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A bstract

The blood-brain barrier (BBB) is responsible for homeostasis of the brain interstitial fluid
(ISF) by separating the central nervous system (CNS) from systemic blood circulation. The BBB
exhibits low permeability to hydrophilic solutes and high transendothelial electrical resistance
arising from a continuous series of tight junctions (TJ) connecting adjacent microvascular
endothelial cells of brain capillaries. The basolateral side of these microvascular endothelial cells
are encompassed by astrocyte end feet and bathed in ISF, which is completely devoid of serum.
Moreover, the vascular endothelium is continuously exposed to hemodynamic forces, namely shear
stress and cyclic circumferential strain, both of which can induce profound changes in endothelial
gene expression and cell fate. Disruption of BBB integrity leading to vascular leakage is a central
pathophysiologic mechanism of many diseases whilst, the “tightness” of the BBB also proves
problematic in drug delivery to the brain. Thus, elucidating the etiology of tight junction formation
and the factors effecting BBB permeability may lead to the development of novel strategies to
modulate barrier properties and thus have profound clinical impact on several neurological diseases.
Thefocus of this PhD project, therefore, was to elucidate the biochemical events affecting tight
junction formation and barrier function caused by serum, astrocyte co-culture and
biomechanical shear stress.

In order to assess TJ formation in Bovine Brain Microvascular Cells (BBMVECS), the expression,
localization and association of occludin and ZO-1, two pivotal TJ proteins was examined,
concomitant with measurement of sucrose permeability across the EC monolayer and TEER to
assess EC barrier function. Briefly, this research has shown that the increased association of
occludin with ZO-1, in parallel with increased membrane localization of the two proteins, is central
to tightjunction formation, and correlates directly with increased barrier function.

In-vivo tight junctions forming the BBB prevent serum entering the ISF. This indicates that the
effects of serum on tight junction formation and barrier function are highly polar-specific. Our data
subsequently indicated that in the absence of basolateral serum, occludin and ZO-1 expression
increased, as did their association and the concomitant redistribution of the two proteins to the
plasma membrane. These biochemical events were accompanied by an increase in TEER and
decrease in sucrose permeability.

Furthermore, our findings indicate that co-culture of BBMVEC with basolaterally applied C6
glioma increases tight junction formation and barrier function and that these changes were
enhanced, at least in part, by the removal of serum from the basolateral compartment of the co-
culture model.

In the brain microvasculature, shear stress is typically in the region of4 - 20 dynes/cm2. Exposure
of BBMVECs to physiological laminar shear stress (pulsatile and non-pulsatile) significantly
increases occludin and ZO-1 expression and association, concomitant with translocation of both
occludin and ZO-1 to the cell membrane and reduced transendothelial permeability.

In summary, this body of work addresses three of the major factors impacting upon the BBB and

assesses their individual impacts on tight junction formation and barrier function. Further studies
are required to fully elucidate the exact signaling mechanisms by which these events occur.
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1.0 Introduction

The blood-brain barrier (BBB) is formed by brain microvascular endothelial
cells, which line cerebral capillaries, and is characterized by low permeability to
hydrophilic molecules, high electrical resistance and low occurrence of pinocytotic
vesicles. The existence of the BBB was first noted in the late 19th century by a
German microbiologist, Paul Ehrlich, who observed that a coloured dye injected into
the blood stream would stain all organs except the brain. Further studies by one of
his students, Edwin Goldmann in 1913, revealed that when a dye was injected
directly into the spinal fluid it would stain only the brain. These findings lead to the
hypothesis that the vasculature in the brain is unique from the peripheral vasculature
in that it provided a barrier preventing the passage of solutes from the blood to the
brain and vice-versa. The development of the scanning electron microscope in the
1960’s revealed that the BBB is an endothelial barrier (Reese and Kamovsky 1967),
resulting from the sealing of the paracellular space between adjacent endothelial
cells by junctional protein complexes (Robertson 1957; Muir and Peters 1962; Peters
1962; Brightman and Palay 1963; Brightman and Reese 1969). These complexes
were later identified as gap junctions, adherens junctions and zonula occludens (tight

junctions).

The BBB functions to maintain homeostasis of the brain interstitial fluid (ISF) by
preventing blood-borne solutes from entering the brain microenvironment (Abbott et
al. 2006). It is impermeable to charged particles, proteins, ions, hydrophilic
molecules and hormones that could act as neurotransmitters, but has limited
permeability to gasses and small molecules with a molecular weight less than 500
Da in proportion to their lipid solubility (Tanobe et al. 2003). However, small and
large hydrophilic molecules, such as glucose and amino acids, can enter the brain by
active transport. For essential nutrients such as these, specific transport proteins are
expressed in high concentrations on the apical membrane, thus allowing their entry
to the brain. Active transport also occurs in the opposite direction, that is, from the

brain to the blood. The efflux transporter, P-glycoprotein (P-gp), which is expressed



in high concentrations in brain endothelial cells, functions in transporting a wide
range of lipophilic molecules that have penetrated into brain endothelial cells or
through the BBB out of the brain (Schinkel 1999). P-gp has been shown to be a
functional part of the blood-brain barrier with knockout mice showing increased
sensitivity to circulating drugs and increased toxin accumulation in the brain

(Schinkel et al. 1994; Schinkel et al. 1996).

Disruption of BBB integrity leading to vascular leakage is a central
pathophysiologic mechanism of many diseases including, multiple sclerosis
(Williams et al. 1994), meningitis/encephalitis (Tunkel and Scheld 1993),
neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease (Mattila et
al. 1994) and progressive multifocal leukoencephalopathy, a form of dementia
affecting approximately 10% of all AIDS patients (Poland et al. 1995). Vascular
leakage is often a negative side effect of a disease, worsening the patients’ condition,
in cases of head trauma and ischemic stroke for example, or may be the underlying
cause of the illness itself. Moreover, the impermeable nature of the BBB is the
major rate-limiting step preventing advances in drug development being translated
into effective neurotherapeutic agents (for review, see Pardridge 2005a). Thus,
elucidating the etiology of tight junction formation and the factors effecting BBB
permeability may lead to the development of novel strategies to modulate barrier

properties and thus have profound clinical impact on several neurological diseases.

1.1 Development ofthe BBB

The expression of a BBB phenotype in endothelial cells is defined by low
rates of endocytosis, impermeability of the paracellular pathway and high electrical
resistance. However, in vivo, the time-point at which the BBB develops is quite
controversial (Saunders et al. 1991). Electrical resistance of capillaries is the best
indicator ofjunction tightness, however there is no direct way to measure it in the
brain parenchyma. Instead, electrical resistance has been measured directly in the

pial capillaries on the surface of the brain (Butt et al. 1990). These vessels have



electrical resistance in the regi*on of 1000 - 2000 Q.cmz, but whether or not they are
equivalent to parenchymal capillaries is unclear. In adult rodent brains, barrier
function may be assessed by the introduction of dyes into the circulation and
monitoring their permeation into the brain, however, in embryonic or neonate
animals, the introduction of dyes can disrupt the barrier by increasing either the
volume of blood or its onconic pressure (Rubin and Staddon 1999). However,
studies by Qin and Sato have shown that BBB specific markers are detected in the
embryonic mouse brain at E10.5, before astrocytes are present (Qin and Sato 1995).
Moreover, Saunders et al. have demonstrated that in rodent embryos serum proteins
are excluded from the brain at relatively early times, but that the ionic barrier
responsible for high electrical resistance may not develop until later (Saunders et al.
1991). Current data suggests that formation of the BBB in vivo is a multi-step

process, occurring throughout the late embryonic and early postnatal periods.
1.2 Cell Biology ofthe BBB

Although the barrier properties of the BBB can be attributed solely to the
endothelial cells, it arises as a function of paracrine interactions between the three
cellular components of the BBB, namely endothelial cells, astrocytes and pericytes.
In the BBB, pericytes are outnumbered 5:1 by endothelial cells (Frank et al. 1987)
with the pericytes situated basolaterally to endothelial cells and enveloped in
“pockets” in the basal lamina (Cancilla et al. 1972). These pericytes form cellular
projections which penetrate the basal lamina and contact 20 - 30% ofthe endothelial
abluminal membrane (Frank et al. 1987). Astrocytes in vivo express a stellate
morphology with numerous foot processes. These foot processes encircle
approximately 99% of the abluminal surface of the capillary basement membrane
(Kacem etal. 1998) (see Fig. 1.2.1). Adjacent astrocyte foot processes are separated
by a —20 nm gap, which is readily diffusible by dyes (Brightman and Reese 1969),

thus indicating they do not contribute to the physical barrier.



Tight Junction

Figure 1.2.1: Schematic diagram of the three-cell model of the blood-brain barrier
showing the distribution of endothelial cells (EC), pericytes (Peri), astrocytes (Ast)
and basal lamina (BL).

1.2.1 The Role of Cerebral Pericytes

The term pericyte originates from “peri-“ meaning around and “cyto-“
meaning cell was first coined by Zimmermann in 1923 and reflects the pericytes’
location at the abluminal side of microvessels (Zimmermann 1923).
Morphologically pericytes have a spherical cell body with a prominent nucleus
surrounded by a small amount of cytoplasm, which forms numerous processes
(Lafarga and Palacios 1975; Farrell et al. 1987). Pericytes are a heterogeneous cell
population exhibiting both tissue- and vessel-related morphological and functional
characteristics (Hirschi and DAmore 1996). As depicted above in figure 1.2.1,

pericytes are only separated from the endothelial cell by the basal lamina through

which they form processes, which contact the endothelial cells directly. In arterioles



and venules, pericytes are rounded with extensive processes. However, in
capillaries, such as those of the BBB, they exhibit an elongated cell body with short
processes (Nehls and Drenckhahn 1991). BBB associated pericytes carry out a
number of physiological processes including regulation of angiogenesis, tight
junction formation as well as contributing to the structural stability of capillaries
(Balabanov and Dore-Duffy 1998). In addition, under pathological conditions, CNS
pericytes engage in pinocytosis (Castejon 1984; Hurter 1984). However, for the
purpose of this body of research, only the ability of pericytes to induce BBB
characteristics in brain endothelial cells is of interest. Although astrocytes are
commonly regarded as the signaling cell responsible for the induction of the BBB,
studies where astrocytes are either absent or removed did not prevent formation of
tightjunctions when pericytes were present (Felts and Smith 1996; Jaeger and Blight
1997). However, more recent studies indicate that CNS pericytes function primarily
in BBB angiogenesis and capillary stabilization (Ramsauer et al. 2002; Kim et al.

2006).

1.2.2 The Role of Cerebral Astrocytes

Ofthe two principle cell types in the brain, astrocytes and neurons, astrocytes
comprise approximately 90% of the human brain mass (Gee and Keller 2005).
There are three distinct astrocyte phenotypes found in the brain. Fibrous astrocytes
are located primarily in the white matter and express a distinct stellate morphology,
whilst protoplasmic astrocytes, found mainly in the grey matter, form highly
branched projections, which ensheath neighbouring neurons. Finally, the third class
of astrocyte is the Bergmann glia, which are found only in the Purkinje layer of the
cerebral cortex. Although astrocytes are electrically non-excitable cells (Simard et
al. 2003), they are multifunctional in regulating brain homeostasis and cerebral
blood flow (ladecola 2004). Astrocytes have long been recognized as regulating
water homeostasis in the brain (del Zoppo and Hallenbeck 2000) and several recent
studies have indicated a role for astrocytes in modulating neuronal signaling via

propagative intracellular calcium waves (Haydon 2001; Lin and Bergles 2004a, b).



During neuronal signaling, there is rapid release of extracellular potassium (K+),
which needs to be removed quickly to prevent neuronal damage and erratic neuronal
signaling. Astrocytes function in maintaining extracellular K+ levels through active
and passive K+ uptake and spatial buffering (Ransom and Sontheimer 1995). In
addition, astrocytes function as an immunocompetent cell within the brain,
regulating the brain immune response. Astrocytes have the capacity to express
major histocompatibility complex Il (MHC I11) antigens, as well as B7 and CD40, the
co-stimulatory molecules necessary for antigen presentation and T-cell activation
(for review, see Dong and Benveniste 2001). Moreover, astrocytes further modulate
the immune and inflammatory response by secretion of cytokines including
interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a) and interferon-y (IFN-y),
which are associated with the inflammatory response, and inhibitors of the
inflammatory response such as transforming growth factor-@ (TGF-(3) and IL-4, -6
and -10 (Aschner 1998). However, the ability of astrocytes to induce barrier
formation in brain endothelial cells, thus resulting in the formation of the BBB, is of

uppermost interest in relation to this study.

In recent years, numerous studies have demonstrated the ability of astrocytes to
induce BBB phenotype in endothelial cells, however the mechanisms by which
induction takes place and the agents mediating BBB formation are still largely
undefined. Tran et al. have demonstrated that in astrocyte-endothelial co-culture
models of the blood-brain barrier, levels of activated TGF-|3 are elevated, which in
turn modulated endothelial phenotype (Tran et al. 1999). Moreover, studies by
Garcia et al. again demonstrated that astrocyte-endothelial co-culture increased
active TGF-P levels, which correlated with increased y-glutamyl-transferase (GGT)
activity, which is a marker of BBB phenotype in endothelial cells (Garcia et al.
2004). However, this study also indicated that contact between the two cell types
was required for induction of these properties. In a model of the BBB using bovine
brain endothelial cells, it was found that basic fibroblast growth factor (bFGF)
reduced L-glucose permeability and increased expression of alkaline phosphatase, in

a manner similar to astrocyte conditioned media (Sobue et al. 1999). Furthermore,



Ramsauer et al. have demonstrated that both astrocytes and pericytes were required
for the formation of capillary-like structures (CLS) in 3-D matrigel (Ramsauer et al.
2002). Addition of TGF-(3 to a co-culture of pericytes and endothelial cells led to
rearrangement of the endothelial cells into CLS without pericyte recruitment, which
were leaky and shorter than the tri-culture CLS. These data indicate that factors
other than TGF-(3 are released by astrocytes and that close association of astrocytes

and endothelial cells is required for BBB formation.

Glial cell line-derived neurotrophic factor (GDNF) is a member of the TGF-p family
secreted by astrocytes in vitro and in vivo (Lin et al. 1993). Studies by Igarashi et al.
have demonstrated the ability of GDNF to induce BBB characteristics in porcine
brain endothelial cells as assessed by TEER and permeability to mannitol.
Furthermore, Lee et al. have shown that src-suppressed C-kinase substrate
(SSeCKYS) released by astrocytes, decreased endothelial permeability via reduction

of VEGF expression (Lee et al. 2003).

However, signaling between endothelial cells and astrocytes occurs in both
directions. For example, recent studies have shown that astrocyte differentiation is
induced by endothelium-derived leukaemia inhibitory factor (LIF) (Mi et al. 2001)
and that astrocyte proliferation is modulated by a soluble factor released by
endothelial cells (Estrada et al. 1990). Furthermore, up-regulation of endothelial y-
glutamyl-transpeptidase (yGTP) requires two-way cross talk between astrocytes and

endothelial cells in co-culture (Mizuguchi etal 1997).

Figure 1.2.2.1: Schematic
diagram showing examples
of bidirectional signaling
between astrocytes and
endothelial cells associated
with formation ofthe BBB



Thus, it would seem that a synergistic relationship exists between astrocytes and
endothelial cells; that is, that astrocytes in co-culture with endothelial cells are
stimulated to secrete factors leading to tight junction formation in the endothelial
cell, and in turn endothelial-derived factors modulate astrocyte growth and

differentiation.

1.2.2.1 C6 Glioma

Primary cultures of astrocytes de-differentiate rapidly in vitro, and as such
are generally used at passage 0 -2 (Demeuse et al. 2002; Zhang and Harder 2002;
Jeliazkova-Mecheva and Bobilya 2003; Torok et al. 2003; Garcia et al. 2004).
Rodent pup brains, usually mouse or rat, are most frequently used to isolate
astrocytes, but due to the small size of the brain, there is a low cell yield per animal.
As such, large numbers of animals must be sacrificed for continuous
experimentation, thus leading to batch-to-batch variations between cell populations
and raising ethical issues associated with continued animal sacrifice. Furthermore,
studies have shown that the primary astrocytes isolated do not arise from pre-
existing mature astrocytes, but rather from proliferating glial precursor cells
(Juurlink et al. 1981; Goldman et al. 1986). Thus, the resulting mature astrocyte
phenotype will be dictated by the culture conditions and growth factors in which the
glial precursor cells are cultured, and as such may differ significantly from an
astrocyte in vivo. For these reasons, immortalized astrocyte cell lines and
continuous cultures are frequently used for in vitro studies, the most commonly used
being the C6 glioma cell line. The C6 glioma cell line was cloned from a rat glial
tumor induced by N-nitrosomethylurea (Benda et al. 1968). It is an adherent cell
line, with a typically fibroblast morphology in culture. C6 glioma in co-culture with
endothelial cells have been shown to increase TEER and decrease transendothelial
permeability to tracer molecules, two factors indicative of tight junction formation
and endothelial barrier function (Abbruscato and Davis 1999; Torok et al. 2003).

Furthermore, co-culture of endothelial cells with C6 glioma, or C6 glioma-derived



conditioned media, increased expression of BBB-specific markers, including
alkaline phosphatase and yGTP (Beck et al. 1984; Beck et al. 1986; Rubin et al.
1991; Roux et al. 1994; Plateel et al. 1997). Therefore, the endothelial cell:C6

glioma co-culture is widely accepted as a suitable model of the BBB.

1.3 Tight Junctions

As previously stated, the BBB is responsible for maintenance of brain
microenvironment homeostasis by preventing blood-borne solutes from entering into
the brain ISF. The paracrine interactions between endothelial cells, astrocytes and to
a lesser extent, pericytes are responsible for the induction of the BBB phenotype in
endothelial cells. However, it is the tight junctions, which seal the intercellular cleft
between adjacent endothelial cells and thus prevent paracellular flux, that are
directly responsible for the barrier function in the BBB (Reese and Kamovsky 1967;
Brightman and Reese 1969; Nabeshima et al. 1975; van Deurs and Koehler 1979;
Mollgard and Saunders 1986; Rascher and Wolburg 1997; Kniesel and Wolburg
2000). Freeze fracture studies have shown that structurally tight junctions are
formed by continuous bands of parallel intra-membrane strands of proteins, which
form a series of individual barriers (Farquhar and Palade 1963; Claude and
Goodenough 1973; Schneeberger et al. 1978), thus leading to increased electrical
resistance and decreased paracellular permeability (Claude 1978). Tightjunctions of
the BBB are apically (blood-facing) located, with adherens junctions situated at the
basal membrane (brain-facing) (see Fig. 1.3.1.1). Furthermore, in tightjunctions of
the BBB, components of the adherens and tight junctions are interconnected along
the intercellular cleft (Schulze and Firth 1993). Experiments by Gumbiner and
Simons have revealed that blocking antibodies against E-cadherin, which is essential
for adherens junction formation, also prevented tight junction formation, thus
indicating that functional adherens junctions are a prerequisite to tight junction
formation (Gumbiner and Simons 1986). As tightjunctions and adherens junctions
are both biochemically and spatially distinct, it would seem that common

cytoplasmic or cytoskeletal components are responsible for the interconnection
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between the two junctions.

1.3.1 TightJunction Proteins

Tight junctions are comprised of both integral membrane proteins, which
span the intercellular cleft, and peripheral proteins, which function as scaffolding
proteins and link the membrane proteins to the cytoskeleton.

Claudins  Occludin

1
Apical plasma membrane

juulL (@] '~ T 0,n8u’'m

Junctional
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Adherens
junction
ad Cadherins Cadherins tfji \u
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Figure 1.3.1.1: Schematic diagram of the proposed interactions of the major
proteins associated with tight junctions and adherens junctions in the BBB.
(Originallypublished in Trends in Neuroscience (Huber et al. 2001)).

As depicted above, there are three transmembrane proteins in tight junctions,
occludin, claudins and junctional adhesion molecules (JAMs). Occludin is a 60-65
kDa protein, and was the first tight junction integral membrane protein to be
identified (Furuse et al. 1993). Primarily associated with regulation oftightjunction

function (Hawkins and Davis 2005; Yu et al. 2005), the role of occludin in tight
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junctions is discussed in detail in section 1.3.1.1. There are approximately 20
identified members of the claudin family of proteins, with molecular masses of
approximately 23 kDa and specific distribution patterns depending on tissue
localization, which are associated with the differences in tissue permeability (Furuse
et al. 1999; Rahner et al. 2001; Kiuchi-Saishin el al. 2002). Claudins have four
transmembrane domains, with a short N-terminus, two extracellular loops and a
cytoplasmic C-terminal. During tightjunction formation, claudins form dimers and
bind homotypically to claudin strands on adjacent endothelial cells (Furuse et al.
1999). Claudins are anchored to the cytoskeleton via PSD-95/DIg/Zz0O-1 (PDZ)
binding domains that allow interaction with the zonula occludens (ZO) protein
family (Itoh et al. 1999; Hamazaki et al. 2002). The third family of transmembrane
proteins associated with tight junctions are the JAMs. To date, three JAMs have
been identified know as JAM-A, JAM-B and JAM-C. JAMs belong to the CTX
family of the immunoglobulin superfamily and are associated with formation and
maintenance oftightjunctions (Martin-Padura etal. 1998). Each ofthe three JAMs
have extracellular V-type and C2-type domains, a single transmembrane region and a
cytoplasmic C-terminus (Sawada et al. 2003). The cytoplasmic tail of all three
JAMs can bind to cingulin, occludin, AF-6, and ZO-1 during tight junction

formation (Bazzoni etal. 2000; Ebnet et al. 2000; Hamazaki et al. 2002).

The integral membrane proteins of tight junctions are anchored to the cytoskeleton
by a complex array of peripheral proteins, which form a cytoplasmic plaque adjacent
to the junctional cell membrane. Zonula occludens proteins, namely Z0O-1, ZO-2
and Z0O-3, belong to the large membrane-associated guanylate kinase-like proteins
(MAGUKSs), are critical peripheral proteins, and are discussed in detail in section
1.3.1.2. ALL-1 fusion partner from chromosome 6 (AF-6) has a PDZ binding site
and interacts with ZO-1 at the N-terminal Ras-binding domain (Yamamoto et al.
1997). AF-6 acts as a scaffolding protein regulating cell-cell contacts in tight
junction formation. The phosphoprotein, 7H6 antigen (7H6) was first identified by
Zhong et al. in 1993, and has since been shown to play an essential role in

transendothelial permeability to ions and macromolecules (Zhong et al. 1993; Zhong
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et al. 1994; Satoh et al. 1996). Cingulin (140 kDa) was first identified as a
peripheral tight junction protein in avian brush-border cells (Citi et al. 1988).
Further studies have shown that in its purified form, cingulin is a heat-stable dimer,
composed of two polypeptides intertwined into a “coiled coil” (Citi et al. 1989).
Cingulin acts as a scaffolding protein, linking peripheral tight junction proteins to
the cytoskeleton, and can bind ZO-1, ZO-2, myosin, JAMs and AF-6 at its N-

terminus and myosin and ZO-3 at its C-terminus (Cordenonsi et al. 1999).

1.3.1.1 Occludin

In 1993, Furuse et al. raised three monoclonal antibodies from chick livers,
which were specific for a ~65 kDa protein in rats. Further analysis revealed that this
newly identified integral membrane protein is exclusively expressed in endothelial
and epithelial tightjunctions and was subsequently named occludin. DNA cloning
and sequencing revealed that occludin cDNA encoded a 504 amino acid protein of
55.9 kDa. (Furuse et al. 1993). Occludin is a highly conserved protein with
approximately 90% sequence homology between human, murine and canine forms.
However, marsupial and avian occludin retain only 50% homology with the
mammalian structure (Ando-Akatsuka et al. 1996). Moreover, despite variations in
the amino acid sequence, each of the species’ occludin homologues contain four
transmembrane domains and retain the ability to form a coiled-coil structure within

their COOH tail.

1.3.1.1.1 Occludin Structure and Function

Similar to the claudin structure, occludin contains four transmembrane
domains, two extracellular loops and cytoplasmic C- and N-terminals (Fig.
1.3.1.1.1.1), however, there is no sequence homology between the two (Furuse et al.
1998). The four transmembrane domains divide occludin into five separate
domains, referred to as domains A-E (Furuse etal. 1994). The cytoplasmic COOH-

tail (domain E) of occludin, is rich in charged amino acids, whilst the two
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extracellular loops (domains B and D) are rich in glycine and tyrosine residues.

Octiudin
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Figure 1.3.1.1.1.1: Schematic representation of occludin structure and
domains. Adapted from (Feldman et al. 2005).

COOH-terminal fusion protein experiments by Furuse et al. indicated that the same
sequence within domain E was necessary for both localization of occludin at the
tightjunction and binding to ZO-1/Z0-2 (Furuse et al. 1994). However, conflicting
data from Baida et al. using COOH-terminally truncated chicken occludin indicated
that the cytoplasmic domain of occludin is not essential for incorporation of occludin
into the tight junction, but that it may play a regulatory role in dictating tight
junction barrier function (Baida et al. 1996b). Further studies by McCarthy et al.
showed that when chick occludin cDNA was transfected into Madin-Darby canine
kidney (MDCK) cells, there was an increase in the number oftightjunction strands
and decreased permeability to mannitol (McCarthy et al. 1996). However, continued
over expression of occludin led to an increase in paracellular permeability, without

loss of transepithelial electrical resistance. McCarthy then hypothesized that
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interaction of occludin with ZO-1 was necessary for occludin to function within the
tight junction. They postulated that when occludin is grossly over expressed in
MDCK cells that the ZO-1 pool of protein becomes saturated and that the free
occludin that cannot bind to ZO-1 forms pores within the tight junction, thus

increasing paracellular flux (McCarthy et al. 1996).

Experiments by Chen et al using Xenopus embryos, indicated that during tight
junction formation, there is oligomerization of occludin strands (Chen et al. 1997)
and that this interaction occurs via a coiled-coil structure within the COOH terminus
(Ando-Akatsuka et al. 1996). Subsequent studies have indicated a role for the
COOH terminal in intracellular trafficking of occludin to the tight junction and that
trafficking occurs via an intermediate insertion into the basolateral membrane
(M atter and Baida 1998). Moreover, Mueller et al. have revealed that the coiled-coil
domain within the C-terminus of occludin dimerizes and interacts with ZO-1 as a
four-helix bundle. This four-helix bundle (406 - 521) interacts with the hinge region

(591 - 632) and GuK domain (726 - 754) of ZO-1 (Muller et al. 2005).

W hile it is evident that the C-terminal of occludin is associated with binding to ZO-1
and protein trafficking, the extracellular and transmembrane domains function
primarily in cell-cell adhesion and regulation ofthe tightjunction barrier. Studies by
Lacaz-Vieira et al. have shown that the first extracellular loop of occludin functions
in sealing tight junctions by homologous interaction with occludin extracellular
loops on adjacent cells (Lacaz-Vieira et al. 1999). They demonstrated that the
sealing potential of occludin was reduced, as shown by electrical resistance readings,
following addition of synthetic peptides homologous to regions of the first
extracellular loop of occludin. Moreover, the second extracellular loop of occludin
has been shown to modulate tight junction integrity, localization of occludin at the
tight junction and overall occludin protein content within the cell (Wong and
Gumbiner 1997). Further studies by Medina et al. have indicated a role for the
second extracellular loop in trafficking occludin from the intermediate stop-off point

at the basolateral membrane to the apical tight junction (Medina et al. 2000).
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However, Baida et al. have shown that multiple extracellular and transmembrane
domains of occludin regulate the selective paracellular permeability associated with

tightjunctions (Baida et al. 2000).

Although many studies have focused on the functions of the C-terminal,
transmembrane and extracellular domains of occludin, little is known about the N-
terminus. By using an N-terminally truncated occludin construct, which lacked the
N-terminus and extracellular domains, Bamforth et al. showed that the truncated
occludin associated with ZO-1 and became incorporated into the tightjunction, but

that barrier function was reduced (Bamforth et al. 1999).

The human occludin gene has been mapped to chromosome band 5q.13.1, however
northern blot analysis indicates that there are several splice variants of the gene
(Saitou et al. 1997). Mankertz et al. identified four splice variants of occludin, two
of which (occludin Il and Ill) do not express the fourth transmembrane domain.
Both occludin Il and Ill fail to bind to ZO-1 and show altered cellular distribution,
thus indicating a role for the fourth transmembrane domain in regulating occludin
trafficking and binding to ZO-1 (Mankertz et al. 2002). A larger form of occludin
named occludin IB has been identified as an alternative splice variant, which
contained a 193 bp insertion sequence corresponding to a unique 56 amino acid N-
terminal sequence (Muresan et al. 2000). Occludin IB shows identical expression
and localization patterns as occludin and is highly conserved throughout a range of
tissues and species (Muresan et al. 2000). Therefore, it is possible that occludin IB
plays a putative role in regulating barrier function via the alternative insertion of

occludin or occludin IB into tightjunctions.

1.3.1.1.2 Occludin Regulation

Although it has been shown that occludin can be regulated by cytokines
(Jiang et al. 1999; Lui etal. 2001, 2003), proteases (Wan et al. 1999; Wu et al. 2000;

Wan etal. 2001) and small GTPases (Gopalakrishnan et al. 1998; Jou et al. 1998; Li
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and Mrsny 2000), for the most part, it would seem that occludin is primarily
regulated via its phosphorylation state. The action of specific kinases and
phosphatases allows the rapid phosphorylation and dephosphorylation of occludin
on both serine/threonine and tyrosine residues, and appears to be a key mechanism

in regulating occludin function.

Several studies have elucidated that occludin is not only expressed as a 65 kDa
protein, but that it occurs in many phosphorylation states between 65 - 82 kDa
(Sakakibara et al. 1997; Wong 1997; Farshori and Kachar 1999). Tai et al.
demonstrated that in T84 human colon cancer cells, occludin is regulated by protein
kinase C (PKC) and that inhibition of PKC using specific inhibitors led to reduced
electrical resistance, indicative of loss of barrier function (Tai et al. 1996).
Furthermore, in MDCK cells, highly phosphorylated forms of occludin on
serine/threonine residues are concentrated at the tight junction and correlate with
increased electrical resistance (Sakakibara etal. 1997). Moreover, in calcium switch
experiments, which induce tight junction formation in MDCK cells, treatment with
potato acid phosphatase prevented the appearance of high molecular weight (HM W)
forms of occludin. Occludin was detected as low molecular weight (LMW bands
ranging from 65 - 68 kDa, thus indicating that the HMW occludin arise from the
extensive phosphorylation of LMW occludin (Wong 1997). Furthermore, addition
of a synthetic peptide corresponding to an extracellular domain of occludin reduced
expression of HMW occludin, without significant change in LMW occludin
expression, and lowered MDCK electrical resistance, thus indicating that
hyperphosphorylation of occludin occurs on the extracellular loops (Wong 1997).
Although phosphorylation of occludin on serine/threonine residues is associated
with increased barrier function, tyrosine phosphorylation of occludin is associated
with loss of tightjunction integrity and increased paracellular permeability (Staddon
et al. 1995; Gloor et al. 1997; Wachtel et al. 1999). Studies in our laboratory by
Collins et al. have shown that the cyclic strain-induced tight junction formation in
bovine aortic endothelial cells (BAEC) is associated with decreased occludin

tyrosine phosphorylation. Moreover, inhibition of tyrosine dephosphorylation by
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dephostatin prevented the cyclic strain-induced occludin localization at the cell
membrane, indicating that tyrosine dephosphorylation is necessary for incorporation

ofoccludin into tightjunctions (Collins et al. 2006).

1.3.1.1.3 Occludin and Clinical Implications

Altered occludin expression, localization and phosphorylation are associated
with a variety of maladies and disease states. Diarrhoea caused by bacterial
infection is a major cause of infant mortality in the third world. In cases of chronic
diarrhoea associated with infection by Escherichia coli, Clostridium perfringens and
Vibrio cholera, there is often redistribution of occludin from the cell periphery,
proteolytic digestion of occludin and/or dissociation of occludin from peripheral
tight junction proteins (Singh et al. 2000; Wu et al. 2000; McNamara et al. 2001).
Furthermore, Chlamydia pneumoniae infection and Cryptococcus neoformans-
induced encephalitis are associated with altered occludin localization and expression
within brain capillaries (Maclntyre et al. 2002; Chen et al. 2003). In addition,
occludin expression is altered in numerous forms of cancer (Papadopoulos et al.
2001; Davies 2002; Billings et al. 2004; Tobioka et al. 2004b; Tobioka et al. 2004a;
Tokunaga et al. 2004), in the blood-retinal barrier in diabetes (Antonetti et al. 1998;
Barber and Antonetti 2003), and in some forms of inflammation (Huber et al. 2000)
and allergies (Robinson et al. 2001). Moreover, occludin is a critical component of
tight junctions, which give rise to the BBB, which in turn is the major rate-limiting
step in neurotherapeutic drug development. Therefore, by elucidating the
mechanisms of occludin regulation and function, we may be able to manipulate the
“open” and “closed” state oftightjunctions and thus have a profound clinical impact

on a variety of diseases.

1.3.1.2 Zonula Occludens

The first tight junction protein to be identified was the peripheral membrane

associated zonula occludens-1 (ZO-1) (Stevenson et al. 1986). There are three
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known members of the zonula occludens family, ZO-1 (210 - 225 kDa), ZO-2 (180
kDa) and ZO-3 (130 kDa), all of which are ubiquitously expressed in tightjunctions
and adherens junctions of endothelial and epithelial cells (Anderson et al. 1988;
Jesaitis and Goodenough 1994; Haskins et al. 1998). Based on their structure, the
Z0O proteins are members of the membrane-associated guanylate kinase (MAGUK)

family and have similar structures and a large degree of sequence homology.

1.3.1.2.1 Z0-1 Structure and Function

The N-terminal halfof ZO-1 contains three PDZ domains, an Src oncogene
homology region 3 (SH3) and a catalytically inactive guanylate kinase (GUK)
homologue. In addition, the C-terminal half contains an acidic region, a variable

splice region (a-domain) and a proline-rich terminal region.
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Figure 1.3.1.2.1.1: Diagrammatic representation of the structure of ZO-1 protein
indicating binding domains and partners, proline-rich and acidic regions, and
variable splice region-a. Numbers of amino acid from published sequences for

human ZO-1 (Willott et al. 1993).

PDZ binding domains, found in ZO-1, are typically between 80 - 90 amino acids
long and undergo folding, which forms a hydrophobic groove into which the COOH
terminal of target proteins can bind (Fanning and Anderson 1999). The PDZ-1
domain of ZO-1 binds directly to the carboxy-terminal of claudins 1 -8 (ltoh et al.
1999) and thus anchors the transmembrane proteins to the actin cytoskeleton.
However, PDZ binding domains may also bind to other PDZ sites by forming

homomeric and hetromeric complexes (Brenman et al. 1996). For example, ZO-1
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binds to ZO-2 and ZO-3 via dimerization of their PDZ domains (Fanning et al.
1998; Haskins et al. 1998; Wittchen et al. 1999). In addition to binding ZO-2 and
-3, PDZ-2 of ZO-1 interacts with the extreme carboxyl terminal of connexin-43
where it serves to recruit signaling proteins into gap junctions (Giepmans and
Moolenaar 1998). Furthermore, studies by Bazzoni et al. have shown that JAM-1
co-precipitates with ZO-1 and that interaction between the two occurs via the PDZ-3
binding site on ZO-1 and a putative C-terminal binding motifon JAM-1 (Bazzoni et

al. 2000).

Z0-1 expression in confluent epithelial and endothelial cells is in the form of a
continuous submembranous plaque adjacent to tight junction strands. However, in
subconfluent monolayers or at the edge of wounded monolayers, ZO-1 localizes to
the nucleus (Gottardi et al. 1996). Moreover, the SH3 domain of ZO-1 binds to the
Z0-1 nucleic acid binding protein (ZONAB), a Y-box transcription factor where it
regulates gene expression, including the erbB-2 proto-oncogene (Baida and M atter
2000). Z0O-1 and ZONAB co-localize at both the tightjunction and the nucleus, and
bind to specific promoter sequences containing an inverted CCAAT box, through
which they modulate cell cycle progression and paracellular permeability (Baida and
M atter 2000). Furthermore, the SH3 domain of ZO-1 binds ZO-1-associated kinase
(ZAK), a serine protein kinase which, phosphorylates serine residues in a region

immediately C-terminal to the SH3 domain of ZO-1 (Baida et al. 1996a).

As previously stated in section 1.3.1.1.1, binding of occludin with ZO-1 is required
for trafficking of occludin to the tight junction (Mankertz et al. 2002). The four-
helix bundle of occludin binds to ZO-1 at two points; the hinge region (located N-
terminally from the GUK domain 591-632) and the GUK domain, containing coiled-
coil and a-helices respectively (Muller et al. 2005). Thus, ZO-1 acts as a linker
protein and anchors occludin to the actin cytoskeleton (Fanning et al. 1998),

although occludin can also bind directly to actin (W ittchen et al. 1999).

Z0-1 expression may be regulated at the post-transcriptional level by alternate
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splicing. The C-terminal half of ZO-1 contains an 80 amino acid sequence termed

the a-motif. Two splice variants of ZO-1 exist, ZO-la+ and ZO-1a", the latter
lacking the 80 amino acid sequence found in ZO -la'+ (Willott et al. 1992).

Epithelial and endothelial cells express both the a+and a - isoforms, however, a +is
the predominant form in epithelial cells, while a" is preferentially expressed in
endothelial cells (Baida and Anderson 1993). There is no correlation between ZO-1
isoforms and barrier function, however there is a correlation with junctional
plasticity. ZO-1a” is associated with structurally dynamic junctions whilst a + is the

predominant form in less dynamic junctions (Baida and Anderson 1993).

As there is a high degree of homology between the N-terminal halfofZO-1, -2 and
-3, it is postulated that the C-terminal region is responsible for the specific functions
of each of the three proteins at the tight junction. The C-terminal half of ZO-1
contains a proline rich domain with several PXXP motifs, which can bind to SH3
motifs (Katsube et al. 1998). Moreover, the C-terminal region of ZO-1 functions in
binding to the actin cytoskeleton (Howarth and Stevenson 1995; Nybom and
Magnusson 1996; Fanning et al. 1998), although the exact location and structure of
the actin-binding motifis unknown. Furthermore, studies by Yamamoto et al. have
shown that association of AF-6 with the tightjunction is dependent on its interaction
with ZO-1 (Yamamoto et al. 1997). In addition, the C-terminal region of ZO-1
binds to cingulin, a submembranous tightjunction plagque protein, via its coiled-coil

domain (Cordenonsi et al. 1999).

Thus, it would seem that ZO-1 is a multifunctional component of the tightjunction.
It acts as a scaffolding protein, forming a link between the transmembrane tight
junction strands of occludin, claudins and JAM, and the actin cytoskeleton.
Furthermore, the N-terminal of ZO-1 is involved in clustering of PDZ-expressing
proteins at the submembranous tightjunction plaque. Moreover, ZO-1 functions in
trafficking of proteins, including occludin, to the tight junction, regulation of gene

transcription via ZONAB and modulation ofthe cell cycle.
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1.3.1.2.2 Z0-1 Regulation

Z0-1 contains several phosphorylation sites, and the post-translational
regulation of its phosphorylation state impacts directly on its function and

localization (Anderson et al. 1988; Baida et al. 1993; Collins etal. 2006).

Takeda and Tsukita demonstrated that in MDCK cells, tyrosine phosphorylation of
Z0-1 correlated with a 30% reduction in electrical resistance (Takeda and Tsukita
1995). Further studies have shown that a VEGF-induced increase in rat retinal
endothelial cell permeability was associated with the rapid tyrosine phosphorylation
of ZO-1 (Antonetti et al. 1999). Moreover, studies using MDCK cells have shown
that tyrosine phosphorylation of ZO-1 leads to its redistribution and decrease in
barrier function (Staddon et al. 1995; Collares-Buzato et al. 1998). Therefore, it

would seem that tyrosine phosphorylation of ZO-1 weakens junctional seals.

In contrast, phosphorylation of ZO-1 on serine/threonine residues increases tight
junction formation and barrier function. Studies by Collins et al. in our laboratory
have shown that following cyclic strain-induced tightjunction formation, there is a
significant increase in ZO-1 phosphorylation on both serine and threonine residues,
which was accompanied by dramatic realignment of ZO-1 to the cell membrane.
Moreover, inhibition of phosphorylation with rottlerin, a protein kinase inhibitor,
completely abrogated the cyclic strain-induced ZO-1 localization (Collins et al.
2006). Furthermore, studies by Denisenko et al. have shown that inhibition of
protein kinases by H-7, prevented the calcium switch-induced reorganization of ZO-

1in MDCK cells (Denisenko et al. 1994).

1.3.1.2.3 Z0-1 and Clinical Implications

Recent studies have shown that loss of ZO-1 is associated with poor

prognosis in breast cancer. Studies by Hoover et al. showed that in normal breast
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tissue ZO-1 staining is continuous along the epithelial cell periphery. However, in
infiltrating duct carcinomas, there was a significant reduction in the amount 0of ZO-1
staining, and the amount of ZO-1 staining was positively correlated with tumor

differentiation (Hoover et al. 1998).

Furthermore, Helicobacter pylori, a bacteria which is associated with the formation
of stomach ulcers, duodenal ulcers and some forms of stomach cancer, has been
shown to disrupt ZO-1 organization (Amieva et al. 2003). Following attachment of
H. pylori to the cell surface, CagA protein is secreted from the bacterium into the
host cell (Odenbreit et al. 2000). ZO-1 and JAM-1 within the cell are recruited to
sites of bacterial attachment, thus leading to disruption of barrier function
accompanied by alteration of the cell shape into the typical humming bird

morphology associated with H. pylori infection (Amieva et al 2003).

The faecal pellets of the common dust mite Dermatophagoides pteronyssinus
contain both serine and cysteine peptidases. When inhaled, these peptidases cleave
Z0-1 and occludin, thus leading to loss of the tight junction barrier, increased
susceptibility to inhaled allergens and the induction ofthe immune response (Wan et

al. 1999; Wanetal 2000; Wan etal. 2001).

As ZO-1 is a direct target for several diseases, some of which are mentioned above,
a greater understanding the diverse functions of ZO-1 and the factors which

modulate it, may provide novel strategies for manipulating tightjunctions.

1.4 Haemodynamics

Blood flowing through the vascular system exerts two distinct forces on the
vessel wall, namely cyclic strain and shear stress. Cyclic strain is the
circumferential stretch, exerted tangentially to the direction of flow on the vessel
wall and is caused by the pulsatile nature of blood flow from the heart. Thus, cyclic

strain is directly related to pressure and vessel dimensions. The cyclic strain force is

23



exerted on both the endothelium and the underlying cellular layers, i.e. smooth
muscle cells in arteries and pericytes in arterioles. Shear stress is the drag force
exerted on endothelial cells by the blood flowing through the vessel. The level of
shear stress exerted is related to the velocity of the blood, vessel diameter and blood
viscosity by the equation;
4770
T — ”
jzR 3
W here, t = shear stress (dynes/cm ); r| = viscosity (dyne sec/cm ); Q = flow rate

(mL/sec) and R = vessel radius (cm) (Lehoux and Tedgui 2003).
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Figure 1.4.1: Schematic diagram depicting shear stress (a) and cyclic strain (b)
with respectto the vascular endothelium. Red arrows indicate direction of flow.

Moreover, the forces exerted on the vessel are dependent on its position within the
vascular tree. For example, major arteries, such as the aorta or pulmonary artery are

exposed to high levels of both cyclic strain and shear stress, whilst veins, including
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the vena cava, experience relatively high levels of shear stress but are not exposed to

cyclic strain.

Cerebral capillaries, which give rise to the BBB, experience levels of shear stress
ranging from 4 to 20 dynes/cm2 (Desai et al. 2002). Although blood flow within
capillaries is slow, the small vessel diameter (approx. 7 pirn) results in relatively high
level of shear being exerted on the endothelium. Moreover, these capillary vessels
are not exposed to pulsatile cyclic strain. Extensive branching of the arteries into
arterioles and then capillaries dulls the pulse pressure exerted on the vessel wall and
hence, cyclic strain. Furthermore, precapillary sphincters, which encircle the
capillary at the arteriole/capillary branch point, can open and close, thus regulating'

blood flow and pressure within the cerebral microvasculature.

Blood flow within the capillaries of the BBB is independent of perfusion pressure
when autoregulation is intact (Wahl and Schilling 1993). That is, the rate of cerebral
blood flow is regulated via changes in capillary resistance, rather than changes in
overall systemic blood pressure. However, cerebral blood flow is not solely
regulated by precapillary sphincters. On the contrary, cerebral circulation is
determined by both endothelial-derived factors and paracrine interactions with
astrocytes and pericytes, thus leading to the controlled dilation and constriction of

the microvessels.

Nitric oxide synthase (NOS) causes the oxygen-dependent conversion of L-argenine
into L-citrulline and nitric oxide (NO) (Fleming and Busse 1999). There are three
known forms of NOS; neuronal NOS (nNOS), inducible NOS (iNOS) and
endothelial NOS (eNOS). Both nNOS and eNOS are expressed in neurons and
cerebral blood vessels, respectively (Bolanos and Almeida 1999; Benyo et al. 2000).
NO' production as a result of nNOS and eNOS activity causes dilation of cerebral
vessels and increased blood flow, whilst its inhibition leads to vasoconstriction and
decreases cerebral blood flow (Faraci 1991; Prado et al. 1992; You et al. 1999).

Moreover, several substances including bradykinin, ATP/ADP and acetylcholine
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induce dilation of cerebral blood vessels by activating G-protein coupled receptors
on endothelial cells, thus leading to the production of NO, endothelium-derived
hyperpolarization factor (EDHF) and/or prostanoids (You et al. 1997; Yamada et al.
2001; Bai etal. 2004). Furthermore, vasoconstricting substances such as endothelin-
1 (ET-1), prostaglandin F2a and thromboxane A2 (TXAz2), decrease the vessel
diameter and hence decrease cerebral blood flow (Patel et al. 1996; Smith et al.
1996; Pierre and Davenport 1999; Zhou et al. 2004). Under circumstances of
compromise or loss of autoregulation within cerebral capillaries, blood flows into
the vessels at high pressure and fluid passes out of the capillaries and into the

interstitial space resulting in brain edema (Stamatovic et al. 2006).

1.4.1 Shear Stress and the BBB

Shear stress plays a pivotal role in determining endothelial cell functions. In
particular, shear stress leads to profound changes in endothelial cell morphology.
Early studies by Flaherty et al. showed that in a canine artery excised and then
reinserted perpendicular to the original direction of flow, endothelial cells realigned
in the direction of blood flow (Flaherty etal. 1972). Furthermore, shear stress has
been shown to cause changes in endothelial morphology (Galbraith et al. 1998;
Noria et al. 1999), gene expression (Patrick and Mclntire 1995; Chien et al. 1998;
Traub and Berk 1998) and function (Ballermann and Ott 1995; Ngai and Winn 1995;
Ott and Ballermann 1995). Endothelial cells in vivo have a lifespan of 2.5 to 3 years
(Denekamp 1993) and as such, have low rates of proliferation and apoptosis.
Moreover, endothelial cells exposed to shear stress do not proliferate due to
inhibition of cell cycle genes (Nagel et al. 1999; Akimoto et al. 2000; Lin et al.
2000).

Studies by Stannes et al. have indicated that shear stress is required for induction
and maintenance of the BBB (Stanness et al. 1997). Ischemic events are associated
with anoxia, aglycemia and loss of blood flow. Krizanac-Bengez et al. have

demonstrated that loss of shear stress alone causes changes in endothelial/glial
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signaling and suggest that the increase in BBB permeability associated with
ischemia may be the result of a combination of factors including anoxia, loss of
shear stress and aglycemia (Krizanac-Bengez et al. 2003). Moreover, shear stress
has been shown to modulate both occludin expression and phosphorylation (DeMaio
et al. 2001; Conklin et al. 2002; Pang et al. 2005). However, these studies were
carried out on macrovascular cells and do not address the specific functions of the

brain microvasculature.

Moreover, pathologies exhibiting reduced barrier function with associated leakage
frequently manifest elevated or reduced hemodynamic loading and/or associated
mechanotransduction, either of which may contribute to endothelial
dysfunction/injury (leading to inflammation and vessel wall remodeling) or stem
from changes in blood pressure and heart rate. Within the context of vascular health
and pathology therefore, force-mediated regulation of tight junction assembly and

function is extremely relevant, albeit very poorly understood.

1.4.2 Mechanotransduction

Mechanotransduction is the process by which cells detect physical stimuli,
such as cyclic strain and shear stress, and translate them into signaling cascades,
which in turn mediates a cellular response. Mechanotransduction of shear stress is a
multi-faceted signaling event, with mechanical sensing of shear stress occurring on
both the abluminal and luminal endothelial surfaces (Shyy and Chien 2002).
However, the location of the mechanosensor responsible for translating cellular
mechanical distortion into biological signals is somewhat controversial (Davies
1995). Mechanotransduction of shear stress involves many receptors including ion
channels, G-proteins, integrins and the endothelial glycocalyx, among others, some

of which are discussed below.
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Figure 1.4.2.1: Schematic representation of receptors involved in initiating signaling
cascades in endothelial cells stimulated by haemodynamic forces. (Originally
published inJ Intern Med (Lehoux et al. 2006))

1.4.2.1 Mechanosensitive lon Channels

Mechanosensitive ion channels are one such potential mechanosensor.
Located at the plasma membrane, ion channels are ideally situated to convert
mechanical forces from shear stress into electrical or ion-dependent cellular
responses (Gillespie and Walker 2001). Studies by Olesen et al. have shown that

endothelial cells exposed to shear stress of ~20 dynes/cm resulted in
hyperpolarization of the cells as a result of an inward-rectifying K+ current (Olesen
et al. 1988). Further studies have also shown that plasma membrane permeability to

K+ increases in response to shear stress (Alevriadou et al. 1993; Hutcheson and
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Griffith 1994). In addition, the nonselective cation channel has also been implicated
in mechanotransduction, which would account for the influx of Ca2+ observed in
endothelial cells under shear conditions (Schwarz et al. 1992b; Schwarz et al. 1992a;
MacRobbie 1998). However, it is not yet clear whether the ion channels are merely
mechanosensitive or the actual cellular mechanosensor. In the former case, a
mechanosensor located elsewhere in the cell would detect shear stress and induce a
signaling cascade resulting in the activation ofthe ion channel. In the latter case, it
is plausible that ion channels are mechanosensors and that they are directly activated

by shear stress.

1.4.2.2 The Role of G-Proteins in Mechanotransduction

G-proteins have also been implicated in modulating mechanotransduction in
endothelial cells in response to shear stress (Berthiaume and Frangos 1992). G-
protein coupled receptors (GPCR) are integral membrane proteins consisting of
seven transmembrane domains. The extracellular loops are responsible for ligand
binding, whilst the intracellular loops and cytoplasmic tail interact with hetrotrimeric
G-proteins consisting of a, (3 and y subunits. Upon ligand binding, guanosine
diphosphate (GDP) dissociates from the a-subunit and is replaced by guanosine
triphosphate (GTP). Binding of GTP results in release ofthe (3yand a components,
which in turn bind to and activate effector molecules (Wieland and M ittmann 2003).

Following hydrolyses of GTP by the a subunit, the hetrotrimer reassociates.
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Figure 1.4.2.2.1: Schematic diagram depicting G-protein activation and
hydrolyses.

G-proteins have been shown to mediate several signaling pathways in
response to shear stress. Studies by Gudi et al. have shown that shear stress ranging
from 0-30 dynes/cm2increased G-protein activity in a dose-dependent manner
(Gudi et al. 1998). Additional studies by Gudi et al. have shown that rapid
activation of Ras occurs following exposure of endothelial cells to shear stress, and
that this activation is mediated by hetrotrimeric G-protein subunits (Gudi et al.
2003). Furthermore, G proteins modulate both the activation of c-jun N-terminal
kinase (JNK) and the mitogen-activated protein kinase (MAPK) pathway (Ishida et
al. 1996; Takahashi and Berk 1996; Jo et al. 1997) in response to shear stress.
However, although it is clear that G-proteins are involved in the early responses to

mechanical stimuli, to date no endothelial mechanosensitive GPCR has been

30



identified. Thus, although G proteins are involved in mechanotransduction, their

role as a mechanosensors is yet to be determined.

1.4.2.3 The Role of Integrins in Mechanotransduction

Integrins are membrane-associated glycoproteins composed of non-
covalently linked a and (3 subunits. There are 18 a- and 8 (3- subunits, which can
form 24 unique heterodimeric complexes, 7 of which are expressed on endothelial
cells (Rupp and Little 2001). Each ofthe subunits has a large extracellular domain,
which binds directly to extracellular matrix (ECM) proteins such as fibronectin,
laminin, collagen and vitronectin. The subunits’ cytoplasmic domains interact with
cytoskeletal proteins and signaling molecules where they regulate integrin affinity
and avidity (Shyy and Chien 2002). Integrin affinity is modulated via changes in the
heterodimer conformation that leads to increased ligand binding, whilst integrin
avidity modulation involves clustering of integrins at focal adhesion sites (Giancotti
and Ruoslahti 1999; Schoenwaelder and Burridge 1999). Findings that several
signaling pathways activated by integrins are also activated by shear stress suggests
that integrins may be involved in mechanotransduction in endothelial cells (Shyy
and Chien 1997). Recent studies indicate that integrin affinity and avidity are
modulated by shear stress (Jalali et al. 2001; Tzima et al. 2001). Furthermore,
incubation of endothelial cells with integrin blocking antibodies prior to shear
prevented shear-dependent activation of ERK, JNK and IkB kinase (Li et al. 1997;
Bhullar et al. 1998). Moreover, inhibition of integrins using Arg-Gly-Asp (RGD)
peptides prevented shear stress-induced secretion ofbFGF by endothelial cells (Gloe
et al. 2002) and abolished the anti-apoptotic effect of shear stress (Urbich et al.
2000). Although shear stress leads to conformational activation of integrins and
increased binding to the ECM (Jalali et al. 2001), it is not known if integrins are

mechanosensors or just mechanosensitive complexes.
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1.4.2.4 The Role ofthe Endothelial Glycocalyx in Mechanotransduction

One recent publication highlights the possible role of the endothelial
glycocalyx (EG) as a mechanosensor (Thi et al. 2004). The EG is comprised of
heparan sulfate, chondrotin and hyaluronan protein strands and is expressed on the
apical surface of endothelial cells (lhrcke et al. 1993; Henry and Duling 1999;
Florian et al. 2003). Studies by Florian et al. demonstrated that partial removal of
heparan sulphate proteoglycan from the EG prevented shear-induced NO in
endothelial cells (Florian et al. 2003). The EG is anchored to a geodesic-like
scaffold of hexagonally arranged filamentous actin (F-actin), which forms the actin
cortical web (ACW) just below the cell membrane (Squire et al. 2001). Thi et al
propose a model in which proteins of the EG form stiff bristles, which transmit the
fluid drag on their tips, caused by shear stress, to a bending motion that acts on the
ACW (Thi et al. 2004). Moreover, disruption of the EG prevented shear stress
induced F-actin realignment, thus it is plausible thatthe EG acts as a mechanosensor

in endothelial cells exposed to shear stress.

15 Summary

The BBB constitutes a physical and metabolic barrier, preventing blood-
borne solutes from entering into the brain ISF. Disruption of the BBB is associated
with multiple disease states, whilst the tightness of the barrier proves a major
obstacle for drug development and delivery. Regulation of occludin and ZO-1, two
pivotal tight junction proteins are essential for the formation and function of the
BBB. Brain microvascular endothelial cells forming the BBB are encircled at the
basolateral membrane by astrocyte end feet in serum-free conditions and are
exposed to shear stress, caused by the flow of blood through capillaries, on their
apical surface. The purpose of this study is to examine how basolateral and apical
conditions (serum, astrocytes and shear stress) collectively impact upon tight
junction assembly and function within the brain micriovasculature. Elucidation of

how the BBB is regulated by physiological and pathological stimuli will greatly
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enhance our understanding of BBB assembly and may provide novel therapeutic
strategies to modulate barrier integrity, thus having profound clinical impact on

several neurological diseases and facilitate drug delivery to the brain.

1.6 Thesis Overview

The research data presented in the following chapters examines the role of
physiologically relevant factors on tight junction formation and barrier function in
BBMVECs. Emphasis is placed on the expression, localization and association of
the transmembrane tight junction protein, occludin and the peripheral tightjunction
plague protein, ZO-1. Permeability and electrical resistance studies are employed to
extrapolate if there is a correlation between occludin/ZO-1 regulation and

endothelial barrier function. These findings are presented in the following manner:

Chapter 3 Optimisation of cell culture media and characterization ofthe model.

Chapter 4 Examination of the polar-specific effect of serum on endothelial tight

juntion formation and barrier function.
Chapter 5 Investigation of the role of C6 glioma in regulating BBMVEC
occludin and ZO-1 and the effect of co-culture on BBMVEC

permeability.

Chapter 6 Assessment of the role of laminar shear stress on BBMVEC tight

juncton formation and barrier function.
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Chapter 2

M aterials and M ethods
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2.0 M aterial & Methods:

All reagents used in this study were of the highest purity commercially

available and were of cell culture standard when applicable.

2.1 Materials:

Acros Oreanics (New Jersey. USA)

Formaldehyde (37%)

AGB Scientific (Dublin. Ireland)

W hatmann Chromatography paper

Amersham Pharmacia Biotech (Buckinghamshire. UK)
Anti-mouse 2° antibody, HRP-conjugated

Anti-rabbit 2°antibody, HRP-conjugated

ECL Hybond nitrocellulose membrane

ECL Hyperfilm

Rainbow molecular weight marker, broad range (6-175kDa)
Bio Sciences Ltd (Dun Laoghaire. Ireland)
DEPC-treated water

Trizol® reagent

Cell Applications (San Franscisco. USA)

Bovine Brain Microvascular Endothelial Cells

Chemicon International (CA. USA)

bFGF - Recombinant Human Fibroblast Growth Factor-Basic

Coming (Buckinghamshire. UK)
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Transwell®-Clear Polyester (PET) Membrane inserts

DakoCvtomation (Glostrup. Denmark)
Polyclonal Rabbit Anti-Human Von W illebrand Factor
Polyclonal Rabbit Anti-Glial Fibrillary Acidic Protein

Fluorescent Mounting Media

Fisher Scientific (Leicestershire. UK)
Buffer solution pH 4 (phthalate)
Buffer solution pH 7 (phosphate)

Buffer solution pH 10 (borate)

Gibco (Scotland. UK)
Fetal calfserum

UltraPURE™ Distilled Water DNAse-, RNAse-Free

Molecular Probes (Oregon. USA)
Alexa Fluor® 488 F(ab’)2 fragment of goat anti-mouse IgG (H+L)

Alexa Fluor® 488 F(ab)2 fragment of goat anti-rabbit IgG (H+L)

MW G Biotech (Milton Keynes. UK)
GAPDH primer set
Occludin primer set

Z0O-1 primer set

Naleene
Cryogenic vials

Cryo freezing container

National Diagnostics (Georgia. USA)

Ecoscint-H
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PALL Corporation (Dun Laoghaire. Ireland)

Biotrace nitrocellulose membrane

Pierce Chemicals (Cheshire. UK)
BCA protein assay kit

Supersignal West Pico chemilumescent substrate

Sarstedt (Drinagh. Wexford. Ireland)
1.5mL micro tube with safety cap
10, 200 and 1000 "L pipette tips

15 and 50 mL falcone tubes

25 mL sterilin tubes

5, 10 and 25 mL serological pipettes
6 mL scintillation vials

6-well tissue culture plates

T-175 tissue culture flasks

T-25 tissue culture flasks

T-75 tissue culture flasks

Scientific Imaging Systems (Eastman Kodak Group. Rochester. NY)

Kodak ID image analysis software

Sigma Chemical Company (Poole. Dorset. England)
2-propanol

Ammonium Persulfate

Agarose

Bovine Serum Albumin

Brightline Haemocytomoeter

Bromophenol Blue

Chloroform
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Cycloheximide - C7698

DMEM - High glucose D5796

Glycine

Hanks Balanced Salt Solution

Heparin

Hydrochloric Acid

Lauryl Sulfate (i.e. Sodium Doecyl Sulphate (SDS))
Penicillin-Streptomycin (I00x)
Phosphatase Inhibitor Cocktail

Ponceau S Solution

Protease Inhibitor Cocktail

Potassium Chloride

Potassium Phosphate

Potassium Phosphate-Dibasic Trihydrate
Potssium Hydroxide

Sodium Chloride

Sodium Orthovanadate

Sodium Phosphate-Dibasic anhydrous
Sodium Phosphate-Monobasic anhydrous
Triton® X-100

Trizma Base

Trypsin-EDTA (I0x)

Tween® 20

Zvmed Laboratories (CA. USA)
Mouse anti-Occludin monoclonal antibody

Mouse anti-ZO-1 monoclonal antibody
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2.2 Cell Culture Methods

All cell culture procedures were carried out under clean, sterile conditions
using a Bio Air 2000 MAC laminar flow unit. Cells were monitored daily using and

Olympus CK30 phase contrast microscope.

2.2.1 Culture of Bovine Brain Microvascular Endothelial Cells (BBMVECYS)

Cryopreserved passage two differentiated BBMVECs were obtained from
Cell Applications Inc., California, USA (Cat No. B840-05). Brain tissue was
acquired from Talone’s Custom, a California Department of Food and Agriculture
approved and licensed facility, which was derived from animals with no history of
clinical signs of infectious diseases. The cell line was tested free from
contamination with bacteria, mycoplasma or fungi and showed no signs, including
cytopathic effects, of contamination with any adventitious microbial (including
viral) contaminants prior to shipping. Cells were characterized as endothelial by
positive Dil-Ac-LDL uptake. Upon delivery, cells were maintained in high glucose
DMEM supplemented with 100 U/mL penicillin, 100 jxg/mL streptomycin, 10% v/v
FCS, 3 [ig/mL Heparin and 3 ng/mL bFGF. Cells were cultured in T25 cm2, T75
cm2and T175 cm2 flasks and 6 well plates. For co-culture and serum studies, cells
were grown on Transwell®-Clear, tissue culture treated polyester membrane filter
inserts in the 6 well format with 0.4 |im pore size and 24 mm filter diameter. All
experiments were carried out on cells between passage 5-15 and cells were

maintained in a humidified atmosphere 0f5% v/v CO2 at 37°C.

2.2.2 Culture of C6 Glioma Astroglial Cells

Proliferating C6 glioma cells were a kind gift from Prof. Ciaran Regan,
University College Dublin. The C6 glioma cell line is a rat brain glial cell,
originally cloned by Benda et al. (Benda etal. 1968) from a rat glial tumor induced

by N-nitrosomethylurea. Cells were maintained in high glucose DMEM

39



supplemented with 100 U/mL penicillin and 100 [ig/mL streptomycin, 10% v/v FCS,
3 [xg/mL Heparin and 3 ng/mL bFGF. Cells were cultured in T75 cm2and T175 cm?2
flasks. For co-culture studies, C6 glioma cells were grown 6 well plates for 24 h
prior to addition of the Transwell®-Clear inserts on which the BBMVECs were
grown. Cells between passage 30 - 37 were used for all experiments and were

maintained in an humidified atmosphere of 5% v/v CO2 at 37°C.
2.2.3 Preparation of C6 Glioma Astrocyte-Conditioned Media

To prepare C6 glioma astrocyte-conditioned media (C6 ACM), C6 glioma
cells itn a T75cm2 flask at 80% confluence were washed twice in HBSS after which
15 mL of serum-containing or serum-free media was added to the flask. After 24 h,
the conditioned media was removed and centrifuged at 1,000 g for 5 min at 4°C to
remove any cell debris. Prior to usage, the conditioned media was mixed 50:50 with
fresh media to reconstitute any nutrients, which may have been depleted by the C6
glioma. At this point, the C6 ACM was either used or stored at -80°C for up to 1

month.
2.2.4 Trypsinization of BBMVECs and C6 Glioma

As both BBMVECs and C6 gliomas are adherent cell lines, trypsinization
was required for their sub-culture. Briefly, growth media was removed by aspiration
and the cells washed in Hank’s balanced salt solution (HBSS) to remove a-
macroglobulin, a trypsin inhibitor present in FCS. An appropriate volume of
trypsin/ethylenediamene tetracetic acid (10% v/v Trp/EDTA in HBSS) was
subsequently added to the cells and incubated for 1- 2 min at 37°C, until the cells
were rounded, but not fully detached, and then tapped briefly to detach them from
the growth surface. Growth media containing FCS was added to prevent further
trypsinization and cells removed from suspension by centrifugation at 1,000 g for 5

min at 4°C. Cells were resuspended in growth media or freeze media and either,
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counted using a bright line haemocytometer for experiments, split at a 1:5 ratio or

cryopreserved.

2.2.5 Cryogenic Preservation and Recovery of Cells

For long-term storage of cells, BBMVECs and C6 glioma were stored in a
cryofreezer unit (Thermoylen locator jr. cryostorage system). Following
trypsinization, cells were centrifuged at 1,000 g for 5 min at 4°C and supernatant
was removed. The resultant pellet was resuspended in an appropriate volume of
freezing media (high glucose DMEM supplemented with 20% v/v FCS, 10% DMSO
(Dimethyl sulfoxide), 1% P/S, 3 fig/mL Heparin and 3 ng/mL bFGF) and transferred
in 1 mL aliquots to Nalgene cryogenic vials and frozen in a -80°C freezer at a rate of
-1°C/min in a Nalgene cryo freezing container. Cryovials were stored in the

cryofreeze unit until required.

For recovery of cells, cryovials were heated rapidly in a 37°C water bath and added
toaT 75cm2flask containing 15 mL of growth media to dilute the DMSO. After 24
h, the media was removed, the cells were washed in HBSS and fresh growth media

was added.

2.2.6 Cell Counts

Following trypsinization, cell counts were performed using a brightline
haemocytometer in conjunction with Trypan blue staining to assess cell viability. 20
HL of trypan blue was added to 100 jxL of cell suspension and incubated at room
temperature for 2 min. 20 [xL of this suspension was added to the counting chamber
ofthe haemocytometer and visualized under phase contrast microscopy. Dead cells
stained blue, whilst viable cells excluded the dye and appeared colourless. The
number of viable cells was calculated according to the equation:

Avg. cell no. x 1.2 (dilutionfactor) x Ix104 (area under coverslip) = Viable cells/mL
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2.2.7 Serum and Co-culture Studies

For serum and co-culture studies, BBMVECs were seeded at 1 x 104
cells/cm2 on Transwell®-Clear, tissue culture-treated polyester membrane filter
inserts in the 6 well format with 0.4 [xm pore size and 24 mm filter diameter, and

allowed to come to confluence, typically 5-7 days.

For serum studies, confluent inserts were washed twice with HBSS and transferred
to 6 - well plates with serum-containing media in the apical compartment and either

serum-containing or serum-free media in the basolateral compartment.

For co-culture studies, confluent inserts were washed twice and transferred to 6 -
well plates containing C6 glioma which, had been seeded 24 h earlier at a density of
1 x 104 cells/cm2, and the appropriate serum-containing or serum-free media in the

basolateral compartment.

Apical surface

Culture dish
Apical medium + FCS
+/- FCS
Basal medium 1+/-C6
Basal Porous Monolayer of
lamina filter BBMVECs

Fig. 2.2.7.1: Schematic diagram of the Transwell®-Clear culture system:
Transwell®-Clear inserts have microscopically clear membranes with 0.4 fxm pores,
thus facilitating co-culture studies without mixing ofthe two cell types.



2.2.8 Non-pulsatile Laminar Shear Stress Studies

For laminar shear stress studies, BBMVECs were seeded at 1 x 104 cells/cm?2

in 6 well plates and allowed to come to confluency, typically 5 -7 days. Following

this, media was removed and replaced with 4 mL of fresh growth media. Cells were

then sheared at 10 dyne/cm2 for 24 h on an orbital shaker (Stuart Scientific Mini

Orbital Shaker OS) set to the appropriate RPM as determined by the following

equation (Hendrickson et al. 1999).

ShearStress =a”jpn(2nf)3

radius of rotation (cm)

W here a
density of liquid (g/L)

p
n=7.5x 10'3(dynes/cm2at 37°C)

f = rotation per second

150 rpm

10 dynes/cm2

Figure 2.2.8.1: Apparatus used in non-pulsatile laminar shear stress studies.



2.2.9 Perfused Transcapillary System

The perfused transcapillary culture apparatus (Cellmax Quad™ artificial
capillary culture system) consists of an enclosed bundle of 50 semi-permeable,
Pronectin™ coated polypropylene capillaries (capillary length 13 ¢cm; outer diameter
630 [¢m, wall thickness 150 jim, luminal areza 70 cm , outer surface area 100 cm2,
extra-capillary volume 1.4 mL, 95% MWCO 0.5 |im) through which medium from a
reservoir is pumped at a chosen flow rate via silicone rubber tubing. As the gear
pump rotates, the motor shaft forces the pump pins to depress the pump tubing on
the capillary module, thereby forcing culture media to flow in a pulsatile fashion
through the gas-permeable silicone flow path tubing and through the capillary
(Figure 2.2.9.1). By altering the flow rate using an electronic control unit housed

outside the humidified incubator, varying pulsatile flow rates and hence pulse

heights (pressure) can be achieved in this system.

Reservoir
Side-port Side-port
---------- >
Inlet
Capillary bundle
Oxygenator Pump

Figure 2.2.9.1 Schematic of the Perfused Transcapillary system: demonstrating
the normal flow path ofthe perfusing medium via inlet and outlet ports and through
the luminal spaces. Below: wave forms generated at ‘low’ (left) and ‘high’ flow

(right).
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Flow rate (mL/min) was converted to shear stress (dynes/cm2) according to the

following equation:

T jzR 3

W here: r) = Fluid viscosity (0.008 dyne sec/cm2, media + 10% FCS)
Q = Fluid flow rate per fiber (mL/sec)

R = Internal fiber radius (cm)

To maintain pH, pCC>2, and pC>2 of the culture media at constant levels, the perfused
transcapillary culture system was housed in a humidified atmosphere in a standard
CO2 incubator, thereby allowing gaseous exchange to occur through the silicone
rubber tubing. Prior to the addition of cells, the module is equilibrated for 3 days by

circulation of culture media through the capillaries and tubing.

For perfused capillary studies, BBMVECs from culture flasks of equivalent or
greater surface area were trypsinized according to the methods outlined in section
2.2.4, suspended in 10 mL of growth medium and injected into the luminal
compartment using a double syringe method. Briefly BBMVECs are introduced with
a syringe into one luminal port and triturated gently through the lumen three times to
ensure even distribution of the cells. Displaced media is drawn off using a syringe
through one ofthe extracapillary space (ECS) ports. Cells are allowed to adhere for
3 hours, after which the pump is set to low flow (0.3 mL/min; pulse pressure of
6mmHg; shear stress of 0.2 dynes/cm2) and returned to the incubator for 10 days.
The number of cells that did not adhere were routinely counted to measure seeding
density and adherence after the pump has been turned back on to ensure maximal
coverage of each capillary. The harvested cells were then routinely counted at the
end of each experiment to confirm uniform seeding density and adherence. To obtain
‘high flow’ the flow rate is increased steadily over approximately 5 hours until the
desired high flow rate of 19 mL/min (14 dynes/cm2) is reached (t = 0). After

completion of the experimental time-course, cells are harvested by first washing
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both the luminal and extracapillary space with Hanks Balanced Salt Solution
(HBSS) using the double syringe method, and removing the remaining cells by

treatment with trypsin-EDTA.

2.2.10 Inhibitor Studies

In order to inhibit new protein synthesis at the ribosomal level,
cycloheximide was used at a final concentration of 1 [xg/mL. Cells were incubated
for 1 h in the presence of cycloheximide prior to treatment (i.e. shear, co-culture or

serum removal).

2211 Immunocytochemistry

In order to visually monitor the expression and/or subcellular localization of
proteins, cells were prepared for immunocytochemical analysis as previously
described (Groarke etal. 2001) with minor modifications. Cells were washed twice
in phosphate buffered saline (PBS) and fixed with 3% formaldehyde for 15 min.
Cells were subsequently washed, permeabilised for 15 min with 0.2% Triton X-100
and blocked for 30 min in 5% BSA solution. Following blocking, cells were
incubated with the appropriate primary antiserum or stain as indicated in table
2.2.11.1, followed by 1 h incubation with 1:400 dilution of either Alexa Fluor 488
anti-mouse or anti-rabbit fluorescent secondary antiserum. Nuclear DAPI staining
was routinely performed by incubating cells with 0.5 x 106 jig/mL DAPI for 3 min.
Cells were sealed with coverslips using DAKO mounting media (DAKO
Cytomation, Cambridgeshire UK) and visualized by standard fluorescent

microscopy (Olympus BX50).
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Primary Antiserum/Stain Concentration/Dilution Time (h)

GFAP 1:1000 3
Occludin 8 (ig/mL 3
Rhodamine Phallodin 1:200 1
Von-Willebrand 1:1000 3
Z0-1 0.25 [xg/mL 2

Table 2.2.11.1: Tabulated data for specific primary antisera and protein stain
parameters.

2.2.12 Transendothelial Electrical Resistance

Transendothelial electrical resistance (TEER) is routinely used to monitor
endothelial proliferation and barrier function (Francis et al. 1999; Grant et al. 1999;
Liu et al. 1999). As a cellular monolayer forms there is a sharp increase in TEER.
Moreover, when tight junctions are formed between adjacent endothelial cells,

barrier function increases concomitant with an increase in TEER.

TEER was measured in BBMVEC monolayers using an EVOM™ Epithelial
Voltohmmeter (WPI, Sarasota) and ENDOHM-24 Snap measurement chamber. The
EVOM™ Epithelial Voltohmmeter produces an AC current, which avoids the
adverse effects of DC currents, and measures the amount of resistance provided by
the monolayer. The amount of resistance detected is proportional to endothelial

barrier function.

In order to measure TEER, Transwell® inserts were placed in the ENDOHM-24
Snap measurement chamber with 1 mL of electrolyte in the apical compartment and
3.5 mL in the basolateral compartment. The resistance of each insert was assessed in
triplicate. For all TEER studies, serum-free DMEM, without antibiotics, was used

as the electrolyte solution.
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2.2.13 Permeability Studies

To measure barrier function in BBMVECs, tracer studies using 14C sucrose
were employed. In the case of Transwell® studies, 0.1 ~iCi of 14C sucrose was
added to the apical compartment and diffusion of sucrose allowed to proceed for 60
- 120 minutes as previously described (Berezowski et al. 2004). Media samples
(100 [iL) were collected every 15 min from the basolateral compartment. % Trans
Endothelial Exchange (% TEE) of 14C sucrose is expressed as the total subluminal
concentratin of 14C sucrose at a given time point (from 0-120 min) expressed as a

percentage of total abluminal concentratin of 14C sucrose at t=0 min.

Following laminar shear stress studies in 6-well plates, cells were trypsinized and
replated into Transwell®-Clear plates at 2.5 x 105cells/cm2. After 24 h when cells
were confluent, transendothelial permeability was measured as previously described
(Collins etal 2006). At t=0, fluorescein isothiocyanate (FITC)-labelled dextran (40
kDa, Sigma-Aldrich) was added to the abluminal chamber (to give a final
concentration of 250 |ag/mL) and diffusion of dextran across the monolayer allowed
to proceed at 37°C for 2 h. Media samples (30 |*L) were collected every 30 min
from the subluminal compartment and monitored in triplicate (7 |j.L sample + 93 jj.L
media) for FITC-dextran fluorescence at excitation and emission wavelengths 0f 490
and 520 nm, respectively (Perkin-Elmer Luminescence Spectrometer LS50B with
microplate reader attachment). % Trans Endothelial Exchange (% TEE) of FITC-
dextran 40 kDa is expressed as the total subluminal fluorescence at a given time
point (from 0-120 min) expressed as a percentage oftotal abluminal fluorescence at

t=0 min.

For perfused capillary studies, after 24 h of either high or low shearing, the pumps
were stopped and 2 ~Ci of 14C sucrose was added to each reservoir. The pumps
were returned to their high and low settings and the diffusion of 14C sucrose was
allowed to proceed for 3 h. Media samples (approximately 100 jiL) were collected

every 15 minutes by briefly stopping the pumps, applying clamps to the luminal inlet
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and outlet tubing, inserting a syringe needle into the ECS port and removing a media
sample. AIll samples were subsequently assessed in triplicate for 14C-sucrose
concentrations by scintillation counting as outlined in section 2.2.14. % Trans
Endothelial Exchange (% TEE) of 14C sucrose is expressed as the total ECS
concentratin of 14C sucrose at a given time point expressed as a percentage of total
reservoir concentratin of 14C sucrose at t=180 min. Due to difference in flow rates
used, the 14C-sucrose in the high flow system comes into contact with the capillary
bundle approximately 60 minutes prior to the low flow system. Therefore, for
scintillation permeability studies, it was necessary to adjust the time scale for low
flow from “actual time” to a “comparative time scale” (i.e. time 14C-sucrose is first
detected in the ECS). No significant difference in permeability was found in

capillaries without cells under low and high flow rates (Fig. 2.2.13.1).
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Tim« After AC Deiacted In ECS (min)

Fig. 2.2.13.1: Low and high flow rates do not affect 14C Sucrose permeability
in the perfused capillary system without cells. Empty capillaries were exposed
to pulsatile laminar snear stress (low - 0.2 dynes/cm2; high - 14 dynes/cm2, 24 h)
and monitored for permeability to 4C sucrose. In the cartridge with high flow,
the concentration of 14C sucrose in the ECS reaches it’s max at 60 min, and the
low at 90 min (a). However, when the time scales are adjusted to correct for the
time that the 14C first comes into contact with the capillary bundle, there is no
significant difference between the low and high flow paradigms in the rate of
permeability of 14C sucrose (b).
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2.2.14 14C Scintillation Counts

For scintillation counts, 25 ;L of ECS media was added to 2 mL of Ecoscint
H fluid in 6 mL scintillation vials and vortexed for 3 seconds to ensure even mixing.
Each sample was analysed in triplicate. Samples were assessed for 14C
concentrations by scintillation counting each sample for 5 minutes in a Beckman LS

6500 Multi-Purpose Scintillaiton Counter.

2.2.15 Preparation of Whole Cell Lysates

BBMVECs were washed twice in HBSS before being harvested using a cell
scraper for Transwell and laminar plate shear experiments, or by trypsinization for
perfused capillary studies and centrifuged at 1000 g for 5 minutes at 4°C. Pelleted
cells were subsequently lysed in a modified RIPA buffer (50 mM HEPES, 150 mM
NaCl, 10 mM EDTA, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
100 mM NaF and 1% Triton X supplemented with 1/100 dilution of protease and
phosphatase inhibitor cocktails (Sigma)). Cells were rotated gently for 1 h at 4°C
and subsequently centrifuged at 13,000 g for 20 min at 4°C to sediment any triton-
insoluble material and generate a triton-soluble supernatant fraction. Pelleted triton-
insoluble material was subsequently resuspended according to the method of
Sakakibara et al. (Sakakibara et al. 1997) in SDS-IP buffer (25 mM HEPES, 4 mM
EDTA, 25 mM NaF, 1% SDS and 1 mM sodium orthovanadate) and homogenized
using a Kontes homogenizer before being passed ten times through a 27-gague
needle. Following gentle rotation at 4°C for 30 min, lysates were centrifuged at
10,000 g for 30 min at 4°C to generate an SDS-soluble fraction, which was
combined with the triton soluble fraction to yield a total BBMVEC lysate. All

lysates were aliquoted into working volumes and stored at -80°C.

2.2.16 Bicinchoninic Acid (BCA) Protein Microassay

In this assay, Cuireacts with the protein under alkaline conditions to
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produce Cu’, which in turn reacts with BCA to produce a coloured product. Two
separate reagents were supplied in this commercially available assay kit (Pierce
Chemicals), A; an alkaline bicarbonate solution and B; a copper sulphate solution. 1
part solution B is mixed with 49 parts solution A; 200 |*L of this mixture is added to
5 (iL of protein lysate or BSA standards (standard curve in the range 0-2 mg/mL).
The plate is incubated at 37°C for 30 min and the absorbance read at 570 nm using a

Bio-TEK® ELx800 microtitre plate reader.

2.2.17 Preparation of Immunoprecipitates

Following preparation of whole cell lysates as outlined in section 2.2.15,
lysates were monitored by immunoprecipitation (IP) analysis as previously
described (Ferguson et al. 2000) for occludin content and association of
occludin/ZzO-1. 60 [Ag of lysate was incubated with 1.5 [Ag of the appropriate
monoclonal antibody, 6 liL of 10% BSA, 7.5 fxL of Protein G Sepharose beads and
lysis buffer to give a final volume of 500 jj,L. Incubation proceeded overnight at 4°C
with continuous eppendorfrotation. Following incubation, beads were washed twice
in lysis buffer + 1% Triton-X and twice in lysis buffer, resuspended in 30 mL of
SDS-PAGE sample solubilization buffer and heated for 10 min at 90°C. Samples
were then spun for 25 sec using a Capsulefuge (Tomy, Freemont, CA) to pellet
beads. The supernatant, containing solubilized proteins, was removed to a fresh tube

for Western blotting as described in section 2.4.

2.3 RNA Preparation Methods

2.3.1 RNA isolation

Trizol is a ready-to-use reagent for the isolation of total RNA, DNA and/or
protein from cells and tissues and employs the methods of RNA isolation developed
by Chomczynski and Sacchi (Chomczynski and Sacchi 1987). Trizol maintains the

integrity of the RNA while disrupting the cells and dissolving the cell components.
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Cells were lysed directly in culture plates by the addition of 1 mL of Trizol per 10
cm2. A volume less than this can result in contamination ofthe RNA with DNA. To
ensure complete homogenization, cells were lysed by passing through a pipette a
number oftimes. The samples were then incubated for 5 min at room temperature to
allow complete dissociation of nucleoprotein complexes. 0.2 mL ofchloroform was
added per mL of Trizol used and was then mixed vigorously for 15 seconds before
being incubated for 5 min at room temperature. Samples were subsequently
centrifuged at 12,000 g for 15 min at 4°C. The mixture separated into a lower red,
phenol-chloroform phase, an interphase and an upper colourless aqueous phase.
RNA remains exclusively in the aqueous phase. The aqueous phase was carefully
removed and transferred to a fresh, sterile tube. The RNA was precipitated out of
solution by the addition of 0.5 ml of isopropanol per 1 mL of Trizol used. Samples
were incubated for 15 min atroom temperature and then centrifuged at 12,000 g for
10 min at 4°C. The RNA precipitate forms a gel-like pellet on the side of the tube.
The supernatant was removed and the pellet washed in 1 mL of 75% ethanol per mL
of Trizol used followed by centrifugation at 7,500 g for 5 min at 4°C. The resultant
pellet was air-dried for 5-10 min before being resuspended in DEPC-treated water.
The sample was then stored at-80°C until use. RNA concentration was determined

by UV spectrophotometry as outlined in section 2.3.2.

2.3.2 Spectrophotometric Analysis of Nucleic Acids

The concentration and purity of the isolated RNA was determined by
measuring the absorbance ofa 1:100 dilution of the sample in Shimadzu UV-160A
dual spectrophotometer at 260 nm and 280 nm. DEPC water in a quartz cuvette was
used to blank the machine. The RNA concentration was determined as follows;

Abs @2eonmx 40 x dilutionfactor = Concentration ofRNA (\ig/mL)

The purity of RNA samples was established by reading the absorbance at 260 nm
and the absorbance at 280 nm and then determining the ratio between the two
(ABS260/ABS280). Pure RNA has a ratio of 2.0, lower ratios indicate the presence of

proteins, higher ratios imply the presence of organic reagents such as phenols.
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2.3.3 Reverse Transcription (RT) Reaction

Copy DNA (cDNA) was synthesized from messenger RNA (mMRNA) using
an iScript™ cDNA synthesis kit (Bio-Rad Laboratories, California, USA). For each
RT reaction, 4 (uL 5x buffer, 1 [iL reverse transcriptase enzyme and 1 jAgof RNA
were mixed and subjected to one RT cycle consisting of three phases; i) 25°C for 5
min, ii) 42°C for 30 min and iii) 85°C for 5 min in a PCR Sprint thermo cycler
(Thermo Electron Corporation - Massachusetts, USA). The resultant cDNA of

interest was amplified by real-time PCR as described in section 2.3.4.

2.3.4 Real-Time Polymerase Chain Reaction (PCR)

Quantitative real-time PCR was carried out using SYBR Green dye and a
Real time Rotor-GeneRG-3000™ lightcycler (Corbett Research). SYBR Green is a
fluorescent dye which, when bound to the minor groove of double stranded DNA,
emits fluorescence. The fluorescence is directly proportional to the amount of
product formed. cDNA, as outlined in section 2.3.3 was amplified for the target
sequences of interest, namely occludin, ZO-1 and GAPDH. Primer sets specific for

the product of interest are detailed in table 2.3.4.1.

Target Primer Sequence Anneal  Product
Gene Temp Size
For 5° AGT GGC TCA GGA GCT GCC ATT GAC TTC ACC 3’
Occludin 61°C 220 bp

Rev 3’ AGG TGG ATATTC CCT GAT CCAGTC GTC GTC 5’

For 5’ AGG CGC AGC TCC ACG GGC TTC AGG AAC TTG 3’

701 59°C 290 bp
Rev 3’ TCA GCC GTG GAG GAA GAT GAA GAC GAA GAC 5’
For 5° TGC TGA GTATGT CGT GGA GT 3’

GAPDH 53°C 186 bp
Rev 3° GCATTG CTG ACAATC TTG AG 5’

Table 2.3.4.1: Tabulated data for specific primer sequences for real-time PCR
products
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Each reaction was set up in triplicate as follows:

SYBR Green total reagent 12.5 ML
DEPC Water 8.5 [xL
Forward Primer 1.0 jxL
Reverse Primer 1.0 |j,L
cDNA 2.0 \iL

Each sample was mixed briefly and spun down for 6 seconds using a Capsulefuge
(Tomy, Freemount, CA). The Real-time PCR cycle program used for product

amplification was as follows:

Denature 95°C 15 min

Cycling Denature 95°C 20 s
Annealing 59°C 30 s 45 cycles
Extension 72°C 30 s

Hold 60°C 1 min

Melt 50 - 100°C

Although the optimum annealing temperature for each of the primers was different,
all three functioned at an annealing temperature of 59°C, therefore, this was used as
the annealing temperature for all real-time PCR product amplifications. All primer
pairs used were routinely screened for non-specific primer-dimer products by melt
curve analysis and agarose gel electrophoresis as outlined in section 2.3.5. For the
purpose of quantification, GAPDH (glyceraldehyde phosphate dehydrogenase) a

house-keeping gene, was used for normalization.

2.3.5 Agarose Gel Electrophoresis

Real-time PCR products were examined to ensure that the PCR product was

the correct size and that primer-dimers were not formed. AIll DNA gel
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electrophoresis was carried out using a GibcoBRL Horizon 20.25 Gel
Electrophoresis Apparatus. Before use the gel box was cleaned with ethanol and the
gel cast was set up as described in the manufacturers instruction manual. A 2.5%
agarose gel was made up by dissolving 12.5 g of agarose in 500 mL of Ix Tris
Acetate EDTA (50x TAE, Eppendorf, Hamburg, Germany). The agarose was
dissolved by heating in a microwave (700 mHz) at full power for 5 min. 100 mL of
the liquid agarose was then transferred to a fresh glass beaker. To this 250 mL of
200 mg/mL of Ethidium Bromide (EtBr) solution was added and mixed thoroughly
to give a final concentration of 0.5 mg/mL EtBr. The agarose was then poured into
the cast, the comb putinto place and the gel allowed to set. Once set, the comb was
removed and the apparatus filled with Ix TAE buffer. The samples were prepared as
follows: 15 mL of PCR product + 5 mL of 4x loading dye. 8 mL was loaded into
each well, with duplicate wells for each sample. The gel was run at 80 V, 110 mA
and 150 W until the dye front had migrated the length ofthe gel. When finished the
gel was placed on an Ultra Violet Products UV transilluminator for visualization and
an image captured using a Kodak DC290 digital camera for documentation. The gel

was then disposed ofin the appropriate EtBr waste container.

2.4 Western Blotting

2.4.1 Preparation of SDS PAGE Gels

For all protein electrophoresis and Western blotting, an Atto AE-6450 Dual
Mini Slab Kit was used. Prior to usage glass plates, gaskets and combs were
swabbed with ethanol as per manufactures instructions (AHO, Tokyo Japan).
BBMVEC lysate and IP samples were resolved under reducing conditions according
to the methods of Laemmli (Laemmli 1970). Resolving gels 12% (occ IP and co-IP)
and 6% (Z0O-1) and stacking gels 5% (occ IP and co-1P) and 3% (ZO-1) were

prepared as outlined in table 2.4.1.1.
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Resolving Gel Stacking Gel

12% 6% 5% 3%
Acrylamide/Bis Acrylamide 4.2 mL 2.36 mL 500 |uL 300 jxL
Gel Buffer 3.5 mL 157 (iL 1mL 40 [¢L
10% SDS (w/v) 140 \iL 3.94 mL 40 [xL 1mL
uph 20 6.16 mL 9.3 mL 2.46 mL 2.66 mL
10% Ammonium Persulphate (w/v) 70 \iL 79 \iL 20 [iL 20 [xL
TEMED 21 jxL 24 |al 6 (L 6 fxL

Table 2.3.4.1: SDS PAGE gel formulations. Resolving gel buffer and stacking gel
buffers have a pH of 8.8 and 6.8 respectively.

The resolving gel was poured, overlaid with ethanol and allowed to polymerize for
20 min at which point the ethanol was poured off and any traces of ethanol were
removed by washing with stacking gel buffer. 2 mL of stacking gel was then
overlaid on the resolving gel, the comb inserted and allowed to polymerize for 20
min. The electrophoresis chamber was then filled with approximately 200 mL
reservoir buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS). When the gels had
polymerized, the combs, clamps and gaskets were removed and gel plates inserted
into the electrophoresis chamber. The space between the two gels was then filled

with reservoir buffer and wells flushed to remove any unpolymerized acrylamide.

2.4.2 SDS PAGE Sample Preparation and Electrophoresis

In order to measure occludin expression and occludin/ZO-1 association, IPs
were prepared as outlined in section 2.2.15. For ZO-1 Western blotting, total lysate,
4X sample solubilization buffer (SSB - 8% SDS, 40% glycerol, 4% |3-
marcaptoethanol, 0.008% Bromophenol blue and 0.25M TrisCl, pH 6.8) and lysis
buffer were mixed to give a final concentration of 8 [J.g protein and IX SSB in 20
ixL. The sample was then incubated for 5 min in a 95°C heating block and cooled

rapidly on ice. The lysate or IP samples were then slowly added to the stacking gel
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wells. 2 [xL of Rainbow Protein Molecular Marker (Amersham Lifesciences) was
added to the first lane of the gel. The samples and markers were then separated

electrophoretically at 150 V, 90 mA, 150 W for 2 h (IPs) or4 h (Z0O-1).
2.4.3 Wet Transfer and Ponceau S Staining

A BIO-RAD Mini-PROTEAN® 3 Cell wet transfer chamber was used for all
wet transfers. Following gel electrophoresis, gels were removed from glass plates,
the stacking gel discarded and the resolving gel soaked for 10 min in transfer buffer
(25 mM Tris, 192 mM Glycine, 20% methanol, 0.1% SDS). W hatmann
chromatography paper and nitrocellulose membrane (PALL Biotrace) were cut to the
size of the resolving gel (7x9 cm) and pre-soaked in transfer buffer. The transfer

cassette was assembled as follows:

Sponge
.Chromatography Paper

uGel
.Membrane

} '‘Chromatography Paper

'Sponge

Proteins were transferred at 100 V, 500 mA, 150 W for 1 h 30 min. After
completion of the transfer, membranes were soaked in Ponceau S solution (Sigma)
for 3 min to ensure even protein loading. The stain was subsequently removed by

gentle washing in IX PBS, 0.05% Tween-20 (PBS-Tween).
2.4.4 Immunodetection

Following removal ofthe Ponceau S stain, membranes were blocked either
overnight (ZO-1) or for 1 h (occ or occ/Z0O-1 IPs) in 5% BSA solution. Membranes

were rinsed gently in PBS-Tween to remove excess blocking solution and incubated
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either overnight (occludin) or for 3 h (ZO-1) with the appropriate primary
monoclonal antisera (Zymed) at 1:1000 dilution. Membranes were washed
vigorously for 30 min in PBS-Tween prior to incubation with a 1:4000 dilution of
HRP-conjugated goat anti-mouse secondary antisera (Amersham Biosciences -
Buckinghamshire, UK) for 2 h. Membranes were then washed vigorously for 30
min in PBS-Tween prior to detection of immunoreactive proteins by enhanced
chemiluminescence. Supersignal® West Pico chemiluminescent substrate (Pierce)
was prepared according to the manufacturers instructions and incubated with
membranes for 5 min. Excess substrate was removed and chemiluminescent signal
was detected in a dark room using Amersham Hyperfilm autoradiography film and
developed in an Amersham hyperprocessor automatic developer. Immunoblot
images were captured using a Kodak DC290 digital camera and a quantitative
comparison between bands carried out using Kodak ID (version 3.5.4) densitometry

imaging software.
2.5 Statistical Analysis

Results are expressed as mean tSEM of a minimum of three independent
experiments (n=3) unless otherwise stated. Statistical comparisons were performed

using unpaired Student’s /-test or Two-Way ANOVA with replication, where

applicable. A value ofP<. 0.05 was considered significant.

59



Chapter 3

O ptim isation o fcell culture m edia an

characterization o fthe m ode.]l

60



3.1 Introduction

Endothelial cells forming the BBB in vivo are highly differentiated,
displaying a distinct phenotype associated with low permeability and high electrical
resistance, caused by the presence oftightjunctions sealing the paracellular pathway
between adjacent endothelial cell (Crone and Olesen 1982; Butt et al. 1990).
However, many of these characteristics are lost in vitro due to the ongoing de-
differentiation of the cells when passaged (Meresse et al. 1989; Mischeck et al.
1989; Fukushima et al. 1990; Meyer et al. 1990; Mizuguchi et al. 1994). For this
reason, it is essential to optimize the endothelial culture medium in order to maintain

the BBB characteristics of BBMVECs and lower the rate of de-differentiation.

BBMVECs received from Cell Applications, Inc. displayed typical microvascular
endothelial phenotype as defined by viability, morphology and doubling time.
However, the media components, including serum content and growth factors, were
undefined (and proprietary information). Futhermore, due to licencing difficulties in
importing bovine-derived products (serum in media) from a non-EU source and the
associated cost involved, it was neither cost or time-efficient to continue usage of
Cell Applications, Inc. media. As such it was necessary to develop a defined in-
house media that induced the same phenotype and growth characteristics in

BBMVECs as the Cell Applications media.

Moreover, for co-culture and serum studies outlined in section 2.2.7, it is necessary
to culture C6 glioma cells in serum free-media for 24 h. As the C6 glioma were
responsible for the co-culture conditioning of the BBMVECSs, it is of paramount
importance that they remain viable in serum-free conditions, and maintain their

astrocyte properties.

In this chapter, we describe the optimization of a growth media suitablefor the
culture of both BBMVECs and C6 glioma and to characterize the two cell types.
Moreover, it was necessary to ensure the viability of C6 glioma in the serum-free

conditions required by the co-culture experimental paradigm.
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3.2 Results

3.2.1 Media- and serum-dependent proliferation, morphology and viability of

BBMVECs

BBMVECs were plated at 1 x 104 cells/cm2 in either high glucose DMEM
(Fig. 3.2.1 c and d), Medium 199 (Fig. 3.2.1 e and f) or Ham’s F12 Medium (Fig.
3.2.1 g and h) containing 1% P/S and either 10% v/v Sigma or Gibco FCS.
BBMVECs were also plated in Cell Applications BBMVEC Cell Growth Medium
(Day 0, Fig. 3.2.1 a), as a positive control. Cells were monitored by phase contrast
microscopy every 24 h for cell proliferation, morphology and viability. Following 6
days in culture, the BBMVECs in Cell Applications media became confluent (Fig.
3.2.1 b). BBMVECs grown in DMEM with 10% Gibco FCS most closely resembled
cells grown in Cell Applications media for rate of proliferation, cell morphology and

cell viability (Fig. 3.2.1 d).

3.2.2. Basic Fibroblast Growth Factor (bFGF) is required for maintained
BBMVEC proliferation, morphology and viability in vitro

BBMVECs were plated at 1 x 104 cells/cm2 in either Cell Applications
BBMVEC Cell Growth Medium (as control) or high glucose DMEM with 1% P/S
and Gibco FCS, containing recombinant human bFGF ranging in concentration from
0 to 6 ng/mL. Cells were monitored by phase contrast microscopy every 24 h for
cell proliferation, morphology and viability. Following 6 days in culture, the
BBMVECs in Cell Applications media became confluent (Fig. 3.2.2 blue border).
BBMVECs grown in the presence of 3 ng/mL bFGF (Fig. 3.2.2 red border) most
closely resembled cells grown in the Cell Applications media for rate of

proliferation, cell morphology and cell viability.
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Fig. 3.2.1: Optimgization of Basal Media and Fetal Calf Serum for BBMVEC
Growth Media: BBMVECs were seeded at 1 x 104 cells/cm2 in either Cell
Applications complete media (day 0, (a) and at confluence, day 6, (b)), high
glucose DMEM (b and c), M 199 (d and e) or Ham’s F12 (f and g) with 1% P/S
and 10% FCS from either Sigma or Gibco. BBMVEC proliferation, viability and
morphology were assessed daily by phase contrast microscopy. Images b-h
shown are 6 days post seeding (i.e. time required for cells to reach confluency in
Cell Applications Media). Black arrows indicate cells which failed to flatten or

proliferate following adherance..
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Fig. 3.2.2: Optimization of Growth Factors in BBMVEC Growth Media:
BBMVECs were seeded at 1 x 104 cells/cm2 in either Cell Applications complete
media (CA) or high glucose DMEM containing 1% P/S, 10% Gibco FCS and
bFGF ranging from 0 to 6 ng/mL. BBMVEC proliferation, viability and
morphology were assessed daily by phase contrast microscopy. Images shown
are 1, 2, 3 and 6 days post seeding (i.e. time required for cells to reach confluency
in Cell Applications Media). Blue frame indicates confluent BBMVECs in Cell
Applications complete media, red frame indicates optimum bFGF concentration
in DMEM media.
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3.2.3 Heparin is required for maintained BBMVEC proliferation, morphology

and viability in vitro

BBMVECs were plated at 1 x 104 cells/cm2 in either Cell Applications
BBMVEC Cell Growth Medium (as control) or high glucose DMEM containing 1%
P/S and Gibco FCS, 3 ng/mL recombinant human bFGF and heparin ranging in
concentration from 0 to 6 |xg/mL. Cells were monitored by phase contrast
microscopy every 24 h for cell proliferation, morphology and viability. Following
144 h in culture, the BBMVECs in Cell Applications media became confluent (Fig.
3.2.3 a). BBMVECs grown in the presence of 3 fxg/mL heparin (Fig. 3.2.3 b) most
closely resembled cells grown in the Cell Applications media for rate of

proliferation, cell morphology and cell viability.

3.2.4 Characterization of BBMVECs grown in in-house media by expression of

Von-Willebrand Factor VIII antigen

BBMVECs were plated at 1 x 104 cells/cm2 on sterile coverslips using in-
house media (high glucose DMEM, 1% P/S, 10% Gibco FCS, 3 ng/mL bFGF and 3
[xg/mL heparin) and grown for 72 h to 80% confluence. Von Willebrand Factor VIII
expression was monitored by immunocytochemistry as described in section 2.2.11.
BBMVECs were found to be positive for Von Willebrand Factor VIII (Fig. 3.2.4 b)

and negative for control cells without primary anti-serum (Fig. 3.2.4 a).
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Fig. 3.2.3: Optimization of Heparin in BBMvEC growth media: BBMVECs
were seeded at 1 x 104 cells/cm2in either Cell Applications complete media (a) or
high glucose DMEM containing 1% P/S, 10% Gibco FCS, 3 ng/mL bFGF and 3
xg/mL Heparin (b). BBMVEC proliferation, viability and morphology were
assessed daily by phase contrast microscopy. Images shown are 6 days post

seeding (i.e. time required for cells to reach confluency in Cell Applications
Media)



Fig. 3.2.4: Characterization of BBMVECs by Von Willebrand Staining:
BBMVECs were seeded at 1 x 104 cells/cm2in high glucose DMEM containing
1% P/S, 10% Gibco FCS, 3 ng/mL bFGF and 3 fig/mL Heparin. Expression of
endothelial-specific Von Willebrand Factor VIII (green, b) was monitored by
immunocytochemistry using standard fluorescence microscopy (IOOOx). Control
cells incubated without primary anti-serum show no fluorescence (a).
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3.2.5 Characterization of C6 Glioma by expression of Glial Fibrillary Acidic

Protein (GFAP) antigen and assessment of viability in serum-free media

C6 Glioma were plated at 1 x 104 cells/cm2 on sterile coverslips in high
glucose DMEM, 1% P/S, 10% Gibco FCS, 3 ng/mL bFGF and 3 [ig/mL heparin and
grown for 48 h to 80% confluence. GFAP expression was monitored by
immunocytochemistry as described in section 2.2.11. C6 Glioma were found to be
positive for GFAP (Fig. 3.2.5 b) and negative for controls without primary anti-
serum (Fig. 3.2.5 a). For co-culture studies, as described in section 2.2.7, it was
necessary to culture C6 Glioma for 24 h in serum-free media. Therefore, it was
necessary to assess C6 Glioma viability in serum-free media. C6 Glioma cells were
plated at 1 x 104 cells/cm2in 6-well plates and allowed to adhere overnight. Cells
were subsequently washed in HBSS and 2 mL of either serum-containing or serum-
free was added to each well. After 24 h cells were assessed by phase-contrast
microscopy for cell morphology and viability. Cells grown in serum-containing
media displayed typical C6 glioma fibroblast-like morphology (Fig. 3.2.5 ¢c). The
cells grown in serum-free media displayed a slightly elongated morphology after 24
h (Fig. 3.2.5 d), but maintained good cell viability and proliferation for up to five

days in serum-free media (data not shown).
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Fig. 3.2.5: Characterization of C6 Glioma: C6 Glioma were seeded at 1x 104
cells/cm2 in high glucose DMEM containing 1% P/S, 10% Gibco FCS, 3 ng/mL
bFGF and 3 [xg/mL Heparin. Expression of astrocyte specific Glial Fibrillary
Acidic Protein (GFAP) (green) was monitored using standard fluorescent
microscopy (b, I1000x). Control cells incubated without primary anti-serum show
no fluorescence (a, I000x). Cell proliferation, morphology and viability in
serum-containing (c) and serum-free media (d) were monitored by phase contrast
microscopy (400x).



3.3 Discussion

In order to study BBB permeability and the etiology of tight junction
formation and regulation, it is necessary to develop a cell-based model of the BBB.
As the barrier function of the BBB can be completely attributed to the endothelial
cells, it stands to reason that these cells are the most essential component of any
BBB model. Primary cultured brain microvascular endothelial cells retain some of
their in vivo characteristics, but lose BBB specific markers such as yglutamyl
transpeptidase (y-GTP) and alkaline phosphatase (ALP) within a few days of their
isolation (Meresse et al. 1989; Mischeck et al. 1989; Fukushima et al. 1990; Meyer
et al. 1990; Mizuguchi et al. 1994). Moreover, with rats yielding between 1-2
million cells per brain (Mizuguchi etal. 1997), many animals must be sacrificed in
order to produce quantities of cells adequate for extensive experimentation, thus
raising both ethical issues and batch-to-batch variations within the cells. For this
reason, it is often adventitious to use a continuous cell line for experimental
procedures, thus eliminating dissimilarities between batches of cells and reducing
the ethical issues associated usage of animal cells. However, continuous passaging
of brain endothelial cells can lead to their de-differentiation and loss of BBB specific
phenotype. For example, TEER of the BBB in vivo, is typically in the region of
1000 - 2000 Q.cm2 (Butt 1995), but when isolated and grown in vitro may drop as
low as 10 Q.cm2 (Butt et al. 1990). Therefore, it is essential to maintain cells under
optimum culture conditions to minimize de-differentiation and retain BBB

characteristics in vitro.

As BBMVECs are routinely grown in a variety of media (Audus and Borchardt
1987; Prasadarao et al. 1999; Zhang et al. 2000; Zysk et al. 2001), it was necessary
to establish the optimum basal media and serum required for growth of the
BBMVEC continuous cell line purchased from Cell Applications, Inc.. Initial
investigation revealed that the BBMVECs grown in high glucose DMEM, containing
10% (v/v) Gibco FCS, most closely reflected, but was not the same as, the growth

rate, morphology and viability observed in BBMVECs grown in Cell Applications
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media. Furthermore, cells grown in the presence of Sigma FCS had a lower rate of
adherence, flattening and proliferation. Further studies investigating the effect of
bFGF revealed that a concentration of 3 ng/mL was optimum for cell growth and
viability, but that the addition of 3 jig/mL heparin resulted in a culture media, which
induced the same BBMVEC rate of proliferation, viability and morphology as Cell
Applications media. Immunocytochemical analysis indicated that the BBMVECS
retained their endothelial characteristics when grown in our in-house media as

shown by anti-Von-Willebrand Factor VIII antigen staining.

The co-culture experimental paradigm outlined in section 2.2.7 requires firstly that
both C6 glioma and BBMVEC be cultured in the same growth media and secondly
that the C6 glioma could be cultured in serum-free media for 24 h. Therefore, it was
necessary to ensure that the C6 glioma retained their viability and characteristics in
the in-house media in both the presence and absence of serum.
Immunocytochemical analysis confirmed that C6 glioma express GFAP following
growth and passaging in our in-house media and that the C6 glioma continued to

proliferate in serum-free media for up to 5 days.

In conclusion, these observations indicate that the BBMVECSs are sensitive to the
type of basal medium and serum they are grown in and that both bFGF and heparin
are required for sustained BBMVEC proliferation and viability. Furthermore, these
findings show that C6 glioma can be sustained in both serum-containing and serum-
free media. This information provided the basal components required for our BBB

model.
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4.1 Introduction

The BBB acts as a selective barrier preventing blood-borne solutes from
entering the brain ISF, where they can act as neurotransmitters and disrupt normal
neuronal function. The BBB is formed by brain microvascular endothelial cells,
which line cerebral capillaries, and are sealed by tight junctions. These tight
junctions form continuous contacts between adjacent endothelial cells, thus sealing
the intercellular space and preventing paracellular flux from the blood to the brain
(Baida and Matter 1998; Rubin and Staddon 1999). Moreover, tight junctions
function in maintaining cell polarity by preventing the lateral ( ffusion of membrane
proteins and lipids (Citi 1993; Cereijido et al. 1998; Madara 1998). Therefore, due

to the action of the BBB, the ISF is devoid of serum proteins.

Altered function and/or integrity of the BBB is associated with a variety of disease
states including multiple sclerosis, meningitis, encephalitis, ischaemic stroke,
Parkinson’s disease, Alzheimer’s disease and AIDS related dementia (PML -
progressive multifocal leukoencephalopathy) (Tunkel and Scheld 1993; M attila et al.
1994; Williams et al. 1994; Poland et al. 1995). Moreover, recent studies have
shown that serum prevents new barrier formation and disrupts previously formed
barriers, as assessed by TEER, in a highly polar-specific manner (Hoheisel et al.
1998; Nitz et al. 2003). That is, serum contacting endothelial cells from the
basolateral aspect reduced monolayer electrical resistance, indicative of loss of tight
junctions, whilst apically applied serum had no such effect. However, the
mechanisms by which serum disrupts barriers, and the biochemical events which

take place, are poorly understood.

Therefore, the aim of this chapter was to investigate the polar-specific effects of
serum on tight junction formation and barrier function in BBMVECs and to
elucidate the underlying biochemical processes with respect to occludin and ZO-1

expression, association and subcellular localization.
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4.2 Results

4.2.1 Apically applied serum-dependent subcellular localization of occludin
and ZO-1 in BBMVECs

Following 24 h culture of BBMVECSs in the presence or absence of apical
serum, subcellular localization of occludin and ZO-1 within BBMVEC monolayers
was monitored by immunocytochemistry as described in section 2.2.11. In the
BBMVEC monolayer with apical serum, occludin was found solely in the cytoplasm
(Fig. 4.2.1 a). Following removal of serum from the apical compartment, there was
no significant difference in subcellular localization of occludin (Fig. 4.2.1 c).
Moreover, in monolayers with apical serum present, ZO-1 immunoreactivity was
discontinuous, with jagged finger-like projections at the cell membrane (Fig. 4.2.1 b)
and again, no significant difference in ZO-1 subcellular localization was seen

following the removal of apical serum for 24 h (Fig. 4.2.1 d).
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Occludin Z0-1

Fig. 4.2.1: Effect of apically applied serum on Occludin and ZO-1
Subcellular Localization. Following 24 h incubation of fully confluent
BBMVEC in the absence or presence of serum on the apical side of the
endothelial cells, subcellular localization of occludin and ZO-1 was monitored by
immunocytochemistry. Occludin protein (green a and c), ZO-1 protein (green b
and d, clearly visible in a disjointed pattern at cell-cell borders) and nuclear DAPI

staining (blue a-d) were monitored using standard fluorescent microscopy
(1000Xx).
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4.2.2 Basolaterally applied serum-dependent expression of occludin in

BBMVECs

Following 24 h culture of BBMVECs in the presence or absence of
basolateral serum, occludin protein expression was monitored by IP/Western blot as
described in sections 2.2.16 and 2.4 respectively, and mRNA expression by Real-
time PCR as described in section 2.3.4. Following 24 h culture of BBMVEC without
basolateral serum (SF), occludin protein expression increased by 1.9 + 0.2 fold (Fig.

4.2.2 a) concomitant with a 1.7 + 0.2 fold increase in occludin mRNA (Fig. 4.2.2 b).

4.2.3 Basolaterally applied serum-dependent expression of ZO-1 in BBMVECs

Following 24 h culture of BBMVECs in the presence or absence of
basolateral serum, ZO-1 protein expression was monitored by Western blot as
described in sections 2.2.16 and 2.4 respectively, and mRNA expression by Real-
time PCR as described in section 2.3.4. Following 24 h culture of BBMVEC without
basolateral serum (SF), ZO-1 protein expression increased significantly by 1.8 = 0.2
fold (Fig. 4.2.3 a), which was accompanied by a small but significant increase in

ZO-1 mRNA (1.2 + 0.1 fold, Fig. 4.2.3 b).
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47 4
Basolateral Conditions

Fig. 4.2.2: Effect of basolateral serum on occludin expression in BBMVECs.
Confluent BBMVEC monolayers in Transwell inserts were incubated for 24 h
with either serum-containing (FCS) or serum-free (SF) basolateral media and
monitored for Occludin protein expression (a) by immunoprecipitation/Westem
blot and for mRNA (b) by Real-Time PCR. Histograms represent fold change in
product formation relative to control (FCS) and are averaged from three
independent experiments (a) or seven independent experiments (b) + SEM.
*P<0.05 relative to FCS.
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Basolateral Conditions

Fig. 4.2.3: Effect of basolateral serum on ZO-1 expression in BBMVECs.
Confluent BBMVEC monolayers in Transwell inserts were incubated for 24 h
with either serum-containing (FCS) or serum-free (SF) basolateral media and
monitored for Occludin protein expression (a) by Western blot and for mKNA (b)
by Real-Time PCR. Histograms represent fold change in product formation
relative to control (FCS) and are averaged from three independent experiments
(a) or seven independent experiments (b) + SEM. *P<0.05 relative to FCS.
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4.2.4 Basolaterally applied serum-dependent association of occludin/Z0O-1

Following 24 h culture of BBMVECs in the presence or absence of
basolateral serum, association of occludin with ZO-1 was monitored in total
BBMVEC lysates by IP as described in section 2.2.16. In response to the removal of
basolateral serum, the level of occludin detected in anti-ZO-1 immunoprecipitates

was seen to increase by 2.4 £+ 0.3 fold (Fig. 4.2.4).

4.2.5 Basolaterally applied serum-dependent subcellular localization of
occludin and ZO-1

Following 24 h culture of BBMVECs in the presence or absence of
basolateral serum, subcellular localization of occludin and ZO-1 within BBMVEC
monolayers was monitored by immunocytochemistry as described in section 2.2.11.
In the BBMVEC monoculture with basolateral serum, occludin was found solely in
the cytoplasm (Fig. 4.2.5 a), but became significantly more concentrated at the cell
membrane in response to serum removal (Fig. 4.2.5 c). Moreover, with serum in
both the apical and basolateral media, ZO-1 immunoreactivity was discontinuous,
with jagged finger-like projections at cell-cell contacts (Fig. 4.2.5 b). However,
following removal of serum from the basolateral compartment for 24 h, ZzO-1
imunoreactivity became significantly more continuous along the membrane

periphery (Fig. 4.2.5 d).
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Basolateral Conditions

Fig. 4.2.4: Effect of basolateral serum on occludin/Z0O-1 association in
BBMVECS. Following 24 h incubation of fully confluent BBMVEC monolayers
with either serum-containing (FCS) or serum-free (SF) basolateral media, co-
association of occludin and ZO-1 was monitored by immunoprécipitation and
Western blotting. Histogram represents fold change in band intensity relative to
serum-containing control (FCS) and is averaged from six independent
experiments + SEM. *P<0.05 relative to FCS.
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Occludin Z0-1

Fig. 4.2.5: Effect of basolateral serum on occludin and ZO-1 subcellular
localization in BBMVECSs. Following 24 h incubation of fully confluent
BBMVEC monolayers, with either serum-containing or serum-free basolateral
media, subcellular localization of occludin and ZO-1 was monitored by
immunocytochemistry. Occludin protein (green a and c), ZO-1 protein (b and d)
and nuclear DAPI staining (blue b and d) were monitored using standard
fluorescent microscopy (I0OOOx). White arrows indicate cell-cell border
localization. Images are representative of at least three individual sets of

experiments.
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4.2.6 Basolaterally applied serum-dependent transendothelial permeability of
BBMVECs to 14C-sucrose

Transendothelial permeability of 14C-sucrose was assessed in fully confluent
monolayers of BBMVECs and cells were subsequently treated with either serum-
containing or serum-free basolateral media for 24 h as described in section 2.2.7.
Permeability was re-assessed after 24 h and expressed as a percentage of the 14C-
sucrose concentration in the apical compartment at t=0 (see section 2.2.13 for
details). In monolayers with both apical and basolateral serum (open circles),
permeability att=60 was 10.5 £+ 0.6 % TEE. Removal of basolateral serum (shaded

squares) significantly decreased permeability to 8.2 + 0.8 % TEE (Fig. 4.2.6).

4.2.7 Basolaterally applied serum-dependent transendothelial electrical
resistance (TEER) of BBMVECs

TEER of BBMVEC monolayers was assessed at confluence as described in
section 2.2.12 and cells were subsequently treated with either serum-containing or
serum-free basolateral media for 24 h as described in section 2.2.7. After 24 h,
TEER was reassessed. The TEER for the monolayer with basolateral serum (FCS)
was set to 100% and the TEER of the monolayer without basolateral serum (SF)
expressed relative to this. Removal of serum from the basolateral compartment for

24 h significantly increased TEER to 142 + 6.3% (Fig. 4.2.7).
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Fig. 4.2.6: Effect of basolateral serum on BBMVEC transendothelial
permeability. Prior to and following 24 h incubation of fully confluent
BBMVEC monolayers, with either serum-containing (FCS) or serum-free (SF)
basolateral media, BBMVECs were monitored for permeability to 14C-sucrose.
Data points are expressed as a percentage of the initial concentration of de-
sueroése in the apical chamber at t=0. Results are averaged from three individual
experiments tSEM. P<0.0005 (Two-Way ANOVA, FCS versus SF).
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Basolateral Conditions

Fig. 4.2.7: Effect of basolateral serum on BBMVEC transendothelial
electrical resistance. Prior to and following 24 h incubation of fully confluent
BBMVEC monolayers, with either serum-containing (FCS) or serum-free (SF)
basolateral media, TEER was assessed. TEER ofthe BBMVEC monolayer after
24 h with serum in the basolateral compartment (FCS) was setto 100% and the
TEER ofthe monolayer without basolateral serum (SF) expressed relative to this.
Histogram represents percentage change in TEER and is averaged from five
independent experiments +SEM. *P<0.05 relative to FCS.
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4.3 Discussion

In continuous cell culture, serum is frequently used to promote cell
proliferation, however proliferation and cell differentiation are often opposing cell
fate decisions. Moreover, the majority of in vitro BBB models use serum-containing
media on both the apical and basolateral sides, which is contrary to the in-vivo
situation where the ISF bathing the basolateral side of the ECs is void of serum.
Previous publications have shown that serum can lower TEER and increase
paracellular permeability (Hoheisel et al. 1998; Nitz et al. 2003; Lohmann et al.
2004), however the mechanisms by which this occurs are poorly understood. This
study sought to elucidate the effects of serum on the biochemical etiology of tight
junction formation and barrier function with specific emphasis on occludin and ZO -
1, two pivotal tight junction proteins and to examine if these effects are polar-

specific.

Initial observations revealed that removal of serum from the basolateral
compartment of Transwell plates significantly increased TEER, similar to findings
by Nitz et al, and significantly lowered transendothelial permeability in BBMVECSs.
We then sought to further elucidate the subcellular biochemical events responsible
for the increase in barrier functionality (Nitz et al.2003). These findings show that
removal of basolateral serum from the BBMVEC monolayer leads to increased
occludin and ZO -1 protein and mRNA expression. Similar to findings by Collins et
al., the increase in ZO-1 mRNA was significantly lower than the observed increase
in protein expression, thus indicating a role for post-translational modification of the
Z0-1 protein, inducing stabilization and reducing the levels of protein turnover
within the cell (Collins et al. 2006) or potentially a role for increased mRNA
stability thus facilitating increased protein production. Furthermore, removal of
basolateral serum for 24 h led to a significant increase in the association of
occludin/zO-1. We therefore postulate a putative role for co-association of
occludin/zO-1 inducing stabilization of the protein complex, thus leading to an

apparent increase in protein expression caused by decreased protein degradation.
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Further studies employing pulse-chase technique to monitor new protein synthesis
would aid in clarifying the processes involved. Also, it is possible that any increase
in ZO-1 mRNA occurs before the 24 h time-point, therefore a time-course measuring
mRNA production, ranging from 0 - 24 h, would help to definitively clarify if the
observed increase in ZO-1 protein expression is in fact due to increased mRNA

synthesis or indeed to a yet unidentified post-translational modification.

Immunocytochemical analysis revealed that ZO-1 localization in monolayers with
serum in both the apical and basolateral compartments was characterized by the
presence of extrusions and invaginations typical of leaky junctions. Following the
removal of serum from the basolateral compartment, a profound redistribution of
Z0-1 was observed, from discontinuous finger-like projections to a smooth and
continuous localization at points of cell-cell contact. In addition, occludin staining,
which is localized mainly in the cytoplasm when both apical and basolateral serum
are present, re-localized to the membrane periphery upon removal of basolateral
serum. The increased co-localization of both occludin and ZO-1 to the membrane
periphery, in conjunction with the increased co-association of the two is indicative of
functional tight junctions. Moreover, removal of serum from the apical
compartment alone caused no redistribution of either occludin or ZO-1, and led to
reduced viability of the cells as assessed by phase-contrast microscopy (data not
shown). These data indicate a robust role for serum in modulating BBMVEC tight

junction formation and function in a highly polar-specific manner.

The effects of serum on barrier function and tight junction formation in both
endothelial and epithelial cells are shown to be exerted in a highly polar-specific
manner either from the apical or basolateral aspect depending on cell phenotype
(Marmorstein et al. 1992; Chang et al. 1997; Nitz et al. 2003). Moreover, the
preference for one cell surface over the other indicates a role for specific membrane-
standing receptors in modulating the effect of serum on barrier function. Thus, it
appears that the polar-specific effect of serum is dependent on cell physiology and

phenotype. Furthermore, serum, although widely used in cell culture, remains
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largely undefined, containing plasma proteins, hormones, growth factors and fatty
acids among others, which induce a variety of cell fate decisions ranging from

proliferation, to angiogenesis, to differentiation.

Vascular endothelial growth factor (VEGF) is a heat-stable cytokine found in serum,
which is known to induce endothelial cell proliferation, angiogenesis, permeability
and motility (Ferrara et al. 1991; Houck et al. 1992) and is essential for the growth
and survival of endothelial cells in vivo. VEGF is ubiquitously expressed by most
cell types, but not endothelial cells. However, endothelial cells are the sole target for
VEGF activity. Originally identified in 1983 as vascular permeability factor (Senger
et al. 1983), a large family of VEGF splice variants and receptors have now been
identified. The most widely studied form, VEG F-A 166 (hereafter termed VEGF) is
the most predominant form, containing a heparin-binding domain involved in
anchoring to the extracellular matrix and presentation to VEGF receptors. There are
three receptors in the VEGF family, known as VEGF-R1, -R2 and -R3, which
contain tyrosine kinase activity and multiple IgG-like domains (Shibuya et al. 1999).
VEGF-R1 and VEGF-R2 both bind VEGF, however VEGF-R1 is of a higher affinity
than VEGF-R2 (Waltenberger et al. 1994), and is primarily associated with
endothelial mobility and permeability (Seetharam et al. 1995; Neufeld et al. 1999;
Shibuya et al. 1999). VEGF-R2 on the other hand is implicated in cell proliferation
(Millauer et al. 1993; Waltenberger et al. 1994). Previous studies by Nitz et al. have
demonstrated the ability of VEGF to decrease barrier function of primary porcine
brain capillary endothelial cells and that this effect is seen only when VEGF is added
to the basolateral compartment (Nitz et al. 2003). We, therefore, postulate that
VEGF may be one serum component responsible for increasing BBMVEC
permeability. These data suggest that if the increased permeability caused by the
presence of basolateral serum is due to the action of VEGF, that there is polar-
specifc expression of VEGF receptors in BBMVECs. That is, that the VEGF-R2
may be expressed primarily on the apical cell surface, and the VEGF-R1 receptor
(primarily associated with mobility and permeability) on the basolateral surface.

Thus, in this transwell model, with apical serum-rich and basolateral serum-free
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media, VEGF contained in serum could stimulate cell proliferation via the apical
VEGF-R2, without activation of the basolateral VEGF-R1, which would cause
increased permeability. Further investigations using VEGF antagonists to block
receptors, in conjunction with confocal immunocytochemistry distinguishing

between the two receptors is required for clarification.

Lysophosphatidic acid (LPA) is another serum factor, which has been shown to
increase endothelial permeability (Schulze et al. 1997; Nitz et al. 2003). Produced
by activated platelets, fibroblasts and several carcinomas, LPA is found in serum as
an amphiphilic molecule bound to albumin and gelsolin (Tigyi and Miledi 1992;
Goetzl et al. 2000). Studies by Nitz et al. have shown that purified LPA, in its
unbound form, disrupts endothelial barriers but does not display any polar
specificity. In contrarst to these findings, the ability of serum to weaken endothelial
barriers has been shown to be highly polar-specific, thus indicating that either LPA is
not the component responsible for serum-induced barrier breakdown, or that in its
native form, i.e. bound to albumin, it is unable to interact with apical receptors, but
may bind to basolateral receptors. Future work investigating the effect of purified
and bound LPA on tight junction formation and barrier function are required to
elucidate if LPA is one serum component responsible for the polar-specific serum-

induced barrier breakdown in BBMVECSs.

In summary, this work describes the role of serum in endothelial tight junction
regulation. These data clearly indicate that removal of basolateral serum modulates
the expression, association and localization of occludin and ZO-1, which are integral
tight junction proteins. Furthermore, these subcellular events correlate with
increased electrical resistance and decreased paracellular flux across the BBMVEC
monolayer. Further studies are required to explicate both the serum components and
the exact mechanisms by which these events occur. This information may be
invaluable in the development of a superior in vitro BBB model and greatly
enhances our overall understanding of how serum factors regulate microvascular

endothelial barrier formation and function.
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5.1 Introduction

The blood-brain barrier (BBB) is a selective barrier, which functions to
maintain homeostasis of the central nervous system (CNS) by preventing potentially
harmful blood-borne solutes entering the brain microenvironment. The endothelial
cells comprising the BBB exhibit many specialized properties including extremely
low permeability, high transendothelial electrical resistance (TEER) (Crone and
Olesen 1982; Butt et al. 1990; Jones et al. 1992) and low occurrence of pinocytotic
vessels. Adjacent endothelial cells are bound by three types of intercellular contacts,
namely desmosomes, adherens junctions and tight junctions, with barrier function

solely attributed to the tightjunction (Anderson and Van Itallie 1995).

Although the barrier function of the BBB is attributed solely to endothelial cells,
astrocytes, which encircle the basolateral aspect of the endothelium have been
implicated in the up-regulation of BBB function both in vitro (Jeliazkova-Mecheva
and Bobilya 2003; Gee and Keller 2005) and in vivo (Saunders et al. 1991), albeit
via poorly understood mechanisms. As discussed previously in chapter 4, exposure
of the basolateral surface of the endothelium to serum inhibits tight junction
formation and increases paracellular permeability. Collectively, these observations
have led us to hypothesize that basolateral endothelial conditions directly modulate
endothelial barrier function by altering the expression and assembly of apical tight

junction components.

Thus, the aim ofthis chapter is to investigate the role of non-contacting co-culture
with C6 glioma on BBMVEC tight junction formation and barrier function in
basolaterally serum-containing or serum-free environment, with particular
emphasis on the tightjunction proteins occludin and ZO-1. That is, BBMVECs
grown on transwell inserts are co-cultured with C6 glioma grown on the plate
bottom in either the presence or absence ofbasolateral serum (seefig. 2.2.7.1) and

are monitoredfor changes in tightjunction formation andfunction.
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5.2 Results

521 C6 Glioma astrocyte-conditioned media- and serum-dependent

subcellular localization of occludin in BBMVECs

Following 24 h incubation of BBMVECs with C6ACM *+ serum in the apical
compartment, subcellular localization of occludin within BBMVEC monolayers was
monitored by immunocytochemistry as described in section 2.2.11. In the BBMVEC
monolayer with apical serum, occludin was found solely in the cytoplasm (Fig. 5.2.1
a). Following removal of serum, there was no significant difference in subcellular
localization of occludin (Fig. 5.2.1 c). Moreover, monolayers incubated in the
presence of C6ACM, either with or without serum, showed no significant difference

in occludin subcellular localization (Fig. 5.2.1 b and d, respectively).

522 C6 Glioma astrocyte conditioned media- and serum-dependent
subcellular localization of ZO-1 in BBMVECs

Following 24 h incubation of BBMVECs with C6ACM + serum in the apical
compartment, subcellular localization of ZO-1 within BBMVEC monolayers was
monitored by immunocytochemistry as described in section 2.2.11. In the BBMVEC
monolayer with apical serum, ZO-1 distribution at the cellular membrane was
discontinuous with long finger like projections (Fig. 5.2.2 a), indicitative of weak
tight junctions. Neither removal of serum from the culture media (Fig. 5.2.2 c) nor
incubation in C6ACM with or without serum (Fig. 5.2.2 b and d, respectively) led to

changes in ZO-1 distribution at the cellular membrane.
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Fig. 5.2.1: Effect of apically applied C6 glioma astrocyte-conditioned media
and serum on occludin subcellular localization. Following 24 h incubation of
fully confluent BBMVEC in the absence or presence of C6 glioma astrocyte
conditioned media (C6ACM), and/or serum in the apical compartment, subcellular
localization of occludin was monitored by immunocytochemistry. Occludin
protein (green a - d) was monitored using standard fluorescent microscopy
(I000x).
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Fig. 5.2.2: Effect of apically applied C6 glioma astrocyte-conditioned media
and serum on ZO-1 subcellular localization. Following 24 h incubation of fully
confluent BBMVEC in the absence or presence of C6 glioma astrocyte conditioned
media (C6ACM), and/or serum in the apical compartment, subcellular localization
of ZO-1 was monitored by immunocytochemistry. ZO-1 protein (green a- d) was
monitored using standard fluorescent microscopy (I000Xx).
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5.2.3 Co-culture- and serum-dependent subcellular localization of occludin in
BBMVECs

Following co-culture and/or removal of serum from the basolateral compartment of
fully confluent BBMVECs for 24 h, subcellular localization of occludin within
BBMVEC monolayers was monitored by immunocytochemistry as described in
section 2.2.11. In the BBMVEC monoculture with basolateral serum, occludin was
found solely in the cytoplasm (Fig. 5.2.3 a), but became significantly more
concentrated at the cell membrane in response to serum removal (Fig. 5.2.3 c). Co-
culture with C6 glioma, in the presence of basolateral serum, also increased occludin
localization at points of cell-cell contact (Fig. 5.2.3 b), however, the combination of
C6 glioma without basolateral serum led to the most continuous occludin

localization at the cell (Fig. 5.2.3 d)

5.2.4 Co-culture- and serum-dependent subcellular localization of ZO-1 in
BBMVECs

Following co-culture and/or removal of serum from the basolateral compartment of
fully confluent BBMVECs for 24 h, subcellular localization of ZO-1 within
BBMVEC monolayers was monitored by immunocytochemistry as described in
section 2.2.11. With serum in both the apical and basolateral media, ZO-1
immunoreactivity was discontinuous, with jagged finger-like projections at cell-cell
contacts (Fig. 5.2.4 a). However, following removal of serum from the basolateral
compartment, ZO-1 immunoreactivity became significantly more continuous along
the membrane periphery (Fig. 5.2.4 c). Co-culture with C6 glioma, in the presence
of basolateral serum, also increased ZO -1 immunoreactivity at the cell membrane
(Fig. 5.2.4 c), however, the combination of C6 glioma without basolateral serum
appears to give the most continuous ZO-1 localization at the cell membrane (Fig.

5.2.4 d).
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Fig. 5.2.3: Effect of co-culture and serum on occludin subcellular
localization in BBMVECS. Following 24 h incubation of fully confluent
BBMVEC in either serum-containing or serum-free basolateral media and/or co-
culture with C6 glioma, subcellular localization of occludin was monitored by
immunocytochemistry. Occludin protein (green a-d) was monitored using
standard fluorescence microscopy (IOOOx). White arrows indicate cell-cell
border localization. Images are representative of at least three individual sets of
experiments.
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Fig. 5.2.4: Effect of co-culture and serum on ZO-1 subcellular localization
in BBMVECS. Following 24 h incubation of fully confluent BBMVEC in either
serum-containing or serum-free basolateral media and/or co-culture with C6
glioma,, subcellular localization of 7Z0O-1 was monitored by
immunocytochemistry. ZO-1 protein (green a-d) was monitored using standard
fluorescence microscopy (I0OOx). White arrows indicate cell-cell border
localization. Images are representative of at least three individual sets of
experiments.
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5.2.5 Co-culture- and serum-dependent expression of occludin in BBMVECs

Removal of basolateral serum from the BBMVEC monoculture for 24 h resulted in
1.9+ 0.2 and 1.6 + 0.1 fold increases in occludin protein and mRNA expression,
respectively (Fig. 5.2.5 a and b). Co-culture in the presence of basolateral serum
(C6 FCS) increased occludin protein expression by 2.4 + 0.0 fold (Fig. 5.2.5 a)
whilst exhibiting no significant effect on occludin mRNA expression (Fig. 5.2.5 b).
Moreover, co-culture of BBMVEC and C6 glioma without basolateral serum (C6 SF)
significantly increased both occludin protein and mMRNA expression (2.9 £ 0.2 and

1.9 + 0.1 fold respectively) (Fig. 5.2.5 a and Ib).

5.2.6 Co-culture- and serum-dependent expression of ZO-1 in BBMVECs

Removal of basolateral serum from the BBMVEC monoculture for 24 h resulted in
1.6 +* 0.2 and 1.5 = 0.1 fold increases in ZO-1 protein and mRNA expression,
respectively (Fig. 5.2.6 a and b). Co-culture in the presence of basolateral serum
(C6 FCS) increased ZO-1 protein expression by 2.0 + 0.1 fold (Fig. 5.2.6 a) whilst
exhibiting no significant effect on ZO-1 mRNA expression (Fig. 5.2.6 b). Moreover,
co-culture of BBMVEC and C6 glioma without basolateral serum (C6 SF)
significantly increased both ZO-1 protein and mRNA expression (1.7 + 0.0 and 1.3 *

0.2 fold respectively) (Fig. 5.2.6 a and b).
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Fig. 5.2.5: Effect of co-culture and serum on occludin expression in BBMVECs.
Confluent BBMVEC monolayers in transwell inserts were incubated for 24 h with
either serum-containing (FCS) or serum-free (SF) basolateral media and/or C6
glioma, which had been growing on the plate bottom for 24 h. BBMVECs were then
monitored for occludin protein expression (a) by immunoprecipitation/Westem blot
and for mRNA (b) by Real-Time PCR. Histograms represent fold change in product
formation relative to control (i.e. FCS - monoculture with serum) and is averaged
from three independent experiments +SEM. *P<;0.05 relative to FCS; § Ps0.05
relative to C6 FCS; 88 Ps0.05 relative to SF. Gels are representative.
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Fig. 5.2.6: Effect of co-culture and serum on ZO-1 expression in BBMVECS.
Confluent BBMVEC monolayers in transwell inserts were incubated for 24 h
with either serum-containing or serum-free basolateral media and/or C6 glioma,
which had been growing on the plate bottom for 24 h. BBMVECs were then
monitored for ZO-1 protein expression (a) by Western blot and for mRNA (b) by
Real-Time PCR. Histograms represent fold change in product formation relative
to control (i.e. FCS - monoculture with serum) and is averaged from three
independent experiments *SEM. *Ps0.05 relative to FCS. Gels are

representative.
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5.2.7 Co-culture- and serum-dependent association of occludin/Z0O-1

Following co-culture and/or removal of serum from the basolateral compartment of
fully confluent BBMVECs for 24 h, association of occludili with ZO-1 was
monitored in total BBMVEC lysates by IP as described in section 2.2.16. In
response to the removal of serum (SF), the level of occludin detected in anti-ZO-1
immunoprecipitates was seen to increase by 2.2 + 0.1 fold. Co-culture of BBMVECSs
and C6 glioma, in the presence of basolateral serum (C6 FCS) led to a 3.1 + 0.2 fold
increase in occludin/Z0O-1 association, and 3.8 + 0.2 fold increase when basolateral

serum was removed (C6 SF) (Fig. 5.2.7).
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Fig. 5.2.7: Effect of co-culture and serum on occludin and ZO-1 association
in BBMVECSs. Following 24 h incubation of fully confluent BBMVEC in either
serum-containing or serum-free basolaterai media and/or co-culture with C6
glioma, co-association of occludin and ZO-1 were monitored by IP and Western
blotting. Representative blot is shown above graph. Histogram represents fold
change in band intensity relative to serum-containing control (FCS) and is
averaged from three independent experiments +SEM; *P<.0.005 relative to FCS;
8 PsO.Ol relative to C6 FCS; 88 Ps0.005 relative to SF.
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5.2.8 Co-culture- and serum-dependent transendothelial permeability of
BBMVECs to 14C-sucrose

Transendothelial permeability of 4C-sucrose was assessed in fully confluent
monolayers of BBMVECs and cells were subsequently treated with either serum-
containing or serum-free basolateral media and/or co-culture with C6 glioma as
described in section 2.2.7. Permeability was re-assessed after 24 h and expressed as
a percentage of the 14C sucrose concentration in the apical compartment at t=0 (i.e.
% TEE of 14C sucrose or % Trans Endothelial Exchange of 14C sucrose) as described
in section 2.2.13. In control cells (i.e. monolayer with basolateral serum, FCS)
permeability at t=60 was 11.3 + 0.3 %TEE. Removal of basolateral serum (SF)
significantly decreased permeability to 9.7 £ 0.2 % TEE, whilst co-culture with C6
glioma in the presence of basolateral serum (C6 FCS) also led to a significant
decrease in permeability to 10.6 + 0.3 % TEE. Co-culture without basolateral serum

(C6 SF) also reduced permeability to 10.0 + 0.5 % TEE (Fig. 5.2.8).

5.2.9 Co-culture- and serum-dependent transendothelial electrical resistance

(TEER) of BBMVEC

TEER of BBMVEC monolayers was assessed at confluence as described in section
2.2.12 and cells were subsequently treated with either serum-containing or serum-
free basolateral media and/or co-culture with C6 gliomas, as described above. The
TEER for the monolayer without serum in the basolateral compartment (SF)
increased significantly to 148 + 4.6% of the control after 24 h. Co-culture in the
presence of serum (C6 FCS) resulted in a 128 + 6.0% increase in TEER, whilst co-
culture without basolateral serum (C6 SF) led to a 160 £+ 7.1% increase in TEER

(Fig. 5.2.9).
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Fig. 5.2.8: Effect of co-culture and serum on BBMVEC transendothelial
permeability. Prior to and following 24 h incubation of fully confluent
BBMVECSs in either serum-containing or serum-free basolateral media and/or co-
culture with C6 glioma, BBMVECs were monitored for permeability to de-
suerése. Data points shown are expressed as a percentage of the initial
concentration of 14C-sucrose in the apical chamber at t=0. Histogram represents
percentage change in basolateral 14C-sucrose concentration at t=60 and is
averaged from three independent experiments +SEM. *P<,0.05 relative to FCS.
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Fig. 5.2.9: Effect of co-culture and serum on BBMVEC transendothelial
electrical resistance. Prior to and following 24 h incubation of fully confluent
BBMVEC in either serum-containing or serum-free basolateral media and/or co-
culture with C6 glioma, TEER was assessed. TEER of BBMVEC monoculture
after 24 h with serum in both the apical and basolateral compartments (FCS),
was setto 100% and the TEER ofthe serum-free (SF) and co-cultures with (C6
FCS) and without (C6 SF) basolateral serum expressed relative to this.
Histogram represents percentage change in TEER and is averaged from four
independent experiments +SEM; *Ps0.005 relative to FCS; §Ps0.01 relative to
C6 FCS.
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5.2.10 Serum-dependent, but not co-culture-dependent, subcellular localization

of occludin is attenuated by cycloheximide in BBMVECs

Following co-culture and/or removal of serum from the basolateral compartment of
fully confluent BBMVECs in the absence or presence of cycloheximide for 24 h,
subcellular localization of occludin within BBMVEC monolayers was monitored by
immunocytochemistry as described in section 2.2.11. The increased localization of
occludin to the cell membrane following removal of basolateral serum was
completely abolished by the addition of cycloheximide to the culture media (Fig.
5.2.10 a-d). The co-culture-dependent increase in occludin membrane localization
in the presence of basolateral serum (Fig. 5.2.10 e) was unaffected by the addition of
cycloheximide (Fig. 5.2.10 f). However, the increases in occludin localization to the
cell membrane seen following co-culture in the absence of basolateral serum (Fig.
5.2.10 g) were only partially attenuated by the addition of cycloheximide (Fig.

5.2.10 h).
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Fig. 5.2.10: Effect of cycloheximide on co-culture- and serum-dependent
subcellular localization of occludin in BBMVECS. Following co-culture and/or
removal of serum from the basolateral compartment of fully confluent
BBMVECs in the absence or presence of cycloheximide for 24 h, subcellular
localization of occludin was monitored by immunocytochemistry. Images b,d,f
and h indicate the effect of cycloheximide on occludin localization. Occludin
protein (green a -h) was monitored using standard fluorescence microscopy
(I000x). White arrows indicate cell-cell border localization. Images are
representative of at least three individual sets of experiments.
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5.2.11 Serum-dependent, but not co-culture-dependent, subcellular localization
of ZO-1 is attenuated by cycloheximide in BBMVECs

Following co-culture and/or removal of serum from the basolateral compartment of
fully confluent BBMVECSs in the absence or presence of cycloheximide for 24 h,
subcellular localization of ZO-1 within BBMVEC monolayers was monitored by
immunocytochemistry as described in section 2.2.11. The continuous localization of
Z0O-1 at the cell periphery seen following removal of basolateral serum was
significantly reduced by the addition of cycloheximide to the culture media (Fig.
5.2.11 a-d). The increase in ZO-1 localization observed in the co-culture model with
basolateral serum (Fig. 5.2.11 e) was not significantly altered following the addition
of cycloheximide to the culture media (Fig. 5.2.11 f). However, addition of
cycloheximide to the co-culture model without basolateral serum had no apparent

effect on ZO-1 subcellular localization (Fig. 5.2.11 g and h).
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Fig. 5.2.11: Effect of cycloheximide on co-culture- and serum-dependent
subcellular localization of ZO-1 in BBMVECS. Following co-culture and/or
removal of serum from the basolateral compartment of fully confluent BBMVECSs
in the absence or presence of cycloheximide for 24 h, subcellular localization of
Z0-1 was monitored by immunocytochemistry. Images b,d,f and h indicate the
effect of cycloheximide on occludin localization. ZO-1 protein (green a-h) was
monitored using standard fluorescence microscopy (I0OOx). White arrows
indicate cell-cell border localization. Images are representative of at least three
individual sets of experiments.



5.3 Discussion

Development of a reproducible in vitro BBB model, which exhibits low
permeability and high electrical resistance, is essential for increasing our knowledge
oftightjunction formation at the molecular level and to understand the physiological
factors which modulate barrier function. The development of such a model would
enable high throughput screening of neurotherapeutic agents and potentially
elucidate the mechanisms of barrier breakdown associated with a variety of
neurological diseases (see chapter 1 for details). Furthermore, in vivo the
basolateral aspect of the cerebral microvascular endothelium is ensheathed by
astrocyte endfeet and bathed in ISF, which is completely devoid of serum proteins.
Thus, in developing a model ofthe BBB, the role of these physiological basolateral

conditions must be addressed.

We sought to investigate the effect of co-culturing C6 glioma with endothelial cells.
Initial co-culture experiments, with C6 glioma in the presence ofbasolateral serum,
showed no significant change in occludin or ZO-1 mRNA expression, but did cause
significant increase in protein expression of both. Moreover, association of
occludin/Z0O-1 increased significantly following co-culture with C6 glioma. These
data indicate that the increase in protein is not at the transcriptional level, but is
perhaps due to decreased protein degradation and again suggests a putative role in
the association of the two proteins leading to post-translational stabilization.
Immunocytochemical analysis revealed that both occludin and ZO-1 became more
continuous at points of cell-to-cell contact under co-culture conditions. In parallel
with these biochemical changes, permeability to 14C-sucrose decreased and TEER
increased following co-culture. Furthermore, incubation of the endothelial cells in
the presence of cycloheximide during co-culture caused no significant change in the
co-culture-dependent localization of occludin and ZO-1 to the cell membrane.
These findings, in conjunction with the mRNA data, indicate that the increase in

tight junction formation and barrier function associated with co-culture of
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BBMVECs with C6 glioma is a result of post-translational modification of existing

proteins rather than new protein synthesis.

In this chapter we observed that removal of basolateral serum from the BBMVEC
monolayer decreased paracellular permeability and increased TEER, concomittant
with an increase in occludin and ZO-1 expression, co-association and localization to
the membrane (consistent with the findings of chapter 4). Futhermore, inhibition of
new protein synthesis by cycloheximide abolished the serum free-dependent
localization of both occludin and ZO-1 to the cell periphery, thus indicating that the
removal of basolateral serum increases tight junction formation via de novo protein

synthesis.

In view of these findings, we further sought to investigate if a combination of these
two conditions, i.e. a co-culture ofBBMVECs and C6 glioma without basolateral
serum, would have an additive effect in relation to barrier formation and function.
We found that under these conditions, occludin protein and mRNA expression was
increased significantly, relative to both the serum-free monoculture and the co-
culture model with serum. However, ZO-1 protein and mRNA expression was not
significantly different to either the serum-free monoculture and the co-culture model
with serum. In parallel immunocytochemical analysis of occludin and ZO-1
localization suggests that the C6 glioma cause increased expression at cell-cell
contacts, an observation that was intensified by removal of serum. This model
exhibited significantly increased TEER compared to the co-culture model with
serum, but not to the serum-free monoculture, with a similar trend reflected in
permeability to 14C sucrose. In addition, cycloheximide only partially abrogated the
localization of occludin and ZO-1 to the cell membrane in the serum-free co-culture
model, thus indicating that the increase in tight junction formation is partly due to

new protein synthesis and partly due to modification of existing protein.

These data indicate that both removal of serum and the co-culture effects of C6

glioma increase tight junction formation, but that these effects are not additive with
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respect to barrier function. Moreover, the mMmRNA and cycloheximide data shown
indicate that removal of serum and co-culture with C6 glioma increase tightjunction
formation and barrier function via two separate pathways. That is, removal of serum
leads to increased tight junction protein synthesis via de novo mRNA production,
whilst co-culture with C6 glioma leads to post-translational modification of already

existing protein pool.

Furthermore, incubation of BBMVECs with apically applied C6 ACM, in either the
presence or absence of serum, led to no significant change in occludin or ZO-1
subcellular localization, thus indicating a polar-specific nature of the inducing
properties of astrocytes on endothelial cell barrier function. Growth factors such as
the bFGF and TGF-|3 which, are released by astrocytes, bind to endothelial cell
surface receptors and induce tightjunction formation. Thus, the polar-specific effect
of C6 glioma on endothelial tight junction formation may be due to polar-specific
expression of such receptors on the endothelial surfaces. However, further studies
are required to elucidate which astrocyte-derived factors and associated receptors are

responsible for induction of barrier properties in endothelial cells.

This BBB model reflects the in-vivo situation, with respect to the absence of
basolateral serum and the presence of astrocytes. However, even though the co-
culture is assessed visually for viability in the serum free-media, it is possible that
the C6 glioma enter a quiesced state, and as such released lower levels of signaling
molecules responsible for the induction of tight junction formation, which would
explain why the potentially additive barrier effect of co-culturing in the absence of
basolateral serum was not seen. Furthermore, C6 glioma may produce increased
levels of VEGF or other barrier-disrupting cytokines under serum-free conditions,
thus reducing the endothelial barrier. Further studies measuring VEGF, bFGF and

TGF-(3 production would help to clarify this point.

Moreover, in-vivo the spatial relationship between endothelial cell bodies and

astrocyte end-feet is in the magnitude of angstroms, whereas in this model it is
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approximately 1 mm. We therefore hypothesize that a synergistic contact-dependent
relationship may exist between astrocytes and endothelial cells; that is, that
astrocytes may require contact (or near contact) with endothelial cells to maintain
viability in serum-free conditions. However, in contrast to Garcia et al., who
propose that astrocyte-endothelial contact is required for induction of BBB
properties (Garcia et ah 2004), our data indicate that under non-contact co-culture
conditions, C6 glioma release a soluble factor, which increases endothelial barrier

function by up-regulating tight junction formation.

In conclusion, this chapter describes, in part, the polar-specific effect of serum and
of astrocytes on barrier function in endothelial cells. Our findings indicate that
removal of basolateral serum increases occludin and ZO-1 expression, association of
tight junction proteins and their subcellular distribution, concomitant with an
increase in TEER and reduction in paracellular permeability, thus indicating that
basolaterally applied serum inhibits tightjunction formation. It also investigates the
feasibility of combining a C6 co-culture model with serum-free conditions. We have
shown that C6 glioma can cause increased barrier function in BBMVECSs in both the
presence and absence of basolateral serum, and that this functional change is
accompanied by biochemical changes including the expression, localization and
association of occludin and ZO-1. Further studies are required to fully elucidate the
exact mechanisms by which these events occur, however this information may be

invaluable in the development of a superior in vitro BBB model.

112



Chapter 6

A ssessm ent o fthe role o flam inar

shear stress on B B M vETU C tight

junction form ation and barrier

funoction

113



6.1 Introduction

The vascular endothelium is a dynamic cellular interface between the vessel
wall and bloodstream, which regulates vessel tone and remodelling. Haemodynamic
forces, namely cyclic strain and shear stress modulate endothelial gene expression,
morphology and function (see section 1.4 for details). Futhermore, areas in the
macrovasculature associated with low or turbulent shear stress, such as arterial
bifurcations, show increased monocyte infiltration and a predisposition to the
formation of atherosclerotic plaques (Dzau et al. 2002). Moreover, shear stress
plays a significant role in maintaining homeostasis of the cerebral microvasculature
and may have a protective effect in the pathophysiology of several neurological
disorders (for review, see Krizanac-Bengez et al. 2004)). Therefore, we propose

that shear stress mediates endothelial permeability via modulation of tight junctions.

Moreover, the majority of BBB models encompass the paracrine interactions
between endothelial cells and astrocytes, but fail to address the haemodynamic
forces exerted on the luminal aspect of the cerebral microvascular endothelium. We
hypothesize that microvascular endothelial tight junction formation and barrier
function is modulated by both basolateral factors (serum, astrocytes, pericytes) and

luminal forces (shear stress).

Thus, the aim of this chapter is to examine the role of physiological levels of
laminar shear stress on endothelial tightjunction formation and barrierfunction,
with particular emphasis on the expression, association and subcellular

localization ofoccludin and ZO-1.
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6.2 Results

6.2.1 Shear stress-dependent increase in occludin expression in BBMVECs

Following exposure of BBMVECs to shear stress (10 dynes/cm2, 24 h), occludin

protein expression increased by 1.8 + 0.0 fold (Fig. 6.2.1 a). Messenger RNA levels

were also significantly increased following shear by 2.7 £ 0.3 fold (Fig. 6.2.1 b).

6.2.2 Shear stress-dependent increase in ZO-1 expression in BBMVECs

Following exposure of BBMVECSs to shear stress (10 dynes/cm2, 24 h), ZO-1 protein

expression increased by 1.3 + 0.0 fold (Fig. 6.2.2 a). Messenger RNA levels were

also significantly increased following shear by 1.3 £ 0.0 fold (Fig. 6.2.2 b).

6.2.3 Shear stress-dependent association of occludin/ZO-1 in BBMVECs

Following exposure of BBMVECSs to shear stress (10 dynes/cm2, 24 h), association

ofoccludin with ZO-1 was monitored in total BBMVEC lysates by IP/Western blot.

In response to shear, the level of occludin detected in anti-ZO-1 immunoprecipitates

was seen to increase by 1.9 + 0.1 fold (Fig. 6.2.3)
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Fig. 6.2.1: Effect of shear stress on occludin expression in BBMVEC:s.
Confluent BBMVEC were exposed to shear stress (10 dynes/cm2, 24 h) and
monitored for occludin protein expression (a) by immunoprecipitation/Western
blot and for mRNA (b) by Real-Time PCR. Histograms represent fold change in
product formation relative to unsheared control and are averaged from three
independent experiments + SEM. *P<0.05 relative to unsheared control. Gel
shown is representative.
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Fig. 6.2.2: Effect of shear stress on ZO-1 expression in BBMVECs. Confluent
BBMVEC were exposed to shear stress (10 dynes/cm2, 24 h) and monitored for
Z0-1 protein expression (a) by Western blot and for mRNA (b) by Real-Time
PCR. Histograms represent fold change in product formation relative to
unsheared control and are averaged from three independent experiments + SEM.
*P<0.05 relative to unsheared control. Gel shown is representative.
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Fig. 6.2.3: Effect of shear stress on occludin/ZO-1 association in BBMVEC:s.
Confluent BBMVEC were exposed to shear stress (10 dynes/cm2, 24 h) and
monitored for co-association of occludin and ZO-1 by immunoprécipitation and
Western blotting. Histogram represents fold change in band intensity relative to
unsheared control and is averaged from three independent experiments + SEM.
*P<0.05 relative to unsheared control. Gel shown is representative.
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6.2.4 Shear stress-dependent cell realignment and occludin and ZO-1

subcellular localization

Following exposure of BBMVECs to shear stress (10 dynes/cm , 24 h), cellular
realignment was monitored by phase contrast microscopy and F-actin staining as
described in section 2.2.11. Subcellular localization of occludin and ZO-1 within
BBMVEC monolayers was also monitiored by immunocytochemistry as described in
section 2.2.11. In the unsheared control cells (Fig. 6.2.4 a) cell alignment was
random and mulit-directional, however, following shear cells realigned in the
direction of flow (Fig. 6.2.4 b). In parallel, F-actin staining with rhodamine
phalloidin revealed significant redistribution of actin bundles following shear (Fig.
6.2.4 d) when compared to the unsheared control (Fig. 6.2.4 c). Moreover, in the
unsheared control occludin was found solely in the cytoplasm (Fig. 6.2.4 e), but
became significantly more concentrated at the cell membrane in response to shear
(Fig. 6.2.4 f). Also, in unsheared cells ZO-1 immunoreactivity was discontinuous,
with jagged finger-like projections at cell-cell contacts (Fig. 6.2.4 g). However,
following 24 h shear, ZO-1 imunoreactivity became significantly more continuous

along the membrane periphery (Fig. 6.2.4 h).
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Fig. 6.2.4: Effect of shear stress on cell realignment and occludin and ZO-1
subcellular localization in BBMVECS. Following exposure of BBMVECs to
shear stress (10 dynes/cm2, 24 h) cellular realignment was monitored by phase
contrast microscopy (a and b) (400x) and F-actin staining (c and d) using
standard fluorescent microscopy (I0O0OOx). Subcellular localization of Occludin
and ZO-1 was monitored by immunocytochemistry. Occludin protein (green e
and f), ZO-1 protein (g and h) and nuclear DAPI staining (blue e-h) were
monitored using standard fluorescent microscopy (I0O0O0Ox). White arrows indicate
cell-cell border localization. Large arrows indicate direction of flow. Images are

representative of at least three individual sets of experiments.
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6.2.5 Shear stress decreases BBMVEC transendothelial permeability to FITC

dextran

As transendothelial permeability cannot be directly monitored directly in 6-well
plates post-shear, both control and “shear-conditioned” BBMVECSs were trypsinized
and re-plated into Transwell®-Clear plates at a density sufficient to reach confluency
within 24 h. BBMVEC monolayer permeability to 40 kDa FITC-dextran was
subsequently monitored as described in section 2.2.13. Results indicate that shear
stress significantly reduces BBMVEC permeability to FITC-dextran, with unsheared
cells showing a 2.7 £+0.1 fold higher level of FITC-dextran in the subluminal
chamber after 120 min relative to sheared cells (Fig. 6.2.5 i). Moreover, although
this experimental paradigm necessitates testing transendothelial permeability 24 h
after cessation of shear, we have monitored a number of strain-induced changes in
occludin/ZzO-1 properties (e.g. subcellular localization) and confirmed that they fully
persist 24 h after passage from shear plates into Transwell®-Clear plates (Fig. 6,2.5 ii

a - d).
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Control

Fig. 6.2.5 i: Effect of shear stress on BBMVEC transendothelial permeability.
Following exposure of BBMVECSs to shear stress (10 dynes/cm2, 24 h), control and
“shear-conditioned” BBMVECSs were trypsinized and re-plated into Transwell®}-Clear
plates and monitored for permeability to 40kDa FITC-dextran. Data points are shown
as total subluminal fluorescence at a given time point (from 0-120 min) expressed as a
percentage of total abluminal fluorescence att=0 min (i.e. % TEE of FD40 or % Trans
Endothelial Exchange of FITC-dextran 40 kDa). Results are averaged from two
independent experiments +tSEM; P<0.005 (Two-Way ANOVA, unsheared versus
sheared BBMVECS).
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Fig. 6.2.5 ii: BBMVECs retain “sheared” characteristics following trypsinization.
Following exposure of BBMVECSs to shear stress (10 dynes/cm2, 24 h), both control
and “strain-conditioned” BBMVECs were trypsinized, re-plated and
immunocytochemically monitored for localization of occludin and zO-1 after 24 h.
Membrane localization of occludin in (a) unsheared and (b) sheared BBMVECs and of
Z0O-1 in (c) unsheared and (d) sheared BBMVECSs is shown 24 h after re-plating. Both
proteins were monitored using standard fluorescence microscopy (I0O0OOx). White
arrows indicate cell-cell border localization. Images are representative of at least three

individual sets of experiments.
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6.2.6 Shear stress-dependent association of occludin/ZO-1 in BBMVECs is

partially attenuated by cycloheximide

Following exposure of BBMVECS, in the presence or absence of cycloheximide, to
laminar shear stress (10 dynes/cm2, 24 h), occludin expression (a), ZO-1 expression
(b) and association of occludin with ZO-1 (c) was monitored in total BBMVEC
lysates by IP/Western blot. Immunoblot images (a) occludin and (b) ZO-1
demonstrate the ability of cycloheximide to inhibit shear-dependent protein
synthesis. In response to shear, the level of occludin detected in anti-ZO-1
immunoprecipitates was seen to increase by 2.4 +0.1 fold in the absence of
cycloheximide and 1.9 + 0.0 fold in the presence of cycloheximide. However, a
non-specific effect of cycloheximide, led to a 1.5 + 0.0 fold increase in occludin/ZO-

1 association (i.e. under non-shear conditions) (Fig. 6.2.6).
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Fig. 6.2.6: Effect of cycloheximide on shear stress induced occludin/ZO-1
association in BBMVECs. Confluent BBMVEC were exposed to shear stress (10
dynes/cm2, 24 h) in the presence and absence of cycloheximide and monitored for
co-association of occludin and ZO-1 by immunoprécipitation and Western
blotting (histogram and blot c). Histogram represents fold change in band
intensity relative to unsheared control and is averaged from three independent
experiments + SEM. *P<0.05 relative to unsheared control, §P<0.05 relative to
unsheared with cycloheximide. Representative blots demonstrate the ability of
cycloheximide to inhibit occludin (a) and ZO-1 (b) protein synthesis.
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6.2.7 Shear stress-dependent occludin subcellular localization is partially

attenuated by cycloheximide

Following exposure of BBMVECS, in the presence or absence of cycloheximide, to
shear stress (10 dynes/cm2, 24 h), subcellular localization of occludin and ZzO-1
within BBMVEC monolayers was monitiored by immunocytochemistry as described
in section 2.2.11. In the unsheared cells, with and without cycloheximide (Fig. 6.2.7
a and b, respectively) occludin was found solely in the cytoplasm, but became
significantly more concentrated at the cell membrane in response to shear in both the

absence and presence of cycloheximide (Fig. 6.2.7 c and d, respectively).

6.2.8 Shear stress-dependent ZO-1 subcellular localization is partially

attenuated by cycloheximide

Following exposure of BBMVECS, in the presence or absence of cycloheximide, to
shear stress (10 dynes/cm2, 24 h), subcellular localization ofZO-1 within BBMVEC
monolayers was monitiored by immunocytochemistry as described in section 2.2.11.
In the unsheared cells, with and without cycloheximide (Fig. 6.2.8 a and b,
respectively) ZO-1 staining was discontinuous with long finger like projections.
However, in response to shear, ZO-1 staining became significantly more continuous
at the cell periphery in both the presence and absence of cycloheximide (Fig. 6.2.8 c

and d, respectively).
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Fig. 6.2.7: Effect of shear stress and cycloheximide on occludin subcellular
localization in BBMVECS. Following exposure of BBMVECS to shear stress (10
dynes/cm2, 24 h) in the presence and absence of cycloheximide, subcellular
localization of Occludin was monitored by immunocytochemistry. Occludin
protein (green a and was monitored using standard fluorescent microscopy
(I000x). White arrows indicate cell-cell border localization. Large arrows
indicate direction of flow. Images are representative of at least three individual
sets of experiments.
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Fig. 6.2.8: Effect of shear stress and cycloheximide on ZO-1 subcellular
localization in BBMVECS. Following exposure of BBMVECS to shear stress (10
dynes/cm2, 24 h) in the presence and absence of cycloheximide, subcellular
localization of ZO-1 was monitored by immunocytochemistry. ZO-1 protein
(green a - d) was monitored using standard fluorescent microscopy (I0OOOXx).
W hite arrows indicate cell-cell border localization. Large arrows indicate
direction of flow. Images are representative of at least three individual sets of
experiments.

128



6.2.9 Shear stress-dependent decrease in BBMVEC transendothelial

permeability to FITC dextran is partially attenuated by cycloheximide

As transendothelial permeability cannot be directly monitored in 6-well plates post
shear, both control and “shear-conditioned” BBMVECs were trypsinized and re-
plated into Transwell®-Clear plates at a density sufficient to reach confluency within
24 h. BBMVEC monolayer permeability to 40 kDa FITC-dextran was subsequently
monitored as described in section 2.2.13. Results indicate that inhibition of protein
synthesis for 24 h by cycloheximide increases BBMVEC permeability to FITC-
dextran by 1.7 = 0.3 fold higher level of FITC-dextran in the basolateral
compartment compared to unsheared control. Moreover, shear stress significantly
reduced BBMVEC permeability to FITC-dextran, with sheared cells showing 0.4 =
0.1 fold lower level of FITC-dextran in the subluminal chamber after 120 min
relative to unsheared cells. Furthermore, cells sheared in the presence of
cycloheximide showed 0.9 + 0.0 fold lower level of FITC-dextran in the subluminal
chamber after 120 min relative to unsheared cells, thus indicating that the shear-
induced decrease in BBMVEC permeability was partly due to new protein synthesis
and partly due to posttranslational modification of the existing proteins (Fig. 6.2.9 i).
Moreover, although this experimental paradigm necessitates testing transendothelial
permeability 24 h after cessation of shear, we have monitored a number of shear-
and cycloheximide-induced changes in occludin/ZO-1 properties (e.g. subcellular
localization) and confirmed that they fully persist 24 h after passage from shear

plates into Transwell®-Clear plates (Fig. 6.2.9 ii).
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Fig. 6.2.9 i: Effect of shear stress and cycloheximide on BBMVEC
transendothelial permeability. Following exposure of BBMVECS to shear stress (10
dynes/cm2, 24 h), in the presence and absence of cycloheximide, control, “shear-
conditioned” and “cycloheximide conditioned” BBMVECs were trypsinized and re-
plated into Transwell®-Clear plates and monitored for permeability to 40kDa FITC-
dextran. Data points are shown as total subluminal fluorescence at t=120 min
expressed as a percentage of total abluminal fluorescence at t=0 min (i.e. % TEE of
FD40 or % Trans Endothelial Exchange of FITC-dextran 40 kDa). Results are
averaged from two independent experiments +SEM; *P<0.05 versus control
BBMVECSs, 8§P<0.05 versus sheared BBMVECs.
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\
Fig. 6.2.9 ii: BBMVECs retain cycloheximide and “sheared” characteristics
following trypsinization. Following exposure of BBMVECs to shear stress (10
dynes/cm2, 24 h), in the absence and presence of cycloheximide, control and “strain-
conditioned” BBMVECs were trypsinized, re-plated and immunocytochemically
monitored for localization of occludin and ZO-1 after 24 h. Membrane localization of
occludin (a - d) and of ZO-1 (e- h) in BBMVECSs is shown 24 h after re-plating. Both
proteins were monitored using standard fluorescence microscopy (IOOOx). White
arrows indicate cell-cell border localization. Images are representative of at least three

individual sets of experiments.
131



6.2.10 Pulsatile laminar shear stress-dependent increase in occludin and ZO-1

protein expression in BBMVECs

Following exposure of BBMVECs to pulsatile laminar shear stress (low 0.2
dynes/cm2, high 14 dynes/cm2, 24 h), occludin protein expression increased by 2.2 +
0.0 fold (Fig. 6.10 b) under high shear conditions compared to low flow. A
representative immunoblot (a) indicates an increase in ZO-1 protein expression

under high shear conditions.

6.2.11 Pulsatile laminar shear stress-dependent association of occludin/ZO-1 in
BBMVECs

Following exposure of BBMVECs to pulsatile laminar shear stress (low 0.2
dynes/cm2, high 14 dynes/cm2, 24 h), association of occludin with ZO-1 was
monitored in total BBMVEC lysates by IP/Western blot. In response to high shear,
the level of occludin detected in anti-ZO-1 immunoprecipitates was seen to increase

by 3.2 £0.1 fold compared to low shear (Fig. 6.11).

6.2.12 Pulsatile laminar shear stress-dependent transendothelial permeability
of BBMVECSs to 14C-sucrose

Following exposure of BBMVECs to pulsatile laminar shear stress (low 0.2
dynes/cm2, high 14 dynes/cm2, 24 h) transendothelial permeability of 14C-sucrose
was assessed. At t=30, 45 and 60, high shear stress led to a significant decrease in
BBMVEC transendothelial permeability to 14C sucrose. At t=60 BBMVEC
permeability under high shear conditions was approximately 20% less than that of

the low shear conditions (Fig. 6.12).
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Fig. 6.2.10: Effect of pulsatile laminar shear stress on occludin and ZO-1
protein expression in BBMVECs. BBMVEC were exposed to pulsatile laminar
shear stress (low - 0.2 dynes/cm2; high - 14 dynes/cm , 24 h) and monitored for
Z0O-1 protein expression (insert a) and occludin protein expression (b) by
immunoprecipitation/Westem blot. Representative blot (a) indicates the effect of
pulsatile shear stress on ZO-1 protein expression. Histogram (b) represents fold
change in occludin protein formation relative to low flow control and is averaged
from three independent experiments + SEM. *P<0.0005 relative to low flow.
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Fig. 6.2.11: Effect of pulsatile laminar shear stress on occludin/ZO-1
association in BBMVECs. BBMVEC were exposed to pulsatile laminar shear
stress (low - 0.2 dynes/cm2; high - 14 dynes/cm2, 24 h) and monitored for co-
association of occludin and ZO-1 by immunoprécipitation and Western blotting.
Histogram represents fold change in band intensity relative to low flow and is
averaged from three independent experiments + SEM. *P<0.001 relative to low
flow. Gel shown is representative.
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Fig. 6.2.12: Effect of pulsatile laminar shear stress on BBMVEC
transendotliclial permeability. Following 24 h pulsatile laminar shear stress
(low flow - 0.2 dynes/cm2; high flow - 14 dynes/cm2, BBMVECs were
monitored for permeability to 14C-sucrose. Data points shown are expressed as a
percentage of the concentration of l4C-sucrose in the luminal space at t=180.
Histogram represents percentage change in ECS 14C-sucrose concentration and is
averaged from three independent experiments +tSEM. Ps0O.005 (Two-Way
ANOVA, low flow versus high flow).
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6.3 Discussion

In vivo, the endothelial cells forming the BBB are basolaterally bathed in ISF
(devoid of serum proteins) and encircled by astrocyte endfeet, whilst the luminal
endothelial surface is exposed to laminar shear stress as a result of local
haemodynamic forces. Chapter 3 and 4 clearly demonstrate the role serum and
astrocytes, respectively on tight junction formation and microvascular barrier
function. However, we believe that tight junction formation is a result of both
basolateral and apical stimuli. Thus, in this chapter, the role of apically acting shear

stress in modulating endothelial barrier function is examined.

Initial investigations clearly demonstrate that exposure of BBMVECs to chronic
physiological non-pulsatile laminar shear stress (10 dynes/cm2, 24 h) significantly
increased occludin and ZO-1 protein expression in parallel with increased mRNA
expression. Previous studies by DeMaio et al. demonstrated that exposure of bovine
aortic endothelial cells (BAEC) to shear stress reduced occludin expression, without
change in ZO-1 expression (DeMaio et al. 2001). Initially it would seem that these
are two conflicting phenomena, however, the experimental paradigm used by
DeMaio et al. involved exposure of BAECs to shear stress for 3 h as opposed to our
paradigm of 24 h shear. Furthermore, studies by Galbraith et al. have shown that the
shear stress-induced spatial reorganization of the actin cytoskeleton requires 12 -24
h shear for realignment of endothelial cells (Galbraith et al. 1998). Therefore, we
postulate that the shear stress-dependent regulation of tight junction formation is not
monotonie, but rather that there are several distinct phases. That is, disruption of
previously formed tight junctions may be necessary to facilitate the shear-induced
actin cytoskeleton reorganizaton, which is then followed by a subsequent increase in
tight junction formation. Further studies employing time-lapse fluorescent
microscopy to monitor actin, occludin and ZO-1 localization under shearing

conditions from 0 - 24 h would address this hypothesis.



Exposure of BBMVECs to shear also resulted in significant increase in the co-
association of occludin and ZO-1. Moreover, occludin, normally observed in the
cytoplasm of unsheared cells exhibited increased localization at the cell membrane
following shear, whilst ZO-1 immunoreactivity, which is discontinuous with long
finger-like projections in unsheared conditions, became more continuous and
linearly distributed at cell-cell contacts following shear. Phase contrast microscopy
also revealed that following 24 h shear there was dramatic reorientation of
BBMVECs in the direction of shear concomitant with profound a-actin
reorganization. In parallel with these observations, shear stress significantly reduced
BBMVEC permeability to FITC dextran, that is, the biochemical regulation of
occludin and ZO-1 by shear is accompanied by increased BBMVEC barrier

functionality.

In order to address if the shear-dependent modulation of tightjunction formation and
endothelial barrier function was a result of new protein synthesis or post-
translational modification of existing protein, cells were sheared in the presence and
absence of cycloheximide. Western blot analysis revealed that, as expected,
incubation of BBMVECs with cycloheximide, in both sheared and unsheared cells,
reduced the protein expression of both occludin and ZO-1. However, incubation of
unsheared BBMVECs with cycloheximide caused a non-specific increase in
association of occludin/Z0-1. Moreover, sheared BBMVECSs, in both the presence
and absence of cycloheximide, exhibited significantly increased levels of
occludin/ZO-1 association compared to their unsheared counterparts. These data
indicate that approximately 50% of the shear-induced increase in occludin/ZO-1
association is due to de novo protein synthesis and and 50% due to post-translational
modification of the existing protein pool. Furthermore, cycloheximide only partially
attenuated the shear-dependent increased localization of occludin and ZO-1 to the
cell membrane, whilst permeability tracer studies revealed that shear induces the
increased formation of a functional barrier in both de novo protein-dependent and
independent manners. In concert, these data suggest that the shear-dependent

increase in BBMVEC tight junction formation and barrier function is modulated via
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both de novo protein synthesis and modification of an existing protein pool.
Previous studies by Collins et al. have revealed a similar response of endothelial
cells to mechanical stimuli. In these studies, Collins et al. exposed BAECs to 5%
cyclic strain, and similar to the findings discussed above, found that increased tight
junction formation and associated barrier function was a result of both new protein
synthesis and modification of existing proteins (Collins et al. 2006). Thus, it would
seem that haemodynamic forces regulate endothelial barrier function via two
separate pathways; firstly by the expression of new proteins and secondly by the

modification of existing tightjunction proteins.

Exposure of BBMVECSs to pulsatile shear stress, which mimics the pressure changes
exerted on cerebral capillaries caused by the opening and closing of arteriole
sphincters and dilation/contraction of the capillaries, led to a significant increase in
occludin protein expression, without significant change in ZO-1 expression.
Furthermore, chronic pulsatile shear stress (14 dynes/cm2/24 h) led to a dramatic
increase in association of occludin/Z0O-1, which correlated with a significant
decrease in permeability to 2C sucrose. Previous studies by Cucullo et al.
demonstrated that BAECs grown in both the absence and presence of Ces glioma
exhibited increased TEER following exposure to chronic shear stress in a perfused
capillary system (Cucullo et al. 2002). However, in these studies by Cucullo et al.,
the biochemical tight junction modifications, which potentially modulate the
functional increase in electrical resistance are not investigated. Many recent studies
have employed similar models to investigate BBB-specific markers, such as
adenosine permeation or glucose transport (Stanness et al. 1996; Stanness et al.
1997; Pekny et al. 1998; Stanness et al. 1999; McAllister et al. 2001; Sinclair et al.
2001). However, to our knowledge this body of work is the first to address the role
of shear stress, in a perfused capillary system, in modulating tight junction formation

at the molecular level.

Pulsatile laminar shear stress led to a significant increase in occludin/Z0O-1

association compared to the non-pulsatile shear stress. However, as the pulsatile
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shear was carried out at 14 dynes/cmz and the non-pulsatile shear at 10 dynes/cm2,
no direct comparison between the two can be made. Further studies Eire required to
elucidate if the differences between the two paradigms are due to a force-dependent
or pulse-dependent increased association of occludin/ZO-1. Furthermore, as
permeability cannot be assessed directly in the non-pulsatile laminar shear
apparatus, no comparison can be made between the pulsatile and non-pulsatile
laminar shear-dependent decrease in permeability. Further studies using a cone and
plate viscometer to shear in a transwell plate would allow for direct permeability

studies under non-pulsatile laminar shear stress without the need for replating.

Previous studies have shown that haemodynamic forces modulate the
phosphorylaltion state of tight junction proteins (Conklin et al. 2002; Collins et al.
2006). Moreover, as discussed in chapter 1, both occludin and ZO-1 function is
modulated via their phosphorylation states (Sakakibara et al. 1997; Baida and Matter
1998; Rao et al. 2002; Kale et al. 2003; Sheth et al. 2003). Thus, it would seem
logical that further studies into shear-mediated tight junction formation should focus

on the phosphorylation and de-phosphorylation of both occludin and ZO-1.

In conclusion, this chapter describes in part, the role of shear stress in microvascular
tight junction regulation. These findings clearly indicate that shear stress modulates
the expression, localization and association of occludin and ZO-1, two pivotal tight
junction proteins. Furthermore, these findings correlate with decreased endothelial
permeability, suggesting a putative relationship between occludin/ZO-1 modulation
and tight junction barrier function. Further studies are required to fully elucidate the
exact mechanisms by which these events occur, however this information enhances
our overall understanding of how haemodynamic forces regulate microvascular

endothelial function and behaviour.



Chapter 7

F inal Summ ary
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7.1 Final Summary

Homeostatic maintenance of the brain microenvironment is essential for
normal brain function and neuronal activity and is facilitated by the BBB, a
continuum of intercellular tight junctions between adjacent microvascular
endothelial cells, which form an effective seal to prevent paracellular solute
diffusion. In vivo this barrier exhibits high TEER and is impermeable to charged
particles, proteins, ions, hydrophilic molecules and hormones that could act as
neurotransmitters, thus protecting the CNS from changes in blood composition
(Tanobe et al. 2003). Although this highly effective barrier functions to protect the
CNS, it presents a major obstacle to CNS drug delivery, the major rate-limiting step
preventing translation of drug development into effective neurotherapeutics
(Pardridge 2002, 2003, 20054, b). Conversely, disruption of the BBB is associated
with a number of pathophysiological conditions including multiple sclerosis
(Williams et al. 1994), meningitis/encephalitis (Tunkel and Scheld 1993),
neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease (Mattila et
al. 1994) and progressive multifocal leukoencephalopathy (Poland et al. 1995).
Thus, development of novel strategies to modulate barrier function within the brain
microvasculature neccesitates elucidating the etiology of intercellular tight junction
formation and the pathophysiological factors effecting BBB permeability. This study
attempts to extend our knowledge in this clinically significant field by investigating
how both apical and basolateral conditions impact on endothelial tight junction
assembly at both the molecular and functional level in an in vitro BBMVEC model.
In this regard, the BBB endothelium in vivo is basolaterally encompassed by
astrocyte end feet and bathed in serum-free ISF and apically exposed to shear stress
caused by the drag force of blood flowing through cerebral capillaries. Thus, we
hypothesized that basolaterally applied serum and/or astrocytes (Cs glioma), as well
as apical shear stress, impacts on BBB function by directly modulating the
expression and biochemical properties of two pivotal endothelial tight junction

proteins, occludin and ZO-1. This knowledge may allow for the appropriate clinical



modulation of tight junction “open” and “closed” states, thus having a profound

impact on several neurological disorders.

As the clinical significance of BBB function and dysfunction is now being
recognized and the ensuing work is at the forefront of biomedical research, the aim
of this study was to investigate the effect of physiologically relevant paradigms on
brain microvascular endothelial tight junction formation and barrier function. Three
potential mediators of tight junction formation were addressed, namely; the removal
of basolateral serum, co-culture of BBMVECs with Ces glioma basolaterally and
finally, the effect of shear stress apically. Due to the variety of potential stimuli
being investigated, several experimental paradigms must be employed. For both
serum and co-culture studies, transwell plates were used, which facilitated the in situ
monitoring of BBMVEC TEER and permeability. However, as shearing of
BBMVECs was not possible in transwell plates, cells were exposed to shear in either
6 -well plates, which were rotated on an orbital shaker, or in a perfused capillary
system. For all the experimental paradigms, focus was placed on the biochemical
modulation of the tight junction proteins occludin and ZO-1, and the accompanying

functional changes in electrical resistance and/or permeability, which occurred.

The initial focus of this study was to investigate if the removal of basolateral serum,
thus mimicking the in vivo brain ISF, altered the state of BBMVEC tight junctions or
the accompanying barrier functionality. Western blot analysis revealed that removal
of basolateral serum resulted in a significant increase in occludin and ZO-1 protein
expression, which was paralleled by a similar increase in mMRNA. Furthermore, the
association of occludin/Z0O-1, and their subcellular localization to the cell membrane
increased following serum removal. In addition, similar to findings by Nitz et al.,
the application of serum-free media resulted in a significant increase in monolayer
electrical resistance in a highly polar-specific manner (Nitz et al. 2003), which was
associated with a decrease in paracellular permeability to a radiolabelled sucrose
tracer. The serum-derived factors responsible for the reduction in tight junction

formation and barrier function are yet to be elucidated, however, VEGF and LPA

142



have been implicated in reduction of endothelial barrier function via disruption of

tightjunctions.

In vivo, astrocyte foot processes encircle the endothelial basal laminae and have
been shown to induce endothelial barrier function (Saunders et al. 1991), therefore,
the role of astrocyte:endothelial interaction on tight junction formation was
examined by co-culturing BBMVECs and Cs glioma (with the latter cells in the
basolateral aspect). Under non-contact co-culture conditions, there was significant
increase in both occludin and ZO-1 protein expression in BBMVECs without change
in mMRNA. This indicates that the apparent increase in protein may be due to
decreased protein turnover rather than de novo protein synthesis. However, it is also
possible that an increase in MRNA occurs, and is translated into protein prior to the
24 h time-point used in this paradigm. Furthermore, co-culture led to increased
occludin/Z0O-1 association and redistribution of the two to the cell periphery, which

was correlated with decreased permeability and increased electrical resistance.

In view of these findings, we further sought to investigate if a combination of these
conditions, i.e. co-culture of BBMVEC and Cs glioma in the absence of basolateral
serum, would have an additive effect in relation to barrier formation and function.
Under these conditions, occludin expression and occludin/Z0O-1 association were
increased significantly with respect to both the serum-free monoculture and serum-
containing co-culture models. However, the increase observed was less than the
predicted additive effect, indicating that there is only apartial additive effect of co-
culture in the absence of basolateral serum. Furthermore, removal of basolateral
serum from the co-culture resulted in the most continuous localization of both
proteins at cell-cell contacts. Analysis of barrier function by TEER and 14C sucrose

tracer studies reflected a similar trend.

Thus, it seems that the removal of basolateral serum and co-culturing with Ce
glioma may cause increased BBMVEC tight junction formation and associated

barrier function via two separate pathways (see figure 7.1). That is, removal of
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basolateral serum causes increase in occludin and ZO-1 protein by elevated mRNA
production, whilst co-culture leads to increased protein accumulation by decreasing

protein turnover.
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Figure 7.1: Schematic representation of thesis findings with respect to serum, co-
culture and shear-induced modulation of occludin and ZO-1.

Brain microvascular endothelial cells, which form the BBB are exposed to shear
stress on their apical surface caused by the flow of blood through cerebral
capillaries. Haemodynamic forces have been shown to modulate a variety of
endothelial responses, including cell morphology (Galbraith et al. 1998; Noria et al.
1999), gene expression (Patrick and Mclntire 1995; Chien et al. 1998; Traub and
Berk 1998) and function (Ballermann and Ott 1995; Ngai and Winn 1995; Ott and
Ballermann 1995). Furthermore, recent studies have indicated a role for
haemodynamic forces in regulating endothelial tight junction formation and barrier

function (DeMaio et al. 2001; Conklin et al. 2002; Collins et al 2006). Therefore,
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we sought to investigate the effect of shear stress on BBMVEC occludin and ZO-1
regulation and to elucidate if these changes correlated with modification of barrier
function. Exposure of BBMVECs to chronic non-pulsatile shear stress (10
dynes/cm2, 24 h) resulted in increased occludin and ZO-1 expression, in parallel
with increased association of the two. Furthermore, sheared cells exhibited
increased occludin and ZO-1 localization at the cell periphery, which was associated
with a decrease in paracellular permeability to FITC dextran. Futhermore, inhibition
of new protein synthesis with cycloheximide revealed that the shear-induced
increase in tight junction formation and barrier function was modulated via both de
novo protein synthesis and post-translational modification of existing proteins. In
addition, pulsatile shear stress (14 dynes/cm2, 24 h) led to a significant increase in
occludin expression and occludin/ZO-1 association, which correlated with a

decrease in paracellular permeability to ,4C sucrose.

Although this data provides insight into the factors modulating endothelial occludin
and ZO-1, further research is required to investigate the mechanisms and pathways
by which this occurs. As detailed in chapter 1, occludin and ZO-1 function is
mediated via modulation of their phosphorylation state, therefore, the future logical
focus of this work is to examine the specific serine, threonine and tyrosine
phosphorylation states of both proteins in their active and inactive forms.
Furthermore, delineation of the signaling pathways responsible for serum, astrocyte
and shear-induced tight junction modulation will allow for the identification of
possible targets for clinical intervention. Identification of the serum and astrocyte-
derived factors, and their associated endothelial receptors, involved in tight junction
assembly and function, may allow for manipulation of the “open” and “closed” state
of the blood-brain barrier, and thus have a profound impact on both drug delivery to
the brain and amelioration of neurological disorders associated with increased BBB
permeability. Furthermore, elucidation of the mechanotransduction pathway
responsible for the shear-induced increase in tight junction formation would greatly
increase our knowledge as to how endothelial function is modulated via

haemodynamic forces. Inhibition of possible mechanosensors, such as the
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glycocalyx by neuraminidase, GPCR using pertussis toxin, or integrins by cyclic or
linear RGD peptides etc., will allow for the identification of the specific
mechanosensor responsible for translation of the physical force of shear stress into a
cellular response. In addition, studies by Collins et al. have shown that tight
junction assembly in response to cyclic strain occurs via both tyrosine phosphatase-
and PKC-dependent pathways (Collins et al. 2006). The potential role of these
pathways in shear stress-dependent modulation of tight junctions could be examined
using specific for tyrosine phosphatase and PKC inhibitors (dephostatin and
rottlerin, respectively). Furthermore, recent studies have identified two Rho family
GTPases, Rho and Rac, and p38 MAPK as key regulators of endothelial tight
junction assembly and barrier function (Wojciak-Stothard and Ridley 2002, Collins
et al. [unpublished]), and as such, their role in mediating the shear stress-dependent

tightjunction formation and barrier function must be investigated.

In vivo, sucrose permeability in the rat BBB is in the region of 0.18 - 0.6 x 10's
cm/min. However, in the experimental paradigms outlined in this thesis, both the
transwell models and the perfused capillary system have sucrose permeability
coefficients in the region of 0.5 - 1.0 x 103 cm/min. Moreover, in vivo TEER in the
BBB is estimated to be greater than 1000 £2.cm2, whilst the maximum electrical
resistance achieved in the transwell plates was approximately 80 ii.cm2 Therefore,
although we have clearly demonstrated the effect of serum, astrocytes and shear
stress in modulating endothelial barrier function, these models do not reflect the
electrical resistance or sucrose permeability properties expressed in the BBB in vivo.
Therefore, a more physiologically relevant combination of the three factors
investigated (i.e. basolateral serum-free media, co-culture with Ce and shear stress)
would more closely resemble the in vivo situation, allow for a greater understanding
of how these pathways interact and elucidate any synergistic relationships between

the stimuli.
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Figure 7.2: Schematic diagrams of the apparatus for proposed future work enabling
co-culture of BBMVECs with Cs glioma, in basolaterally serum free (SF) media,
whilst being exposed to shear stress casued by the movement of serum-containing
media (FCS) on the endothelial apical surface. Shear stress is induced by either a
cone and plate viscometer in a transwell plate (A) or in the perfused capillary system

(B).

In chapter 5 we proposed that a synergestic contact-dependent relationship may
exists between astrocytes and endothelial cells that allows for the continued viability
of astrocytes in serum free conditions, and two-way cross-talk between the cells. As
depicted in figure 7.2, growing astrocytes and endothelial cells on opposite sides ofa
porous membrane (A) or capillary (B), will allow for the infiltration of astrocyte end
feet into the pores and contact with the basal surface of the BBMVECs without
mixing of the two cell populations, as previously shown by Garcia et al. (Garcia et
al. 2004). Furthermore, induction of haemodynamic forces using either a cone and
plate viscometer in conjunction with a transwell plate or the perfused capillary
system would facilitate examination of both the basolateral effects of Ces co-culture

in a serum free environment in tandem with apically acting shear stress. In this way
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the combination of modulatory effects on occludin and ZO-1 as well as barrier
function may be examined. Thus, by mimicking in vitro the factors responsible for
modulating the BBB in vivo, we may be able to develop a reproducible in vitro
model of the BBB, which would express the high electrical resistance and low
permeability characteristics of the BBB in vivo. This system would then allow for
the high throughput screening required in drug development, thus reducing the need
for clinical testing on animals. Moreover, the findings of this thesis coupled with a
physiologically relevant model of the BBB could identify potential targets for
clinical manipulation of tight junction integrity and thus drastically reduce the time-
scale associated with the identification and testing of effective clinical

neurotherapeutic agents.

Overall, the findings of this thesis indicate that tight junction formation and barrier
function in brain microvascular endothelial cells is a result of both basolateral and
apical stimuli. Moreover, these data suggest a putative link between occludin/Z0O-1
regulation and endothelial barrier function. The potential value of these findings,
with respect to clinical manipulation of BBB tight junctions, has been discussed at
length throughout this thesis however, this data may also impact on several non-
neurological diseases in the peripheral vasculature. As discussed in chapter 1, loss
of occludin and/or ZO-1 is associated with pathogen-induced diahorrea, allergies and
cancer. Futhermore, increased arterial permeability, at areas of reduced
haemodynamic loading, correlates with elevated atherosclerotic plaque formation.
Therefore, elucidating the factors that modulate intercellular tight junction formation
may allow for the development of novel strategies to modulate endothelial barrier
function and thus have a profound impact on both neurological and peripheral

diseases.
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