dilution factor]
TxV

y — glutamyl transferase activity =

The value for enzyme activity was normalised to the value for total cell protein,

which was calculated using a Bradford assay, as described in Section 2.4.2.

2.7 Modelling the BBB
2.7.1 Transwell Monoculture of PBECs and HBEC-5i line

BECs were cultured until 80-90% confluent so the maximum number of cells

could be used without contact inhibition being a detrimental factor in future
growth. Transwell inserts (24-well plate, 6 mm diameter) were coated with
fibronectin (100 pg/ml; 100 pl per insert) and collagen IV (500 pg/ml; 100 pl per
insert) in PBS. Cells were passaged according to methodology detailed in
Section 2.2.3. The coating solution was removed from the Transwell inserts and
250 pl of cell suspension was added to each insert such that there were 0.5 x
10° cells per insert. Once all inserts were plated, 750 pl of EGM without
puromycin was added to the bottom compartment of the Transwell. Cell media

was replaced with fresh growth media after 24 hours.

After 48 hours, at which point cells were confluent, cell medium was changed in
both compartments to transport medium (Table 2.6). The media within the
Transwell insert was refreshed every 48 hours subsequently, or 3 hours before

every TEER measurement. Timeline of seeding is shown in Figure 2.1.
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Table 2.6: Transport media

Transport Media Constituents Concentration

DMEM/F12 N/A

Antibiotic-Antimycotic 1x

cAMP 250 uM

Hydrocortisone 550 nM

RO 20-1724 17.5 uM

FBS 10%

Heparin 15 U/ml

Table 2.6 - Transport Media Constituents for Transwell Insert Culture of BECs.

2.7.2 PBEC and HBEC-5i line co-culture with astrocytes on

Transwell inserts

The immortalised rat astrocyte cell line, CTX-TNA2, was purchased from the
European Collection of Authenticated Cell Cultures (ECACC, UK). The ECACC
guidelines were followed for the culture of astrocytes, with cells cultured on
fiboronectin (5 pg/cm?) coated cell culture flasks. Media was DMEM with L-
glutamine and sodium pyruvate (Lonza, CH), supplemented with 10% FBS.
Cells were at passage number 6 upon receipt from ECACC and were
subsequently passaged when cells reached 70-80% confluence and were used

until passage number 30.

Astrocytes were passaged onto the bottom of the Transwell plates 24 hours
prior to the end point assay or start of TEER measurements, as indicated in
Figure 2.1. Astrocytes were passaged according to the methodology for BECs
(Section 2.2.3), and 0.5 x 10* cells/cm? were plated in each well of the 24-well
Transwell plate. During non-contact co-culture, the spent astrocyte media was

also changed every 48 hours.
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2.7.3 PBEC and HBEC-5i line co-culture with astrocyte

conditioned media on Transwell inserts

As per Section 2.2.5, medium removed from CTX-TNAZ2 astrocyte culture, which
had been in contact with cells for more than 48 hours, was aspirated and stored
as astrocyte conditioned medium at -20°¢ for a maximum of 1 month before use.
During Transwell culture of HBEC-5i cells or PBECs which were subjected to
ACM treatment, ACM was thawed, and cAMP, hydrocortisone, and RO 20-1724
were added in the same concentrations as transport media (Table 2.6). For ACM
treatment Transwells, the transport media in the top half of the Transwell was

replaced with ACM 48 hours after passage (as shown in Figure 2.1).

Media Change

Cells Thawed Media Change Cells Passaged Media Change Start of TEER
Grown in T75 (EGM) to Transwell (EGM) (;r;/lt{,'ggyl\t/g; Measurements
s P
DAY 0 DAY 1 DAY 3 DAY 5 DAY 6 DAY 7

Figure 2.1 - Schematic of timeline for seeding of BECs in Transwell inserts. EGM represents endothelial
cell growth media as described in Table 2.2, and TM represents transport media as described in Table 2.6.
ACM (astrocyte conditioned medium) was added to replace the transport medium in the upper insert of
Transwells in the corresponding treatment groups.

2.7.4 Seeding of HBEC-5i line in SynVivo microfluidic chip

HBEC-5i cells were cultured until 80-90% confluent so the maximum number of
cells could be used without contact inhibition; 2x T-75cm? flasks of cells were
used per microfluidic chip. A SynVivo Idealised Microvascular Network Biochip
(200 pm outer chamber width, 50 um slit spacing, 3 pm wide slit, 50 um travel,
100 um depth with impedance capacity) (All SynVivo items were purchased
through Stratech, UK) was removed from packaging and allowed to reach room
temperature. A small section of sterile tubing (0.2” ID x 0.6” OD) was inserted
into each inlet and outlet port of the chip using sterile forceps. In order to coat

the chip, a solution of 100 pug/ml fibronectin and 500 pug/ml collagen 1V in dH20
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was prepared and loaded into a 1 ml syringe. The 1 ml syringe was loaded into
a Harvard Syringe Pump (MA1 70-3, Harvard PHD ULTRA) and the coating
solution was infused at a set flow rate of 5 pl/ml. The coating solution was
injected into all channels of the chip using the same process. All bar one of the
tubing inlets and outlets of all channels on the chip were sealed using SynVivo
clamps, and the coating solution was infused again at 5 pl/ml into the closed
chip to force remaining air bubbles out from the PDMS. After a 3-minute infusion,
the chip was placed in the cell culture incubator at 37°C, 5% CO: for 1 hour.
After the incubation, the chip was removed from the incubator, the clamp from
one inlet port was removed and the tubing was connected to the SynVivo
Pneumatic Primer. The aim of pneumatic priming was to force any remaining air
bubbles within the PDMS out of the device. Without removal of the coating
solution or the other clamps, nitrogen gas was injected through the pneumatic
priming device and into the chip at 7.5 psi for 20 minutes. The pneumatic priming
device was then removed, and the clamp was replaced on the tubing. This
process was repeated for all three channels. At this point, the chip was
incubated at 37°C, 5% CO:for a further 1 hour. 2x T-75cm? flasks of HBEC-5i
cells were passaged according to Section 2.3. Once the cells had been
centrifuged, the cell pellet was resuspended in 100 pl of EGM (Table 2.2). Cells
were counted and adjusted to a final concentration of 2 x 107 cells/ml. The cell
suspension was loaded into a 1 ml syringe connected to the tubing and loaded
into the syringe pump. The tubing connected to the channels was swapped
using the water bridge technique, where the syringe pump flow was set to 10
pl/min and the cell suspension flowed through the tubing until a meniscus
formed at the end of the tubing attached to the syringe, at which point the flow
was paused. At this point, a drop of media was placed at the inlet to the chip,
and the current inlet tubing was removed without air flowing into the channel.
The clamp at the outlet was removed, and the tubing containing the cell
suspension was carefully placed into the inlet with forceps, allowing the
meniscus to contact the media drop to form a water seal. The flow of the cell
suspension was restarted on the syringe pump at 10 pl/ml to allow the chip to
fill slowly. Flow from the syringe pump was stopped after the meniscus forming

at the outlet tubing was cloudy with cells. Both the outlet and inlet channels were
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clamped and cut, and this process was repeated for the other outer channel.
The chip was incubated at 37°C, 5% CO- overnight. After 24 hours had passed,
EGM media was loaded into 2x 1 ml syringes connected to tubing and loaded
into the syringe pump. Once again, media flowed through until a meniscus had
formed at the end of the tubing from both syringes, and then were connected to
the inlets of the chip. The clamps were removed from the outlets, and the chip
was placed in an incubator at 37°C, 5% CO. while connected to the syringe
pump. The syringe pump was set to perform a ramp profile for 12 hours, in which
flow would increase from 10 nl/min to 1 pl/min. At this point, flow continued at 1

pl/min for 48 hours.

HBEC-5i

HBEC-5i Thawed Media Change Passagedio Start of Flow Start of TEER
Grown in T75 (EGM) Ch?p (1 pl/min) Measurements
| | | Ho
DAY 0 DAY 1 DAY 3 DAY 4 ¢ [ DAY 6

Figure 2.2 - Schematic of timeline for seeding of HBEC-5i cells into the SynVivo microfluidic chip. EGM
represents endothelial cell growth media as detailed in Table 2.2.

2.7.5 Seeding of PBECs in SynVivo microfluidic chip

The seeding protocol for PBECs within the SynVivo microfluidic chip was
identical to the seeding protocol for HBEC-5i (Section 2.2.5) other than the
following changes. In order to coat the chip, a solution of 1 mg/ml fibronectin
and 1 mg/ml collagen IV in dH2O was prepared and loaded into a 1 ml syringe.
As with the HBEC-5i cells, 2x T-75cm? flasks of PBECs were passaged
according to Section 2.3 and the cell pellet was resuspended in 100 pl of EGM
(Table 2.2). However, for PBECs, cells were counted and adjusted to a final
concentration of 4 x 107 cells/ml. When infusing the cells into the syringe pump,
flow was only set to 3 pl/min. The chip was incubated at 37°C, 5% CO_ overnight.
After 24 hours, the passage and infusion processes were repeated with a further
2x T-75cm? flasks of PBECs as previously but in an inverted position, to allow
cells to seed on the upper channel area. After 24 hours, EGM media was loaded
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into 2x 1 ml syringes connected to the tubing and loaded into the syringe pump
and fresh media was infused into the channel at 1 pl/min for 3 minutes until a
meniscus formed, after this process the channels were re-clamped and the chip
was placed back into the incubator at 37°C, 5% CO.. This media change
process was repeated until the cells appeared confluent (up to a maximum of
96 hours post second seeding). Whereupon, induction of shear stress began as
with HBEC-5i cells, however, the syringe pump was set to perform a ramp profile
for 12 hours, in which flow increased from 30 nl/min to 3 pl/min. At this point,

flow continued at 3 pl/min for 48 hours.

PBECs Thawed Media Change PBECs Media Change Start of Flow Start of TEER
Grown i T75 (EGM) Passcah?;d to (EGM) (3 pl/min) Measurements
| | | ]
DAY 0 DAY 1 DAY 3 DAY 4-6 DAY 7 g DAY 9

Figure 2.3 - Schematic of timeline for seeding of PBECs into the SynVivo microfluidic chip. EGM
represents endothelial cell growth media as detailed in Table 2.2.

2.7.6 TEER measurements in Transwell culture

BECs were cultured and passaged onto Transwell inserts as described in
Section 2.2.5. Prior to TEER measurements were taken the media in the
Transwell inserts was changed and replaced with fresh transport media (Table
2.6). Cells were re-incubated for 3 hours to recover from the media change.
TEER was measured using a 6mm Cell Culture Cup Chamber and EVOM2
Epithelial Volt/Ohm Meter. The cup electrode was sterilised using 70% ethanol
and equilibrated for 30 minutes in 4 ml of pre-warmed DMEM/F12 before use.
TEER values were measured by placing each insert into the electrode cup
(containing 3 ml of fresh pre-warmed DMEM/F12) and measuring resistance in
triplicate. The resistance of a no-cell control was also taken in triplicate to obtain

a value for the resistance of the Transwell insert.

An average of 3 values were used to calculate resistance values, after

subtracting the baseline resistance values from the inserts. TEER was
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calculated by multiplying the resistance of the monolayer by the surface area of

the membrane (0.33 cm?).

2.7.7 FITC-Dextran permeability measurements in

Transwell culture

BECs were cultured and passaged onto Transwell inserts as described in
Sections 2.2.5. On the day that permeability measurements were taken the
media in the Transwell inserts was changed and replaced with fresh transport
media (Table 2.6), cells were then left for a minimum of 3 hours in the cell culture
incubator to recover from the media change. FITC-Dextran (average molecular
weight 4 kDa) was dissolved in Hank’s Balanced Salt Solution (HBSS) without
calcium, magnesium, or phenol red (Thermofisher, UK) to a final concentration
of 0.5 mg/ml. Prior to the permeability assay, the cells were rinsed with pre-
warmed HBSS twice. The FITC-dextran solution was added to the apical insert
(200 pl) and pre-warmed HBSS was added to the basolateral plate (600 pl)
compartment. No-cell controls were prepared in the same manner. Once
prepared the Transwell plate was agitated at 100 rpm at 37°C for 3 hours. After
which, a 100 pl sample was taken from each well from the apical and basal
compartments. Sample fluorescence was analysed with excitation filter 485 nm
and emission filter 535 nm (FLUOstar Omega, BMG Labtech). Amount of FITC-
dextran present in each sample was determined using a standard curve of
known concentrations. Percentage permeability was calculated as shown in

Equation 2.2.

Equation 2.2

Percentage Permeability
(Basolateral Sample — HBSS Blank)
~ (FITC: HBSS equilibrated mix — HBSS Blank)

x 100
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2.7.8 FITC-Dextran permeability of PBEC cultures in

SynVivo microfluidic chip

PBECs were cultured in the SynVivo microfluidic chip as described in Sections
2.2.5 & 2.2.6. After the PBECs were exposed to 3 pl/min flow of medium for 48
hours to induce shear stress conditions, the syringe pump was stopped. A 1 ml
syringe containing HBSS (no calcium, no magnesium, no phenol red) was
loaded into the pump. The tubing connected to a channel inlet was removed
using the water bridge technique as described in Section 2.2.5. Flow of HBSS
into the chip was started at 1 pl/min to rinse away cell growth medium. When
the outflow from the channel was visibly clear, indicating that HBSS had flushed
out any medium containing phenol red from the chip, the flow of HBSS was
stopped. FITC-Dextran (average molecular weight 4 kDa) was dissolved in
HBSS to a final concentration of 0.5 mg/ml. FITC-dextran solution was taken up
into a 1 ml syringe and loaded into the syringe pump. The HBSS syringe was
changed for the FITC-dextran syringe using the water bridge technique, and the
chip was placed under a microscope lens (Leica upright microscope DM5000).
The flow of FITC-dextran into the channel was started at 1 pl/min. Images of
FITC-dextran flow were captured at 480 nm at 0-, 15-, and 30-minutes after the
FITC-dextran had filled the channel. This process was repeated for an identical

set up which contained no cells act as a control.

2.7.9 Impedance measurements of PBECs in SynVivo

microfluidic chip culture & Transwell culture

After the SynVivo microfluidic chip had been coated and primed, but prior to
PBEC seeding (Section 2.2.5), blank impedance measurements were taken.
The chip was equilibrated to room temperature for 10 minutes and the clamps
were removed from the tubing connected to two right hand electrode ports
lateral to the right-hand cell channel. Using forceps, the wire connected to the
SynVivo impedance electrode was threaded into the tubing of each of the
electrode ports on the chip until the wire touched the glass slide underneath the
PDMS. The micro grabbers of the impedance analyser were attached to the

wires which have been threaded into the electrode ports, and impedance
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readings were taken. This process was repeated for the left outer channel using
the left-hand electrode ports. The highest frequency on the analyser (10 kHz)
was selected for all impedance measurements, as higher frequencies will cause
the least electrical response from cell cultures which can adversely impact
impedance readings. The ohmic readings from the impedance analyser for the
right-hand channel were recorded. After the blank impedance measurements
were complete, the chip was returned to the incubator at 37°C in 5% CO:for a
minimum of 1 hour to reach 37°C before cell seeding. PBECs were then cultured
in the SynVivo microfluidic chip as described in Section 2.2.6. After 3 pl/min flow
of medium on the PBECs for 48 hours to induce shear stress conditions, the
syringe pump was stopped, and the impedance measurements were taken in
both channels at 10 kHz using the methodology described above and were

recorded.

For impedance measurements of Transwell cultures, PBECs were cultured in
Transwell inserts according to methodology described in Section 2.2.5. On the
day that TEER measurements were taken the media in the Transwell inserts
was changed and replaced with fresh transport media (Table 2.6). Cells were
then left to recover in the incubator from the media change for 3 hours. When
cells were ready for measurements to be taken, the micro grabbers of the
impedance analyser were attached to two wires to create two electrode probes.
The first electrode probe was placed in the bottom chamber of the Transwell
insert being measured, and the second electrode probe was placed in the upper
compartment of the Transwell insert without direct contact with the cell
monolayer. The readings were taken at 10kHz. This process was repeated
across 3 Transwell inserts so as to provide an average. Impedance readings
were also taken of Transwell inserts which had been coated and contained pre-

warmed media, but contained no PBECSs, for a no cell control.

2.8 Analysis of drug transport in Transwell

2.8.1 Development of drug database

In order to determine the most appropriate drugs to use in the transport studies,

a literature search was performed to collate data on permeability parameters
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from previous BBB drug transport studies. Data from published sources was
used to assemble a database for fraction unbound in brain (Fy, brain), fraction
unbound in plasma (Fy, plasma), Volume unbound in brain (Vy, brain), blood-to-brain
concentration ratio (Kp), unbound blood-to-brain concentration ratio (Kp, ui), and
unbound blood to unbound cerebrospinal fluid concentration ratio (Kp, uu, csF). In
vivo data values across species from rat, mouse, human, pig, and primate were
included. Similarly other drug permeability parameters including logP, molecular
weight, and known efflux transporter interactions were obtained from
publications and existing referenced online databases, such as Drug Bank and

PubChem, and included in the database.

2.8.2 Selection of test drugs

From the database described in Section 2.8.1, 10 drugs were selected to be
tested in Transwell drug permeability trials. Test drugs are listed in Table 2.7.
Criteria for selection were a molecular weight of less than 500 Da and availability
in vivo data available in either pig or human for evaluation of the Transwell
model. Drugs were selected across a range of values for lipophilicity (-1.8 to 5)
which had known uptake/efflux transporter interactions and contained both CNS
and non-CNS targets.

Table 2.7 — Selected test drugs

Drug Molecular Weight (Da) LogP
Loperamide HCI 513.5 4.7
Carbamazepine 236.7 2.5
Levodopa 197.2 2.7
Amprenavir 505.6 2.9
Chlorpromazine HCI 355.3 54
Donepezil HCI 416.0 4.2
Haloperidol 375.9 3.2
Topiramate 339.4 -0.8
Primidone 218.3 0.9
Thiopental 242.3 2.9

Table 2.7 — A list of test drugs selected for drug permeability studies from the database created,
including molecular weight and LogP data which was relevant for selection.

83



2.8.3 Test drug preparation

A stock solution (10 mM) of each drug was made in DMSO and stored at -20°C.
Immediately prior to experimentation, a working solution (3 uM) of the drug was
freshly prepared by dilution of the of the 10 mM stock in HBSS (no magnesium,
no calcium, no phenol red). The final solvent concentrations in all test drug
concentrations did not exceed 1% (v/v).

2.8.4 Measuring permeability of drugs in porcine Transwell

model

Transport assays were conducted using the PBEC Transwell BBB models
described in section 2.2.5 with the addition of ACM as detailed in Section 2.2.6.
The permeability of the test drugs was assessed bi-directionally by measuring
A-B and B-A transport. To assess cell monolayer integrity, TEER measurements
were performed as per Section 2.2.5. All test drugs were assayed in triplicate
across three independent experiments to accommodate variability in the PBEC
monolayers. On the day of study, PBEC monolayers were left to equilibrate for
at least 1 hour post TEER analysis. After this period, PBEC monolayers were
carefully washed with HBSS twice and equilibrated in HBSS for 30 minutes at
37°C, after which, cells were incubated with 3 uM of test drug in HBSS in the
donor compartment (100 pl in apical or 600 ul in basal compartments). The
Transwell plates were incubated at 37°C at 100 rpm. Samples were taken at 30-
, 60- and 120-minute time points. Samples of 100 pl were taken from the apical
and basal compartments. A separate transwell insert was used for each time
point replicate. Samples were analysed using liquid chromatography mass
spectroscopy (LC-MS/MS) as described in section 2.8.5.

2.8.5 Analysis of test drugs samples using liquid

chromatography-mass spectroscopy

Sample analysis was undertaken at Vertex Pharmaceuticals, Oxford.
Calibration lines were produced on the day of study using a Hamilton robot
linked to Venus software (Hamilton, UK). Serial dilutions of each drug from a 10

mM stock were performed using 1:1 acetonitrile :DMSO to make the following
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concentrations: 1, 2.5, 10, 100, 500, 1000, 2500, 5000 nM. Where a higher
concentration calibration line was required, the following concentrations were
used: 10, 50, 150, 250, 500, 750, 1000, 2500, 5000, 7500, 10000 nM.

Sample extraction was performed using a Hamilton robot. Samples were
transferred to a 96-well 800 pl round well block (Waters, US) containing
acetonitrile and internal standard (Tolbutamide-D9, Insight Biotech, UK). 25 pl
of each study sample or calibration solution was added to 300 pl of acetonitrile
with internal standard. The plates were mixed on a plate agitator for 10 minutes
before being centrifuged at 4000 rpm for 10 minutes at 4°c to remove debris.
Resulting solutions were placed back into the Hamilton robot for supernatant
transfer. 100 ul of each study sample and calibration solution was added to 100

ul of water.

Samples, 2 ul, were injected into a Waters BEH C8 column (1.7 um 30 x 2.1
mm) column operated at 70°C, which was split by an accurate splitter to deliver
an initial flow rate of 1 ml/min to the mass spectrometer. Gradient elution of
each analyte was achieved over a 0.9-minute runtime. LC gradient conditions
are summarised in Table 2.8, where solvent A was water with 0.1% formic acid,
and solvent B is acetonitrile with 0.1% formic acid. Samples were analysed by
LC-MS/MS on Waters Xevo TQS mass spectrometer (Waters, US) linked to
Mass Lynx v4.2 software for processing. All compounds were analysed using

ESI ran in positive ion mode with a cone voltage of 40 volts.

Table 2.8 — Liquid chromatography gradient conditions

Time (mins) | Flow (ml/min) | Solvent A (%) | Solvent B (%) Curve
0.00 1.0 99 1 -
0.15 1.0 99 1 6
0.60 15 5 95 6
0.75 15 5 95 6
0.80 15 99 1 6
0.81 1.0 99 1 6

Table 2.8 — Conditions for liquid chromatography gradient as conducted on Waters BEH C8 column at
Vertex Pharmaceuticals, Oxford.
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Table 2.9 — Mass transitions

Drug Mass Transition

Loperamide HCI 477.228 > 266.250
Carbamazepine 237.103 > 194.075
Levodopa 198.100 > 107.100
Amprenavir 507.638 >419.193
Chlorpromazine HCI 319.104 > 85.766

Donepezil HCI 380.223 > 90.700

Haloperidol 376.158 > 122.999
Topiramate 338.000 > 78.000

Primidone 219.200 > 162.200
Thiopental 243.348 > 173.087

Table 2.9 — Mass transitions of all compounds used for drug transport studies analysed by LC-MS at
Vertex Pharmaceuticals, Oxford.

2.8.6 Equilibrium dialysis measurement of nonspecific drug
binding

Fraction unbound drug in plasma and brain for each drug was determined using
rapid equilibrium dialysis (ThermoScientific Single use RED Plate,
Thermofisher, UK). Brains were weighed, added to PBS (brain: PBS 1:2 (w/v))
and homogenised for 8 up and down strokes in a 100 ml dounce homogeniser
using pestle B (Dounce Homogeniser, Jencons, UK). Plasma was diluted (1:1
(v/v)) with PBS. Both brain and plasma samples were vortexed before use.
Diluted plasma and brain homogenate samples were spiked with each of the
test drugs to give a final concentration of 3 uM. Dialysis buffer was made up of
1x PBS with 100 mM sodium phosphate and 150 mM sodium chloride added.
350 pl of dialysis buffer was added to each corresponding buffer chamber. 100
pl of diluted plasma/brain samples with drug were added to the corresponding
wells. All drugs were tested in duplicate across plasma and brain. The plate was
covered with a sealing tape and was placed in an orbital shaker at 37°C for 4
hours at 250 rpm. After 4 hours, 50 pl samples were taken from each
compartment and pipetted into microfuge tubes. 50 pl of dialysis buffer was
added to tissue samples, and 50 pl of corresponding tissue was added to each
buffer sample so that all samples were of equal volume and composition.

Samples were analysed using LC-MS as detailed in section 2.8.5.
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After sample concentration was determined by LC-MS/MS analysis, the
apparent fraction unbound (Fu,apparent) Was determined as the ratio of buffer
concentration to tissue concentration. The Fy,apparent Value was used to calculate

Fu by correcting for the dilution factor used, as detailed in Equation 2.3.

Equation 2.3

(1/D)

Fu =
¢ (1/Fu,apparent — 1) + (1/D)

D = the dilution factor in diluted plasma and brain homogenate

Fu,apparent = Measured ratio of unbound of drug in diluted plasma and brain
homogenate

2.8.7 Calculation of drug permeability parameters

The drug peak area to internal standard ratio was used to calculate drug
concentrations according to calculated standard curves. Calculations of Papp
(Equation 1.3) and Pexact (Equation 1.4 and 1.5) in both directions and test drug

recoveries (Equation 2.4) were performed as detailed below.

Equation 2.4

VoCp(t) + VrCr(L)

(@ = Vp+Vr

Cb = Drug concentration in the donor compartment (mol. ') at time t

Equation 2.5

(Vr X Crfinal) + (Vb X Cpfinal)
X
Vb X Co

100

VR = Volume in the receiver compartment (cm?3)

Vb = Volume in the donor compartment in (cm?3)

Co = Concentration of dosing solution (uM)

final Cr = Cumulative receiver concentration at the end of the incubation period

(LM)
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final Cp = Concentration in the donor compartment at end of the incubation

period (LM)
The efflux ratio for Papp and Pexact Values was calculated using equation 2.6

Equation 2.6
Papp B — A

Efflux Ratio = ——
Papp A—B

In vitro unbound blood-to-brain concentration ratio (Kp, uus) was predicted from
permeability coefficient (Papp Or Pexact) data. As Kp,uuis defined as the relationship
between unbound drug concentration in brain and plasma at steady state,
allowing for passive diffusion and/or efflux/influx, Kpuuis therefore determined
by the relationship between influx and efflux clearances (CL,, and CL out,
respectively) (Tran et al., 2004).

Equation 2.7

CLin
Kp,uu = ¢t—

out

Considering the definition of clearance as:

Equation 2.8
CL = PappS

The in vitro Kp,uu may be defined as the ratio between apical-to-basal (A-B) and
basal-to-apical (B-A) apparent or exact permeabilities obtained in vitro, as per

Equation 2.9.

Equation 2.9

app A—B

app B—A
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Kp data was calculated from Kpuy, using fraction unbound data from Section

2.8.6, using the Equation 2.10 to account for plasma and brain binding of drug.

Equation 2.10
Fu,plasma

Kp = Kp,uu X
p p Fu, brain

2.9 Statistical Analysis & Ethics Statement

Statistical analyses were performed using GraphPad Prism 7, data were
checked for normality and homogeneity of variance and treatment groups were
compared by one-way ANOVA or two-way ANOVA as stated. Post-hoc tests
were used for multiple comparisons; Tukey’s multiple comparisons test was
used for one-way ANOVA and Sidak’s multiple comparisons test was used for
two-way ANOVA. Values presented on figures are mean + SEM unless
otherwise indicated. All experiments using animals were conducted according
to ethics approval by the University of Nottingham Biosafety Unit.
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Chapter 3

Isolation and characterisation
of primary porcine
brain endothelial cells
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3.1 Background

Brain endothelial cells (BECs), as the major constituent of the blood-brain barrier
(BBB), have many morphological and functional differences in drug transport to
peripheral endothelial cells. Peripheral endothelial cells are separated by a 6-7
nm intracellular space, allowing the extravasation of circulating xenobiotics from
the bloodstream into the peripheral tissue (Gomes et al., 2016). BECs have a
greater expression of tight junction proteins, resulting in tighter cell-cell adhesion
and reduced paracellular permeability of circulating xenobiotics (Sharif et al.,
2018). Restricted paracellular permeability is aided by an increased expression
of multidrug efflux transporters and drug-metabolising enzymes in BECs, which
restrict the transcellular transport of small lipophilic compounds into the central
nervous system (CNS) (Morris et al., 2017). The unique characteristics of BECs
can be considered fundamental criteria in creating an accurate and

representative model of the BBB.

Many cell types have been used to create in vitro models of the BBB, as the cell
type selected is one of the most critical determinants of the cost, throughput,
practicality, and translational relevance of the model created (Sivandzade &
Cucullo, 2018). As previously discussed in section 1.8.2, primary BECs remain
the gold standard for BBB modelling, as they retain the tight junctional
adherence and multidrug efflux transporter expression that is critical to BBB
function in ex-vivo culture (Patabendige et al., 2013). Whereas immortalised cell
lines consistently show leaky junctions and fluctuating levels of transporter
expression (Oddo et al., 2019) (Rahman et al., 2016). The biggest challenges
faced in creating a model with primary cells are variability between cultures,

specific technical skill required, low cell yield, and culture purity after isolation.

Considering the high level of variability associated with primary cell cultures
when compared to immortalised cell lines, it is important to thoroughly assess
the phenotype of the isolated cultures to establish the BBB characteristics
(Nielsen et al., 2017). Therefore, in this chapter, the development of adapted
protocols for the isolation and characterisation of primary porcine brain
endothelial cells (PBECs) (Nielsen et al., 2017) will be described. In addition,
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the BBB phenotype of the isolated PBECs will be further characterised by
establishing 1) the purity of the isolated cell cultures, 2) the presence of tight
junctions and 3) the expression and function of multidrug efflux transporters and
enzymes, using PCR, Western blotting, immunofluorescence, TEER
measurements and fluorescence permeability assays. In summary, this section

will present a robust cellular model of the BBB.

3.2 Results

3.2.1 Identification of BBB in porcine brain ex vivo

In order to identify the presence of BBB within the microvessels in the brain,
immunohistochemistry for ZO-1 was performed on pig cerebrum (Fig 3.1). ZO-
1 was used as a BEC marker, as ZO-1 is a critical tight junction protein present
at greater levels in BBB cells than any other cell type in the brain (Howarth et
al., 1992).

200 pm

Figure 3.1 - Immunohistochemical staining of ZO-1 in porcine cerebrum. Positive staining of the brain
endothelial cells of blood-brain barrier is indicated with white arrows. ZO-1 was immunostained using
primary antibody (#40,2200 Thermofisher, 1:100), and secondary (#A9169 Sigma, 1:5000). Images were
captured using Leica microscope DM5000 at 10X magnification. Counterstained with haematoxylin to show
nuclei (blue) and scale bar represents 200 um. The control immunohistochemistry was blank.

Z0-1 staining (brown) was evident throughout the cerebral tissue, highlighting
elongated branched areas which represent brain microvessels (all cell nuclei
are shown in blue) (Fig. 3.1). The microvessels within the porcine brain therefore

express BBB-associated tight junction proteins.
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3.2.2 Isolation of primary porcine cerebral microvessels

3.2.2.1 Progression of developments to isolation protocols

Initially, different methods and species were used to isolate primary BECs for
the model in order to find a method which reliably produced robust BEC cultures.
Both murine and porcine models were to be created due to the advantages of
each species. Firstly, murine species have the benefit of substantial in vivo
pharmacokinetic data in published literature (Beconi et al., 2012; Gustafsson et
al., 2019; Lucchetti et al., 2019). Published in vivo pharmacokinetic data in
porcine species is less abundant, however, this disadvantage is
counterbalanced by a closer genetic homology with humans (Warren et al.,
2009). The methods and developmental processes used to isolate BECs from

these species are described in Table 3.1.
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Table 3.1: Isolation methodology

isolation.

Culture | Species: Changes to Methods: Results:
no#:
1 Rat Initial protocol used from Abbott et al., 1992 No cell/ vessel yield.
(1 brain) see Section 2.1.1 in methods for full details.
2 Rat Percoll centrifuged at a higher speed using Low yield of vessel
(1 brain) ultracentrifuge, 20000 xg to 39700 xg. fragments, no
disassociation.
3 Rat Adapted protocol based on Rosas-Hernandez Low yield of vessel
(3 brain) et al., 2017: see Section 2.1.2 in methods for fragments, no
full details. disassociation.
4 Rat Changed enzymatic digestion mix to Single endothelial cells
(3 brain) collagenase/dispase at 0.55 mg/g brain tissue | present, but in very low
for 15t digestion and added dispase Il at 10 numbers.
mg/g brain tissue for 2™ digestion. Vessels still present but
no disassociation.
5 Rat Enzyme digestion compositions remained the | No further improvement.
(3 brain) same but changed density dependent
centrifugation to 13% (w/v)150,000 MW
dextran solution rather than 25% (w/v) BSA.
6 Rat Added mechanical disassociation step with Single endothelial cells
(20 brain) filtering brains through mesh initially, and present in low numbers,
through a 70 um cell strainer before plating. only smaller vessel
fragments present. No
disassociation.
7 Pig Changed species to pig. Each brain is 90- | Capillary fragments and
(1 brain) fold heavier and has a higher proportion of individual endothelial
grey to white matter. Methods kept the same cells present upon
but total amount of enzyme added increased plating. Cells were
due to increased brain mass. confluent by 72 hours.
8 Pig Enzyme dissociation mix based on Rosas- Many large capillaries
(1 brain) Hernandez et al., 2017 protocol was present upon plating,
unsustainably expensive due to amount within 24 hours they
required per gram of tissue. Switched to have disassociated into
Nielsen et al., 2017 protocol to reduce cost, clusters of cells.
(see Section 2.1.3)
9 Pig Addition of a smaller filter mesh (70 pm Increased total cell yield.
(1 brain) alongside 140 pm) increased yield of smaller
capillaries. Addition of ECGS to cell media
(see Table 2.1).
10 Pig Nielsen et al. 2017 protocol used as before, Cells were stored in
(8 brains) but number of brains were scaled up for bulk liquid nitrogen and

thawed when ready with
little reduction in viability.

Table 3.1- A chronological listing of changes made to early isolation protocols, from the first attempt at
isolating cells from a single rodent brain to bulk isolations of porcine brains. Three main published protocols
were used to develop these techniques, Abbott et al., 1992, Rosas-Hernandez et al., 2017, and Nielsen et

al., 2017.
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Initial studies used rodent brains from lab-reared Sprague-Dawley rats.
However, early isolations determined that a high number of brains (>10) would
be required to obtain even a small and limited cell yield (Table 3.1). This was
not sustainable and does not fulfil the 3Rs principles (replacement, reduction,
and refinement of animals in research). Porcine brain isolations benefitted from
an increased brain volume and higher proportion of grey matter. Moreover, initial
methodologies using Percoll gradients to isolate the different cell types were
deemed problematic as they frequently produced varying cell yields and
required a high number of reagents (Table 3.1). However, refined methods,
based on those published by Nielsen et al. (2017), which use mechanical
homogenisation and physical isolation of complete cerebral microvessels were

consistently more reliable and cost-effective.

3.2.2.2 Porcine BEC culture

The isolated porcine microvessels were seeded upon a T75 cell culture flask
coated with fibronectin (Section 2.2). The morphology of the PBECs was
examined using an upright light microscope (Leica DM5000) over time in culture.
On the day of seeding, the capillaries were observed as branched, tubule-like

structures, occasionally containing red blood cells in the central lumen, and were

surrounded by isolation debris.

Figure 3.2 - Immunoflourescent staining for ZO-1 in disassociating porcine vessels. Red arrows indicate
vessel fragments; disassociating cells are indicted by white arrows. ZO-1 primary antibody (Abcam,
ab221547; 1:100), secondary antibody goat anti-rabbit IgG Alexa Fluor 488 (Abcam, ab150077; 1:800)
(green) and DAPI nuclear stain (blue). Images were captured using Leica upright microscope DM5000, at
40X magnification and processed using Leica Image software. Scale bar represents 50 pm. Control
immunofluorescence was blank.
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The microvessel fragments adhered to the plate within 6 hours and were not
removed in the 24-hour PBS wash. Staining for ZO-1 revealed that, within the
24 hours, capillary fragments had started to disassociate into islands of PBECSs.
Large central microvessel fragments (red arrows, Fig. 3.2) were observed
surrounded by closely associated clusters of individual PBECs (white arrows,
Fig 3.2) that appeared to grow away from the vessel along of the base of the
flask.

At 72 hours post-seeding, the microvessel fragments had completely
disassociated and cells had formed a confluent, tightly packed, and uniform
monolayer (Fig. 3.3). These cells were typically spindle-shaped, elongated and
had fusiform morphology, which is characteristic of an endothelial cell culture,
and this morphology was consistent between isolations. Puromycin was added
for the first 72 hours of culture to aid for selection of BECs. One porcine brain
yielded sufficient capillary fragments for one T75 cell culture flask to be confluent
after approximately 72 hours. Further investigation was undertaken to validate
the purity of the PBECs and to characterise the expression of other markers of

the BBB phenotype.

Figure 3.3 - Confluent primary porcine brain endothelial cells (PBECSs) after 72 hours of culture in standard
endothelial growth media. The PBECs showed typical spindle-shaped fusiform morphology in a uniform
tightly packed monolayer. Images captured using Leica inverted microscope. Scale bar is 200pm.
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3.2.3 Selection for PBECs in the primary culture

It is typical that when isolating primary cells from whole tissue, like brain,
cultures will be contaminated with other cell types. One of the most effective
purification methods is to culture BECs with low concentrations puromycin over
the first three days of culture (Methods Section 2.2) (Perriére et al., 2005).

3.2.3.1 PCR for contaminating cell types

Initially, PCR was performed to identify the presence of astrocytes in the cell
culture. PBECs were cultured for 72 hours in a 12-well plate with 4 pg/ml
puromycin, followed by RNA extraction (Section 2.6). Expression of glial fibrillary
acidic protein (GFAP, astrocyte) alongside VE-Cadherin (BEC) was investigated
in the cultured PBECs alongside homogenised cerebral cortex (positive control)
(Fig. 3.4). VE-Cadherin is an adherens junction protein that is highly enriched
in endothelial cells. GAPDH was used as an endogenous control gene.

100bp GAPDH VE-Cadherin GFAP

Figure 3.4 — PCR for glial fibrillary acidic protein (GFAP) mRNA and VE-Cadherin mRNA in confluent
porcine brain endothelial cells and porcine brain cortex. PCR product sizes for each lane as indicated are:
GAPDH - 123bp, VE-Cadherin — 179bp, GFAP — 219bp. No template control lanes (neg) with no cDNA
added showed no bands. Agarose gel was imaged using BioRad ChemiDoc Imaging System. PCR
results as replicated across three experiments.

VE-cadherin mRNA expression was detected in both whole brain cortex and
PBECs, with an enriched expression in the cultured cells (Fig. 3.4). However,
GFAP mRNA was only present in the RNA extracted from homogenised brain,
with a faint non-specific band at an incorrect molecular weight for the GFAP
PCR product. This indicated that the cultured PBECs contained no astrocyte
contamination. The PCR negative controls were blank and endogenous control

gene GAPDH was expressed in both PBECS and brain cortex.
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Similarly, PCR was performed to examine whether puromycin treatment was
effective in eliminating pericytes. PBECs were cultured for 72 hours after
thawing either with or without 4 pg/ml puromycin treatment (Section 2.2).
Perivascular pericytes express contractile protein alpha smooth muscle actin
(aSMA), and this was used as the marker for pericytes while beta-2-

microglobulin (B2M) was used as an endogenous control gene.
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Figure 3.5 — PCR for smooth muscle actin (aSMA) in mRNA extracted from confluent porcine BECs. PCR
product sizes for each lane as indicated are: aSMA — 194bp, B2M — 161bp. No template control lanes with
no cDNA added (Neg) showed no bands. Agarose gel was imaged using BioRad ChemiDoc Imaging
System. PCR results as replicated across three experiments.

Following electrophoresis, a clear band for aSMA at the expected size for the
PCR product was observed in both the presence and absence of puromycin.
Indicating that pericytes are present in both treatment regimes, however, as
conventional PCR is a highly sensitive method, it is feasible that a low level of

pericyte contamination was being detected.

3.2.3.2 Immunofluorescence for contaminating pericytes

To further investigate the apparent presence of pericytes in PBEC cultures,
immunofluorescence for aSMA was performed on PBECS cultured with and
without puromycin (Fig. 3.6). Cells were grown for 72-hours either with or without

4 ng/ml puromycin, before being fixed for immunofluorescence.
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Puromycin treatment

No puromycin treatment

Figure 3.6 - Immunofluorescent staining for alpha smooth muscle actin (aSMA) in confluent porcine brain
endothelial cells. Figures A & B show cultures which have been treated with 4 pg/ml puromycin for 72
hours while Figures C & D show cultures which have not been treated with puromycin. Yellow arrows
indicate epithelial-like morphology, red arrows indicate dendritic morphology. aSMA primary antibody
ab5694 (Abcam, 1:100), goat anti-rabbit IgG Alexa Fluor 488 (ab150077 Abcam 1:800, green) and DAPI
nuclear stain (blue). Images were captured using Leica upright microscope DM5000, at 20X/40X
magnification and processed using Leica Image software. Scale bar represents 50 or 200 pm as indicated.
Control immunofluorescence was blank, images representative of five fields of vision Negative control in
Appendix 6.

With no puromycin treatment, there were large populations of stained cells with
a dendritic morphology (Fig. 3.6C&D). However, in the puromycin-treated cells
(Fig. 3.6A&B), the stained cells had an epithelial-like polygonal morphology and
were less populous. This indicates that puromycin treatment affected the

morphology, and number, of cells present.

3.2.4 Identification of tight junctions between BECs

The presence of tight junctions in primary PBEC cultures was assessed using
PCR, Western blotting, immunofluorescence, and SEM imaging for critical tight

junction proteins. Furthermore, transendothelial electrical resistance (TEER)
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experiments were performed as functional measure of the dynamic junctional
adherence, while an FITC-conjugated dextran permeability assay was used to

determine restriction of large molecules by the tight junctions.

3.2.4.1 PCR for tight junction associated proteins in BECs
Expression of VE-Cadherin (CDHS5, adherens junction forming) and occludin
(OCLN, tight junction forming) was assessed using PCR in confluent PBECs
(Fig. 3.7) cultured in the presence of puromycin. Beta-2-Microglobulin (B2M)

was used as an endogenous control gene.
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Figure 3.7 — PCR for tight junctional adherence mRNA products extracted from porcine brain endothelial
cells. PCR product sizes for each lane as indicated are: B2M (Beta-2-Microglobulin) - 161bp, CDH5 (VE-
Cadherin) - 179bp, OCLN (Occludin) - 81bp. No template control lanes (NTC) show samples with no cDNA
added. Agarose gel was imaged using BioRad ChemiDoc Imaging System.

Single bands were observed for both genes examined at the correct product
size for each gene. This showed that the isolated PBECs expressed occludin
and VE-cadherin (Fig. 3.7), indicating that tight junctions and adherens junctions
are present in the PBEC cultures.
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3.2.4.2 Western Blot for adherens junction protein, VE-Cadherin, in
BECs

Presence of adherens junction forming protein, VE-Cadherin, was confirmed by
Western blotting to show that the mRNA was being translated.
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Figure 3.8 - Western blot for VE-Cadherin in porcine brain endothelial cells. 20 pg of protein was loaded
into each well. VE-Cadherin primary - D87F2 Cell Signalling 1:1000, secondary - A9169 from Sigma
1:5000. Chemiluminescence was detected using Bio-Rad ChemiDoc Imaging System.

After immunoblotting, a single band at the expected size (140 kDa) was
observed for VE-cadherin in the PBECs, thus indicating the presence of VE-
cadherin protein in a similar manner to that for mRNA (Fig. 3.8).

3.2.4.3 Immunofluorescence for tight junction protein ZO-1 in BECs
Z0-1 is a critical component of the tight junction complex and should be present
at the border of all cells in a continuous monolayer of BECs. Immunoflourescent
staining was conducted to investigate the presence of ZO-1 between confluent
PBECs after 72 hours of culture (Fig. 3.9).
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Figure 3.9 - Immunoflourescent staining for ZO-1 in PBECs. ZO-1 (green) was detected using primary
antibody ab221547 (Abcam 1:100), and secondary antibody goat anti-rabbit IgG Alexa Fluor 488
conjugated ab150077 (Abcam 1:800) and DAPI nuclear stain (blue). White arrows indicate example tight
junctions. Images were captured using Leica upright microscope DM5000, at 20X (Figure A) or40X (Figure
B) or magnification and processed using Leica Image software. Scale bar represents 100 or 200 pm as
indicated. Controlwas blank, representative of five fields of vision. Negative control in Appendix 6.

102



The primary PBECs formed a confluent monolayer with the mosaic morphology
commonly observed in BECs; immunoflourescent staining of ZO-1 showed
localisation exclusively at the cell membrane, indicating that the tight junctions
are present between all PBECs (Figs. 3.9A and 3.9B). This demonstrates that
PBECs are forming a continuous BBB monolayer spontaneously in culture.

3.2.4.4 Scanning Electron Microscopy Images of PBEC Tight
Junctions

Detailed surface structure of the PBECs was investigated using scanning
electron microscopy (SEM) imaging. Samples were prepared and SEM imaging

was carried out by the University of Nottingham Nanoscale & Microscale

Research Centre.

Figure 3.10 — Scanning Electron Microscopy (SEM) images of primary porcine BECs, following fixation
and dehydration. White arrows indicate example tight junctions in the culture. Parameters for microscopy
are indicated individually on each image, and scale bars represent 10 um (image A), 40 pum (image B),
and 100 um (image C & D) respectively. Images representative of five fields of vision

The surface structure of the PBECs in culture showed distinct, raised, and
overlapping areas at the cell-cell borders. This strongly suggested the formation
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of tight junctions between the cells (Fig. 3.10). This supports the findings of the
immunofluorescence study, indicating that the PBECs are forming a confluent

monolayer which is connected by tight junctions at cell-cell borders.

3.2.4.5 Transendothelial electrical resistance in Transwell cultures of

BECs

TEER values indicate the electrical resistance across a cell culture monolayer
when an alternating current (AC) is applied, which reflects the junctional
adhesion between the cells and clearly indicates the ability of the cells to form
a tight BBB-like monolayer (Elbrecht et al., 2016). PBECs were cultured to
confluence before the cells were passaged onto Transwell culture inserts. TEER
values were measured using the EVOM2 voltmeter and ENDOM-6 voltmeter

cup every 24 hours for 4 days.

2501 *

TEER (Q .cm?)

Day of Culture (0-4)

Figure 3.11 -The effect of time in culture on TEER in PBECs. All TEER measurements were performed in
triplicate for each individual insert, with 3 independent inserts in each experiment. Day O represents
passage of PBECs to Transwell inserts. Data are expressed as mean TEER + SEM. Statistical significance
is indicated as: (*) statistically significant from Day 3 & Day 4 (**) statistically different from Day 1 & Day 2
(two-way ANOVA).

TEER measurements over the 4 days of culture revealed an increase in the
resistance per unit area across Day 1 and 2 (peaking at 207 + 21 Q.cm?) after

which the resistance reduced across Day 3 and 4 to below 100 Q.cm?. Day 3

104



and Day 4 were statistically different from Day 1 and Day 2 ( P<0.001 Day 2
compared to Day 3) (Fig. 3.11). These results indicate the dynamic movement
of junctional adhesion between the cells that make up the monolayer over that
period. Furthermore, this gives a distinct time at which cells plated upon
transwell inserts display optimum junctional adhesion for drug transport studies.

3.2.4.6 Measurement of FITC-dextran permeability in Transwell

cultures of BECs

The restrictive nature of the PBEC monolayer was further examined through 4
kDa fluorescein conjugated dextran (FITC-dextran) transport studies. The TEER
experiments determined that PBECs reached maximum junctional adherence
after 48 hours in Transwell culture. Therefore, FITC-dextran permeability
studies were performed at this time point. FITC-dextran permeability studies
were undertaken in apical to basal (A-B) and basal to apical (B-A) directions at
60- and 120-minute time points. The transport of FITC-dextran across the PBEC
barrier is presented as a percentage of the no cell control which represents free
diffusion between the two compartments.
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Figure 3.12 - The percentage of FITC-dextran transport across PBECs from apical to basal (A-B) and
basal to apical directions (B-A) at 60 minutes or 120 minutes. Data is presented as a percentage of FITC-
dextran across a no cell control Transwell. Values shown are a mean average of 3 well replicates (n=3) £
SEM.

105



Relative Normalized Expression

(8]
I

o
I

o
[
+

o
o

=)
»

o
(8}

o
o

FITC-dextran is restricted across the membrane in A-B (27%) and B-A (25%)
directions at 60 minutes (Fig. 3.12). However, after 120 minutes, the amount of
FITC-dextran across the monolayer is maintained in the A-B direction, yet in the
B-A direction, this increased to 39%. This shows that the monolayer is restricting
the flow of FITC-dextran, however, a significant amount of FITC-dextran is still

able to pass from A-B and B-A compartments across the monolayer.

3.2.5 Identification of multidrug efflux transporters in BECs
ABC transporters including P-glycoprotein (P-gp), BCRP and MRPs, are
responsible for the efflux of wide-range of common drugs (Mahringer & Fricker,
2016). PCR and Western blot analysis were used to confirm the expression of
these critical transporters in isolated PBEC cultures.

3.2.5.1 gPCR for multidrug efflux transporter expression in BECs

The expression of multidrug efflux ABC transporters, P-gp (ABCB1), BCRP
(ABCC1) and MRP1 (ABCG2), was investigated using gPCR TagMan gene
expression assay in confluent PBECs after 72 hours in vitro.

Target

Figure 3.13 — gPCR for ABC transporters ABCB1 (P-glycoprotein), ABCC1 (MRP1), and ABCG2 (BCRP).
gPCR was carried out using TagMan Gene Expression Assays for each gene, and results are presented
as relative normalised expression to endogenous control, GAPDH. Data are Mean +/- SEM from 3
independent cultures

As previously stated, P-gp, BCRP and MRP1 have been identified as crucial
efflux transporters at the BBB. gPCR TagMan assays showed that ABCB1 (P-
gp), ABCC1 (MRP1) and ABCG2 (BCRP) were all expressed in PBECs after 72
hours in culture, and that the expression level was similar to that for the

endogenous control gene, GAPDH (Fig. 3.13).
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3.2.5.2 Western Blot for P-glycoprotein in BECs
P-gp is widely recognised as the most important protein involved in drug efflux
at the BBB (Rauch, 2011). The presence of P-gp in PBECs cultured for 72 hours

was examined using Western blot analysis.
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Figure 3.14 - Western blot for P-glycoprotein in confluent porcine brain endothelial cells. Protein (20 ug)
was loaded into each well and proteins were separated by SDS-polyacrylamide gel electrophoresis. (P-
glycoprotein - ab170904 Abcam 1:1000 & secondary - A9169 Sigma 1:5000). Chemiluminescence was
detected using Bio-Rad ChemiDoc Imaging System.

Immunoblotting for P-gp produced a broad band at 180 kDa, the expected
molecular weight of P-gp on the blot is 141 kDa, however, P-gp has three
potential glycosylation sites which can affect the migration of the protein, often
producing a higher molecular weight of 180 kDa (Abcam, 2021). Thus, the band
present on the blot indicated that P-glycoprotein was expressed by the PBECs

after 72 hours in culture

3.2.5.3 Assessment of y-glutamyl transpeptidase activity in PBECs

The activity of GGT was assessed by quantifying the production of p-nitroanilide
substrate from a y-glutamyl-p-nitroanilide precursor added to the PBECs in a

96-well plate.
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Figure 3.15 — Specific enzyme activity of y-glutamyl-transpeptidase in PBECs after 72 hours of culture. Specific
enzyme activity was calculated as the production of p-nitroanilide from precursor y-glutamyl-p-nitroanilide per
unit time, per total cell protein as calculated by a Bradford assay. Results are shown as a box and whisker plot
of all data points, with whiskers showing max and min values.

Cultures of PBECs produced a consistent amount of p-nitroanilide per unit time
(Figure 3.15). Two cultures were anomalous in their enzyme activity (one
greater and one much reduced relative to the remainder) these cultures were
not unusual in any other respect and the explanation of these results remain
undefined. Outliers aside, this suggests that all the PBEC cultures tested
express functional levels of GGT enzyme and have retained this phenotype in

in vitro culture.
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3.3 Discussion

The primary focus of this Chapter was to establish a robust and reliable isolation
method to culture PBECs, to determine the purity of the cell cultures, and to

characterise the BBB phenotype of the isolated cells when cultured in vitro.

Multiple isolation techniques were attempted during the development process
to determine the optimal methodology for the project. Initially, it was intended
that cultures of both murine and porcine BECs would be isolated and cultured,
as BECs isolated from lab-reared rats would allow direct comparison of the
collected in vitro data to the abundant in vivo drug permeability data from
rodents, while porcine cerebral tissue has a higher homology with humans
(Patabendige et al., 2013; Thomsen et al., 2015). However, the initial isolations
which used a singular brain from Sprague-Dawley rats in the protocol from
Abbott et al., 1992, resulted in an extremely low yield of vessels that did not
disassociate. Endothelial cells grow in a continuous monolayer in vivo and in
vitro, enabling communication through gap junctions, it was, therefore,
hypothesised that the low cell/vessel yield restricted cell-cell communication
within the population, and consequently reduced the growth and health of the
cells (Dora, 2001). Therefore, the number of brains used in the isolation was
increased from one to three, alongside an increase in enzyme concentration
and digestion times to encourage vessel disassociation. This approach is
supported by the protocol published by Rosas-Hernandez et al. 2018. Although,
this did result in the presence of individual BECs alongside the vessel
fragments, these cells did not survive past 24 hours and vessels did not
disassociate. Thus, an isolation was then attempted with 10 Sprague-Dawley
brains; however, it was apparent at this time that maintaining housing, food, and
transport costs for this number of animals would make the model unsustainable
in the long term. While using 10 brains did further increased the yield of cells
and vessels, the cells still did not multiply, and vessels did not disassociate.
Other groups including Rosas-Hernandez et al. 2018 and Abbott et al., 1992 did

not have the same issues with primary BEC isolations from rat brains; however,
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the failure of this methodology could be attributed to both limited resources and

discrepancies with interpretation of protocols between laboratories.

The issue of low cell yield was not encountered when using porcine tissue, as
porcine brains are significantly larger and have a higher proportion of grey
matter. An added benefit of using porcine tissue is the availability, at negligible
cost and in abundance, from the local abattoir. The use of porcine cerebral
tissue also aligns the aims of this project to the 3Rs framework for the
replacement, reduction, and refinement of animals in research as no animals
are slaughtered solely for the research purposes. An increasing number of
studies within the last decade have used primary PBECS for in vitro BBB
modelling (Nielsen et al., 2017; Patabendige et al., 2013). In all these published
studies, cultured primary PBECs have expressed key efflux transporters and
consistently produced tight cell-cell junctions. Furthermore, results from a
protein BLAST search demonstrate a high level of homology between human
and porcine transporters (see Appendix 1). Coupled with results published by
Warren et al., 2009, which demonstrate similar expression levels of key ABC
transporters, porcine cells were considered a very appropriate contender for
BBB modelling. The first isolation, using the isolation method developed by
Rosas-Hernandez et al., 2018, in pig brain was effective, and cells from a single
brain were confluent within a T75 flask with 72 hours. The disadvantage in using
porcine tissue, however, was that with the increase in grey matter, there was an
increased use of tissue weight dependent enzymes (as required by the Rosas-
Hernandez et al. 2018 methodology). This would make the system progressively
more costly. Therefore, the methodology was substituted to that described by
Nielsen et al. 2017, in which the enzymes were more cost-effective by

comparison to earlier methodologies.

Published isolation methods use either one of two fundamental isolation
techniques for BECs. The protocols employed by Abbott et al.,, 1992, and
Rosas-Hernandez et al., 2018, were based upon homogenising the cerebrum in
an enzyme digest, followed by a density dependent centrifugation to separate
endothelial cells from myelinated cells. However, the subsequent method,
based on that developed by Nielsen et al., 2017, used filtration to separate
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microvessels from the brain homogenate, which are then subjected to an
enzyme digest before plating. This method, when paired with the increased grey
matter of porcine brains, consistently produced robust cultures with high cell
purity, as well as being more time/cost-efficient. This method was eventually
scaled up to produce approximately eight vials of cells (stored in liquid nitrogen
before use) from a bulk isolation of eight brains. The BBB vessels, once isolated
using the methods discussed above, were plated upon fibronectin-coated cell
culture plates in specialised growth media and left to disassociate. The BECs
produced using this method had the spindle-shaped elongated fusiform
morphology which is typical of endothelial cells and was consistent with the
images of BEC cultures presented in published methods (Nielsen et al., 2017;

Rosas-Hernandez et al., 2018).

When isolating whole capillaries from the cerebrum, it is logical to assume that
both astrocytes and pericytes adhered to the blood vessel may also be present
in the cell culture. To avoid growth of these contaminating cell types, puromycin
was added to purify to the culture for the first 72 hours, in line with results from
other studies (Perriere et al., 2005) (Nielsen et al., 2017). Puromycin is a
substrate for P-gp, an ABC transporter that is highly expressed in BECs. Thus,
puromycin will be effluxed from the BECs while causing cytotoxicity to other cell
types (e.g., pericytes and astrocytes) which do not express this transporter at
high levels. However, an examination of the cell types present in the isolated
cultures that had been treated with puromycin, revealed that the puromycin did
not remove all contaminating pericytic cells based on PCR for aSMA (pericyte
marker). In order to further investigate the localisation of aSMA expression in
PBEC cultures, immunofluorescence was performed for aSMA. This revealed
distinct changes in the morphology and number of aSMA-positive cells with and
without puromycin treatment. Namely, aSMA-positive cells in the absence of
puromycin purification appear to be smaller, dendritic-like, with elongated
processes from the cell body. However, cells treated with puromycin showed
fewer stained cells and those were larger, and had spindle shaped fusiform
morphology. The morphology of pericytes is known to be highly heterogenous,

with variations in cell size and the projection of cell processes due to their wide

111



range of roles within the CNS (Dore-Duffy & Cleary, 2011). However, this
discrepancy in cell morphology due to puromycin treatment was unexpected
and has not currently been reported in the published literature. The dendritic
cells in the non-puromycin treated cells extend long processes, these
projections would wrap around the blood vessel to signal to endothelial cells in
vivo (Bergers & Song, 2005; Orlidge & D’Amore, 1987). However, the
morphology present in the puromycin treated cells show no projections and
seem to have adopted a fusiform morphology. It has been proposed that
pericytes have stem-cell like properties and consequently can differentiate into
other cell types (Dore-Duffy & Cleary, 2011). It was therefore hypothesised that
the pericytes in the puromycin treated cells could have a more endothelial-like
phenotype, possibly upregulating transporters to ensure survival during the
puromycin treatment. Further investigation of this cell type using
immunoflourescent co-staining for BEC markers alongside aSMA would be
required to test this hypothesis. In summary, puromycin treatment appears to
eliminate astrocytic cells but does not fully eliminate pericyte contamination,
although puromycin treatment does reduce overall pericyte number and results

in morphological changes.

It is imperative to ensure that BEC cultures used for in vitro BBB modelling have
functional tight junctions, as tight junction proteins, and adherens junction
proteins, form the basis for limited paracellular permeability across the BBB
(Wolburg & Lippoldt, 2002). The results presented in this Chapter suggest the
expression and presence of both tight and adherens junction proteins in the
isolated PBECs. Immunoflourescent staining of PBEC cultures for ZO-1 shows
clearly defined staining at cell-cell borders, which is in line with
immunoflourescent staining of ZO-1 in PBEC cultures presented by Neilsen et
al., 2017 and Cantrill et al., 2012. Thus, indicating that tight junctions are present
within the culture and that PBECs are creating a confluent monolayer in vitro.
Similarly, the expression of both occludin in the isolated PBEC cultures is akin
to the results presented by Cantrill et al., 2012 and Gericke et al., 2020, further
highlighting the maintenance of the BBB phenotype. The finding of VE-cadherin

expression from PCR and western blotting within the PBECs also supports this
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statement, however, to the best of this author’s knowledge, this is the first time
that VE-cadherin expression has been identified within primary PBEC cultures.
Therefore, demonstrating the presence of adherens junction proteins alongside
the presence of the more commonly characterised tight junction proteins. The
investigation of the surface structure of PBEC cultures using SEM imaging is
also novel and reveals detailed structure of the PBECs. Zhang et al., 2006 and
Cantrill et al., 2012 use transmission electron microscopy (TEM) to analyse the
presence of tight junctions within the intracellular structure. However,
investigation using SEM shows that tight junction structures between endothelial
cells can also be viewed extracellularly as raised, overlapping junctions. In
conclusion, the evidence for the presence of both tight junction proteins and
adherens proteins, which are localised at the cell-cell junctions within the PBEC

cultures, is robust.

Alongside examining the expression and localisation of tight junction proteins, it
was also necessary to establish that the tight junctions were functional and
created a restrictive barrier in the in vitro studies. TEER is often used as a
comparable measure of junctional adhesion in BEC monolayers (Wilhelm et al.,
2011). According to previous studies, the physiological value of TEER in the in
vivo blood brain barrier could be as high as 6000 Q.cm? (Srinivasan et al., 2015).
However, current BBB models vary widely in TEER values; with immortalised
cell lines reporting values typically around 30 Q.cm?, primary models between
100-2000 Q.cm? and human induced pluripotent stem cells of more than 4000
Q.cm? (Czupalla et al., 2014; Wang et al., 2017). The protocol published by
Neilsen et al., in 2017 shows that PBECs with no supporting cells will reach
TEER values between 500-2000 Q.cm?. In the present Chapter, TEER values
varied over the 4-day span, showing the dynamic nature of junctional adhesion
in the BBB model. TEER reached maximum at day 2, where junctional tightness
reaches an average value of over 200 Q.cm?. These TEER readings align with
those shown by primary cells isolated in other laboratories (Patabendige et al.,
2013). However, Neilsen et al., 2017 stated that their cultures routinely achieved
TEER values of >1000 Q.cm?. Nonetheless, during the early stages of practising

the protocol, the authors state that inexperience handling these cells can result
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in a reduced TEER value of 100-900 Q.cm? (Nielsen et al., 2017). Although the
TEER values achieved are not as high as TEER values reported in publications
from other laboratories, these values are still approximately 10-fold greater than
those measured in most immortalised cell lines, and results from other
laboratories indicate that these values may increase with methodological

experience (Nielsen et al., 2017; Rahman et al., 2016).

TEER results are commonly supported by tracer molecule permeability studies
within published literature. Commonly used molecules include sucrose,
mannitol, lucifer yellow and dextrans (Thomsen et al., 2015; Zhang et al., 2006).
In this study, the permeability of 4 kDa FITC-conjugated dextran across the
PBEC monolayer was quantified. At 60 minutes, approximately 27% of the FITC
had passed from apical to basal, and from basal to apical compartments. After
a further 60 minutes, the apical to basal compartment showed no further
permeability. However, in the basal to apical compartment, this increased to
39%. It is likely that the discrepancy in the basal to apical, and apical-basal,
directions at 120 minutes is due to biological variability between the models, as
although all Transwell models showed over 100 Q.cm? TEER before the
experiment, biological variation between samples did result in small fluctuations
in TEER between the groups and in this experiment each value was a mean
value of n=3. Although it is evident that the cell monolayer is restricting the
permeability of the FITC-dextran between compartments, this value is higher
than usually accepted as an optimised value for permeability studies. For
example, the standardised acceptable permeability of tracer compound is 3%
across caco-2 cell monolayers for high-integrity studies (Yamashita et al., 2000).
Furthermore, Gericke et al., 2020 reported the permeability of tracer compound
mannitol as 3% per hour in PBECs. However, Gericke et al., 2020, also report
10-fold higher TEER values, thus this may suggest that the PBECs isolated in
this chapter are not forming a complete barrier. In spite of this, Cantrill et al.,
2012, showed that TEER values can be increased, and permeability can be
reduced, with the co-culture of PBECs with CTX-TNA2 astrocytes. Thus, further
optimisation of the culture protocols for the PBECs for BBB modelling and drug
permeability screening will be examined in the following chapter.
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In addition to tight junctions, which restrict permeability across the BBB,
multidrug efflux transporters have an important role in restricting drug entry into
the brain. Warren et al.,, 2009 analysed the expression levels of ABC
transporters at the BBB in porcine and human, normalised to influx transporter
GLUTL1. It was established that both pig and human BECs have a high
expression of P-gp, however, pig BECs have a significantly higher expression
of BCRP and a low expression of MRP1 than human BECs. Many studies have
shown that ABC transporter expression decreased during in vitro culture, due to
dedifferentiation of the primary BECs, which leads to a loss of BBB phenotype
(Sabbagh & Nathans, 2020). gPCR was used to demonstrate the expression of
these three multidrug efflux transporters in PBECs after 72 hours in culture.
Indeed, all three ABC transporters, P-gp (ABCB1), MRP1 (ABCC1) and BCRP
(ABCG?2), are present in the culture, at an approximately proportional ratio to
the endogenous control, GAPDH. This differs from the results presented by
Warren et al., 2009, which demonstrates negligible levels of MRP1 (ABCC1)
within porcine capillaries. To our knowledge, this is the first instance of
substantial expression of MRP1 in PBEC cultures, reinforcing the benefit of this
cell type in BBB modelling. The expression levels of ABC transporters were also
examined by Thomsen et al. 2015, who demonstrated that P-gp and BCRP were
expressed at 1% and 2% of the endogenous control, -actin, respectively. This
is significantly lower than the results presented in this Chapter, although direct
comparison cannot be made due to discrepancies in the endogenous control

gene.

P-gp expression was also analysed using Western blotting which showed a
single band for P-gp but at a higher molecular weight than the expected band
size of 141 kDa. However, other studies using this antibody have also shown
that bands are present at 180-200 kDa, due to the potential glycosylation sites
on the protein (Abcam, 2021). Previous publications show that the expression
of multidrug efflux transporters, including BCRP and P-gp, were induced by
shear stress inducible receptors (Cucullo et al., 2011) and co-culture with
astrocyte cells (Baello et al., 2016). Therefore, it is possible that expression of

these transporters could be enhanced further by different culture methods.
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y-Glutamyl transpeptidase (GGT) is a metabolic enzyme which is highly
expressed in brain capillaries and is often used as a BEC marker. It was
determined that the isolated PBECs express the endothelial marker GGT, and
also express the enzyme at a relatively consistent level between cultures. This
indicates a consistent BEC phenotype between cultures. Cantrill et al., 2012,
demonstrated that GGT expression is induced by co-culture with astrocytes,
indicating that astrocyte co-culture aids in maintaining BBB phenotype and thus,
demonstrating a further benefit of adapting the culture methods in BBB
modelling, as will be examined in the following Chapter.

In conclusion, results confirm that a reliable method has been developed to
isolate robust cultures of porcine BECs from pig cerebrum. This isolation method
has been optimised to ensure that it is both repeatable and cost-effective, and
reliably produces a high yield of PBEC cultures. The vessels isolated using this
culture method rapidly disassociate into a confluent culture of PBECs, which
can be effectively purified using puromycin purification. Molecular and
microscopy techniques were employed to confirm the presence of mRNA and
protein for key BBB phenotype markers: tight junction proteins, VE-cadherin,
occludin, and ZO-1, ABC transporters, P-gp, MRP1, BCRP, and GGT. These
cell cultures also demonstrate a restricted permeability across the membrane,
as shown by TEER and FITC-dextran permeability studies, which is further
indication of the BBB phenotype, however, the permeability is notably higher
than that presented in other PBEC publications. In spite of this, the presence of
efflux transporters and tight junction proteins in vitro indicates that the isolated
cell cultures which have been characterised in this Chapter could be suitable for
use in a BBB model for drug permeability testing within the pharmaceutical

industry with further optimisation.

116



Chapter 4

Establishing Transwell and
microfluidic models of the
blood-brain barrier using PBECs
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4.1 Background

A reliable method to isolate and culture primary porcine brain endothelial cells
(PBECs) from pig cerebrum was established in the previous Chapter. As
previously discussed, the majority of in vitro models which are widely used within
the pharmaceutical industry have significant limitations, including limited genetic
homology with humans in BEC phenotype, no representation of signalling from
perivascular cell types within the neurovascular unit (NVU), or critical
biophysical BBB properties (Gomes et al., 2016; Oddo et al., 2019). This
Chapter presents the developments made in producing static and microfluidic
cultures of PBECs and their potential use for drug permeability studies.

A number of primary PBEC Transwell models of the BBB have been previously
established (Gericke et al., 2020; Patabendige et al., 2013; Thomsen et al.,
2015). However, Transwell models of the BBB using immortalised cell lines are
much more widespread within the field of drug discovery due to the ease of
culture and availability of cells (Bicker et al., 2014). Immortalised Transwell
models of the BBB consistently demonstrate reduced junctional adhesion, and
while many uptake and efflux transporters are still expressed, their expression

levels are decreased (Gericke at al., 2020; Rahman et al., 2016).

A major benefit of the Transwell system is the ability to co-culture BECs in a
non-contact co-culture with supportive perivascular NVU cells (Bicker at al.,
2014). The release of signalling molecules by astrocytes can increase or
decrease vascular permeability (Cheslow & Alvarez, 2016). In Transwell
models, the addition of astrocytes in co-culture with BECs has been shown to
affect the expression of metabolic enzymes, tight junction proteins, and
transporters including GLUT1 and P-gp (Cantrill et al., 2012; Gaillard et al.,
2000; Toth et al., 2018). As soluble signalling molecules mediate the majority of
astrocyte-endothelial interactions, many of the benefits of astrocyte co-culture
can be mimicked by the addition of astrocyte-conditioned media (ACM) to BECs.
Indeed, this has also been shown to decrease BBB permeability in vitro (Nielsen
et al., 2017; Puech et al., 2018).
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The Transwell model benefits from ease of use and the ability to co-culture cells,
however, the system has a major limitation: Transwell models do not allow for
the induction of shear stress. Studies using in vitro BBB models have
demonstrated that induction of shear stress upon BECs upregulates the
expression of tight junction proteins, multidrug efflux transporters, CYP
enzymes and regulates carrier-mediated transport and immune cell invasion
across the membrane (Partyka et al., 2018; Rochfort & Cummins, 2019;
Santaguida et al., 2006). Thus, haemodynamic flow could be said to have a
direct role in limiting the paracellular transport of large and hydrophilic
molecules, reducing the diffusion of small and lipophilic molecules, increasing
metabolism of xenobiotics, and regulating the disruptive barrier effects of

inflammatory mediators at the BBB.

Recent advances in microfluidic technology, and a new understanding of the
complex relationship between shear stress and cellular function, have laid the
foundation for the generation of BBB on a chip (BBBoaC) models. This new and
advanced group of BBB models are engineered to mimic the haemodynamic
flow and biophysical environment of in vivo BECs within an in vitro culture
system (Jiang et al., 2019). In these models, a continuous monolayer of
endothelial cells lines the vascular microfluidic channel and cells are subjected
to constant flow to mimic haemodynamic pressure, and thus shear stress, upon
the cells (Oddo et al., 2019).

BBBoaC models have not yet been thoroughly evaluated for predicting human
in vivo drug permeability across the BBB (Bagchi et al., 2019). The criteria for a
BBBoaC model to be suitable for compound permeability testing include, real-
time optical monitoring of cells, a separate vessel and CNS chamber, and
individual inlet and outlet ports to allow compound collection. One such model
incorporates these qualities is the “SynVivo” BBBoaC model, which has been
used in multiple publications over the past decade (Brown et al., 2019;
Prabhakarpandian et al., 2013; Deosarkar et al., 2015; Terrell-Hall et al., 2017).
The SynVivo BBBoaC model has a parallel design consisting of two lateral outer
vessel chambers, separated from one inner circular CNS chamber by 4 um
spaced micropillars. This model is made from oxygen-permeable and optically
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clear PDMS and has built-in electrodes for real-time monitoring of TEER with no
risk to cell viability in either chamber. The SynVivo microfluidic BBBoaC model
has been established with immortalised BECs, HUVECSs, and primary rat BECs
(Brown et al., 2019; Prabhakarpandian et al., 2013; Deosarkar et al., 2015;
Terrell-Hall et al., 2017). However, this model, nor any BBBoaC model, has

been published using cultures of primary PBECs.

Therefore, the aim of this Chapter was to establish a static Transwell model of
the BBB using PBECSs to investigate the effect of astrocyte co-culture upon the
BBB characteristics of the BECs. This primary PBEC Transwell model will be
compared to immortalised human BEC line, HBEC-5i. Furthermore, the isolated
primary PBECs will also be used to establish and optimise the first primary

porcine BBBoaC model within the SynVivo microfluidic system.

4.2 Results

4.2.1 Induction of junctional adhesion by astrocytes and

astrocyte conditioned media
Astrocytes outnumber neurons in the brain 10-fold and have myriad roles in

maintaining the neuronal microenvironment, including signalling to BECs, and
controlling BBB permeability (Davson & Oldendorf, 1967; Zonta et al., 2003).
However, only astrocytes which have been harvested from neonatal mammals
proliferate easily in vitro, making primary astrocytes difficult to obtain (Schildge et
al. 2013). For this reason, immortalised astrocyte cell lines, such as the CTX-
TNAZ2 line, are often used in BBB modelling (Wilhelm & Krizbai, 2014). The
CTX-TNAZ2 cell line was created from primary astrocytes isolated from brain
frontal cortex tissue of 1-day old Sprague-Dawley rats and has been shown to
maintain the in vivo phenotype of primary porcine BECs (Cantrill et al., 2012). In
addition, spent media from primary or immortalised astrocytes (known as ACM)
has been proven to increase junctional adhesion and reduced permeability in
BECs (Puech et al., 2018). This section assesses the effect of co-culture with
CTX-TNAZ2 immortalised astrocytes, or CTX-TNA2 generated ACM, with primary
PBECs in a non-contact Transwell culture to examine their effects on TEER

values and FITC-dextran permeability.
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4.2.1.2 TEER values across astrocyte treated PBECs

It was previously shown that TEER values of PBECs are highest on day 2,
across a 4-day PBEC culture (Section 3.2.4.5). This experiment was repeated
to determine the effect of astrocytes upon the electrical resistance across the
membrane. PBECs were cultured on Transwell inserts for 24 hours, in either
astrocyte co-culture, ACM treatment, or grown in monoculture. In the astrocyte
co-culture group, CTX-TNA2 astrocytes were seeded in non-contact co-culture
on the bottom of the Transwell plate, with PBECs suspended on the semi-
permeable Transwell insert. In the ACM group, the medium in the bottom
compartment was replaced with identical medium (DMEM :Ham’s F12 1:1 with
10% FBS and supplements) which had previously been cultured with CTX-
TNAZ2 astrocytes for 48 hours. The third group (monoculture) were cultured as
previously shown (Section 3.2.4.5). TEER was measured in triplicate using the

same methodology over a period of 4 days.

400+
-~ ACC

-= ACM

TEER (Q .cm?)

Day (0-4)

Figure 4.1 - TEER values of Transwell PBEC cultures over a time course of 4 days (day 0 = day of
seeding), in astrocyte co-culture, ACM treatment, or monoculture. Astrocytes or ACM media were added
24 hours prior to first measurement. All TEER measurements were taken in triplicate for each individual
insert, and 3 independent inserts were included in each experiment. Data are expressed as mean TEER
+ SEM. Data was analysed with two-way ANOVA where * (P<0.05) and ** (P<0.01) indicating time points
where Astrocyte co-culture was different from PBEC monoculture.
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In all groups the highest TEER was recorded on Day 2, with the highest
recorded TEER values measured for co-culture at 270 + 26 Q.cm?, followed by
ACM treatment at 235 + 25 Q.cm?, and finally, PBEC monoculture at 207 + 21
Q.cm? (mean + SEM). It is evident that both addition of ACM and astrocyte co-
culture increased tight junction integrity and provided higher TEER values.
However, only the astrocyte co-culture group (on days 2 and 3) was significantly

different from the PBEC monoculture group (P<0.05 and P<0.01, respectively).

4.2.1.3 Permeability of FITC-Dextran in astrocyte treated PBECs

To further explore the effect of astrocytes upon tight junctions, FITC-dextran
permeability experiments were conducted in Transwell at the day 2 time point,
at which time peak TEER values were achieved for all treatment groups. The
same treatment groups as previous sections were used: PBEC astrocyte co-
culture (ACC), PBECs with ACM treatment (ACM), and PBECs in monoculture
(MC). The PBECs in co-culture and ACM groups were cultured with astrocytes

or ACM for 24 hours prior to the experiment.
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Figure 4.2 - The effect of different astrocyte treatment groups on permeability of FITC-dextran across a
PBEC monolayer in Transwell. The 3 groups were: No contact CTX-TNA2 astrocyte co-culture (ACC),
treatment with astrocyte conditioned media (ACM), or PBECs in monoculture (MC). The PBEC
permeability values are taken as a percentage of the no PBEC control value in each group to account for
the restriction in permeability from the Transwell insert alone. Values shown for each group are a mean
average of 3 well replicates + SEM. Data were compared with one-way ANOVA and *** (P<0.001) indicates
significance difference to both ACM and MC groups.
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FITC-dextran permeability experiment showed that, of the three groups, co-
culture with astrocytes reduced permeability to the greatest extent (3 = 2.5%)
(Fig. 4.2). Although FITC-dextran permeability was lower following treatment
with ACM (19 + 0.6 %) than in the monocultures (25 = 0.7 %), this difference
was not significant. Therefore, the FITC-dextran permeability study supports
the TEER data in confirming that astrocyte co-culture is the most effective

means of in increasing tight junctional adhesion between PBECs.

4.2.2 Variance in junctional adhesion between primary and

Immortalised BECs

Immortalised BECs offer some of the benefits of primary BECs without the
limitation of complex isolation methodologies and low passage numbers (Oddo
et al., 2019). In spite of this, some studies have demonstrated that immortalised
BECs have leaky cell-cell junctions (Gericke et al., 2020; Urich et al., 2012). In
this section, the junctional adhesion of the PBEC cultures will be compared to a
commercially available human cell line, HBEC-5i cells, to determine the
differences in TEER values and FITC-dextran permeability and how these are

affected by astrocyte co-culture.

4.2.2.1 TEER measurements in immortalised and primary BECs

HBEC-5i cells were cultured in a 12-well Transwell plate with the same three
treatment groups used previously (Section 4.2.1.2): astrocyte co-culture (ACC),
ACM treatment (ACM) and monoculture (MC). HBEC-5i cells in all groups were
cultured with the same transport media constituents as PBECs for the duration
of the experiment. CTX-TNAZ2 astrocytes or ACM were added to the Transwell

basal compartments for 24-hours before measurements were taken.
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Figure 4.3 - TEER values of Transwell PBEC and HBEC-5i cultures over a time course of 4 days, either
in astrocyte co-culture, ACM treatment, or monoculture. Astrocytes or ACM media were added 24 hours
prior to first measurement. All TEER measurements were taken in triplicate for each group, and 3
independent inserts were included in each experiment. Data are expressed as mean TEER + SEM. On all
days, the TEER values for all HBEC-5i treatment groups were significantly different to the PBEC treatment
groups. Data were compared using two-way ANOVA and significance (P > 0.0001) is indicated on the
figure as ****,

TEER measurements show significant differences between primary and
immortalised cells in all treatment groups over the time period (Fig. 4.3)
(P>0.0001, two-way ANOVA). Unlike PBEC cultures, immortalised HBEC-5i
cells reach their peak TEER value on day 1, with values of 6.3 + 0.33 Q.cm? for
the astrocyte co-culture group, 9.3 £0.33 Q.cm? for the ACM treated group, and
7.3 £ 0.33 Q.cm? for the monoculture group. This was considerably lower than
all PBEC groups, which had a TEER of greater than 200 Q.cm? at their peak
(day 2 of culture) in all three treatment groups. Furthermore, no response to
astrocyte co-culture can be observed in HBEC-5i cultures, as TEER in
monocultures was greater than the TEER in astrocyte co-cultured cells. The
significantly lower TEER across the endothelial monolayer in HBEC-5i cultures,
relative to the PBECSs, across the entire time course indicates lower junctional

adhesion between the immortalised cells.
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4.2.2.2 FITC-Dextran permeability assay in immortalised and

primary BECs

An FITC-dextran permeability assay was performed to further evaluate the
differences in permeability between primary PBECs and immortalised HBEC-5i
cells. HBEC-5i cells were cultured on a Transwell plate under the same
conditions and same the three astrocyte treatment groups. Based on the TEER
peak, the FITC-dextran permeability assay for HBEC-5i cells was conducted on
day 1 of culture. This was compared to PBEC permeability values which were

taken at their maximum TEER value on day 2 of culture.
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Figure 4.4 - The permeability of FITC-dextran across HBEC-5i and PBEC monolayers in Transwell in three
astrocyte treatment groups. No contact CTX-TNA2 astrocyte co-culture (ACC), treatment with astrocyte
conditioned media (ACM), or PBECs / HBEC-5i cells in monoculture (MC). The cell permeability values
were taken as a percentage of the no cell value to account for the restriction in permeability from the
Transwell insert alone. Values shown for each group are a mean average of 3 well replicates + SEM. Data
were analysed by 2way ANOVA with ** = P = <0.01 and **** = P < 0.0001 indicating significance difference
between the cell types.
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The permeability of FITC-dextran was significantly greater across HBEC-5i
monolayers compared to PBEC monolayers across all treatment groups
(P<0.001, two-way ANOVA) (Fig. 4.4). Across all 3 astrocyte treatment groups,
the mean permeability across HBEC-5i cells ranged from 50 to 73%. This was
unaffected by astrocyte treatment and was at least 2-fold greater than the
permeability observed across all PBEC treatment groups. Furthermore, the
percentage permeability values for the HBEC-5i cells do not correlate with
astrocyte treatment in line with the PBEC permeability values. Therefore, the
FITC-dextran permeability results further support the TEER values and indicate

reduced tight junctional integrity of the immortalised HBEC-5i cell line.

4.2.3 Cell culture in the SynVivo chip

The SynVivo microfluidic idealised chip has been used with a wide range of cells
to model the BBB and mimics shear stress by the infusion of media across the
endothelial monolayer (Brown et al., 2019; Prabhakarpandian et al., 2013;
Deosarkar et al., 2015; Terrell-Hall et al., 2017). Currently, no BBBoaC model
has been developed, in the SynVivo chip or otherwise, using primary PBECs.
Therefore, this section will detail the development of a protocol to culture PBECs
within the SynVivo idealised chip.

4.2.3.1 Cell seeding in SynVivo chip

Protocols were developed and optimised for the culture of primary PBECs and
immortalised HBEC-5i cells in the SynVivo chip. Within an extensive literature
search, this has not been reported before and, given the novelty of the work,
many optimisation steps were required to establish the protocols for the culturing
of the cells within the microfluidic chip. This included changes in cell seeding
density, basement membrane proteins, and flow conditions (Table 4.1).
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Table 4.1 — Optimisation of seeding protocols for the

SynVivo microfluidic chip.

Condition

HBEC-5i Protocol

PBEC Protocol

Optimisation of
Cell Seeding
Density

Concentration used as
recommended by SynVivo,
majority of cells seeded &
survived, 2 x 107 cells/ml of
cells used per chip. Cells
take 24 hours to become
confluent.

Higher concentration of cells
required due to high rates of
cell death; 4 x 107 cells/ml (2x
pig brains per injection). Cells
take 96 hours to become
confluent.

Optimisation of
Cell Seeding
Time

Cell survival in chip was
high after 1% seeding, no
further seeding needed.
High cell survival & density
meant cells would adhere
to all 3D surfaces in
channel.

Cell survival was low after
first seeding, two cell
seedings required and must
be seeded ~8 hours apart.
Low density meant chip was
rotated to ensure cells seed
on all 3D surfaces in channel.

Optimisation of

Cells could survive infusion

High flow rates during

Flow during flow into chip during infusion of cells into chip
Seeding seeding of up to 10 pl/min. | caused higher rates of cell
Procedure death, must be <3 pl/min.
Changes to No changes to basement Increased concentrations of
Basement membrane proteins fibronectin & collagen IV
Membrane required from Transwell required for seeding of cells,
Proteins protocol (100 pg/ml increased to 1 mg/ml

fibronectin & 500 pg/ml
collagen V).

fibronectin & 1 mg/ml
collagen IV.

Prevention of Air
Bubble
Formation within

SynVivo recommends pneumatic priming the microfluidic
chip with inert gas using their pneumatic priming device at
7.5 psi for 20 mins to prevent trapped air from PDMS

Channels leaking into channel. This was not found to be sufficient to
prevent air leakage. Empty & closed microfluidic chips were
additionally pressurised with coating solution at 5 pl/min for
3 mins to ensure removal of air from PDMS.

Cell HBEC-5i cells are The larger size of PBECs

Extravasation

significantly smaller than
primary PBECSs, this
caused many cells to travel
through 4 um pores in the
microfluidic chip into central

caused less cells to
extravasate through the pores
into outer and central
chambers, but some
extravasation is present.
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& outer chambers where
they seeded down.

Media Flow Cells must be kept at 37°c 5% CO2, however, the syringe
Conditions pump containing media must be kept in atmospheric
conditions to prevent damage. Flowing media loaded in the
external syringe pump into the chip caused media to be
warmed quickly to 37°c while passing through the tubing,
this generated air bubbles which caused cell detachment.
Media was withdrawn through the microfluidic chip from a
37°c media reservoir inside the incubator to a syringe
loaded outside the incubator.

Optimisation of Cells were subjected to
Shear Stress shear stress of 1 ul/min 24
hours post seeding. Cells
could survive under shear
stress for 48 hours.

Cells did not survive any shear
stress within 72 hours of
seeding, including levels down
to 100 nl/min. Cells had to
grow to confluency over 92
hours with daily media
changes. After this change,
cells could withstand shear
stress of 3 pl/min for 48 hours.

Table 4.1 — Workflow to optimise seeding protocols for HBEC-5i and PBEC cultures within the SynVivo
microfluidic chip.

Changes to the seeding protocols for HBEC-5i and primary PBECs, shown in
Table 4.1, demonstrate the numerous cell type specific differences that were
required to establish a microfluidic culture. Aside from alterations to media flow
conditions and the prevention of air bubble formation, all other modifications
required optimisation specifically to that cell type. The more resilient nature of
the immortalised HBEC-5i cells resulted in a higher proportion of the cells which
were injected into the chip successfully adhering to the coated PDMS. The
majority of HBEC-5i cells injected into the chip after one injection at the
recommended seeding density (2 x 107 cells/ml) would adhere to the PDMS and
resulted in a near confluent monolayer of cells on all 3D surfaces in the outer
channel of the microfluidic chip. However, the smaller cell size of the HBEC-5i
cells resulted in high levels of cell extravasation out of the permeable pores,

resulting in cell seeding in lateral chip compartments. There were no
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optimisations, beyond that used for Transwell, to basement membrane coating

proteins or infusion flow rates required for HBEC-5i cells.

In contrast, the seeding of the primary PBECSs required further optimisation due
to their sensitivity to the microfluidic environment. For example, after a single
injection of PBECs into the outer channel of the microfluidic chip only a small
proportion of cells would adhere to the PDMS, with the majority of cells shrinking
and appearing to undergo apoptosis. The proportion of cells attaching to the
PDMS was enhanced by increasing the concentration of basement membrane
coating proteins, increasing the seeding concentration to 4 x 107 cells/ml, and
decreasing the initial infusion flow rate of cells into the chip during seeding. As
discussed, (Section 3.3), primary BECs are known to be adversely affected by
low seeding densities, and without cell-to-cell contact they can undergo cell
death. Therefore, a second cell injection step (at 4 x 107 cells/ml) was introduced
to increase the number of viable cells in the channels. After two cell infusions,
the cells within the channel would be 20-30% confluent. The cells would
continue to grow during the 24-hour incubation period recommended by
SynVivo before haemodynamic flow was started. However, cell growth would
cease with as little as 100 nl/min of shear stress applied, which would ultimately
result in cell death. Thus, the initial incubation period was increased to 96 hours
with a daily media change enabled the PBECs to reach confluency. Once the
primary PBECs had reached confluency within the channel, the cells could
withstand levels of shear stress up to 3 pl/min.

4.2.3.2 Seeding of HBEC-5i cells in SynVivo chip

HBEC-5i cells were seeded into the SynVivo microfluidic chip, (Section 2.7.5
and Table 2). After 24 hours of incubation, HBEC-5i cells were subjected to flow

at rates of 1 pl/min.
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Figure 4.5 — Light microscopy representative images of HBEC-5i cells captured 24 hours post seeding.
Schematic indicates location of images on SynVivo chip. (A) shows cells at the outer channel inlet, and (B)
shows cells in the central porous outer channel area. White arrows highlight seeded HBEC-5i cells, and black
arrows show clusters of cells which have extravasated through channel pores. Images were captured using
Leica microscope DM5000. Scale bar is 200um. Images representative of five fields of vision.

Fusiform HBEC-5i cells were observed in both the outer channel inlet (Fig.
4.5A), and the central porous channel area of the chip (Fig. 4.5B, indicated by
black arrows). Clusters of dead cells which have not survived the seeding
process were also observed inside the channel and in the lateral chambers (Fig.
4.5B, white arrows) where cells have extravasated through the 4 um pores.

4.2.3.3 Cell seeding of PBECs in SynVivo chip
Primary PBECs were seeded into the SynVivo microfluidic chip (Table 4.1). After

96 hours of incubation, with daily media changes, cells would achieve
confluence and withstand shear stress of 3 pl/min for 48 hours.
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Figure 4.6 — Light microscopy images of PBECs taken 96 hours post seeding. Schematic indicates location
of images on SynVivo chip. Images A & B show cells in the outer channels, and Images C & D show cells in
the central porous outer channel area. White arrows demonstrate example seeded PBECs. Images were
captured using Leica microscope DM5000. Scale bars are 500 pm, 200 um or 50 um, respectively. Images
representative of five fields of vision.

The network of PBECs were seeded in the chip channels and cultured under
static conditions for 96 hours (Fig 4.6). The PBECs lined the central porous
chamber (Fig. 4.6 C&D), and the PBECs were also present in the outer channels
but are less confluent (Fig. 4.6 A&B). Seeded PBECs are indicated by white

arrows.
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4.2.4 Evaluating tight junction formation in SynVivo chip
culture of PBECs

The formation of tight junctions between primary PBECs in the SynVivo
microfluidic chip was evaluated using an identical approach to that for Transwell
cultures, namely FITC-dextran permeability assays and TEER measurements.

4.2.4.1 Measurement of FITC-dextran permeability in SynVivo

microfluidic culture of PBECs

The ability of the primary PBECs to form a restrictive barrier within the SynVivo
microfluidic chip was assessed using FITC-conjugated 4 kDa dextran. The
FITC-dextran solution was infused into an empty microfluidic chip and a
microfluidic chip containing PBECs which had been cultured for 96 hours. The
permeability of FITC-dextran in the empty and cultured chip was assessed using

fluorescence microscopy at 0-, 15-, and 30-minutes post-infusion.

No Cell Control 4 Day PBEC Culture

Figure 4.7 - Permeability of conjugated 4 kDa FITC-dextran (green) from the bottom outer channel of the
SynVivo microfluidic chip, in a chip containing no cell cultures (left) and a chip containing PBEC cultures
(right). Images were captured using Leica upright microscope DM5000 and processed using Leica Image
software. Scale bar represents 200 pm.
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In a SynVivo chip which contained no cells, FITC-dextran perfused into the outer
channel immediately began to flow through the 4 um pores between the two
compartments (Fig. 4.7, left). FITC-dextran had filled the entirety of the central
chamber within 30-minutes. Whereas upon infusion of FITC-dextran to the
PBEC cultures, flow is greatly restricted between the compartments, and this
was maintained for the 30-minute time period (Fig. 4.7, right). Therefore, this
suggested that the PBECs formed a barrier that restricted the flow FITC-dextran
between the two compartments of the SynVivo chip.

4.2.4.2 Measurement of PBEC TEER in the SynVivo chip

SynVivo have developed a unique electrode system to measure TEER with
appropriate SynVivo microfluidic chips (SynVivo impedance analyser). The
SynVivo impedance analyser measures tight junction integrity as impedance,
rather than resistance, and can generate AC current of varying frequencies from
500 Hz to 10 kHz. In contrast, the EVOM2 TEER meter, used for Transwell
systems, measures resistance values using an AC current with a set frequency
of 12.5 Hz. It should be noted that, in the initial publication of the SynVivo BBB
model by Deosarkar et al., 2015, it was stated that due to the novel method of
impedance measurement and differences in surface area and pore density, the
impedance values generated in the SynVivo microfluidic chip cannot be

compared to the resistance values in a Transwell model.

Impedance measurements were taken in the SynVivo microfluidic chip for both
HBEC-5i cell and primary PBECs (Table 4.2). It should be noted that this data
is reported as raw impedance values without subtraction of blank values and is
not normalised to surface area. For comparison of the SynVivo impedance
analyser to the EVOM2 TEER meter, the impedance analyser was also used to
measure impedance in Transwell cultures of HBEC-5i cells and PBECs (Table
4.3). These values for Transwell impedance measured using the SynVivo
analyser are presented alongside EVOM2 measurements of resistance in the
same Transwell cultures for both cell types (Table 4.3). These data are also raw

values, which are not normalised to blank values or surface area.
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Table 4.2 — Impedance measurements in SynVivo chip

Cell type Impedance measurement of chip (kQ)
Blank (no cell control) 220.5+35
HBEC-5i 231.5+£25
PBECs 243 +19

Table 4.2 — Impedance measurements taken in SynVivo microfluidic chips with the SynVivo impedance
analyser at 10 kHz. Values are shown for blank (no cell culture present), HBEC-5i cells, and primary

PBECs. All measurements were taken when cells were confluent. Data are not normalised to blank or

surface area. Each value represents mean + SEM with n=2 for each group.

Table 4.3 — Resistance & impedance measures in Transwell

Cell type Impedance Resistance
measurement of measurement of
Transwell (kQ) Transwell (Q)
Blank (no cell 2207 90.5+0.5
control)
HBEC-5i 224575 113.5+0.5
PBECs 237.5+6.5 712 +195

Table 4.3 — Resistance & impedance measurements taken in Transwell cultures with either SynVivo
impedance analyser at 10 kHz (impedance measurement) or EVOM2 TEER meter and Endohm-6G
electrode cup (resistance measurement). Values are shown for blank (no cell culture present), HBEC-5i
cells, and primary PBECs. All measurements were taken when cells were confluent. Data are not
normalised to blank or surface area. Each value represents mean + SEM with n=2 for each group.

There was no meaningful difference between the blank values measured and
values measured for both cell types in the SynVivo chip cultures (Table 4.2).
Transwell cultures of the same cell types measured using the SynVivo
impedance analyser also showed no meaningful difference (Table 4.3).
However, when Transwell cultures of HBEC-5i and PBEC cultures were
measured using the EVOM2 TEER meter, resistance values across the same
cell model were strikingly different, particularly in the PBECs. It should also be
noted that these values also have differing units, as the SynVivo impedance

analyser displays data in kQ, whereas the EVOM2 meter displays data in Q.
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4.3 Discussion

The overarching aims of this Chapter were to establish a static Transwell model
of the BBB using primary PBECs which could be used to investigate the effect
of astrocyte co-culture upon BBB characteristics, as well comparing the primary
PBECs to an immortalised cell line. Additionally, this Chapter aimed to optimise
and implement a protocol to seed the isolated primary PBECs into the SynVivo
microfluidic system to create a BBBoaC model. The results shown in this
Chapter demonstrate that, in Transwell culture, the formation of tight junctions
by PBECs was increased by the addition of astrocyte signalling (CTX-TNAZ2 cell
line). Furthermore, the tight junctions formed by the primary PBECs superseded
the junctional adhesion of the human immortalised cell line HBEC-5i. In addition
to Transwell culture, this Chapter presented a novel methodology to culture
primary PBECs within the SynVivo microfluidic chip system, while identifying
clear differences in culture requirements between immortalised and primary
BECs.

In order to establish a static model of the BBB, PBECs were cultured upon 24-
well semi-permeable Transwell membrane inserts. The Transwell PBEC model
was supported by the addition of a supplemented media. Transwell studies in
PBEC cultures undertaken by Cantrill et al., 2012 demonstrated that without the
addition of these signalling factors, PBECs were unable to reach optimal TEER
values. The supplemented media did not contain vascular endothelial growth
factor A (VEGFA) but was supplemented with cyclic adenosine monophosphate
(cAMP), hydrocortisone and RO 20-1724, a selective inhibitor of cAMP-specific
phosphodiesterase. VEGFA was omitted as its signalling has been shown to
promote vascular permeability and to decrease tight junctional adhesion (Wang
et al., 2001). Whereas cAMP signalling has been shown to promote the function
of tight junctions in the BBB and increase the expression of tight junction protein,
claudin-5 (Ishizaki et al., 2003). Additionally, hydrocortisone can induce tighter
junctional adhesion in BECs as well as inducing claudin-5 and occludin
expression (Forster et al., 2008). Cell-cell signalling by hydrocortisone, and
increased the cellular availability of cCAMP, have been suggested as mechanism

of actions for astrocyte-endothelial signalling (Abbott, 2002).
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TEER analysis was used as a measure of barrier resistance in the PBEC
Transwell model. As previously indicated, in vivo TEER values for the BBB are
between 1000 and 6000 Q.cm? in rats (Howarth et al., 1992). This Chapter has
demonstrated that TEER values in PBECs increased by 30% from 207 Q.cm?
to 270 Q.cm? with astrocyte co-culture. Additionally, ACM alone increased the
average TEER value to 235 Q.cm?. Astrocyte treatment also prolonged the
viability of the PBECs, maintaining TEER values to over 180 Q.cm? on day 3 of
culture in both ACM and no-contact co-culture groups. The resistance data
achieved through TEER measurements is supported by the permeability data
for the diffusion of 4 kDa FITC-conjugated dextran across the membrane under
the same astrocyte treatments. The tight junctions present between the PBECs
should restrict the paracellular transport of large molecules (>500 Da), thus
restricting the permeability of the FITC-dextran to transport via the transcellular
pathway. In line with TEER results, treatment of primary PBECs with no-contact
astrocyte co-culture reduced the permeability of FITC-dextran across the PBEC
monolayer in line with the generally accepted level (<3%) within drug discovery
permeability assays, for cell lines such as Caco-2 (Yamashita et al., 2000).

In the present study, it was evident that astrocyte co-culture increased functional
tight junction formation in the Transwell BBB model. Comparative studies in
other laboratories using Transwell systems are in broad agreement with
astrocyte contributions stimulating the BBB phenotype of BECs and overall
increasing barrier tightness (Cantrill et al., 2012; Nielsen et al., 2017; Puech et
al., 2018). Furthermore, the results agree with previous studies in which
astrocytes from one species can induce barrier properties in BECs from another
species. For example, a critical study from Janzer & Raff, 1987, demonstrated
that rat astrocytes are capable of inducing barrier properties in chick BECs.
Additionally, in PBEC Transwell studies undertaken by Thomsen et al., 2015,
there was no difference in barrier tightness induction between co-culture with
astrocytes from rat or pig origin. It is also recognised that there is no difference
between the use of primary or immortalised astrocytes in the induction of barrier
pathways (Cantrill et al., 2012). Thus, results shown in this Chapter reinforce

the concept that immortalised rat astrocytes can induce barrier properties in
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PBECs. Although the mechanism of action of astrocyte signalling upon BECs
has yet to be fully elucidated, evidence suggests that the Wnt signalling pathway
and upregulation of alkaline phosphatase play major roles in induction of barrier
tightness (Liebner & Plate, 2010; Meyer & Galla, 1991). This therefore suggests
high levels of conservation of these BEC-astrocyte signalling pathways between

species.

The co-culture of astrocytes in the PBEC Transwell model presented in this
Chapter extended the viable period of the PBECs, however, the number of
viable days taken to reach maximum TEER were significantly less than reported
in similar studies. For example, many studies report maximum TEER after 6
days in Transwell culture (Cantrill et al., 2012; Gericke et al., 2020; Zhang et al.,
2006), whereas some report culturing PBECs on Transwell for up to 2 weeks
before TEER assays began (Thomsen et al., 2015). It was determined, in this
study, that PBECs would reach maximum TEER and lowest permeability 48
hours after passage to Transwell and would be viable with astrocyte co-culture
for a 2—3-day period. This discrepancy could be due to a difference in the cell
growth area on the Transwell plate. In all of studies with a longer growth period,
Transwell inserts with a growth area of 1.12 cm? were used, whereas in the
present study, PBECs were seeded on Transwell inserts with a smaller area of
0.33 cm?. Although TEER values are normalised to surface area, it is possible
that with a reduced growth area, PBECs could become overconfluent, and multi-
layering of cells could result in pre-mature cell death or detachment. Further
investigation would need to be undertaken using confocal microscopy to
determine the effect of Transwell insert sizing upon cell growth and density.
However, the smaller growth area used in this study allows for a high-throughput
assay format, which is critical within drug discovery permeability studies, so the
benefits and disadvantages of the Transwell system used must be evaluated for

the study purpose.

The technical skill, cost, and low throughput nature of primary BECs could make
them less favourable candidates for BBB modelling than their immortalised
counterparts (He et al. 2014). Immortalised BECs have the benefit of being
stable for a number of passages, producing highly replicable results and
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requiring less characterisation than freshly isolated cells (Helms et al., 2015). In
spite of these benefits, many studies have consistently demonstrated lower
levels of junctional adhesion in immortalised BECs. In a systematic review of
immortalised BECs for BBB modelling, Rahman et al., 2016, examined the
TEER values produced by different immortalised BEC lines (not including
HBEC-5i cells). A range of 17 TEER values were obtained for human
immortalised BECs, of which 13 are less than 100 Q.cm? and the median TEER
value was 40 Q.cm? However, different culture methods and TEER
measurement equipment leads to a large variability in the assessment of
immortalised BECs and there is a lack of studies which directly compare these

two cell types under the same culture conditions.

Within this study, TEER analysis revealed that in monoculture, the resistance
across the HBEC-5i cells was 25-fold less than PBECs. Furthermore, unlike
PBECs, TEER in the HBEC-5i cells did not respond to astrocyte treatment in
co-culture or ACM treatment. These results were further supported by FITC-
dextran permeability data, in which more 4 kDa molecules passed across the
HBEC-5i cell monolayer than across the PBEC monolayer. This is further
indication that the junctions between HBEC-5i cells could be considered “leaky”,
with a phenotype which has more similarity to peripheral endothelial cells than
BECs. This is in contrast to results from Puech et al., 2018, where a HBEC-5i
Transwell model showed TEER values of the HBEC-5i cells alone to be 35.8
Q.cm?, which is 5-fold higher than those from the present study. Furthermore,
HBEC-5i TEER values were increased, and permeability values were
decreased, with the addition of human ACM (Puech et al., 2018). Asides the
species difference in ACM treatment, all other culture methodology was
identical, including equipment used to measure TEER values, which
demonstrates a level of variability present in analysis of BBB models between
laboratories. In spite of these discrepancies, it is evident from these results and
those presented by Puech et al., 2018, that the primary PBECs form tighter
junctions than HBEC-5i cells and would therefore be a better candidate for BBB

modelling for drug permeability testing.
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Advancements in microfluidic technology have led to significant developments
in the field of Organ-on-a-Chip modelling, with a range of BBB-on-a-Chip models
being published within the past decade (Wilhelm & Krizbai, 2014). This includes
BBBoaC models with a vast array of applications from examination of cell
extravasation to drug permeability studies (Jiang et al., 2019; Oddo et al., 2019).
However, the majority of BBBoaC models developed use immortalised cell lines,
which are often not representative of the BBB. Currently, no BBBoaC model has
been published using PBECs, in spite of many studies demonstrating their
viability in static models (Nielsen et al., 2017; Patabendige et al., 2013;
Thomsen et al, 2015). As previously discussed, the SynVivo microfluidic system
was selected due to the characterisation of the system in other BBBoaC
publications and advantages of the design for drug transport studies, including
real-time cell imaging, separate inlet and outlet ports, and a separate chamber
for co-culture (Deosarkar et al. 2015; Prabhakarpandian et al., 2013). The
SynVivo BBBoaC system is inclusive of a generic endothelial cell seeding
protocol, and this, alongside methodology from previous SynVivo publications
was used to develop a seeding protocol for the primary PBECs. A seeding
protocol was also developed for the immortalised HBEC-5i cell line for

comparison.

A major impediment in the development of the seeding protocol for PBECs was
the slower replication time by comparison to HBEC-5i cells, which resulted in
the PBECs not reaching confluency before shear stress was applied. It was
determined that an extension in growth period resulted in more cell division, and
as cells reached a high population density, cells were consequently able to
withstand shear stress for 48 hours with little death or detachment. It is,
therefore, evident that the nature of the primary cells results in a need for further
optimisation by comparison to immortalised BECs. However, despite the
increased technical requirements for seeding, once established, the primary
cells can withstand higher levels of shear stress. Thus, suggesting that a more
robust and stable barrier has been formed. This phenomenon was also shown
in the two initial SynVivo papers (Deosarkar et al., 2015; Prabhakarpandian et
al., 2013). The BBBoaC model established by Prabhakarpandian et al. used
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immortalised rat BECs (RBE4) whereas that published by Deosarkar et al. used
primary rat BECs (RBECs). Comparing these publications, the model using
RBE4 cells required a lower seeding density and a shorter time before shear
stress is introduced than the RBECs. However, RBE4 cells were capable of
withstanding 10-fold higher shear stress than their primary counterparts. This is,
though, in disagreement with the findings in this Chapter, which suggest that
both HBEC-5i cells and primary PBECs require between 24-96 hours to grow to
confluence before the cells could withstand shear stress.

Two further BBBoaC models using the SynVivo system have been published.
Firstly, Terrell-Hall et al., 2015, published a neonatal BBBoaC model using
HUVECSs, which used a seeding density similar to that used by Deosarkar at al.,
2013. However, a growth period of 24 hours was required for cell growth before
shear stress was applied. Secondly, Brown et al., 2019, published the pHub
BBBoaC model using the SynVivo device with the human immortalised BEC
line, hCMEC/d3. Brown et al. determined that hCMEC/d3 cells required two
seedings at high density and a longer incubation period for growth. This
suggests that the hCMEC/D3 cell line required a similar seeding protocol to that
established to be required by PBECs than HBEC-5i cells in this Chapter.
Moreover, Brown et al., 2019, suggested that the hCMEC/D3 cell line is unable
to proliferate under shear stress, and this resulted in detachment after
premature exposure. This is also in line with the findings for PBECs, which
exhibited the same phenomenon of being unable to withstand shear stress until
fully confluent. This has also been reported in microfluidic studies in other
peripheral cell types, where the application of shear stress on endothelial cells
was shown to down-regulate ERK1/2 and P38 MAPK pathways, and
consequently reduce the rate of endothelial cell proliferation (Ji et al., 2019).
Therefore, although there is abundant evidence for shear stress upregulating
beneficial BBB proteins, such as transporters and tight junctions, it is evident
that application of shear stress can also be detrimental to endothelial cell
growth. Thus, protocol optimisation for each cell type cannot be omitted during

methodological development.
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Alongside cell-type specific optimisation of the SynVivo BEC seeding protocol,
overall changes to improve the system were made. Firstly, the pneumatic
priming system suggested by SynVivo was insufficient for removing air bubbles
from the PDMS in their entirety. Using gas to remove trapped air in the PDMS
presented issues, as the inert gas itself would leech into the channel. Other
microfluidic protocols suggest removing air bubbles from PDMS by pressuring
the closed chip system or by using a bubble trap (Wang et al., 2012). It was
found that air bubbles could be removed from the PDMS efficiently by pressuring
the closed chip system with coating solution at 5 pl/min. Air bubbles could also
result in disruption and detachment when infused into the chip via the culture

media while inducing shear stress.

As the Harvard syringe pump cannot be housed within a humidified cell
incubator, previous SynVivo publications have pre-warmed the cell media by
flowing through a 75 cm length of tubing which is housed in the 37°C incubator
between the syringe pump and the chip. However, it was found that warming
the media quickly using this method resulted in the formation of air bubbles
within the liquid which would then be infused into the chip. In the absence of a
media bubble trap within the system, an alternative method was developed,
where media was housed in a reservoir inside the incubator and withdrawn
through the chip in reverse into a syringe depository in the Harvard pump. This
reduced the incidence of bubbles and consequently reduced cell death and
detachment.

Although the use of PDMS in the microfluidic chip allows for real-time imaging
with light microscopy, the fusiform endothelial morphology of the PBECs
presents with extremely flat and thin outer edges (as shown by SEM imaging),
consequently cell cultures cannot be accurately observed through light
microscopy. Therefore, the PBECs within the microfluidic chip need further
characterisation using staining techniques such as immunofluorescence for tight
junction proteins. However, the optimisation of immunofluorescent staining
techniques within the microfluidic chip caused further issues which were not able
to be resolved due to the impact of pandemic-related time constraints on the
project.
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In addition to Transwell studies, the permeability of the microfluidic cultures of
primary PBECs was measured using 4 kDa FITC-dextran. Unsurprisingly, the
compound immediately leaked into the central compartment in the empty chip,
which was filled with fluorescent compound within 30 minutes. However, with a
culture of PBECs present, the flow of FITC-dextran into the central compartment
was significantly reduced. This agrees with Deosarkar et al., 2015, in which
RBEC cells restricted the flow of 40 kDa conjugated Texas Red from the outer
channel into the central compartment after 120 minutes. The difference in
permeability rates is likely due to the 10-fold increase in compound size between
these two experiments. In spite of the lower molecular weight of the FITC (4
kDa) by comparison to the Texas Red (40 kDa), the amount of permeated
compound appears to be slightly less in the PBECs compared to the RBECs.
However, Deosarkar et al., 2015, demonstrate that barrier permeability can also
be reduced by co-culture with astrocytes or ACM. Considering the effect of
astrocyte co-culture upon tight junction formation in the PBECs, as shown in
Transwell studies, it would be logical to assume that co-culture would also
improve the restrictive nature of the PBECs in the SynVivo culture. This will be

a key point for further investigation into the viability of this PBEC BBBoaC model.

In order to further investigate the ability of the SynVivo microfluidic cell cultures
to form a functional barrier, TEER measurements were obtained using the
SynVivo impedance analyser system. The values measured in the SynVivo
microfluidic chip cultures for both HBEC-5i cells and PBECs show no difference
between either cell type as well as between the cells and no cell control. This
data does not replicate that presented using the same system and the same
equipment (Deosarkar et al. 2015). In the supplementary data of this publication,
Deosarkar et al., 2015, presented a baseline value of 101 kQ using the same
chip model and coating proteins. In spite of the differences in baseline
measurements, the impedance values for HBEC-5i and PBEC microfluidic
cultures could be considered of the same order as the impedance data
presented in Deosarkar et al., 2015. To further investigate the values generated
by the impedance analyser in the microfluidic chip, the system was used to

investigate impedance values in Transwell, enabling comparison with readings
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from the EVOM2 TEER meter. The impedance measurements taken in
Transwell showed similar results to those observed in the microfluidic chip, with
the same blank measurement and similar impedance values for both cell types.
However, when investigated using the EVOM2 TEER meter, a different blank
reading and non-proportional resistance values were measured. Furthermore,
the readings taken using the SynVivo impedance analyser were 1000-fold
higher than those measured using the EVOM2 TEER meter. The extreme
differences in measurement between the two pieces of equipment, the high
blank impedance value, and the magnitude of the reading calls in to question
the validity of this measurement. Thus, no firm conclusions can be drawn from
the impedance data measured in the SynVivo microfluidic system. It should be
noted that, Deosarkar et al.,, 2015, state that as the methodology and
instrumentation of the SynVivo impedance analyser is different to that of the
Transwell resistance TEER meter, and consequently, the values cannot be
compared. Furthermore, as impedance values by Deosarkar et al., 2015, are
not presented as a proportion of surface area, they cannot be considered to be
TEER values. This phenomenon raises questions about the methods used to
evaluate and compare BBB systems, and calls into question whether the
inability to measure barrier resistance in a non-disruptive assay could be
considered an inconvenience, or indeed, a major limitation that could prevent

the widespread use of BBBoaC models (Kaisar et al., 2017).

To conclude, the overarching aims of this Chapter were achieved, as in a static
Transwell model, PBECs were responsive to the addition of astrocytes in co-
culture. Additionally, this Chapter has demonstrated that immortalised BEC
lines, HBEC-5i, has major limitations for BBB modelling. However, the HBEC-5i
immortalised cell line required significantly simpler methodology and fewer
optimisations to culture in the SynVivo chip than the primary PBECs. The
methodology for culturing primary PBECs within the SynVivo microfluidic chip
required numerous optimisations to cell seeding density and growth times to
ensure adequate cell growth. Furthermore, PBECs were still not present in as
high numbers as HBEC-5i cells even after these significant protocol changes.

However, the primary PBECs formed a restrictive barrier to FITC-conjugated
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dextran within the SynVivo chip. In spite of efforts to further characterise the
permeability of the monolayer using TEER measurements, limitations with the
equipment and inconclusive measurements rendered the data generated to be
invalid for analysis. Although this is the first time that a primary PBEC BBBoaC
model has been developed, much characterisation is still required to validate
this model, which has been limited due to Covid-19 circumstances surrounding
this study. These studies would include immunoflourescent staining studies to
determine true cell confluence in the microfluidic chip, the examination of the
effect of shear stress and astrocyte culture upon the translocation and function
of key BBB proteins, and the evaluation of the microfluidic model for use in drug

discovery using drug permeability and transport assays.
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Chapter 5

Assessing drug transport
In the Transwell PBEC model

145



5.1 Background

A major issue in the development of novel centrally acting drugs is the absence
of a reliable and well-characterised model of blood-brain barrier (BBB)
permeability (Bicker et al., 2014). Although the porcine brain endothelial cell
(PBEC) blood-brain barrier on-a-chip (BBBoaC) model established in Chapter 4
showed promise as a novel BBB model in early studies, the time restraints
placed on this study due to the Covid-19 pandemic meant that drug transport
studies had to be undertaken in the earlier established PBEC Transwell model.
Furthermore, astrocyte co-cultures were omitted from the PBEC Transwell
model used in these drug transport studies due to the limited time available,
consequently, astrocyte conditioned media (ACM) was used as a replacement.
Therefore, this Chapter will examine the transport of a selection of test drugs
across a Transwell model of the BBB created from PBECs cultured with ACM

and supplemented media in a 24-well insert layout.

Multiple methods have been established to assess the permeability of a novel
compound and its interactions with drug transporters at the BBB using in vitro
studies. Apparent permeability (Papp) is @ longstanding quantifier of the rate of
permeability of a compound across an in vitro model of the BBB. Papp is
calculated using Equation 1.3, which remains accurate while drug transport
between in vitro compartments is in the linear phase and where less than 10%
of the drug has passed between the compartments, and also where there is
inappreciable backflow and a good mass balance (Tran et al.,, 2004). An
alternative to Papp, defined as Pexact (Equation 1.4 & 1.5), has consequently been
derived to provide a mathematical solution for the entirety of the drug transport
curve, and is thus applicable when there is more than 10% of drug permeated
and when mass balance issues occur (Tran et al., 2004). In this Chapter, both
Papp @nd Pexact Were calculated for a range of test drugs to examine the rate of
permeability of the drugs across the monolayer of PBECs to give an indication
of drug permeability and any multidrug efflux transporter interactions taking

place.
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Alongside examining the effect of multidrug efflux transporter interactions upon
the rate of test drug permeability, it was also necessary to validate the Transwell
PBEC model through comparison to in vivo data available in published literature.
In order to select the appropriate test drugs, a database of drug characteristics
and quantifiers of drug permeability was created for over 160 compounds. From
these compounds, 10 test drugs were selected for transport studies in the
porcine Transwell model; these selections were based on molecular weight,
lipophilicity, known drug-transporter interactions, and availability of in vivo brain
penetration data. The most widely available in vivo data parameters for BBB
permeability are Kp, which represents the blood to brain concentration ratio, and
Kp,uu, Which represents the unbound blood to unbound brain concentration ratio.
Kp,uu is widely regarded as a more useful measure than Kp, as in the free drug
hypothesis, only drug which is unbound is available to cross the BBB (Chen et
al., 2020). Consequently, Kpuu values were predicted for all of the test drugs
selected using permeability coefficient values measured during drug transport
studies in the PBEC Transwell model, and rapid equilibrium dialysis in porcine
plasma and brain to measure drug-tissue binding. The predicted in vitro values
for Kp,uu for the test drugs in the PBEC Transwell model were thus compared to

published in vivo Kpuu values from the established database.

Therefore, results presented in this Chapter evaluate the rate of permeability of
selected test drugs across the Transwell PBEC model as an indication of drug
transporter interaction. Furthermore, the blood-brain concentration ratio (both
bound and unbound) was calculated for the selected test drugs and compared

to in vivo data to evaluate the accuracy of the PBEC model.

5.2 Results

5.2.1 Creation of a drug database for BBB permeability

In order to select the most appropriate drugs for use in transport studies, a
database of permeability parameters for centrally and non-centrally acting drugs
was created using Microsoft Excel. Values in the database were obtained from
published sources following a literature search. The data obtained for each drug

was as follows: LogP and molecular weight, compound target, known BBB
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transporter interactions, permeability characteristics including fraction unbound
(Fu), volume unbound (Vu), Kpand Kpuw. The drug target, LogP, and molecular
weight information were obtained from existing online databases listed in
Methods Section 2.8.1. Quantified permeability values listed in the database
were obtained from individual published sources as described in the database.
Drug values for K, and Kpuu were listed alongside species and methodology
used to obtain the data, thus allowing for examination of experimental
differences. Test drugs were selected based upon the number of values for in
vivo permeability data (particularly Kpu) present in the database, to cover
different known transporter interactions, and to cover a range of LogP values

and molecular weights. The full database is recorded in Appendix 2.
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Table 5.1 — Selected test drugs

Drug Target | LogP | MW | Transporter | Kp,uu | Species

Amprenavir Non-CNS 2.9 505.6 | MDRI1 substrate | 0.076 Rat
0.087 Mouse

Carbamazepine CNS 25 236.7 None listed 1.05 Rat
0.094 Rat
0.771 Rat
1.02 Rat
0.27 Mouse
Chlorpromazine | CNS 54 [ 3553 | MDRLinhibitor | 2.77 Rat
0.49 Mouse

hydrochloride

Donepezil | CNS 42 | 416.0 | MDRIinhibitor | 2.7 Rat

hydrochloride

Haloperidol | CNS 32 3759 | MDRLinhibitor |11 Mouse

Levodopa CNS -2.7 197.2 LAT1 uptake None None

Loperamide Non-CNS 4.7 513.5 | MDR1 substrate | 0.009 Rat

hydrochloride 0.007 Rat
0.110 Mouse

0.019 Mouse

Primidone CNS 09 |[2183 None listed 0.420 Rat

Thiopental CNS 2.9 242.3 None listed 1.530 Rat

0.100 Rat

0.911 Rat

0.170 Rat

0.090 Rat

Topiramate CNS -0.8 | 339.4 | MDR1 substrate | 0.330 Rat

Table 5.1 — Example drug parameters and permeability values for the selected 10 test drugs from the
database created. Full database available in Appendix 2.
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As previously stated, the 10 test drugs were chosen based upon a defined
selection criteria. Firstly, all drugs selected have a logP value of less than 5.5,
to ensure that the effect of non-specific binding by highly lipophilic drugs is
limited. The drugs chosen, unless under exceptional circumstances, have at
least one literature value for Kp,uuin rodent studies for comparison. Furthermore,
amprenavir, topiramate, and loperamide are all substrates for MDR1/P-gp,
which should mean that drugs are actively effluxed from the brain to the blood
compartment. This can be observed in the Ky u values for these drugs recorded
in the database. In contrast, chlorpromazine, donepezil, and haloperidol, are
inhibitors of MDR1/P-gp, which suggests that K,y values should be equal to or
more than one, unless unknown transporter interactions have an effect on
permeability. This is supported by the majority of recorded K, uu values for these
drugs in the database. Alongside examining MDR1/P-gp efflux and inhibition,
levodopa is a substrate for LAT1 uptake transporter. Consequently, it would be
anticipated that levodopa would have a Kp u value of more than 1, although this
is the only drug selected that does not have in vivo Kpu data available.
Primidone and carbamazepine have no listed transporter interactions, and thus
were included as passive diffusion controls. Although thiopental also has no
known transporter interactions, it has been recorded that some volatile
anaesthetics can act to disrupt the BBB in vivo, consequently increasing brain

penetration of the anaesthetic compound and co-administered drugs.

5.2.2 Transport studies

Transport studies were conducted in in vitro Transwell cultures of PBECs
cultured with ACM using the range of 10 drugs selected from the database.
Permeability of compounds was measured in triplicate for each drug, and from
apical-to-basal (A-B) and from basal-to-apical (B-A) directions. Transwell PBEC
cultures were incubated with drug for 120 minutes, with samples taken at 30-
minute, 60-minute, and 120-minute time points. Permeability parameters were
calculated using Equations 1.3-1.5 & 2.7-2.10. Due to poor mass spectrometry
sensitivity samples for levodopa could not be accurately analysed, and

consequently, levodopa results have been omitted from this Chapter. Drug
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sample chromatograms are included in Appendix 4, and standard curves used

to calculate drug concentrations are available in Appendix 3.

5.2.2.1 Apparent and exact permeability of test drugs across PBEC
Transwell model

As previously stated, apparent permeability (Papp) and exact permeability (Pexact)

values represent the rate of drug transport across a cell monolayer. Papp and

Pexact Values were calculated for each of the 9 successful test drugs at 30-

minute, 60-minute and 120-minute time points, in both A-B and B-A directions.
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Figure 5.1 — Pappand Pexact Values for test drugs across a PBEC Transwell monolayer at 3 time
points, in apical-to-basal (A-B) and basal-to-apical (A-B) directions. Each bar represents mean +

SEM where n=3. Further Papp and Pexact calculations can be found in detail in Appendix 5.
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Table 5.2 - Papp and Pexact Values

30 minutes
Papp Pexact
A-B B-A A-B B-A
Haloperidol 4.21+0.24 1.63+0.36 7.33+0.29 1.92 +0.46
Carbamazepine 2.18+1.47 3.01+0.01 3.48+2.14 3.92 +0.36
Loperamide 2.07+0.43 0.94 +0.40 4.89+0.41 1.52+0.32
Donepezil 2.81+0.42 1.84+0.64 431+0.32 2.58+0.93
Amprenavir 1.97 +£0.32 1.48+£0.33 2.60 +0.68 2.50 +1.56
Chlorpromazine | 0.95+0.27 0.66 +0.72 8.12 + 1.56 2.60 +2.48
Thiopental 6.92+1.71 3.16+1.02 6.74 +1.09 4.05+1.73
Topiramate 207+ 0.14 1.81+0.44 2.33+0.26 1.85+0.57
Primidone 1.61+0.31 2.06 +0.37 1.92+0.20 2.07£0.62
60 minutes
Papp Pexact
A-B B-A A-B B-A
Haloperidol 2.36+0.25 1.83+0.56 5.12 +0.47 2.83+0.76
Carbamazepine 2.72+0.73 2.75+0.07 3.98 +0.81 4.03 +0.20
Loperamide 1.37+0.31 0.89 £ 0.42 3.57 £0.25 1.61+0.23
Donepezil 2.27 £ 0.64 1.93 +0.69 3.50+0.57 2.61£0.64
Amprenavir 2.63+1.10 1.16 + 0.06 3.28+1.21 1.56 £ 0.07
Chlorpromazine | 0.63+0.41 0.36+0.33 6.34 +2.60 1.27+0.73
Thiopental 4.50+0.27 2.69 £ 0.27 4.87+0.52 3.26+0.44
Topiramate 2.38+0.36 1.83+0.38 2.64 +0.40 2.02 +0.44
Primidone 2.37+0.42 1.84+0.17 2.91+0.42 2.04 +0.44
120 minutes
Papp Pexact
A-B B-A A-B B-A
Haloperidol 159+0.16 1.51+0.26 3.97 +0.27 2.54 +0.04
Carbamazepine 2.21+0.27 2.11+0.23 4.31+0.39 3.89 + 0.65
Loperamide 0.78 £0.18 0.79+0.26 2.83 £ 0.46 1.48 +0.41
Donepez” 1.62+£0.43 1.99+£0.39 2.88+0.25 3.40+0.43
Amprenavir 1.29 +0.02 1.40 £0.02 1.79+0.12 2.00+0.39
Chlorpromazine | 0.24+0.06 0.51+0.38 3.64 +0.55 410 +4.16
Thiopental 3.09 + 0.04 2.05+0.42 3.82 +0.30 3.24 +0.69
Topiramate 1.59 +0.20 1.48+0.26 1.98+0.33 1.86 +0.39
Primidone 1.46 £ 0.26 1.79+0.28 2.00 +0.24 214+0.31

Table 5.2 — Papp and Pexact Values from PBEC drug transport studies in A-B and B-A directions across 30-

, 60-, and 120-minute time points (units for all datapoints are cm.s* and values are reported as x10 ).

Data shown are mean + SEM for n=3 replicates for each compound and timepoint. Further Papp and Pexact

calculations and concentrations can be found in detail in Appendix 5.

152



The two parameters, Papp and Pexact, generate values which are significantly
different from each other in both directions and across time points (one-way
ANOVA, P <0.05) (Fig. 5.1). This includes for the drug chlorpromazine, where
the rate of permeability across the PBECs is up to 8-fold higher in Pexact
calculations compared to Papp calculations in both directions. Furthermore, Papp
and Pexact values for drugs including haloperidol, loperamide, donepezil,
amprenavir, and thiopental, are higher in the A-B than the B-A directions at
multiple time points. This difference in transport rates between directions is also
significant (P<0.01, one-way ANOVA). Alongside variability between transport
parameters and directions, differences in the rate of drug transport can also be
observed between time points for most compounds, with the rate of permeability

increasing between 30- and 120-minutes for multiple compounds.

5.2.2.2 Efflux ratios of test drugs across PBEC monolayer

Efflux ratios, calculated from Papp and Pexact Values, describe the ratio of the
rates of permeability in between transport directions for each drug (B-A/A-B).
Assuming that, in the Transwell model, the PBECs orientate such that the basal
cell membrane is adherent to the basement membrane proteins, as in vivo, the
apical compartment will represent the plasma compartment and the basal
compartment will represent the brain compartment. Consequently, it would be
expected that a drug which is a substrate for efflux transporters expressed on
the apical membrane will have a reduced A-B transport by comparison to B-A.
In this light, any compound with an efflux ratio of greater than 2 could be

considered a substrate for multidrug efflux transport.
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Figure 5.2 — Efflux ratios (ER) from Papp and Pexact values for test drugs across a PBEC Transwell
monolayer at 30-, 60-, and 120-minute time points. ER data values are available in Appendix 5. Each bar
represents mean + SEM where n=3.

Firstly, no compound measured had a mean ER value higher than 2 using either
Papp Or Pexact, SUggesting that compounds have not undergone significant efflux
from multidrug efflux transporters (Fig. 5.2). Values for carbamazepine at 30-
minutes and chlorpromazine at 120-minutes, with mean values of 1.99 and 1.96,
respectively, could be considered inconclusive due to the large standard error
of means and low ER values across other time points. Efflux ratios showed a
significant difference with time across the compounds (P = 0.0005, two-way
ANOVA). The efflux ratio of many drugs, such as haloperidol, loperamide,
donepezil, and thiopental increased between the 30-minute and 120-minute
time points. Indicating a reduced flow from A-B, or an increased flow from B-A,

between time points.

5.2.2.3 Drug permeability of PBECs compared to no cell controls
Alongside the drug transport studies across the PBEC Transwell model, a no
cell control experiment was carried out in empty Transwell inserts at the 120-
minute time point in A-B and B-A directions. Pexact Values for the 9 selected
compounds in both conditions and directions in PBECs were compared to the
no cell control at the same time point. It should be noted that Thiopental is
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Figure 5.3 — Pexact Values for test drugs across PBEC Transwell models and Transwell inserts with no cells
at the 120-minute time point. Pexact data values are available in Appendix 5. Each bar represents mean *
SEM where n=3 for PBECs and n=1 for no cell controls.

PBECs restrict the flow of all drugs between compartments by comparison to
the no cell control in the A-B direction, with maximum of 4-fold (primidone) (Fig.
5.3). However, in the B-A directions, this is to less of an extent than in the A-B
directions for many drugs, and carbamazepine and chlorpromazine have a
faster permeability across the PBEC monolayer than in the no cell control group.
However, it is possible that the low recovery rates of these drugs, and the small
sample number for the no cell control group, has resulted in an inflated

response.

5.2.2.4 Comparison of measured PBEC efflux ratios to literature

In order to evaluate the ability of the PBECSs to restrict drug transport across the
monolayer, Papp values, Pexact Values, and efflux ratios were compared to data
from another PBEC Transwell model for a range of drugs which were included
in both studies (Bentham, 2010).
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Table 5.3 — A comparison of Papp and Pexact Values

A-B I:)app Pexact

Measured Literature Measured Literature
Haloperidol 2.4E-05 | *2.5E-06 7.1E-06 | £3.2E-06 5.1E-05 | *4.7E-06 6.6E-06 | £3.0E-06
Carbamazepine 2.7E-05 | +7.3E-06 4.9E-06 4.0E-05 | +8.1E-06 4.5E-06
Donepezil 2.3E-05 | +6.4E-06 | 4.1E-06 3.5E-05 | +5.7E-06 | 3.9E-06
Amprenavir 2.6E-05 | +1.1E-05 3.5E-06 | £1.7E-06 3.3E-05 | +1.2E-05 3.4E-06 | £1.6E-06
Chlorpromazine 6.3E-06 | +4.1E-06 | 5.6E-06 | +2.0E-06 6.3E-05 | +2.6E-05 | 9.2E-06 | +1.4E-06
B-A Papp Pexact

Measured Literature Measured Literature
Haloperidol 1.8E-05 | +5.6E-06 | 1.1E-05 | +3.1E-06 2.8E-05 | +7.6E-06 | 6.8E-06 | +1.4E-06
Carbamazepine 2.8E-05| +6.9E-07 | 2.0E-05 4.0E-05 | +2.0E-06 1.6E-05
Donepezil 19E-05| +6.9E-06 | 3.8E-05 2.6E-05 | +6.4E-06 | 3.8E-05
Amprenavir 1.2E-05 | +6.0E-07 2.1E-05 | #4.1E-06 1.6E-05 | 6.9E-07 1.9E-05 | +4.5E-06
Chlorpromazine 3.6E-06 | *3.4E-06 1.8E-06 | +6.5E-07 1.3E-05 | %7.3E-06 1.7E-06 | +6.1E-07

Table 5.3 — A comparison of Papp and Pexact Values in both B-A and A-B directions at 60 minutes across
PBEC monolayers in Transwell. Measured values represent values from this experimental study, while
literature values represent those by Bentham, 2010. Values shown are mean = SD where n=3 for
measured studies and n=2 for literature values.
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Figure 5.4 - Efflux ratios (ER) from Papp and Pexact values for test drugs across PBEC Transwell
monolayers measured in this study and from literature values (Bentham, 2010). Data are from the 60-
minute time point to compare with published values. Raw data values are available in Appendix 5. Each
bar represents mean + SEM where n=3 for measured values.
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In spite of similarities in experimental design between the two studies, the
permeability coefficients measured show distinct differences (Fig. 5.4). Across
both Papp and Pexact parameters, chlorpromazine shows the least variation. In
this light, donepezil demonstrates the largest variation between datasets, with a
10-fold difference between efflux ratios from both Papp and Pexact. Furthermore,
within the dataset from Bentham, 2010, carbamazepine, donepezil, and
amprenavir all show an efflux ratio of greater than 2, which is indicative of active
efflux of the compounds. This is not reflected in the datasets from the current
study, where the efflux ratio is less than 2 for all compounds. The Papp and Pexact
values also vary between studies, as shown in Table 5.3, where the measured
values determined in this Chapter appear to have a rate of permeability
approximately 10-fold faster across all compounds in the A-B direction.
Furthermore, the rate of permeability in the A-B direction shown in this PBEC
Transwell model is faster than that shown in the Bentham PBEC Transwell
model when a selective P-gp inhibitor is added (Bentham, 2010). Results from
this study show also faster transport in the B-A direction (using Pexact data) than
measured by Bentham, 2010, for haloperidol, carbamazepine, and
chlorpromazine. This suggests that compounds are also passing the monolayer
via paracellular transport in the B-A direction. However, values for Pexact in the
B-A directions for donepezil and amprenavir show that the rate of drug flow is
within 2-fold of those measured by Bentham, 2010. This discrepancy the A-B
and B-A transport rates for amprenavir and donepezil could suggest a

downregulation or lack of function in multidrug efflux transporters.

5.2.2.5 Fraction unbound in porcine plasma and brain from rapid
equilibrium dialysis

Rapid equilibrium dialysis was used to measure the fraction unbound of drug in
both porcine plasma and porcine brain for the selected test drugs. The

measured values for fraction unbound in plasma and brain were compared to

values from Bentham, 2010.
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Table 5.4 — Fraction unbound in porcine plasma and brain

Measured Literature
F u Brain F.uPlasma Kb F.u Brain F.u Plasma

Amprenavir 0.034 0.24 0.15 0.17 0.19

Carbamazepine 0.19 0.30 0.65 0.18 0.21

Chlorpromazine 0.0045 0.027 0.17 0.0020 0.016
Loperamide 0.0033 0.045 0.074

Haloperidol 0.020 0.11 0.17 0.036 0.069

Donepezil 0.059 0.26 0.23 0.12 0.28
Topiramate 0.34 0.55 0.62
Thiopental 0.12 0.44 0.26

Primidone 0.56 0.61 0.92 0.45 0.64

Table 5.4 — Fraction unbound values obtained from rapid equilibrium dialysis in porcine brain and
plasma. Measured values represent values obtained experimentally from this study, whereas literature
values were obtained from Bentham, 2010. Values are expressed as a mean where n=3 for both
measured and literature values.

Fraction unbound values for porcine plasma and brain were successfully
obtained for the 9 selected test drugs using rapid equilibrium dialysis (Table
5.4). As shown, the fraction unbound values between the drugs in brain vary
between 0.0033 and 0.56, while the fraction unbound in plasma varies between
0.027 and 0.61, with the fraction unbound in plasma being marginally larger
across all compounds. Ky values were defined as the ratio of fraction unbound
in brain to the fraction unbound in plasma. Compared to values for fraction
unbound in porcine plasma and brain presented by Bentham, 2010, the
measured values all fall within 2-fold other than amprenavir in brain, with a 6-

fold difference.

5.2.2.6 Blood-to-brain concentration ratios of test drugs across
PBEC monolayer
Using data obtained from drug transport studies (Pexact) and rapid equilibrium

dialysis studies (Fu, brain @nd Fu, biood), blood-to-brain concentration ratios were

predicted for the selected test drugs. As the Transwell PBEC model used in the
158




transport studies does not contain protein for drug binding, Equations 2.7-2.10
were used to predict an unbound blood to unbound brain concentration ratio
value (Kp,uupredicted) for each compound. Fraction unbound ratios (Ky) were used
as a representation of in vivo drug-protein binding, and consequently, can be
used to make a prediction of the blood-to-brain concentration ratio (Kp,predicted)
as detailed in Equation 2.10. As previously described, a Kp or Kp,u value of less
than 1 is indicative of drug efflux, whereas a value of more than 1 is indicative
of uptake. The Kppredicted aNd Kpuu,predicted Values were determined using Pexact

efflux ratios across the 30-, 60-, 120-minute time points for the 9 selected test
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Figure 5.5 - Kp,predicted @nd Kp,uu predicted Values calculated using Pexact efflux ratios across the 30-, 60-, 120-
minute time points for the 9 selected test drugs. Bars show mean + SEM where n=3 for each drug.

159



It can be observed that different values are produced for Kppredictea and
Kp,uu,predicted USING both Papp and Pexact (Fig. 5.5), these differences are significant,
where P<0.0001 (analysed using two-way ANOVA). The differences observed
between the two graphs demonstrate a substantial increase in K; ratio when
taking drug binding into account, where most values see at least a 2-fold
increase in the ratio when only free drug is considered. There are also
noticeable fluctuations in both values with time, however, this does not appear
to follow a distinct trend across the compounds. For example, the Kp predicted Value
for carbamazepine is shown to increase across time points, whereas
haloperidol, loperamide, donepezil and thiopental all decrease in Kp over the
time period. Of all compounds tested, carbamazepine has the highest
Kp,uu,predicted @aNd Kp predicted ratios by a significant margin, with means of 4.6 and
3.5 across all time points, respectively. However, the large error rate of this drug

could have an effect upon the ratios calculated.

5.2.2.7 Comparison of measured PBEC K, ., to database

In order to evaluate the unbound blood to unbound brain concentration values
predicted from the experimental data, the Kpuy,predicted results were compared to
in vivo Kpu values from rodent studies which were recorded in the database
used to select the test compounds (Appendix 2). The in vivo rodent data for Kp,uu

recorded within the database was averaged for each compound selected.
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Figure 5.6 — Predicted unbound blood to unbound brain concentration ratio (Kp,uupredicted) (in Vitro)
compared to in vivo rodent Kp,uu values (in vivo). Each data point represents mean where n=3 for in vitro,
and n=1-5 for in vivo (data located in Table 5.1).
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The in vitro Kp,uu,predicted Values from this study are higher across the majority of
compounds than the in vivo values obtained from the database (Fig. 5.6). In
some cases, for example, carbamazepine, the in vitro value is less than 1-fold
that of the in vivo value (1.1+£0.1 to 0.6£0.4, mean £ SD, respectively). However,
in the case of loperamide, the in vitro model has over predicted the Kp uu by over
50-fold (2.0+0.2 to 0.03+0.05, respectively). The only drug in which the in vitro
Kp,uu has underpredicted the database value is donepezil. However, there is a
large range of in vivo Kpuu values in the database which may have resulted in

an inaccurate mean in vivo value for this compound.

5.2.2.8 Correlation of apparent permeability with TEER values

TEER values of each in vitro PBEC Transwell model were taken before all drug
transport studies to ensure the minimum value of 100 Q.cm? was achieved.
These values were recorded, and the value of individual wells taken in each
experimental replicate were compared to the Pexact Value achieved for the
corresponding well to examine for a negative correlation.
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Figure 5.7 — Plot of TEER value for PBECs cultured on Transwell insert on day of study against Pexact.
Lines of best fit were generated using linear regression.

As demonstrated by the line of best fit for each plot (Fig. 5.7), there is a minor

negative correlation between the TEER value of the individual PBEC Transwell
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insert and the Pexact value for certain compounds, including carbamazepine,
donepezil and amprenavir. The plot displays a wide range of TEER values were
varying between 114 Q.cm?and 230 Q.cm?.

5.3 Discussion

Within this Chapter, an in vitro Transwell PBEC model of the BBB was evaluated
with a series of test drugs. The test drugs were selected from a database which
was created to include both chemical and experimental parameters relevant to
compound permeability at the BBB. Drug transport studies were conducted
using 10 compounds, across 3 time points, in both A-B and B-A directions, and
sample concentrations were analysed using LC-MS/MS. Compound
permeability was evaluated using a selection of pharmacokinetic parameters,
including Papp, Pexact, ER, Fu, Kppredicted @aNd Kp uupredicted, all of which allowed

comparison of this model to other in vitro and in vivo data for evaluation.

Papp and Pexact Values were calculated for the drug transport studies across time
points and directions. Overall trends in this data suggest that Papp underpredicts
the rate of permeability of compounds, demonstrated by a lower Papp than Pexact
value across all compounds, with particular emphasis at the 120-minute time
point. This is due to the limitations present in the calculation of Papp, Which is
only valid when drug transport is in the linear phase and when less than 10% of
compound has crossed the membrane. As Pexact accounts for the back flow of
compound after the linear phase of drug transport has passed, this parameter
gives a more accurate estimation of the rate of drug permeability, particularly at
the later stages of the study, where compound across the membrane is more
likely to be reaching an equilibrium phase. Furthermore, it can also be observed
that in both parameters and across all compounds, there is variability in the rate
of drug flow between the compartments with time. Although this could be
anticipated with the Papp parameter, as this calculation does not make an
allowance for the backflow of drug present at later time points, the fluctuation of
Pexact Values with time was not expected. A similar phenomenon was observed
by Tran et al., 2004, who hypothesised that variability of Pexact with time is due

to structural changes in one or both of the polarised cell membranes with time.
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However, it could also be possible that the variability of Pexact Over time observed
is due to slow rates of drug binding in the Transwells throughout the study, as
the Pexact Calculation only accounts for fast non-specific drug binding (Tran et
al., 2004). In addition to the trends described, it can also be observed that there
is a higher rate of flow of compound from A-B than B-A across many
compounds, including haloperidol, loperamide, donepezil, amprenavir,
chlorpromazine and thiopental. This is an unexpected result, as drugs which are
known substrates for efflux transporters, including amprenavir and loperamide,
would be expected to have a lower flow rate from A-B than B-A due to efflux on
the apical side of the PBEC membrane. The other compounds, according to
details from the drug database, are either MDRL1 inhibitors or passive diffusion
controls, so would be expected to have an equal flow rate between

compartments.

Results from this study show that the efflux ratios calculated do not significantly
vary between Papp and Pexact parameters, however, the efflux ratios do vary with
time. Multiple compounds, including haloperidol, loperamide, donepezil, and
topiramate increase in efflux ratio over the three time points. However,
carbamazepine is observed to decrease over the time period. In spite of the
variation across earlier time points, one notable commonality between
compounds is that at the final time point, all compounds have an ER value of
between 0.94 and 1.96. This, therefore, implies that there is no significant active
transport of compounds taking place across the PBEC membrane at the end of
the study. Consequently, it can be hypothesised that at the earlier time points,
the efflux ratios are being differentially affected by issues such as membrane
structural changes and slow rates of drug binding, and no significant uptake or
efflux is taking place in the overall time period.

This hypothesis is supported by comparing data from this study to that obtained
by Bentham, 2010, in a similar in vitro primary PBEC Transwell model.
Comparing the efflux ratios obtained in the two studies, it is evident that strong
efflux is taking place for the compounds carbamazepine, donepezil, and
amprenavir in results from Bentham, 2010. However, in the present study, the
strong efflux ratio is not reflected in the data obtained; haloperidol and
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carbamazepine are the sole compounds with an efflux ratio within 2-fold of those
from Bentham, 2010, and these compounds were not predicted to have efflux
transporter interactions. Additionally, it can be observed that Papp and Pexact
values obtained by Bentham, 2010, are 10-fold slower in the A-B direction than
in the current study, reinforcing the notion that compounds which are transporter
substrates are not being effluxed across the apical membrane in the current
study. In the B-A direction, Pexact Values from this study show a faster rate of
permeability for haloperidol, carbamazepine, and chlorpromazine. Although this
difference is not as exaggerated as in the A-B direction, this could suggest
overall higher rates of paracellular transport in the current model than that
presented by Bentham, 2010. However, as donepezil and amprenavir have
similar rates of transport in the B-A direction between the current study and that
by Bentham, 2010, despite having different values in the A-B direction, this
suggests that there is also a lack of expression or function of multidrug efflux

transporters in the current PBEC model.

By comparing Pexact Values across the PBEC monolayer to a no cell control, it
can be observed that the PBEC monolayer does slow the rate of permeability
between the two compartments in both directions. However, two compounds,
chlorpromazine, and carbamazepine, have a faster rate of permeability across
the PBECs than in a no cell control. Although it is unknown whether this
difference is statistically significant due the sample size of n=1 for the no cell

control samples.

Pexact and Papp parameters were also used to predict an in vitro ratio of unbound
drug in blood to brain compartments (Kp,uu,predicted). Values of Kp,uu,predicted and Fy
values for plasma and brain were used to predict values for in vitro blood to
brain concentration ratio (Kppredicted). The values of Kp uupredicteds Which were
calculated using Pexact and Papp parameters show distinct differences, with the
30- and 60-minute time points having higher ratios when calculated with Pexact.
However, this phenomenon is not observed at the 120-minute time point. Thus,
this indicates that the initial difference in K, prediction is due to different binding
rates at the earlier study time points, which has been accounted for in the Pexact
calculation, but not in the Papp calculation. Additionally, the in vitro calculations
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predict significant differences between Kpand Kp,uu values, which demonstrates
the importance of considering the proportion of free drug able to cross the

membrane in the in vivo system.

In order to evaluate the predicted values, in vitro Kp uupredicted data calculated
from Pexact at the 120-minute time point was compared to in vivo Kp uu data from
rodents compiled in the database. From the database values, it can be seen
that loperamide, amprenavir and topiramate are effluxed in vivo. Database
values also suggest that passive controls, carbamazepine and primidone, and
BBB disrupting compound, thiopental, are substrates for efflux. Furthermore,
database values suggest that MDRL1 inhibitors donepezil and chlorpromazine
may be substrates for uptake in vivo. It must be noted that due to species
differences in transporter expression, it is possible that the in vivo values
presented may not accurately reflect the in vivo transporter mechanisms in pig
or human. However, it is evident, when comparing the in vitro predicted Kpuuto
the in vivo Kpu, that the in vitro model has over predicted Ky u in almost all
compounds. The only Kpus value which is underpredicted by the model is
donepezil, which has previously been shown by Bentham, 2010, to be a
substrate of multidrug efflux transporters in porcine. It could consequently be
hypothesised that this disparity is due to species differences. Otherwise, in the
in vitro model, the majority of Ky uu values predicted are ~1, indicating no uptake
or efflux mechanisms are present. Thus, supporting the other datasets
presented in this Chapter. However, a Kp,uupredicted Value of note is loperamide,
which has been widely shown to be strongly effluxed across many species
(Fridén et al., 2009; Uchida et al., 2011). However, the results from the in vitro
model may be indicative of uptake across the PBEC monolayer, with a value of
~2. A possible explanation for this phenomenon is that the PBECs have
disorientated in the Transwell insert, so the apical membrane containing major
efflux transporters is facing the Transwell insert, resulting in reverse efflux from
basal to apical, which would need further investigation using confocal

microscopy.

It is, therefore, apparent that there are many differences in drug transport
between the PBEC model evaluated in this Chapter, and both in vivo data and
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other PBEC Transwell in vitro data. However, when comparing the PBEC model
generated to a wider range of Transwell BBB models using other cell types,
different conclusions can be drawn. Firstly, when comparing the permeability
co-efficients obtained from the PBEC model in this Chapter to those of cell lines,
hCMEC/D3, MDR1-MDCKIIl, and MDCK wild-type (wt), the overall rates of
transport for overlapping compounds in the study are faster in cell lines than in
the primary PBECs (Bentham, 2010). For example, comparing the Papp value
in A-B direction for carbamazepine at 60 minutes for PBECs calculated in this
study (27.2 x 106 cm.s™) to hCMEC/d3 human BBB cell line (38.5x 10 cm.s™)
and MDCK cell lines (MDR1 MDCKII = 91.1x 10® cm.s*, MDCKwt = 78.8x 10
6 cm.s™) reported by Bentham, 2010, there is evidence of a reduced flow rate of
compound across the PBECs by comparison to common cell lines. Furthermore,
in another study of a PBEC Transwell model by Franke et al., 2000, the reported
Papp value in A-B direction for haloperidol is almost identical to that reported in
this study (Franke et al., 2000 = 20.1 x 10 cm.s™, current study = 23.6 x 10
cm.s?). Additionally, the Papp value in A-B direction for donepezil at 60 minutes
in this study (22.7 x 106 cm.s™) is lower than that reported for both MDCK lines
(MDR1 MDCKII = 64.6x 10° cm.s!, MDCKwt = 66.3x 10® cm.s™, Bentham,
2010), for rat primary BECs (63 x 10 cm.s™, Veszelka et al., 2018), and for
human iPSC derived BECs (40.5 x 10°% cm.s™, Mantle et al., 2016). However,
in spite of the reduced flow rates across the PBEC monolayer by comparison to
other cell types, the data could be interpreted as to suggest that the expression
of multidrug efflux transporters by the PBECs isolated in this study is distinct to
that of other BBB cell types. For example, the efflux ratios for amprenavir
presented in Bentham, 2010, for MDR1-MDCKII (8.6) and MDCK (2) indicate
that amprenavir is a strong substrate for multidrug efflux transporter MDRL1.
However, results presented in this study for the corresponding time point of 60-
minutes (0.5) may suggest that amprenavir is being shunted across the PBEC
monolayer. This result, alongside the Kp,uu,predicted Value for loperamide, could
provide further evidence for the expression of multidrug efflux transporters being
present on the basal, rather than the apical membrane in the Transwell PBEC

cultures.
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The data presented in this Chapter show that the PBEC Transwell model
generated allows for more paracellular transport across the membrane than a
similar PBEC Transwell model (Bentham, 2010). However, PBECs isolated in
this study are more restrictive than other frequently used BBB cell types (MDCK
and hCMEC/d3, Bentham 2010) (rat primary BECs, Veszelka et al., 2018)
(human iPSCs, Mantle, 2016). The permeability data from drug transport studies
in the PBEC Transwell model may suggest that the expression of key BBB
multidrug efflux transporters (such as P-gp) is either down regulated or not as
functional as other PBEC cultures or in MDR1 over-expression cell lines
(Bentham, 2010). Yet there has been evidence to suggest that the PBEC model
presented in this study may be expressing drug efflux transporters in an inverse
manner, with apical transporters present on the basolateral cell membrane.
However, firm conclusions upon this hypothesis cannot be drawn, as significant
levels of paracellular transport may be masking any efflux transporter function
present, and inhibitor studies and confocal microscopy studies would need to
be carried out in order to determine the location of the transporters within the
cells. These conclusions can be corroborated from the TEER results presented
in Chapter 4. In the 2016 publication by Mantle et al., it was concluded that
transport properties of an in vitro BBB membrane remain unchanged above a
threshold TEER value, which the author suggests being at 500 Q.cm?. Indeed,
results presented in this Chapter may suggest that there is some slight
correlation between rate of permeability and TEER across a limited number of
compounds. In Chapter 4 of the current study, the mean TEER values presented
for PBECs in Transwell culture with ACM is 235 + 25 Q.cm?. However, in the
PBEC Transwell model presented by Bentham, 2010, the mean TEER value
presented for PBECs cultured with CTX-TNAZ2 astrocytes was 10-fold higher, at
2132 + 169 Q.cm? Whereas immortalised cell lines, such as MDCK and
hCMEC/d3, also have reported TEER values below 300 Q.cm? (Kim Kit Lee,
2014; Rahmen et al., 2016). This suggests that the PBECs isolated in this study,
like immortalised cell lines, are not meeting the minimum required TEER values
for representative BBB transport studies. Therefore, the paracellular
permeability of compounds will be higher than expected, and the ability to

observe the effect of efflux transporters will be reduced.
167



It can thus be concluded that the PBECs isolated in this study, although showing
expression of key BBB tight junction proteins and efflux transporters using
molecular techniques, do not meet the minimum threshold for BBB drug
transport studies. Further investigation is needed into the cause of different
TEER levels reported between the PBEC model presented in the Chapter and
others which have been previously published (Bentham, 2010; Franke, 2000).
Additionally, inhibition studies must also be conducted to examine whether the
permeability co-efficient values presented are being affected by the presence of

multidrug efflux transporters.
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Chapter 6

Discussion
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6.1 Introduction

This purpose of this study was to establish if porcine brain endothelial cells
(PBECs) could be used to create a viable blood-brain barrier on-a-chip
(BBBoaC) model for permeability screening in the drug discovery process.
Initially, a method was established to isolate PBECs from porcine brains
obtained from the local abattoir. These cells were thoroughly characterised to
ensure retention of blood-brain barrier (BBB) phenotype, including the
expression of tight junctional adhesion proteins and multidrug efflux
transporters. It was demonstrated that in static culture, the BBB phenotype of
PBECs was closer to in vivo physiology than the immortalised BEC line, HBEC-
5i, and the PBEC phenotype could be further improved through co-culture with
immortalised murine astrocytes. However, drug transport studies in Transwell
showed that the PBECs isolated in this study are leakier and have a lower level
of multidrug efflux than previous publications which isolated PBECs using the
same methodology. This could therefore indicate that that phenotype of the
PBECs isolated in this study could be enhanced using different culture
conditions. From the static Transwell models, two microfluidic BBBoaC models
were developed from PBEC and HBEC-5i cultures, respectively. Comparison of
the seeding protocols for PBECs and for the immortalised cell line, HBEC-5i,
showed that PBECs required significantly more adaptations to BBBoaC seeding
protocols to allow for cell growth and maintenance under shear stress. In spite
of more complex technical requirements, PBECs grown in the microfluidic chip
showed an increased ability to withstand shear stress by comparison to the
immortalised cell line. Although significant characterisation would be required to
compare the microfluidic and static models, and to evaluate the effect of
microfluidic flow upon drug transport, results presented in this study provide
promise that a PBEC BBBoaC model could be of use within the drug discovery

process.

6.2 Junctional adhesion

The retention of proteins associated with junctional adhesion at the BBB, and
the localisation of these proteins at cell-cell junctions, within PBEC cultures has
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been demonstrated numerous times across this study. Previous studies have
demonstrated that PBECs retain expression of tight junction proteins, including
Z0-1, claudin-5, and occludin, in vitro and that these proteins are localised at
cell-cell junctions within the culture (Cantrill et al., 2012; Gericke et al., 2020;
Patabendige et al.,, 2013; Thomsen et al., 2015). In line with these studies,
results demonstrate that PBECs isolated in this research retain expression of
tight junctions, as ZO-1 is expressed and localised in the same location.
Furthermore, novel identification of VE-cadherin mRNA and protein in PBECs
within this work confirms retention of adherens junctions within the cultures. The
application of SEM imaging to investigate the detailed surface structure of
PBECs in static culture for the first time, revealed distinct raised areas at cell-
cell junctions, which are believed to be tight junctions. This would consequently
mean that tight junctions can be viewed using extracellular microscopy methods

without the use of immunostaining techniques.

Similarly, many studies have demonstrated that PBECs in static BBB models
are capable of achieving high levels of TEER in monoculture, with maximal
values of between 370 — 1650 Q.cm? (Cantrill et al., 2012; Gericke et al., 2020;
Patabendige et al., 2013; Thomsen et al.,, 2015). In this study, PBECs in
monoculture achieved an average TEER value of 207 Q.cm? in monoculture.
This value is significantly higher than average TEER values reported for
immortalised cell lines in the literature, with a median value of 40 Q.cm? reported
in one systematic review, and in this study, with a maximum value of 7 Q.cm?
(Rahman et al., 2016). However, it is evident that the PBEC TEER values
reported in this study are lower than those reported in previous publications.
This could be due to methodological differences in the Transwell plates used,
as discrepancies in surface area of the growth area used can accentuate
inaccuracies in TEER measurements during calculations, and smaller Transwell
inserts, such as those used in this study could result in over-confluence,
resulting in poor cell survival. The differences in TEER values reported could
also be due to the presence of pericytes with a polygonal morphology surviving
puromycin purification in the PBEC culture. Although many studies use

puromycin to purify cultures, the level of pericyte contamination remaining in

171



PBEC cultures in these studies is poorly characterised (Gericke et al., 2020;
Patabendige et al., 2013; Thomsen et al., 2015). Thus, direct comparison of
TEER values between studies should be done with caution due to underlying
and unanalysed discrepancies. Further impediments to the interpretation of
TEER values were revealed during impedance spectroscopy in the PBEC
BBBoaC model. Analysis with the specialised electrode system, the SynVivo
impedance analyser, in both Transwell and in the BBBoaC model resulted in
unexpected baseline values which were significantly different to those reported
in previous publications (Deosarkar et al., 2015). Thus, rendering the data

inconclusive.

Previous studies have demonstrated that co-culture of PBECs with astrocytes
has a significant effect upon the expression and function of tight junctions in in
vitro culture (Nielsen et al., 2017; Thomsen et al., 2015). Indeed, in this study,
astrocyte co-culture significantly increased TEER levels of PBECs, and
decreased permeability of large molecule fluorescent marker FITC-dextran,
suggesting an increase in tight junctional adhesion between the PBECSs.
Although the mechanism behind astrocytic modulation of tight junctions is yet to
be fully elucidated, it has been hypothesised that astrocytes exert this function
through the release a range of soluble factors which act to induce barrier
function through increasing intracellular cAMP and inducing Wnt signalling
pathways (Abbott, 2006; Gonzalez-Mariscal et al., 2008).

Although molecular studies validated the expression and localisation of tight
junction proteins within the isolated PBEC cultures, transport studies across
Transwell monolayers of PBECs demonstrated paracellular leakage of
compounds. Indeed, drug permeability rates demonstrated in this study show
drug permeability rates up to 10-fold higher in both directions than those seen
in parallel studies reported in the literature (Bentham, 2010). In spite of this, it is
evident that the PBEC Transwell model is significantly more restrictive in terms
of permeability than immortalised cell lines. This was demonstrated against
HBEC-5i cells using FITC-dextran in Chapter 4, but also against published cell
line drug permeability rates (Bentham, 2010). In summary, it can be assumed
that the PBECs are forming a monolayer but are not as tightly bound at cell-cell
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junctions as other PBEC cultures reported in the literature. This phenomenon
was also observed in TEER values, where the values recorded for PBECs in
this study were up to 10-fold lower than those reported in the literature
(Bentham, 2010; Cantrill et al., 2012; Gericke et al., 2020; Zhang et al., 2006).
The higher rates of permeability observed in this study could be due to the
methodological and pericyte contamination issues as previously described. In
conclusion, these results support the statement made by Mantle et al., 2016,
that TEER values must reach a threshold of 500 Q.cm?to express BBB transport
properties. Consequently, in order to develop PBEC cultures for drug transport

studies, the TEER values must first be elevated to above 500 Q.cm?2.

6.3 Multidrug efflux transporters

The many structurally heterogenous substrates of multidrug efflux transporters
at the BBB, including P-glycoprotein (P-gp), BCRP and MRPs, make ABC
transporters a major challenge in drug development (Rauch, 2011). It is for this
reason that the expression of multidrug efflux transporters by BECs are widely
investigated, with P-gp being renowned as the most well characterised BBB
transporter. Previous studies have shown expression of P-gp and BCRP in
PBEC in vitro cultures (Cantrill et al., 2012; Gericke et al., 2020; Patabendige et
al., 2013; Thomsen et al., 2015). Indeed, results presented here show that
PBECs isolated for this study express both P-gp and BCRP, however, these
cultures also expressed MRP1 which was previously thought to be expressed
at negligible levels in PBECs (Warren et al., 2009). Results suggest that the
three multidrug efflux transporters examined in this study are expressed at
comparable levels to endogenous control, GAPDH. This is within a one-fold
range to that of BCRP expression levels in cultured PBECs in a study by
Patabendige et al., 2013.

Drug transport studies carried out in the PBEC Transwell model, however,
indicate a reduced level of efflux of known transporter substrates by comparison
to other PBEC and MDR1-MDCKII models (Bentham, 2010). Although
expression of multidrug efflux transporters was shown using qPCR, the

presence of mMRNA does not directly translate to functional transporters, and
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consequently, P-gp function assays would need to be undertaken to validate
function in the model. However, it is also possible that expression of transporters
could be downregulated during the drug transport studies, and thus qPCR on
PBECs should be done immediately after the drug transport studies have taken
place. It is also possible that high levels of paracellular transport, as a result of
leaky cell-cell junctions, could be masking some of the drug efflux taking place.
With this in mind, there is also some indication of reverse active efflux of drugs,
where compounds expected to have a reduced flow in the apical to basal
direction, instead show a lower rate of transport in the B-A direction. It is,
therefore, evident that further drug transport studies are needed to fully
elucidate the function of multidrug efflux transporters in the Transwell model.
Confocal microscopy in conjunction with immunoflourescent staining for P-gp

could also elucidate the position of the transporters on the PBEC membrane.

Multiple studies have demonstrated that multidrug efflux transporter expression
can be altered by co-culture with astrocytes or by induction of BECs with shear
stress (Cucullo et al., 2011; Gaillard et al., 2000; Garcia-Polite et al., 2017,
Wang et al., 2018). PBECs isolated in this study demonstrated increased tight
junctional adhesion in response to co-culture with astrocytes in line with
previous studies, and it is thus logical to presume that astrocyte co-culture could
significantly affect the upregulation of multidrug efflux transporter expression. In
this light, it is also possible that the PBECs subjected to 48 hours of shear stress
in microfluidic culture have higher levels of multidrug efflux transporters, which
could impact drug transport. This clearly shows two avenues for further study

into the optimisation and adaption of the work presented in this study.

6.4 The neurovascular unit

The NVU plays a critical role in maintaining function of BECs in in vitro culture.
The NVU consists of pericytes, astrocytes, other supportive glial cell types, and
basement membrane proteins, with neurons sometimes being considered
(Duport et al., 1998). Despite being a supportive cell type, the presence of
pericytes within primary cultures can be considered a problematic contaminant.

This is because pericytes can rapidly out-compete BECs in growth time,
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becoming the major component of the primary culture, and as pericytes do not
express tight junctions, they can have an adverse effect on paracellular
permeability (Perriére et al. 2005). Puromycin purification is widely used to
reduce the number of pericytes in culture and has been reported to remove up
to 98% of pericytes from BEC cultures (Nielsen et al., 2017; Perriere et al. 2005).
However, novel results within this study show that puromycin purification results
in a phenotypic change in the pericytes present as well as reducing overall
number. To the extent of this author's knowledge, this phenomenon has not
been reported in published literature and, thus, the cellular changes taking place
remain poorly characterised. It could, however, be hypothesised that the plastic
nature of pericytes has caused the cells to undergo a phenotypic change to take
on an endothelial-like morphology (Dore-Duffy & Cleary, 2011). It is also
possible that the presence of these pericytes have resulted in lower levels of
junctional adhesion in this PBEC model by comparison to other published
Transwell models. However, as these studies did not investigate the presence
of pericytes without astrocyte treatment, no firm conclusions could be drawn
(Cantrill et al.,, 2012; Patabendige et al., 2013; Thomsen et al., 2015).
Consequently, further investigation into the aSMA-expressing cells present
following puromycin is needed, including an immunoflourescent co-stain of ZO-
1 and aSMA to elucidate the spatial interaction of endothelial and pericytic cells

in the culture.

The ability of astrocytes to maintain the expression of the BBB phenotype of
PBECs has been long established and this is further reinforced by the results
presented in this study, which show that astrocytes significantly increase TEER
values and decrease permeability in PBECs (Duport et al., 1998) (Nielsen et
al., 2017). However, it was also demonstrated that astrocytes did not have the
same induction effect upon the human immortalised cell line, HBEC-5i,
suggesting that the cell line does not express the astrocyte signalling receptors
associated with the BBB phenotype (Galillard et al., 2000; Puech et al., 2018).

The drug transport studies undertaken in the PBEC Transwell model
demonstrated that the PBEC monolayer has reduced junctional adhesion
compared to other models (Cantrill et al., 2012; Patabendige et al., 2013;
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Thomsen et al., 2015). It should be noted that in drug transport study protocols
used in this study, ACM was used as a replacement for astrocyte co-culture due
to Covid-199 related time restrictions on the study. However, other PBEC
models, which showed increased junctional adhesion, used co-culture with
astrocytes as standard (Bentham, 2010; Cantrill et al., 2012; Thomsen et al.,
2015). Although it is likely that co-culture with astrocytes would induce tighter
junctions in the PBEC Transwell model (as shown in Chapter 4), resulting in
reduced paracellular transport of compounds, the TEER values recorded in this
study for astrocyte co-culture were still below the suggested threshold for drug
transport studies of 500 Q.cm? (Mantle et al., 2016). Thus, it is likely that
additional changes to the model will be needed to reduce paracellular transport

to negligible levels.

The basement membrane, formed of a deposition of basement membrane
proteins around the blood vessels of the CNS, is an often-neglected part of the
NVU (Yao et al.,, 2014). However, these proteins play a significant role in
regulating gene transcription in endothelial cells (Abbott et al., 2010). Within this
study, fibronectin and collagen 1V were used to culture PBECs in Transwell and
HBEC-5i cells within the microfluidic chip. However, it was determined that this
was insufficient for the microfluidic culture of PBECs, and the amount of
basement membrane proteins applied for culture was consequently increased
to allow increased cell adhesion. Thus, demonstrating the critical nature of these

proteins in complex cell culture conditions such as microfluidic systems.

6.5 Drug transport & quantification

The movement of drugs across the BBB is a net flux from many different
transport mechanisms, including passive diffusion, transcytosis, carrier and
receptor mediated transport, and drug efflux (Pardridge, 2012). Compared to
peripheral endothelial cells, BECs have a reduced level of passive diffusion and
transcytosis, while having a higher expression of multidrug efflux transporters
and select receptor and carrier mediated transport systems. In order to examine
the BBB phenotype of the BECs, a database of drugs and the associated uptake
and efflux mechanisms was created, and a range of drugs were selected to be
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used in transport studies (Appendix 2). Compounds able to cross the BBB by
transcellular passive diffusion and uptake transporters were selected, alongside
compounds which were subject to efflux by multidrug efflux transporters. Drug
transport studies across PBEC monolayers in Transwell showed higher than
expected levels of paracellular transport, which is negligible across the in vivo
BBB. Thus, with high levels of paracellular transport, other drug transport
mechanisms, including transcellular passive diffusion, uptake, and efflux

become difficult to elucidate.

Apparent and exact permeability coefficients (Papp and Pexact) Were calculated to
show the rate of transport of a compound across the PBEC monolayer. It could
be seen from these values that, on average, there was a higher transport rate
for most compounds in the apical to basal direction than the basal to apical
direction, and that Papp calculations underestimated the rate of permeability,
particularly at later time points. Furthermore, both Papp and Pexact Values showed
a higher rate of transport than other PBEC models and of the same order as
other immortalised BEC models (Bentham, 2010). Using the permeability
coefficients in both directions, an efflux ratio was calculated for each compound.
An efflux ratio value demonstrates whether the compound has been subject to
significant uptake or efflux across the membrane; it was, consequently, evident
that none of the test drugs in this study underwent significant uptake or efflux
across the PBEC monolayer. As permeability coefficients can be considered a
rate of clearance across the PBEC monolayer, and as the unbound blood to
unbound brain concentration ratio (Kp,u) is a ratio of the clearances in apical to
basal and basal to apical directions, the reciprocal of the efflux ratio can be
considered to be a predicted value of Ky,uu (Tran et al., 2004). As expected from
the efflux ratios, the predicted Kp,uu values showed no significant uptake or efflux
of compounds across the PBEC monolayer. The predicted values of Ky uu can
also be used to predict a value for Ky, which represents the total blood-to-brain
concentration ratio using the fraction unbound (Fy) values from porcine brain
and plasma. The predicted Kp values were significantly lower than the predicted
Kp,uu Values, and ratios predicted using Pexact Were higher than those calculated

using Papp. This, therefore, demonstrates the importance in the careful selection
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of parameters chosen to quantify drug transport across in vitro BBB, especially

when comparing to in vivo values.

6.6 The Transwell model of the BBB

The Transwell model of the BBB is commonly utilised in the drug discovery
process, and many models using PBECs have been published thus far (Cantrill
et al., 2012; Gericke et al., 2020; Patabendige et al., 2013; Thomsen et al.,
2015). A major benefit of the Transwell culture system is the ease of use; in
agreement with this statement, this study found that no further cell culture

method adaptations were required to culture PBECs upon Transwell inserts.

The PBEC Transwell model developed in this study, however, lacks some of the
critical BBB characteristics observed in other Transwell BBB models. For
example, the maximum TEER value recorded is up to 10-fold less than that
published from previous static PBEC models, and permeability of the tracer
compound (4 kDa FITC-dextran) compared to the no cell control shows
substantial paracellular transport which is higher than that observed in previous
BBB models (Bentham, 2010; Cantrill et al., 2012; Nielsen et al., 2017;
Patabendige et al., 2013; Thomsen et al., 2015). The high levels of paracellular
transport and the leakiness of the tight junctions, by comparison to other PBEC
models, was reflected in faster rates of compound permeability in drug transport
studies, which made multidrug efflux transport activity difficult to elucidate. The
cause of the discrepancy in results could be due to methodological differences
in Transwell culture, including the size of the Transwell insert used, the length

of culture time, and supporting NVU cell types, as previously discussed.

It can consequently be concluded that the PBEC Transwell model created within
this study needed little refinement in order to develop a protocol, was simple to
use in high throughput drug trials, and benefitted from plentiful literature works
for comparison. However, the resulting model could not be considered an
accurate in vitro model of the BBB for drug permeability testing due to
inconsistencies with previous literature and high levels of compound

permeability. Consequently, further investigation and development of this model
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is required in order to create a model which would be suitable for permeability

screening.

6.7 The BBB-on-a-chip model

By comparison to Transwell models, BBBoaC models offer a complex and
realistic cellular environment which mimics haemodynamic flow upon the apical
membrane of BECs. Multiple BBBoaC models have been published within the
past decade using different cell types and designs, but few have been fully
evaluated for use within the drug discovery process, and none thus far have

been developed using primary PBECs (Bagchi et al., 2019; Jiang et al., 2019).

Within this study, two BBBoaC models were generated using the commercially
available SynVivo idealised microfluidic chip (Deosarkar et al., 2015). Firstly,
HBEC-5i immortalised human BECs were cultured within the microfluidic chip.
Although the protocol published by SynVivo for cell seeding within the chip
required minor adaptations for this cell type, the cell seeding protocol remained
much the same to the Transwell system. However, the seeding for PBECs
required multiple significant changes, including increased cell density, infusions,
and growth time. Therefore, demonstrating significant differences in the culture
methodology required between cell types within the same BBBoaC system. This
was in line with methodologies developed in previous publications, which
demonstrated that primary and immortalised cell lines required different culture
conditions (Brown et al., 2015; Deosarkar et al., 2015; Prabhakarpandian et al.,
2013).

Once cells were seeded in the SynVivo chip, PBECs were able to withstand a
greater shear stress than the immortalised HBEC-5i cell line, indicating that the
primary cells would be better candidates for microfluidic culture. After being
subjected to shear stress for 48 hours, tight junctions in the cells were assessed
using FITC-dextran permeability and TEER analysis. Although TEER analysis
was rendered unsuccessful due to issues with the SynVivo impedance analyser,
FITC-dextran permeability showed some restriction across the PBEC
monolayer by comparison to the no cell control in a similar pattern to that

previously observed in the SynVivo model (Deosarkar et al., 2015).
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Therefore, it can be concluded that a protocol has been established to
successfully culture the primary PBECs within a BBBoaC model, in which early
indications demonstrate a restrictive barrier is formed. However, neither TEER
data nor FITC-dextran transport data can be directly compared to that obtained
from the Transwell model, and thus no conclusions can be drawn about the
differences between the two models. This could be considered a limitation within
the system. Additionally, the extensive technical skill required to set up this
model with primary cells, alongside the cost of individual microfluidic chips,
indicate that BBBoaC models of this nature may not be suitable for high-
throughput drug screening like the Transwell system (Bagchi et al., 2019; Jiang
et al., 2019).

6.8 Summary & project implications

In conclusion, this study has demonstrated that PBECs show many molecular
indications of the retention of BBB phenotype within in vitro culture, including
multidrug efflux transporters and tight junctions. However, it is also evident that
the technical skill required for the development and implication of primary PBEC
isolation techniques could be considered a limitation of the cell type.
Furthermore, permeability studies of the PBECs isolated in this study showed
that there is substantial paracellular transport of markers and compounds,
resulting in a lower TEER than has been previously reported for this cell type.
However, TEER values and permeability of compounds indicates that the PBEC
barrier is still more restrictive than immortalised cell lines, HBEC-5i and MDCK.
Additionally, the Transwell model generated in this study required little protocol
adaptation and benefits from ease of use for high throughput screening of
compounds. In contrast, development of the static Transwell PBEC model into
a dynamic microfluidic PBEC BBBoaC model required significant microfluidic
methodological development and numerous adaptations to cell culture
protocols. Although, once established, PBECs show early indications of forming
a restrictive cell barrier within the microfluidic chip. More analysis is required to
draw conclusions on the success of the microfluidic PBEC model; however, this
study has highlighted the advanced technical requirements for microfluidic
culture of primary cells. These advanced technical requirements show that
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primary microfluidic models would not meet the criteria for high throughput
compound screening in the drug development process. However, this is not to
say that primary microfluidic models have no place in the drug development
pipeline, and this microfluidic PBEC model could be more suited to the
replacement of animals in the later stages of drug development (where there

are only 1-3 test drugs) once further characterisation has taken place.

6.9 Future directions

The impact of the Covid-19 pandemic on this project restricted the work that
could be undertaken to evaluate the PBEC models developed. Firstly, further
investigation into the cause of the lower-than-expected TEER values and
paracellular permeability of small drug compounds in the Transwell PBEC
model would be required. This would involve using confocal microscopy to
image the PBECs on the Transwell inserts to examine if cell multi-layering and
over-confluency is taking place, alongside immunoflourescent staining of P-gp
coupled with confocal microscopy to examine the presence of transporters on
the apical membrane. This would be aided by investigation into cell death in
Transwells, which might be caused as a result of over-confluence, using trypan
blue. Additionally, further investigation into the presence of aSMA expressing
cells in the PBEC cultures would be required to determine if this is a potential
cause of the “leaky” tight junctions within the Transwell system. This would
require an immunoflourescent co-stain for ZO-1 and aSMA, to determine if the
aSMA cells are integrated into the monolayer, where they could cause
disruption to tight junctional adhesion. Furthermore, the expression of multidrug
efflux transporters following drug transport studies must be undertaken using
gPCR, to ensure that efflux transporters are not being downregulated in the
duration of the study. Finally, the major difference between the PBEC Transwell
model used in the current study, and those used in published PBEC Transwell
models, is the co-culture with CTX-TNA2 astrocytes. This study demonstrated
that CTX-TNA2 co-culture reduced paracellular permeability of marker
compound 4 kDa FITC-dextran to ~3% of the no cell control, however, time
constraints placed on the drug transport studies meant that only ACM was used
to support the PBECs in culture. Therefore, the drug studies would need to be
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repeated with CTX-TNA2 astrocyte co-culture to examine the effect on
paracellular permeability of the compounds and the function of multi-drug efflux
transporters, ideally in the presence and absence of a selective P-gp inhibitor

so that the function of P-gp in the studies can be fully elucidated.

With regard to the PBEC BBBoaC model, further characterisation studies are
necessary to further investigate the effect of shear stress upon the phenotype
of the PBECs, but time constraints placed on the project prevented further
analysis. This would firstly involve immunofluorescent staining for ZO-1 in the
PBEC BBBoaC model to visualise the tight junction formation of cells within the
microfluidic chip, the use of qPCR to assess the effect of shear stress upon
multidrug efflux transporters, alongside the application of confocal microscopy
to examine cell morphology in the chip and the localisation of transporters on
the apical membrane, including any resulting changes from the induction of
shear stress upon the PBECs. Investigation and adaptation of the TEER
methodology used for the SynVivo chip is also necessary, particularly the cause
of the high baseline readings which need to be investigated by calibration of the
impedance analyser. Finally, the protocol for PBEC BBBoaC development
would need to be adapted to include seeding of CTX-TNA2 astrocytes in the
central chip compartment. The drug transport studies could then be repeated
using the same compounds as in Transwell model to directly compare the
permeability and efflux of compounds within the two models.

If the PBEC BBBoaC model was successful in the drug transport studies, there
are many adaptations which could be performed to make the model more
physiologically relevant. Firstly, a limitation of the current SynVivo BBBoaC
model is that the lumen of the synthetic vessels does not accurately mimic the
shape or structure of an in vivo brain microvessel. This would result in an
adverse effect on the flow media through the system, affecting shear stress by
resulting in uneven and non-physiological force being applied to the apical
membrane. Consequently, using advances in 3D-printing, hyper realistic
vessels could be created from PDMS, which would increase the overall
physiological relevance of the study. Additionally, the current PBEC model
would only be viable for testing drug permeability in a healthy non-diseased
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BBB. Subsequently, this model could be used to mimic various CNS disease
states with the addition of microglia, reactive astrocytes, or patient-derived
neurons from disease-states, including multiple sclerosis, Alzheimer’s disease,
or glioblastoma. In summary, once fully validated, the microfluidic PBEC model
has the potential to be developed to include the latest advancements in
technology and cell culture to become more physiologically relevant than

BBBoaC models that are currently available.
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Appendix 1

BLAST gene sequence comparison between humans and pigs for key blood-

brain barrier transporters, p-glycoprotein (MDR1), MRP1, and BCRP.

Pig vs human P-glycoprotein (ABCB1)
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Appendix 2

A database of blood-brain barrier drug permeability values, in vivo and in vitro,

across species was created for comparison to in vitro porcine brain endothelial

cell drug transport studies. Reference key for the database is shown in Table

A2.1.

Table A2.1 — Reference Key for Database

Database

Number | Reference

1 Liu et al., 2009

2 Fridén et al., 2009

3 Syvanen et al., 2009

4 Bentham, 2010

5 Liu et al., 2003

6 Kodiara et al. 2011

7 Zhang et al. 2006

8 Tunblad et al., 2004

9 Coclough et al., 2016

10 Christensen et al,
2001

11 Di Salle et al., 1974

12 Kalvass et al., 2007

13 Loryan et al., 2013

14 Summerfield et al,
2007

15 Uchida et al., 2017

16 Hu et al., 2017

17 Maurer et al., 2005
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FET Humian 1.04 3
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Appendix 3

Standard curves were developed from calibration line concentrations and
measured response (ratio of area of drug peak to internal standard peak). This
standard curve was used to generate sample concentrations for each drug.
The standard curve for each drug as calculated is listed below.

Figure A3.1 - Haloperidol

y = 361.51x + 35.835
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Figure A3.1 — Standard curve fit of Haloperidol calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of best
fit equation used to calculate projected concentrations.
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Figure A3.2 - Carbamazepine
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Figure A3.2 — Standard curve fit of Carbamazepine calibration values for drug transport study. Response
is shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of
best fit equation used to calculate projected concentrations.

Figure A3.3 - Loperamide
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Figure A3.3 — Standard curve fit of Loperamide calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of best
fit equation used to calculate projected concentrations.
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Figure A3.4 - Donepezil

Donepezil y = 57.023x + 24.839
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Figure A3.4 — Standard curve fit of Donepezil calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of best
fit equation used to calculate projected concentrations.

Figure A3.5 — Amprenavir
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Figure A3.1 — Standard curve fit of Amprenavir calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of
best fit equation used to calculate projected concentrations.
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Figure A3.6 - Chlorpromazine
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o0 R2 = 0.9835

500 - e
400
300

200

Concentration (nM)

100

o
=
N
w

4 5 6 7 8 9
Response

Figure A3.6 — Standard curve fit of Chlorpromazine calibration values for drug transport study. Response
is shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of
best fit equation used to calculate projected concentrations.

Figure A3.7 - Thiopental
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Figure A3.7 — Standard curve fit of Thiopental calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of best
fit equation used to calculate projected concentrations.
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Figure A3.8 - Topiramate
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Figure A3.8 — Standard curve fit of Topiramate calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of best
fit equation used to calculate projected concentrations.

Figure A3.9 - Primidone
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Figure A3.9 — Standard curve fit of Primidone calibration values for drug transport study. Response is
shown on the X axis, sample concentration is shown on the Y axis. The graph shows the linear line of best
fit equation used to calculate projected concentrations.
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Appendix 4

Chromatography graphs for drug samples and internal standard from LC-MS/MS analysis.

Figure A4.1 - Haloperidol
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Figure A4.1 - Chromatograms produced for Haloperidol and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs retention
time (x axis, minutes). Retention time of Haloperidol was 0.40 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.2 - Carbamazepine
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Figure A4.2 - Chromatograms produced for Carbamazepine and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs

retention time (x axis, minutes). Retention time of Haloperidol was 0.45 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.3 - Loperamide
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Figure A4.3 - Chromatograms produced for Loperamide and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs retention
time (x axis, minutes). Retention time of Loperamide was 0.43 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.4 - Donepezil
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Figure A4.4 - Chromatograms produced for Donepezil and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs retention
time (x axis, minutes). Retention time of Haloperidol was 0.39 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.5 - Amprenavir
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Figure A4.5 - Chromatograms produced for Amprenavir and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs retention
time (x axis, minutes). Retention time of Amprenavir was 0.48 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.6 - Chlorpromazine
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Figure A4.6 - Chromatograms produced for Chlorpromazine and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs
retention time (x axis, minutes). Retention time of Haloperidol was 0.42 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.7 - Thiopental
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Figure A4.7 - Chromatograms produced for Thiopental and internal standard (Tolbutamide-D9) for drug transport studies. Percentage response is shown (y axis) vs retention
time (x axis, minutes). Retention time of Haloperidol was 0.47 minutes and Tolbutamide-D9 was 0.47 minutes.
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Figure A4.8 - Topiramate
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Figure A4.8 - Chromatogram produced for Topiramate for drug transport studies. Intensity is shown (y axis) vs retention time (x axis, minutes). Retention time of Topiramate
was 1.24 minutes.
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Figure A4.9 - Primidone
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Figure A4.9 - Chromatogram produced for Primidone for drug transport studies. Intensity is shown (y axis) vs retention time (x axis, minutes). Retention time of Topiramate was

1.17 minutes.
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Figure A4.10 - Levodopa
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Figure A4.10 - Chromatogram produced for Levodopa for drug transport studies. Intensity is shown (y axis) vs retention time (x axis, minutes). Retention time of Levodopa was

0.91 minutes. Data for Levodopa was deemed void due to low detection levels.
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Appendix 5

Additional data from LC-MS/MS analysis of drug transport studies.

Table A5.1 - Time Point 1 Replicate 1

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral basolateral | apical apical basolateral basolateral | well well (%)
start end start (nM) end (nM) start end start (hnmol) | end (hmol) | start end
(nM) (nM) (nmol) (nmol) (nmol) (nmol)

1 Haloperidol A-B 2183.0 1072.8 0.0 88.3 | 0.2 0.1 0.0 0.1 0.2 0.2 73.4
Haloperidol B-A 0.0 236.1 2183.0 24759 | 0.0 0.0 1.3 1.5 1.3 1.5 115.2
Carbamazepine A-B 2521.2 1496.0 0.0 494 | 0.3 0.1 0.0 0.0 0.3 0.2 71.1
Carbamazepine B-A 0.0 451.6 2521.2 1984.7 | 0.0 0.0 1.5 1.2 1.5 1.2 81.7
Loperamide A-B 6795.3 2550.5 0.0 150.3 | 0.7 0.3 0.0 0.1 0.7 0.3 50.8
Loperamide B-A 0.0 552.7 6795.3 5599.2 | 0.0 0.1 4.1 34 4.1 34 83.8
Donepezil A-B 5457.2 3662.9 0.0 157.9 | 0.5 0.4 0.0 0.1 0.5 0.5 84.5
Donepezil B-A 0.0 649.8 5457.2 5341.5 | 0.0 0.1 3.3 3.2 3.3 3.3 99.9
Amprenavir A-B 1348.0 979.6 0.0 28.5 | 0.1 0.1 0.0 0.0 0.1 0.1 85.4
Amprenavir B-A 0.0 139.1 1348.0 611.4 | 0.0 0.0 0.8 0.4 0.8 0.4 47.1
Chlorpromazine A-B 1108.6 182.5 0.0 135 ] 0.1 0.0 0.0 0.0 0.1 0.0 23.7
Chlorpromazine B-A 0.0 98.1 1108.6 347.6 | 0.0 0.0 0.7 0.2 0.7 0.2 32.8
Thiopental A-B 1074.0 916.3 0.0 63.0 | 0.1 0.1 0.0 0.0 0.1 0.1 120.5
Thiopental B-A 0.0 254.6 1074.0 880.3 | 0.0 0.0 0.6 0.5 0.6 0.6 85.9
Topiramate A-B 1565.9 1309.0 0.0 34.2 | 0.2 0.1 0.0 0.0 0.2 0.2 96.7
Topiramate B-A 0.0 207.7 1565.9 1507.9 | 0.0 0.0 0.9 0.9 0.9 0.9 98.5
Primidone A-B 2581.6 2030.0 0.0 40.1 | 0.3 0.2 0.0 0.0 0.3 0.2 87.9
Primidone B-A 0.0 381.4 2581.6 2697.3 | 0.0 0.0 1.5 1.6 1.5 1.7 106.9
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Table A5.2 - Time Point 1 Replicate 2

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start end start (nM) end (nM) start end start (hmol) | end (nmol) start end
(nM) (nM) (nmol) (nmol) (nmol) (nmol)

Haloperidol A-B 2183.0 | 1077.3 0.0 97.2 0.2 0.1 0.0 0.1 0.2 0.2 76.1
Haloperidol B-A 0.0 2394 2183.0 1751.7 | 0.0 0.0 13 1.1 13 1.1 82.1
Carbamazepine A-B 2521.2 | 1420.2 0.0 93.5]0.3 0.1 0.0 0.1 0.3 0.2 78.6
Carbamazepine B-A 0.0 448.8 2521.2 2103.6 | 0.0 0.0 1.5 13 15 1.3 86.4
Loperamide A-B 6795.3 | 3296.3 0.0 161.4 | 0.7 0.3 0.0 0.1 0.7 0.4 62.8
Loperamide B-A 0.0 356.0 6795.3 5315.4 | 0.0 0.0 4.1 3.2 4.1 3.2 79.1
Donepezil A-B 5457.2 | 3526.6 0.0 170.8 | 0.5 0.4 0.0 0.1 0.5 0.5 83.4
Donepezil B-A 0.0 773.0 5457.2 3912.2 | 0.0 0.1 3.3 2.3 3.3 2.4 74.1
5 Amprenavir A-B 1348.0 846.6 0.0 2891 0.1 0.1 0.0 0.0 0.1 0.1 75.7
Amprenavir B-A 0.0 127.7 1348.0 1165.9 | 0.0 0.0 0.8 0.7 0.8 0.7 88.1
Chlorpromazine A-B | 1108.6 99.0 0.0 10.3 | 0.1 0.0 0.0 0.0 0.1 0.0 14.5
Chlorpromazine B-A 0.0 19.3 1108.6 341.7 | 0.0 0.0 0.7 0.2 0.7 0.2 31.1
Thiopental A-B 1074.0 881.7 0.0 63.0| 0.1 0.1 0.0 0.0 0.1 0.1 117.3
Thiopental B-A 0.0 221.4 1074.0 955.8 | 0.0 0.0 0.6 0.6 0.6 0.6 92.4
Topiramate A-B 1565.9 | 12345 0.0 32.110.2 0.1 0.0 0.0 0.2 0.1 91.1
Topiramate B-A 0.0 172.9 1565.9 1756.5 | 0.0 0.0 0.9 11 0.9 1.1 114.0
Primidone A-B 2581.6 | 2239.1 0.0 49.6 | 0.3 0.2 0.0 0.0 0.3 0.3 98.3
Primidone B-A 0.0 286.7 2581.6 2225.7 | 0.0 0.0 1.5 13 1.5 14 88.1
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Table A5.3 - Time Point 1 Replicate 3

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start end start (nM) end (nM) start end start (hmol) | end (nmol) start end
(nM) (nM) (nmol) (nmol) (nmol) (nmol)

Haloperidol A-B 2183.0 | 1010.7 0.0 87.7 1 0.2 0.1 0.0 0.1 0.2 0.2 70.4
Haloperidol B-A 0.0 156.7 2183.0 1679.1 | 0.0 0.0 13 1.0 13 1.0 78.1
Carbamazepine A-B 2521.2 | 1280.2 0.0 205 (0.3 0.1 0.0 0.0 0.3 0.1 55.7
Carbamazepine B-A 0.0 449.3 2521.2 2332.1 | 0.0 0.0 1.5 1.4 15 1.4 95.5
Loperamide A-B 6795.3 | 1914.2 0.0 106.5 | 0.7 0.2 0.0 0.1 0.7 0.3 37.6
Loperamide B-A 0.0 231.1 6795.3 2431.3 | 0.0 0.0 4.1 15 4.1 15 36.3
Donepezil A-B 5457.2 | 2513.0 0.0 127.1 0.5 0.3 0.0 0.1 0.5 0.3 60.0
Donepezil B-A 0.0 368.9 5457.2 3351.7 | 0.0 0.0 3.3 2.0 3.3 2.0 62.5
Amprenavir A-B 1348.0 | 1119.5 0.0 882.7 | 0.1 0.1 0.0 0.5 0.1 0.6 475.9
3 Amprenavir B-A 0.0 88.5 1348.0 11725 | 0.0 0.0 0.8 0.7 0.8 0.7 88.1
Chlorpromazine A-B 1108.6 64.7 0.0 75101 0.0 0.0 0.0 0.1 0.0 9.9
Chlorpromazine B-A 0.0 13.6 1108.6 171.0 | 0.0 0.0 0.7 0.1 0.7 0.1 15.6
Thiopental A-B 1074.0 987.9 0.0 94.5] 0.1 0.1 0.0 0.1 0.1 0.2 144.8
Thiopental B-A 0.0 128.4 1074.0 1043.4 | 0.0 0.0 0.6 0.6 0.6 0.6 99.1
Topiramate A-B 1565.9 | 1416.8 0.0 29.9 | 0.2 0.1 0.0 0.0 0.2 0.2 101.9
Topiramate B-A 0.0 125.7 1565.9 1623.9 | 0.0 0.0 0.9 1.0 0.9 1.0 105.0
Primidone A-B 2581.6 | 1887.7 0.0 33.7 0.3 0.2 0.0 0.0 0.3 0.2 80.9
Primidone B-A 0.0 279.6 2581.6 35469 | 0.0 0.0 1.5 2.1 1.5 2.2 139.2
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Table A5.4 - Time Point 2 Replicate 1

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start(nM) | end(nM) start (nM) end (nM) start end start (hmol) | end (nmol) | start end

(nmol) (nmol) (nmol) (nmol)
Haloperidol A-B 2183.0 775.5 0.0 108.8 | 0.2 0.1 0.0 0.1 0.2 0.1 65.4
Haloperidol B-A 0.0 535.2 2183.0 1802.2 | 0.0 0.1 13 1.1 1.3 1.1 86.6
Carbamazepine A-B 2521.2 1402.2 0.0 144.3 | 0.3 0.1 0.0 0.1 0.3 0.2 89.9
Carbamazepine B-A 0.0 811.8 2521.2 2167.7 | 0.0 0.1 1.5 13 1.5 1.4 91.3
Loperamide A-B 6795.3 2530.3 0.0 199.5 | 0.7 0.3 0.0 0.1 0.7 04 54.9
Loperamide B-A 0.0 985.5 6795.3 4959.7 | 0.0 0.1 4.1 3.0 4.1 3.1 75.4
Donepezil A-B 5457.2 33335 0.0 287.8 | 0.5 0.3 0.0 0.2 0.5 0.5 92.7
Donepezil B-A 0.0 1680.7 5457.2 5118.6 | 0.0 0.2 3.3 3.1 3.3 3.2 98.9
1 Amprenavir A-B 1348.0 917.0 0.0 40.6 | 0.1 0.1 0.0 0.0 0.1 0.1 86.1
Amprenavir B-A 0.0 176.6 1348.0 985.5 | 0.0 0.0 0.8 0.6 0.8 0.6 75.3
Chlorpromazine A-B 1108.6 114.0 0.0 12.5| 0.1 0.0 0.0 0.0 0.1 0.0 17.0
Chlorpromazine B-A 0.0 95.4 1108.6 4249 | 0.0 0.0 0.7 0.3 0.7 0.3 39.8
Thiopental A-B 1074.0 731.6 0.0 945 | 0.1 0.1 0.0 0.1 0.1 0.1 120.9
Thiopental B-A 0.0 375.3 1074.0 1042.6 | 0.0 0.0 0.6 0.6 0.6 0.7 102.9
Topiramate A-B 1565.9 1267.6 0.0 63.9| 0.2 0.1 0.0 0.0 0.2 0.2 105.4
Topiramate B-A 0.0 347.8 1565.9 1615.6 | 0.0 0.0 0.9 1.0 0.9 1.0 106.9
Primidone A-B 2581.6 1696.4 0.0 130.5| 0.3 0.2 0.0 0.1 0.3 0.2 96.0
Primidone B-A 0.0 615.4 2581.6 2359.2 | 0.0 0.1 1.5 1.4 1.5 1.5 95.4

230



Table A5.5 - Time Point 2 Replicate 2

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start(nM) | end(nM) start (nM) end (nM) start end start (hmol) | end (nmol) | start end

(nmol) (nmol) (nmol) (nmol)
Haloperidol A-B 2183.0 807.6 0.0 107.7 | 0.2 0.1 0.0 0.1 0.2 0.1 66.6
Haloperidol B-A 0.0 581.9 2183.0 1648.8 | 0.0 0.1 13 1.0 1.3 1.0 80.0
Carbamazepine A-B 2521.2 1469.7 0.0 167.0| 0.3 0.1 0.0 0.1 0.3 0.2 98.0
Carbamazepine B-A 0.0 812.8 2521.2 2070.5 | 0.0 0.1 1.5 1.2 1.5 1.3 87.5
Loperamide A-B 6795.3 2680.4 0.0 216.2 | 0.7 0.3 0.0 0.1 0.7 04 58.5
Loperamide B-A 0.0 821.1 6795.3 4571.6 | 0.0 0.1 4.1 2.7 4.1 2.8 69.3
Donepezil A-B 5457.2 2968.3 0.0 281.6 | 0.5 0.3 0.0 0.2 0.5 0.5 85.4
Donepezil B-A 0.0 1287.2 5457.2 4752.5 | 0.0 0.1 3.3 2.9 3.3 3.0 91.0
5 Amprenavir A-B 1348.0 912.1 0.0 99.1| 0.1 0.1 0.0 0.1 0.1 0.2 111.8
Amprenavir B-A 0.0 195.2 1348.0 1169.6 | 0.0 0.0 0.8 0.7 0.8 0.7 89.2
Chlorpromazine A-B 1108.6 85.4 0.0 233 | 0.1 0.0 0.0 0.0 0.1 0.0 20.3
Chlorpromazine B-A 0.0 39.2 1108.6 352.4 | 0.0 0.0 0.7 0.2 0.7 0.2 324
Thiopental A-B 1074.0 776.7 0.0 102.0| 0.1 0.1 0.0 0.1 0.1 0.1 129.3
Thiopental B-A 0.0 349.9 1074.0 1041.0 | 0.0 0.0 0.6 0.6 0.6 0.7 102.4
Topiramate A-B 1565.9 1217.9 0.0 85.9| 0.2 0.1 0.0 0.1 0.2 0.2 110.7
Topiramate B-A 0.0 408.3 1565.9 1574.2 | 0.0 0.0 0.9 0.9 0.9 1.0 104.9
Primidone A-B 2581.6 1749.8 0.0 96.7 | 0.3 0.2 0.0 0.1 0.3 0.2 90.3
Primidone B-A 0.0 513.1 2581.6 2354.7 | 0.0 0.1 1.5 1.4 1.5 1.5 94.5

231



Table A5.6 - Time Point 2 Replicate 3

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start(nM) | end(nM) start (nM) end (nM) start end start (hmol) | end (nmol) | start end

(nmol) (nmol) (nmol) (nmol)
Haloperidol A-B 2183.0 792.0 0.0 89.3 0.2 0.1 0.0 0.1 0.2 0.1 60.8
Haloperidol B-A 0.0 312.5 2183.0 1429.1 | 0.0 0.0 13 0.9 1.3 0.9 67.9
Carbamazepine A-B 2521.2 1357.0 0.0 95.7 0.3 0.1 0.0 0.1 0.3 0.2 76.6
Carbamazepine B-A 0.0 849.0 2521.2 2099.3 | 0.0 0.1 1.5 13 1.5 1.3 88.9
Loperamide A-B 6795.3 1499.8 0.0 137.2 | 0.7 0.1 0.0 0.1 0.7 0.2 34.2
Loperamide B-A 0.0 341.4 6795.3 2244.4 | 0.0 0.0 4.1 13 4.1 1.4 33.9
Donepezil A-B 5457.2 2532.0 0.0 165.4 | 0.5 0.3 0.0 0.1 0.5 0.4 64.6
Donepezil B-A 0.0 783.5 5457.2 3685.8 | 0.0 0.1 3.3 2.2 3.3 2.3 69.9
Amprenavir A-B 1348.0 909.2 0.0 71.1| 0.1 0.1 0.0 0.0 0.1 0.1 99.1
3 Amprenavir B-A 0.0 186.1 1348.0 1110.5 | 0.0 0.0 0.8 0.7 0.8 0.7 84.7
Chlorpromazine A-B 1108.6 41.5 0.0 5.5|0.1 0.0 0.0 0.0 0.1 0.0 6.7
Chlorpromazine B-A 0.0 7.7 1108.6 90.4 | 0.0 0.0 0.7 0.1 0.7 0.1 8.3
Thiopental A-B 1074.0 877.8 0.0 90.8 | 0.1 0.1 0.0 0.1 0.1 0.1 132.5
Thiopental B-A 0.0 305.8 1074.0 1066.3 | 0.0 0.0 0.6 0.6 0.6 0.7 104.0
Topiramate A-B 1565.9 1251.0 0.0 72.0| 0.2 0.1 0.0 0.0 0.2 0.2 107.5
Topiramate B-A 0.0 265.7 1565.9 1516.2 | 0.0 0.0 0.9 0.9 0.9 0.9 99.7
Primidone A-B 2581.6 2038.9 0.0 1359 | 0.3 0.2 0.0 0.1 0.3 0.3 110.6
Primidone B-A 0.0 566.5 2581.6 3217.7 | 0.0 0.1 1.5 1.9 1.5 2.0 128.3
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Table A5.7 - Time Point 3 Replicate 1

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start(nM) | end(nM) start (nM) end (nM) start end start (hmol) | end (nmol) | start end

(nmol) (nmol) (nmol) (nmol)
Haloperidol A-B 2183.0 639.1 0.0 146.1 | 0.2 0.1 0.0 0.1 0.2 0.2 69.4
Haloperidol B-A 0.0 914.8 2183.0 1937.3 | 0.0 0.1 13 1.2 1.3 1.3 95.7
Carbamazepine A-B 2521.2 750.4 0.0 193.7| 0.3 0.1 0.0 0.1 0.3 0.2 75.9
Carbamazepine B-A 0.0 1257.2 2521.2 1906.3 | 0.0 0.1 15 11 1.5 1.3 83.9
Loperamide A-B 6795.3 1483.9 0.0 256.9 | 0.7 0.1 0.0 0.2 0.7 0.3 44.5
Loperamide B-A 0.0 1690.2 6795.3 4540.9 | 0.0 0.2 4.1 2.7 4.1 2.9 71.0
Donepezil A-B 5457.2 2684.8 0.0 437.1 | 0.5 0.3 0.0 0.3 0.5 0.5 97.3
Donepezil B-A 0.0 3156.1 5457.2 5043.4 | 0.0 0.3 3.3 3.0 3.3 3.3 102.1
1 Amprenavir A-B 1348.0 779.7 0.0 70.2 | 0.1 0.1 0.0 0.0 0.1 0.1 89.1
Amprenavir B-A 0.0 440.9 1348.0 976.9 | 0.0 0.0 0.8 0.6 0.8 0.6 77.9
Chlorpromazine A-B 1108.6 60.8 0.0 13.6 | 0.1 0.0 0.0 0.0 0.1 0.0 12.9
Chlorpromazine B-A 0.0 243.6 1108.6 271.1 ] 0.0 0.0 0.7 0.2 0.7 0.2 28.1
Thiopental A-B 1074.0 637.5 0.0 129.9| 0.1 0.1 0.0 0.1 0.1 0.1 131.9
Thiopental B-A 0.0 631.0 1074.0 991.6 | 0.0 0.1 0.6 0.6 0.6 0.7 102.1
Topiramate A-B 1565.9 994.1 0.0 100.8 | 0.2 0.1 0.0 0.1 0.2 0.2 102.1
Topiramate B-A 0.0 660.2 1565.9 15245 | 0.0 0.1 0.9 0.9 0.9 1.0 104.4
Primidone A-B 2581.6 1358.3 0.0 118.5| 0.3 0.1 0.0 0.1 0.3 0.2 80.2
Primidone B-A 0.0 1180.4 2581.6 2568.3 | 0.0 0.1 1.5 15 1.5 1.7 107.1
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Table A5.8 - Time Point 3 Replicate 2

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start(nM) | end(nM) start (nM) end (nM) start end start (hmol) | end (nmol) | start end

(nmol) (nmol) (nmol) (nmol)
Haloperidol A-B 2183.0 606.7 0.0 1446 | 0.2 0.1 0.0 0.1 0.2 0.1 67.5
Haloperidol B-A 0.0 792.0 2183.0 1693.1 | 0.0 0.1 13 1.0 1.3 1.1 83.6
Carbamazepine A-B 2521.2 1025.6 0.0 221.3 | 0.3 0.1 0.0 0.1 0.3 0.2 93.3
Carbamazepine B-A 0.0 1129.5 2521.2 2080.6 | 0.0 0.1 1.5 1.2 1.5 1.4 90.0
Loperamide A-B 6795.3 1846.3 0.0 213.6 | 0.7 0.2 0.0 0.1 0.7 0.3 46.0
Loperamide B-A 0.0 1273.5 6795.3 5495.3 | 0.0 0.1 4.1 3.3 4.1 34 84.0
Donepezil A-B 5457.2 2389.5 0.0 363.3| 0.5 0.2 0.0 0.2 0.5 0.5 83.7
Donepezil B-A 0.0 2427.9 5457.2 44179 | 0.0 0.2 3.3 2.7 3.3 2.9 88.4
5 Amprenavir A-B 1348.0 812.0 0.0 68.9| 0.1 0.1 0.0 0.0 0.1 0.1 90.9
Amprenavir B-A 0.0 453.2 1348.0 1209.1 | 0.0 0.0 0.8 0.7 0.8 0.8 95.3
Chlorpromazine A-B 1108.6 57.5 0.0 9.0|0.1 0.0 0.0 0.0 0.1 0.0 10.1
Chlorpromazine B-A 0.0 112.4 1108.6 223.5] 0.0 0.0 0.7 0.1 0.7 0.1 21.8
Thiopental A-B 1074.0 553.1 0.0 130.9| 0.1 0.1 0.0 0.1 0.1 0.1 124.6
Thiopental B-A 0.0 520.3 1074.0 983.1 | 0.0 0.1 0.6 0.6 0.6 0.6 99.6
Topiramate A-B 1565.9 1002.4 0.0 109.1| 0.2 0.1 0.0 0.1 0.2 0.2 105.8
Topiramate B-A 0.0 504.4 1565.9 1458.2 | 0.0 0.1 0.9 0.9 0.9 0.9 98.5
Primidone A-B 2581.6 1496.2 0.0 166.1 | 0.3 0.1 0.0 0.1 0.3 0.2 96.6
Primidone B-A 0.0 1207.0 2581.6 3191.0 | 0.0 0.1 1.5 1.9 1.5 2.0 131.4
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Table A5.9 - Time Point 3 Replicate 3

Replicate | Compound (spiking) Conc conc Conc Conc amount amount amount amount Total in Total in Recovery
apical apical basolateral | basolateral | apical apical basolateral | basolateral | well well (%)
start(nM) | end(nM) start (nM) end (nM) start end start (hmol) | end (nmol) | start end

(nmol) (nmol) (nmol) (nmol)
Haloperidol A-B 2183.0 602.4 0.0 121.3| 0.2 0.1 0.0 0.1 0.2 0.1 60.9
Haloperidol B-A 0.0 646.7 2183.0 1401.1 | 0.0 0.1 13 0.8 1.3 0.9 69.1
Carbamazepine A-B 2521.2 920.3 0.0 247.8 | 0.3 0.1 0.0 0.1 0.3 0.2 95.5
Carbamazepine B-A 0.0 1407.6 2521.2 2136.5 | 0.0 0.1 1.5 13 1.5 1.4 94.0
Loperamide A-B 6795.3 1085.6 0.0 160.4 | 0.7 0.1 0.0 0.1 0.7 0.2 30.1
Loperamide B-A 0.0 842.9 6795.3 2825.1 | 0.0 0.1 4.1 1.7 4.1 1.8 43.6
Donepezil A-B 5457.2 1902.8 0.0 250.0| 0.5 0.2 0.0 0.1 0.5 0.3 62.4
Donepezil B-A 0.0 21715 5457.2 4016.6 | 0.0 0.2 3.3 24 3.3 2.6 80.2
Amprenavir A-B 1348.0 882.7 0.0 67.8 | 0.1 0.1 0.0 0.0 0.1 0.1 95.6
3 Amprenavir B-A 0.0 452.0 1348.0 1350.0 | 0.0 0.0 0.8 0.8 0.8 0.9 105.7
Chlorpromazine A-B 1108.6 41.4 0.0 9.1|0.1 0.0 0.0 0.0 0.1 0.0 8.7
Chlorpromazine B-A 0.0 44.9 1108.6 276.6 | 0.0 0.0 0.7 0.2 0.7 0.2 25.6
Thiopental A-B 1074.0 675.9 0.0 1334 0.1 0.1 0.0 0.1 0.1 0.1 137.5
Thiopental B-A 0.0 415.0 1074.0 852.6 | 0.0 0.0 0.6 0.5 0.6 0.6 85.8
Topiramate A-B 1565.9 1151.6 0.0 85.1| 0.2 0.1 0.0 0.1 0.2 0.2 106.1
Topiramate B-A 0.0 485.3 1565.9 1541.1 | 0.0 0.0 0.9 0.9 0.9 1.0 103.6
Primidone A-B 2581.6 1852.1 0.0 163.5| 0.3 0.2 0.0 0.1 0.3 0.3 109.7
Primidone B-A 0.0 900.1 2581.6 23236 | 0.0 0.1 1.5 1.4 1.5 1.5 95.8
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Table A5.10 - Time Point 1 Replicate 1

Replicate | Substrate initial Changein | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uUM) | (uM) (B-A/A-B)

Haloperidol A-B 2.2 1800.0 0.3 1.1 1.1 4.09E-05 0.1 0.6 228.9 7.03E-05 0.2
Haloperidol B-A 2.2 1800.0 0.3 2.5 -0.3 1.82E-05 0.4 0.6 0.1 | 2155.9 1.67E-05
Carbamazepine A-B 2.5 1800.0 0.3 1.5 1.0 1.98E-05 0.1 0.6 256.1 3.09E-05 14
Carbamazepine B-A 2.5 1800.0 0.3 2.0 0.5 3.02E-05 15 0.6 0.1 | 1765.7 4.26E-05
Loperamide A-B 6.8 1800.0 0.3 2.6 4.2 2.23E-05 0.1 0.6 493.2 5.25E-05 0.3
Loperamide B-A 6.8 1800.0 0.3 5.6 1.2 1.37E-05 0.6 0.6 0.1 | 4878.3 1.74E-05
Donepezil A-B 5.5 1800.0 0.3 3.7 1.8 2.92E-05 0.1 0.6 658.6 3.95E-05 0.5
Donepezil B-A 5.5 1800.0 0.3 53 0.1 2.00E-05 0.7 0.6 0.1 | 4671.3 2.16E-05

1 Amprenavir A-B 1.3 1800.0 0.3 1.0 0.4 2.14E-05 0.1 0.6 164.4 2.75E-05 1.6
Amprenavir B-A 1.3 1800.0 0.3 0.6 0.7 1.74E-05 0.8 0.6 0.1 543.9 4.26E-05
Chlorpromazine A-B 1.1 1800.0 0.3 0.2 0.9 1.23E-05 0.1 0.6 37.6 6.39E-05 0.9
Chlorpromazine B-A 1.1 1800.0 0.3 0.3 0.8 1.49E-05 1.2 0.6 0.1 311.9 5.45E-05
Thiopental A-B 1.1 1800.0 0.3 0.9 0.2 5.93E-05 0.1 0.6 184.9 6.01E-05 0.9
Thiopental B-A 1.1 1800.0 0.3 0.9 0.2 3.99E-05 0.7 0.6 0.1 791.0 5.6E-05
Topiramate A-B 1.6 1800.0 0.3 1.3 0.3 2.21E-05 0.1 0.6 216.3 2.48E-05 1.0
Topiramate B-A 1.6 1800.0 0.3 1.5 0.1 2.23E-05 1.0 0.6 0.1 | 1322.2 2.47E-05
Primidone A-B 2.6 1800.0 0.3 2.0 0.6 1.57E-05 0.1 0.6 3243 1.9E-05 1.3
Primidone B-A 2.6 1800.0 0.3 2.7 -0.1 2.49E-05 1.6 0.6 0.1 | 2366.4 2.54E-05
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Table A5.11 - Time Point 1 Replicate 2

Replicate | Substrate initial Changein | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uUM) | (LM) (B-A/A-B)

Haloperidol A-B 2.2 1800.0 0.3 1.1 1.1 4.50E-05 0.1 0.6 237.2 7.61E-05 0.3
Haloperidol B-A 2.2 1800.0 0.3 1.8 0.4 1.85E-05 0.4 0.6 0.1 1535.6 2.45E-05
Carbamazepine A-B 2.5 1800.0 0.3 1.4 1.1 3.75E-05 0.1 0.6 283.1 5.79E-05 0.7
Carbamazepine B-A 2.5 1800.0 0.3 2.1 0.4 3.00E-05 0.8 0.6 0.1 | 1867.2 3.97E-05
Loperamide A-B 6.8 1800.0 0.3 3.3 3.5 2.40E-05 0.1 0.6 609.2 4.44E-05 0.3
Loperamide B-A 6.8 1800.0 0.3 53 1.5 8.82E-06 0.4 0.6 0.1 | 4606.9 1.16E-05
Donepezil A-B 5.5 1800.0 0.3 3.5 1.9 3.16E-05 0.1 0.6 650.2 4.4E-05 0.8
Donepezil B-A 5.5 1800.0 0.3 3.9 15 2.38E-05 0.8 0.6 0.1 | 3463.8 3.64E-05

5 Amprenavir A-B 13 1800.0 0.3 0.8 0.5 2.17E-05 0.1 0.6 145.8 3.19E-05 0.6
Amprenavir B-A 13 1800.0 0.3 1.2 0.2 1.60E-05 0.7 0.6 0.1 1017.6 1.94E-05
Chlorpromazine A-B 11 1800.0 0.3 0.1 1.0 9.37E-06 0.1 0.6 23.0 8.57E-05 0.1
Chlorpromazine B-A 11 1800.0 0.3 0.3 0.8 2.93E-06 0.3 0.6 0.1 295.7 9.75E-06
Thiopental A-B 11 1800.0 0.3 0.9 0.2 5.93E-05 0.1 0.6 180.0 6.22E-05 0.7
Thiopental B-A 11 1800.0 0.3 1.0 0.1 3.47E-05 0.6 0.6 0.1 850.9 4.35E-05
Topiramate A-B 1.6 1800.0 0.3 1.2 0.3 2.07E-05 0.1 0.6 203.8 2.47E-05 0.7
Topiramate B-A 1.6 1800.0 0.3 1.8 -0.2 1.86E-05 0.9 0.6 0.1 | 1530.3 1.73E-05
Primidone A-B 2.6 1800.0 0.3 2.2 0.3 1.94E-05 0.1 0.6 362.4 2.12E-05 1.1
Primidone B-A 2.6 1800.0 0.3 2.2 0.4 1.87E-05 1.0 0.6 0.1 | 1948.7 2.3E-05

237




Table A5.12 - Time Point 1 Replicate 3

Replicate | Substrate initial Changein | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uUM) | (LM) (B-A/A-B)

Haloperidol A-B 2.2 1800.0 0.3 1.0 1.2 4.06E-05 0.1 0.6 219.5 7.36E-05 0.2
Haloperidol B-A 2.2 1800.0 0.3 1.7 0.5 1.21E-05 0.3 0.6 0.1 1461.6 1.64E-05
Carbamazepine A-B 2.5 1800.0 0.3 1.3 1.2 8.23E-06 0.1 0.6 200.5 1.56E-05 2.3
Carbamazepine B-A 2.5 1800.0 0.3 2.3 0.2 3.00E-05 3.6 0.6 0.1 | 2063.1 3.54E-05
Loperamide A-B 6.8 1800.0 0.3 1.9 4.9 1.58E-05 0.1 0.6 364.8 4.98E-05 0.3
Loperamide B-A 6.8 1800.0 0.3 2.4 4.4 5.72E-06 0.4 0.6 0.1 | 2117.0 1.67E-05
Donepezil A-B 5.5 1800.0 0.3 2.5 2.9 2.35E-05 0.1 0.6 467.9 4.57E-05 0.4
Donepezil B-A 5.5 1800.0 0.3 3.4 2.1 1.14E-05 0.5 0.6 0.1 | 2925.6 1.94E-05

3 Amprenavir A-B 13 1800.0 0.3 1.1 0.2 6.61E-04 0.1 0.6 916.5 0.000476 0.0
Amprenavir B-A 13 1800.0 0.3 1.2 0.2 1.11E-05 0.0 0.6 0.1 1017.6 1.31E-05
Chlorpromazine A-B 11 1800.0 0.3 0.1 1.0 6.84E-06 0.1 0.6 15.7 9.41E-05 0.1
Chlorpromazine B-A 11 1800.0 0.3 0.2 0.9 2.06E-06 0.3 0.6 0.1 148.5 1.38E-05
Thiopental A-B 11 1800.0 0.3 1.0 0.1 8.89E-05 0.1 0.6 222.2 8E-05 0.3
Thiopental B-A 11 1800.0 0.3 1.0 0.0 2.01E-05 0.2 0.6 0.1 912.7 2.19E-05
Topiramate A-B 1.6 1800.0 0.3 1.4 0.1 1.93E-05 0.1 0.6 228.0 2.03E-05 0.7
Topiramate B-A 1.6 1800.0 0.3 1.6 -0.1 1.35E-05 0.7 0.6 0.1 | 1409.9 1.35E-05
Primidone A-B 2.6 1800.0 0.3 1.9 0.7 1.32E-05 0.1 0.6 298.5 1.73E-05 0.8
Primidone B-A 2.6 1800.0 0.3 3.5 -1.0 1.82E-05 14 0.6 0.1 | 3080.1 1.37E-05
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Table A5.13 - Time Point 2 Replicate 1

Replicate | Substrate initial Changein | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uUM) | (LM) (B-A/A-B)

Haloperidol A-B 2.2 3600.0 0.3 0.8 14 2.5E-05 0.1 0.6 204.1 5.50E-05 0.5
Haloperidol B-A 2.2 3600.0 0.3 1.8 0.4 2.1E-05 0.8 0.6 0.1 1621.2 2.89E-05
Carbamazepine A-B 2.5 3600.0 0.3 1.4 1.1 2.9E-05 0.1 0.6 324.0 4.25E-05 0.9
Carbamazepine B-A 2.5 3600.0 0.3 2.2 0.4 2.7E-05 0.9 0.6 0.1 1974.0 3.82E-05
Loperamide A-B 6.8 3600.0 0.3 2.5 4.3 1.5E-05 0.1 0.6 5325 3.39E-05 0.5
Loperamide B-A 6.8 3600.0 0.3 5.0 1.8 1.2E-05 0.8 0.6 0.1 | 43919 1.83E-05
Donepezil A-B 5.5 3600.0 0.3 3.3 2.1 2.7E-05 0.1 0.6 722.9 3.66E-05 0.9
Donepezil B-A 5.5 3600.0 0.3 5.1 0.3 2.6E-05 1.0 0.6 0.1 | 4627.5 3.26E-05

1 Amprenavir A-B 13 3600.0 0.3 0.9 0.4 1.5E-05 0.1 0.6 165.8 2.03E-05 0.8
Amprenavir B-A 13 3600.0 0.3 1.0 0.4 1.1E-05 0.7 0.6 0.1 869.9 1.64E-05
Chlorpromazine A-B 11 3600.0 0.3 0.1 1.0 5.7E-06 0.1 0.6 27.0 4.49E-05 0.5
Chlorpromazine B-A 11 3600.0 0.3 0.4 0.7 7.2E-06 13 0.6 0.1 377.8 2.10E-05
Thiopental A-B 11 3600.0 0.3 0.7 0.3 4.4E-05 0.1 0.6 185.5 5.14E-05 0.7
Thiopental B-A 11 3600.0 0.3 1.0 0.0 2.9E-05 0.7 0.6 0.1 947.2 3.64E-05
Topiramate A-B 1.6 3600.0 0.3 1.3 0.3 2.1E-05 0.1 0.6 235.8 2.28E-05 0.9
Topiramate B-A 1.6 3600.0 0.3 1.6 0.0 1.9E-05 0.9 0.6 0.1 | 14345 2.00E-05
Primidone A-B 2.6 3600.0 0.3 1.7 0.9 2.6E-05 0.1 0.6 354.2 3.32E-05 0.8
Primidone B-A 2.6 3600.0 0.3 2.4 0.2 2.0E-05 0.8 0.6 0.1 | 2110.1 2.49E-05
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Table A5.14 - Time Point 2 Replicate 2

Replicate | Substrate initial Changein | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uUM) | (LM) (B-A/A-B)

Haloperidol A-B 2.2 3600.0 0.3 0.8 1.4 2.5E-05 0.1 0.6 207.6 5.27E-05 0.7
Haloperidol B-A 2.2 3600.0 0.3 1.6 0.5 2.2E-05 0.9 0.6 0.1 1496.4 3.55E-05
Carbamazepine A-B 2.5 3600.0 0.3 1.5 11 3.3E-05 0.1 0.6 353.1 4.62E-05 0.9
Carbamazepine B-A 2.5 3600.0 0.3 2.1 0.5 2.7E-05 0.8 0.6 0.1 | 1890.9 4.05E-05
Loperamide A-B 6.8 3600.0 0.3 2.7 4.1 1.6E-05 0.1 0.6 568.3 3.46E-05 0.5
Loperamide B-A 6.8 3600.0 0.3 4.6 2.2 1.0E-05 0.6 0.6 0.1 | 4035.8 1.64E-05
Donepezil A-B 5.5 3600.0 0.3 3.0 2.5 2.6E-05 0.1 0.6 665.4 3.97E-05 0.7
Donepezil B-A 5.5 3600.0 0.3 4.8 0.7 2.0E-05 0.8 0.6 0.1 | 42575 2.6E-05

5 Amprenavir A-B 13 3600.0 0.3 0.9 0.4 3.7E-05 0.1 0.6 215.2 4.45E-05 0.3
Amprenavir B-A 13 3600.0 0.3 1.2 0.2 1.2E-05 0.3 0.6 0.1 1030.4 1.52E-05
Chlorpromazine A-B 11 3600.0 0.3 0.1 1.0 1.1E-05 0.1 0.6 32.2 9.3E-05 0.1
Chlorpromazine B-A 11 3600.0 0.3 0.4 0.8 3.0E-06 0.3 0.6 0.1 307.7 9.82E-06
Thiopental A-B 11 3600.0 0.3 0.8 0.3 4.8E-05 0.1 0.6 198.3 5.21E-05 0.6
Thiopental B-A 11 3600.0 0.3 1.0 0.0 2.7E-05 0.6 0.6 0.1 942.3 3.35E-05
Topiramate A-B 1.6 3600.0 0.3 1.2 0.3 2.8E-05 0.1 0.6 247.6 3.07E-05 0.8
Topiramate B-A 1.6 3600.0 0.3 1.6 0.0 2.2E-05 0.8 0.6 0.1 | 1407.7 2.47E-05
Primidone A-B 2.6 3600.0 0.3 1.7 0.8 1.9E-05 0.1 0.6 3329 2.48E-05 0.8
Primidone B-A 2.6 3600.0 0.3 2.4 0.2 1.7E-05 0.9 0.6 0.1 | 2091.6 2.03E-05
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Table A5.15 - Time Point 2 Replicate 3

Replicate | Substrate initial Changein | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uUM) | (LM) (B-A/A-B)

Haloperidol A-B 2.2 3600.0 0.3 0.8 1.4 2.1E-05 0.1 0.6 189.7 4.59E-05 0.4
Haloperidol B-A 2.2 3600.0 0.3 1.4 0.8 1.2E-05 0.6 0.6 0.1 1269.6 2.04E-05
Carbamazepine A-B 2.5 3600.0 0.3 1.4 1.2 1.9E-05 0.1 0.6 275.9 3.07E-05 14
Carbamazepine B-A 2.5 3600.0 0.3 2.1 0.4 2.8E-05 15 0.6 0.1 1920.6 4.21E-05
Loperamide A-B 6.8 3600.0 0.3 1.5 5.3 1.0E-05 0.1 0.6 331.8 3.85E-05 0.4
Loperamide B-A 6.8 3600.0 0.3 2.2 4.6 4.2E-06 0.4 0.6 0.1 1972.6 1.37E-05
Donepezil A-B 5.5 3600.0 0.3 2.5 2.9 1.5E-05 0.1 0.6 503.5 2.87E-05 0.7
Donepezil B-A 5.5 3600.0 0.3 3.7 1.8 1.2E-05 0.8 0.6 0.1 | 3271.2 1.98E-05

3 Amprenavir A-B 13 3600.0 0.3 0.9 0.4 2.7E-05 0.1 0.6 190.8 3.36E-05 0.5
Amprenavir B-A 13 3600.0 0.3 1.1 0.2 1.2E-05 0.4 0.6 0.1 978.5 1.52E-05
Chlorpromazine A-B 11 3600.0 0.3 0.0 11 2.5E-06 0.1 0.6 10.6 5.23E-05 0.1
Chlorpromazine B-A 11 3600.0 0.3 0.1 1.0 5.8E-07 0.2 0.6 0.1 78.6 7.39E-06
Thiopental A-B 11 3600.0 0.3 0.9 0.2 4.3E-05 0.1 0.6 203.3 4.27E-05 0.6
Thiopental B-A 11 3600.0 0.3 1.1 0.0 2.4E-05 0.6 0.6 0.1 957.6 2.78E-05
Topiramate A-B 1.6 3600.0 0.3 1.3 0.3 2.3E-05 0.1 0.6 240.4 2.57E-05 0.6
Topiramate B-A 1.6 3600.0 0.3 1.5 0.0 1.4E-05 0.6 0.6 0.1 | 1337.6 1.6E-05
Primidone A-B 2.6 3600.0 0.3 2.0 0.5 2.7E-05 0.1 0.6 407.7 2.92E-05 0.5
Primidone B-A 2.6 3600.0 0.3 3.2 -0.6 1.8E-05 0.7 0.6 0.1 | 2839.0 1.61E-05
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Table A5.16 - Time Point 3 Replicate 1

Replicate | Substrate initial Change in | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm?3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uM) | (uM) (B-A/A-B)

Haloperidol A-B 2.2 7200.0 0.3 0.6 1.5 1.69E-05 0.1 0.6 216.5 4.05E-05 0.6
Haloperidol B-A 2.2 7200.0 0.3 1.9 0.2 1.76E-05 1.0 0.6 0.1 1791.2 2.58E-05
Carbamazepine A-B 2.5 7200.0 0.3 0.8 1.8 1.94E-05 0.1 0.6 273.2 4.45E-05 1.0
Carbamazepine B-A 2.5 7200.0 0.3 1.9 0.6 2.10E-05 11 0.6 0.1 1813.6 4.26E-05
Loperamide A-B 6.8 7200.0 0.3 1.5 5.3 9.55E-06 0.1 0.6 432.2 3.26E-05 0.6
Loperamide B-A 6.8 7200.0 0.3 45 23 1.05E-05 1.1 0.6 0.1 | 4133.7 1.90E-05
Donepezil A-B 5.5 7200.0 0.3 2.7 2.8 2.02E-05 0.1 0.6 758.2 3.10E-05 1.3
Donepezil B-A 5.5 7200.0 0.3 5.0 0.4 2.43E-05 1.2 0.6 0.1 | 4773.8 3.90E-05

1 Amprenavir A-B 13 7200.0 0.3 0.8 0.6 1.31E-05 0.1 0.6 171.6 1.90E-05 13
Amprenavir B-A 13 7200.0 0.3 1.0 0.4 1.38E-05 1.0 0.6 0.1 900.3 2.43E-05
Chlorpromazine A-B 11 7200.0 0.3 0.1 1.0 3.10E-06 0.1 0.6 20.4 3.98E-05 2.2
Chlorpromazine B-A 11 7200.0 0.3 0.3 0.8 9.25E-06 3.0 0.6 0.1 267.2 8.75E-05
Thiopental A-B 11 7200.0 0.3 0.6 0.4 3.05E-05 0.1 0.6 202.4 3.70E-05 11
Thiopental B-A 11 7200.0 0.3 1.0 0.1 2.47E-05 0.8 0.6 0.1 940.1 4.01E-05
Topiramate A-B 1.6 7200.0 0.3 1.0 0.6 1.63E-05 0.1 0.6 228.5 2.10E-05 1.1
Topiramate B-A 1.6 7200.0 0.3 1.5 0.0 1.77E-05 11 0.6 0.1 1401.0 2.30E-05
Primidone A-B 2.6 7200.0 0.3 1.4 1.2 1.16E-05 0.1 0.6 295.6 1.85E-05 1.3
Primidone B-A 2.6 7200.0 0.3 2.6 0.0 1.92E-05 1.7 0.6 0.1 | 2370.0 2.49E-05
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Table A5.17 - Time Point 3 Replicate 2

Replicate | Substrate initial Change in | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm?3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uM) | (uM) (B-A/A-B)

Haloperidol A-B 2.2 7200.0 0.3 0.6 1.6 1.67E-05 0.1 0.6 210.6 4.19E-05 0.6
Haloperidol B-A 2.2 7200.0 0.3 1.7 0.5 1.53E-05 0.9 0.6 0.1 1564.4 2.55E-05
Carbamazepine A-B 2.5 7200.0 0.3 1.0 1.5 2.22E-05 0.1 0.6 336.2 3.87E-05 0.8
Carbamazepine B-A 2.5 7200.0 0.3 2.1 0.4 1.89E-05 0.9 0.6 0.1 1944.7 3.14E-05
Loperamide A-B 6.8 7200.0 0.3 1.8 4.9 7.94E-06 0.1 0.6 446.9 2.35E-05 0.5
Loperamide B-A 6.8 7200.0 0.3 5.5 1.3 7.89E-06 1.0 0.6 0.1 | 4892.2 1.09E-05
Donepezil A-B 5.5 7200.0 0.3 2.4 3.1 1.68E-05 0.1 0.6 652.8 2.93E-05 1.1
Donepezil B-A 5.5 7200.0 0.3 4.4 1.0 1.87E-05 11 0.6 0.1 | 41336 3.19E-05

5 Amprenavir A-B 13 7200.0 0.3 0.8 0.5 1.29E-05 0.1 0.6 175.1 1.81E-05 11
Amprenavir B-A 13 7200.0 0.3 1.2 0.1 1.41E-05 11 0.6 0.1 1101.1 1.91E-05
Chlorpromazine A-B 11 7200.0 0.3 0.1 11 2.06E-06 0.1 0.6 15.9 3.01E-05 0.9
Chlorpromazine B-A 11 7200.0 0.3 0.2 0.9 4.27E-06 2.1 0.6 0.1 207.6 2.81E-05
Thiopental A-B 11 7200.0 0.3 0.6 0.5 3.08E-05 0.1 0.6 191.2 4.16E-05 0.7
Thiopental B-A 11 7200.0 0.3 1.0 0.1 2.04E-05 0.7 0.6 0.1 917.0 3.02E-05
Topiramate A-B 1.6 7200.0 0.3 1.0 0.6 1.76E-05 0.1 0.6 236.7 2.23E-05 0.8
Topiramate B-A 1.6 7200.0 0.3 1.5 0.1 1.36E-05 0.8 0.6 0.1 1321.9 1.73E-05
Primidone A-B 2.6 7200.0 0.3 1.5 1.1 1.62E-05 0.1 0.6 356.1 2.27E-05 0.9
Primidone B-A 2.6 7200.0 0.3 3.2 -0.6 1.97E-05 1.2 0.6 0.1 | 2907.6 1.93E-05
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Table A5.18 - Time Point 3 Replicate 3

Replicate | Substrate initial Change in | Growth | Final Change in Papp (cm/s) Efflux vd Vr Ct Pexact Efflux Ratio
concentration | time (s) area concentration | concentration ratio (cm3) | (cm?3) (cm/s) (B-A/A-B)
in donor (uM) (cm?) indonor (uM) | (uM) (B-A/A-B)

Haloperidol A-B 2.2 7200.0 0.3 0.6 1.6 1.40E-05 0.1 0.6 190.0 3.67E-05 0.7
Haloperidol B-A 2.2 7200.0 0.3 1.4 0.8 1.25E-05 0.9 0.6 0.1 1293.3 2.50E-05
Carbamazepine A-B 2.5 7200.0 0.3 0.9 1.6 2.48E-05 0.1 0.6 343.9 4.60E-05 0.9
Carbamazepine B-A 2.5 7200.0 0.3 2.1 0.4 2.35E-05 0.9 0.6 0.1 | 20324 4.26E-05
Loperamide A-B 6.8 7200.0 0.3 1.1 5.7 5.96E-06 0.1 0.6 292.6 2.87E-05 0.5
Loperamide B-A 6.8 7200.0 0.3 2.8 4.0 5.22E-06 0.9 0.6 0.1 | 25419 1.45E-05
Donepezil A-B 5.5 7200.0 0.3 1.9 3.6 1.16E-05 0.1 0.6 486.1 2.60E-05 1.2
Donepezil B-A 5.5 7200.0 0.3 4.0 1.4 1.67E-05 14 0.6 0.1 | 3753.0 3.12E-05

3 Amprenavir A-B 13 7200.0 0.3 0.9 0.5 1.27E-05 0.1 0.6 184.2 1.66E-05 1.0
Amprenavir B-A 13 7200.0 0.3 1.3 0.0 1.41E-05 11 0.6 0.1 1221.7 1.67E-05
Chlorpromazine A-B 11 7200.0 0.3 0.0 11 2.07E-06 0.1 0.6 13.7 3.93E-05 0.2
Chlorpromazine B-A 11 7200.0 0.3 0.3 0.8 1.70E-06 0.8 0.6 0.1 2435 7.35E-06
Thiopental A-B 11 7200.0 0.3 0.7 0.4 3.14E-05 0.1 0.6 210.9 3.61E-05 0.7
Thiopental B-A 11 7200.0 0.3 0.9 0.2 1.63E-05 0.5 0.6 0.1 790.1 2.69E-05
Topiramate A-B 1.6 7200.0 0.3 1.2 0.4 1.37E-05 0.1 0.6 237.5 1.60E-05 1.0
Topiramate B-A 1.6 7200.0 0.3 1.5 0.0 1.30E-05 1.0 0.6 0.1 1390.2 1.55E-05
Primidone A-B 2.6 7200.0 0.3 1.9 0.7 1.60E-05 0.1 0.6 404.7 1.87E-05 1.1
Primidone B-A 2.6 7200.0 0.3 2.3 0.3 1.47E-05 0.9 0.6 0.1 | 2120.2 1.99E-05
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Appendix 6

Negative control immunofluorescence images for Figure 3.6 (aSMA - Fig A6.1) and
Figure 3.9 (ZO-1 - Fig A6.2). Negative control images were not stained with primary
antibody against the target protein; primary antibody was replaced with 2% NGS in

PBS. All other methodology was followed as per Section 2.3.4.

Figure A6.1 — Negative control image for fig 3.6 with no primary antibody was added, secondary staining
and DAPI counter staining were carried out as per section 2.3.4.

Figure A6.2 - Negative control image for fig 3.9 with no primary antibody was added, secondary staining
and DAPI counter staining were carried out as per section 2.3.4
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“All models are wrong,
but some are useful.”

- George EP Box
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