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ABSTRACT

The blood-brain barrier (BBB) is located at the level of the cerebral
microvasculature and is critical to maintain central nervous system (CNS) homeostasis.
The tight junction (TJ) protein complexes between endothelial cells at the BBB are
primarily responsible for limiting paracellular diffusion of substances from the blood to
the CNS. The BBB’s functional integrity is compromised in a number of disease states
which affect the CNS, suggesting BBB dysfunction causes or contributes to many
diseases of the CNS. A common component of most of these diseases is oxidative stres.
Oxidative stress is associated with hypoxia-reoxygenation (HR) and peripheral
inflammatory pain (PIP). Both HR and PIP have been shown to compromise BBB
functional integrity. Using in vivo rat models of HR and PIP, we examined the role of ROS
on BBB permeability as well as the TJ protein occludin using the free radical scavenger
tempol. First, we subjected rats to HR with or without pre-treatment with tempol (200
mg/kg). We showed that tempol prevents up-regulation of the cellular stress marker
heat shock protein 70 at the BBB during HR. Next we showed tempol reverses HR-
mediated BBB permeability increase to C-sucrose, a marker of BBB paracellular
permeability. Tempol also attenuated changes in the structure and localization of
occludin, suggesting ROS produced during HR alter occludin and lead to disruption of
BBB. We then investigated whether ROS production have similar effects on occludin and

BBB permeability during PIP by administering 3% A-carrageenan into the hind paw of



11

rats. We found tempol attenuated carrageenan-induced increase in paw edema and
thermal hyperalgesia. Tempol also attenuated up-regulation of the cellular stress
marker NF-kB in cerebral microvessels. Tempol significantly decreased BBB permeability
to *C sucrose during PIP. We found PIP reduces disulfide bonds in occludin oligomeric
assemblies thought to be important in maintaining the structural integrity of the BBB.
Tempol significantly inhibited disulfide bond reduction, suggesting ROS mediate BBB
disruption during inflammatory pain by reducing occludin disulfide bonding. Taken
together, these findings show the involvement of ROS during HR and PIP contributes to
BBB dysfunction by altering the structure of high molecular weight occludin oligomeric

assemblies.



CHAPTER 1

INTRODUCTION TO THE BLOOD-BRAIN BARRIER

12



13

1.1 The Blood-brain Barrier

The central nervous system (CNS) consists of the brain and spinal cord and is a
complex, highly evolved, physiological system responsible for regulating the body’s
response to internal and external stimuli. The CNS requires a tightly regulated
environment in order to efficiently encode and process the vast amounts of information
it receives. The brain constitutes only 2% of the total body mass while it consumes 20%
of the body’s energy. The brain requires a constant supply of blood and is very sensitive
to decreases in blood flow because it has no local energy reserve. The total length of
capillaries in the human brain is close to 400 miles while the available surface area is 12-

18 m? (Abbott et al., 2010).

Precise gradients for ions such as K*, Na*, CI’, and Ca®* must be properly
controlled in order for action potentials to occur. Serum proteins, such as albumin,
which are abundant and essential for proper physiological function in the periphery, can
be neurotoxic (Hassel et al., 1994). Extracellular levels of neurotransmitters must be
properly maintained to avoid disturbances in CNS function. Many substances and their
metabolites originating from diet or pharmacological intervention may be harmless to
peripheral organ systems, but quite neurotoxic within the CNS.

CNS homeostasis is critical to maintain proper function. In order to prevent
concentration fluctuations of various blood-borne substances from adversely affecting
the CNS, the blood-brain barrier (BBB) has evolved at the level of the cerebral

microvasculature. All areas of the brain possess a BBB except those in direct contact
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with the ventricular system. The BBB is a dynamically regulated physical and metabolic
barrier which is necessary for proper physiological function of the CNS. The BBB is
capable of simultaneously restricting potentially neurotoxic substances while essential
ions and nutrients are selectively allowed to cross the endothelium from the blood into
the brain. BBB disruption is associated with many diseases such as Alzheimer’s disease,
Multiple Sclerosis, stroke, diabetes, and HIV encephalitis (HIVE) and HIV-associated
dementia (HAD) (Zlokovic, 2008; Toborek et al., 2005; Huber, 2008) and an inability of
the BBB to properly function may ultimately cause or contribute to diseases affecting

the CNS.

1.2 History of the Blood-Brain Barrier

In the 1880s, German scientist Paul Ehrlich noted that most acidic dyes readily
stain tissues outside the CNS, but fail to stain most tissue of the CNS (Ehrlich, 1887). He
attributed these observations to the nervous tissue lacking any appreciable chemical
affinity for the non-staining dyes. Other investigators noted that intravenous injected
(i.v.) bile acids or ferrocyanide induce no central pharmacological effects, but injections
directly into the CNS induce strong pharmacological actions (Lewandowsky 1900).
These observations suggested a barrier between substances in the blood and the brain
and led Lewandowsky to introduce the term “blood-brain barrier.” Several years later,
Ehrlich’s student Edwin Goldmann performed experiments with the acidic dye trypan
blue that further elucidated Ehrlich’s observations. Goldmann found that trypan blue

administered intravenously (i.v.) stained tissue throughout the body, but the brain and
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spinal cord remained virtually unstained. When trypan blue was directly injected into
the cerebrospinal fluid (CSF), however, the nervous tissue was heavily stained
(Goldmann 1909, 1913). This showed the nervous tissue does have a chemical affinity

for trypan blue and also suggested a barrier between the CNS and peripheral tissues.

Several lines of evidence suggested a selective permeability of the BBB. Ehrlich
observed that a limited number of basic dyes would stain the CNS when administered
i.v. In addition, studies with deuterated water as a tracer showed establishment of a
rapid equilibrium between water in the blood and CSF. It was also known that the
concentrations of certain ions were different in the blood and the CSF (Dobbing, 1961),
suggesting a mechanism of selectivity for ions within the CNS. These observations led
some to question the existence of a BBB. It would take several decades and the advent

of electron microscopy (EM) before the anatomical nature of the BBB was revealed.

Using the tracer horseradish peroxidase and EM, Reese and Karnovsky
demonstrated brain endothelium is less permeable to peroxidase than vascular
endothelium of the heart or skeletal muscle (Reese and Karnovsky, 1967). They provided
evidence that reduced vascular permeability in the brain to peroxidase could be
explained primarily by structural differences in the junctions between endothelial cells
in the brain. Peroxidase failed to penetrate the intercellular tight junctions which fuse
the outer leaflets of adjacent brain endothelial plasma membranes. Vesicles thought to
participate in transporting materials from the luminal side to the perivascular space of

endothelial cells were also scarce in the brain compared to cardiac and skeletal muscle.
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A reduction in transport between the luminal and abluminal sides of the brain
endothelium was suggested to contribute to its barrier properties (Reese and
Karnovsky, 1967). Later studies by Brightman and Reese showed that peroxidase
injected into the brain can diffuse between astrocytic foot processes and the
perivascular space (Brightman and Reese, 1969). These observations settled a long-
standing debate as to whether the anatomical basis of the BBB is at the level of the
astrocytic foot processes that ensheath the perivascular space of the endothelium, the
basal lamina, or the endothelium itself. It is currently accepted that the BBB exists at the
level of the cerebral microvasculature and is characterized by having few transport

vesicles and the presence of intercellular tight junctions and a lack of fenestrations.
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Figure 1.1 Comparison of endothelium in the CNS and the periphery. Endothelial cells in
the CNS (A) are sealed to apposing cells by the TJ, which restrict paracellular diffusion of
hydrophilic molecules. Brain microvascular endothelial cells are surrounded by pericytes
and receive input from astrocytic end feet and neuronal processes. Peripheral
endothelial cells (B) lack TJ and have increased rates of pinocytosis, allowing molecules
to diffuse intercellularly from the blood. Figure taken from Misra et al., 2003.
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1.3 Concept of the Neurovascular Unit

Once it became clear that microvessels in the brain are phenotypically different
than microvessels innervating other organs, researchers began to address how brain
microvessels acquired their barrier properties. In 1981, Stewart and Wiley conducted
experiments investigating the role of the neural tissue environment in differentiating
the BBB (Stewart and Wiley, 1981). They transplanted embryonic brain fragments to the
coelomic cavity to expose them to non-neural vessels. Additionally, fragments of the
embryonic mesoderm were transplanted to the brain where they could be vascularized
by neural vessels. It was found that the abdominal vessels acquired structural,
functional, and histochemical features of the BBB when vascularizing grafted neural
tissue. In contrast, BBB characteristics were absent when brain vessels vascularized
grafted mesodermal tissue. These results suggest BBB differentiation is regulated by
factors expressed within the neural environment. Over the past several decades, it has
become increasingly clear that brain endothelial cells are but one part of a functional

unit and are in constant communication with other cell types in the CNS.

The BBB is an essential component of the neurovascular unit (NVU). The NVU
consists of brain microvessels which are in close proximity with astrocytic end feet,
pericytes, microglia, and neuronal processes. Regulated intercellular signaling in the
neurovascular unit is essential for proper neuronal activity to occur. The endothelium is

the primary point of contact between the blood and the brain and delivers vital
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nutrients to the brain while restricing the passage of neurotoxic substances. Nearly
every neuron in the human brain is thought to have its own capillary (Zlokovic, 2008).
The brain vasculature locally increases its diameter in response to neuronal firing in
order to meet metabolic demand. This vascular contractility is dependent, in part, on
pericytes which contain contractile proteins as well as a number of vasoactive mediators

(Hamilton et al., 2010).

Pericytes are thought to be of mesodermal origin and migrate into the brain
during the latter stages of vascularization (Guillemin and Brew, 2004). Brain capillary
pericytes are contained entirely within a basement membrane that they share with the
endothelium. Pericytes are typically localized over the tight junction (TJ) regions of the
endothelium and they may extend longitudinal cytoplasmic processes to more than one
microvessel. In addition to their role in vascular contractility, pericytes also synthesize
basement membrane components such as type IV collagen, glycosaminoglycans, and
laminin (Fisher, 2008). Pericytes have been shown to regulate BBB-specific gene
expression and polarization of astrocyte foot processes ensheathing the vasculature
(Armulik et al., 2010). Interestingly, it has also been suggested that pericytes have the

ability to act as neural stem cells (Dore-Duffy, 2008).

Neuronal signal conduction involves interactions between neurons and
astrocytes while BBB integrity is dependent on signaling between astrocytes and
endothelial cells. Within the NVU, astrocytes are located in a position that allows them

to both receive neuronal input and communicate intercellularly with the endothelium.
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Perivascular astrocyte end feet wrap around endothelial cells and help regulate brain
water transport primarily through the expression of aquaporin-4 (Tait et al., 2008).
Astrocytes have been shown to induce barrier properties in non-neural endothelial cells
in vivo (Janzer and Raff, 1987). Additionally, astrocyte-conditioned media has been
shown to induce barrier properties by increasing trans-endothelial electrical resistance
(TEER) in in vitro BBB models (Rubin et al., 1991). A high TEER correlates with reduced
BBB permeability, but does not specifically measure paracellular permeability as it may
be affected by the opening of ion channels. Astrocytes are also able to regulate the
expression and localization of various transport proteins and enzyme systems on the
endothelium (Abbott et al., 2006). A number of chemical mediators which promote the
BBB phenotype, such as transforming growth factor B (TGF-), glial derived neurotrophic
factor (GDNF), basic fibroblast growth factor (bFGF), and angiopoetin-1 (ANG1), are also
secreted by astrocytes. Correct association of endothelial cells and pericytes in tube-like
structures in vitro is dependent on the presence of astrocytes, suggesting astrocytes are
necessary to properly organize the cerebral microvasculature (Ramsauer et al., 2002).
Conversely, some studies suggest endothelial cells secrete factors involved in astrocyte
growth and differentiation (Estrada et al., 1990; Mi et al., 2001), further underscoring

the importance of signaling between astrocytes and endothelial cells.

The cells primarily responsible for innate and adaptive immune responses within
the CNS are microglia. Under normal physiological conditions, microglia have a ramified

shape and are said to be in the “resting” state. In the resting state, microglia possess
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small cellular bodies and long processes which may directly contact nearby endothelial
cells and act as local chemical sensors (Han and Suk, 2005). In response to tissue injury
or trauma, microglia may become “activated.” Once activated, microglia retract their
processes and their cell bodies become enlarged. Activated microglia may secrete
inflammatory cytokines and toxic mediators and are often associated with CNS
pathology (Zlokovic, 2008). Activated microglia may become “reactive” microglia during
an immune response. Reactive microglia are characterized by a spheroid or rod-like
morphology, exhibit phagocytic activity, and may act as antigen presenting cells (Nelson
et al., 2002). It is unknown what role microglia play in the development and
maintenance of the BBB under physiological conditions, but under pathological

conditions microglia are thought to contribute to disruption of the BBB.

While proper BBB function is essential for neural transmission, less is known
regarding how neurons influence the BBB. One study suggests neurons can induce BBB
related enzymes such as Na+/K+ ATPase and Y-glutamyl transpeptidase (GGTP), which
mediates the uptake of neutral amino acids (Tontsch and Bauer, 1991). Further studies
will need to be performed to elucidate the exact role that neurons play in the

development and maintenance of the BBB.

It has become increasingly clear that all cells of the NVU must work in
conjunction with each other in order to maintain brain homeostasis and function. It is
difficult to replicate the exact anatomy of the NVU in vitro. Endothelial cells are often

grown on flat, porous membranes in cell culture, while they form tubular-like structures
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in vivo. Co-cultures of brain endothelial cells contain some, but not all, cells present in
the NVU and often have TEER values up to one order of magnitude lower than that
observed in vivo. These considerations make in vivo studies of BBB structure and

function essential to understanding the physiology and pathophysiology of the BBB.
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Figure 1.2 Cell-cell signaling in the neurovascular unit. Figure taken from Lok et al.,
2007.
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1.4 Molecular Organization of the Blood-Brain Barrier

The BBB restricts the passive diffusion of all but small lipophilic molecules <400
Da and dissolved gases such as oxygen (O,) and carbon dioxide (CO;) from the blood to
the brain. The TEER at the BBB is 1500-2000 Q-cm” compared to 3-30 Q-cm? in
peripheral endothelium (Crone and Oleson, 1982; Butt et al., 1990). The high TEER at
the BBB results in extremely low paracellular permeability and is chiefly due to TJ
protein complexes that fuse together the outer leaflets of plasma membranes from
adjacent cells. TJ, or zonula occludens, are present in polarized epithelial and endothelial
cells as well as a variety of specialized epithelial cell types. The major types of proteins

constituting the TJ are occludin and the claudins.

Occludin was the first TJ protein discovered in isolated chick livers (Furuse et al.,
1993). Human occludin is a 522 amino acid polypeptide with a predicted molecular mass
of 59.1 kDa. Occludin contains N- and C-terminal cytoplasmic tails as well as two
extracellular loops and a MARVEL (MAL and related proteins for vesicle traffic and
membrane link) domain with a four transmembrane-helix architecture. MARVEL
domains have previously been associated with proteins present in lipid raft membrane
microdomains. It has been shown in vivo that occludin exists as high molecular weight
oligomers in lipid raft domains at the TJ of the BBB (McCaffrey et al., 2007). Lipid rafts
are 10-200 nm structures which are enriched in cholesterol and sphingolipids and are
thought to promote protein oligomerization (Jacobson et al., 2007). Proteins targeted to

lipid rafts have been associated with various biological processes such as endocytosis,
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apoptosis, signal transduction, cell polarization, adhesion, migration, synaptic

transmission, and cytoskeletal tethering (Dodelet-Devillers et al., 2009).

A number of in vitro studies using truncated and mutant forms of occludin have
yielded insight into the roles of specific domains. Deletion of the N-terminus has been
shown to decrease the barrier function of TJs (Bamforth et al., 1999). The second
extracellular loop is involved in both barrier function and properly localizing occludin at
the TJ (Wong and Gumbiner, 1997; Medina et al., 2000). The C-terminus of occludin is
important for barrier function and is involved in oligomerization of occludin (Chen et al.,
1997) in a redox sensitive manner through disulfide bond formation (Walter et al.,
2008). Occludin oligomeric assemblies are held together by disulfide bonds in both
hydrophobic and hydrophilic regions of the molecule (McCaffrey et al., 2007) It has also
been shown that the C-terminus regulates intracellular trafficking of occludin (Matter et
al., 1998) and acts as a site of interaction with regulatory proteins such as the zonula
occludens (Z0O), which anchor occludin to the actin cytoskeleton (Feldman et al., 2005).
There are also serine, threonine, and tyrosine residues on occludin, acting as potential
regulatory sites by various kinases and phosphatases. An increase in occludin tyrosine
phosphorylation is often associated with an increase in BBB permeability (Takenaga et
al., 2009; Haorah et al., 2005) while serine and threonine phosphorylation correlates

with occludin localization within the membrane (Andreeva et al., 2001).
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Figure 1.3 — Position of conserved cysteine (C) residues within occludin molecule.
Arrows indicate hypothetical disulfide bonds between occludin molecules. Figure
courtesy of Dr. Gwen McCaffrey.
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In addition to occludin, the claudin family of proteins are expressed prominently
at TJs of endothelial and epithelial cells. There are 23 known human claudins. Claudins
are 20-27 kDa proteins with four transmembrane regions, two extracellular loops, and
N- and C-terminal cytoplasmic tails. All claudins have a PSD-95/Discs-large/Z0-1 (PDZ)
binding motif in their C-terminus which allows direct interaction with ZO proteins (Ito et
al., 1999). Multiple claudins are expressed in a tissue specific manner by cells which
form TJ strands. Specific claudin isoforms have been shown to interact within and
between TJ strands (Furuse et al., 1999). Claudin-5 is expressed exclusively by
endothelial cells and epithelial cells of the choroid plexus and shows the highest
expression levels of any claudin at the BBB (Morita et al., 1999; Lippoldt et al., 2000).
Mice deficient in claudin-5 exhibit a size-selective (<800 Da) loosening of the BBB,
suggesting claudin-5 is important in maintaining the barrier to small molecules (Nitta et

al., 2003).

Z0 proteins consist of ZO-1, Z0-2, and Z0-3 and are localized at TJs, adherens
junctions (AJ), and/or gap junctions depending on the cell type (Bauer et al., 2010). ZO
proteins are members of the family of membrane-associated guanylate kinase (MAGUK)
like proteins. They contain three PDZ domains, one SH3 domain, a GUK domain and a
proline-rich region (Bauer et al., 2010). ZO proteins function as scaffolding proteins and
link occludin and the claudins to the actin cytoskeleton (Furuse et al., 1994; Itoh et al.,

1999). Z0-1 is a 220 kDa protein and was the first ZO protein discovered (Stevenson et
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al., 1986). ZO-1 knockout is embryonic lethal in mice (Katsuno et al., 2008), but studies
in cells lacking ZO-1 show that ZO-1 is involved in targeting claudins and occludin to the
TJ as well as establishing barrier properties (Umeda et al., 2004). ZO-2 is a 160 kDa
protein which coprecipitates with and has a high sequence homology to ZO-1 (Gumbiner
et al., 1991). ZO-2 function at the BBB has been less extensively characterized than ZO-1,
but alterations in ZO-2 expression and localization are associated with pathological
conditions resulting in BBB disruption (Mark and Davis, 2002; Hom et al., 2007). ZO-3 is
a 130 kDa MAGUK protein which also localizes at TJs, but not in endothelial cells (Inoko
et al., 2003). In addition to their roles as scaffolding proteins, the ZO proteins contain
conserved functional nuclear localization and nuclear export motifs, suggesting they are
involved in signal transduction pathways related to gene expression and cell behavior

(Bauer et al., 2010).

Junctional adhesion molecule 1 (JAM-1) is a 40 kDa protein which consists of two
extracellular immunoglobulin-like (Ig-like) loops, a single transmembrane segment, a
short cytoplasmic tail, and homodimerizes (Severson and Parkos, 2009). The C-terminus
contains a PDZ binding domain which allows it to interact with TJ accessory proteins
such as Z0-1, cingulin, AF-6, and 7H6 (Hawkins and Davis, 2005). Although JAM-1 is not
part of the TJ strands, it is thought to be involved in propagating signaling cascades and

transendothelial migration of monocytes (Forster, 2008).

Recently discovered as a novel BBB TJ protein is epithelial membrane protein 1

(EMP-1). EMP-1 was found to bind to and colocalize with occludin at the TJ and was
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suggested to have a potential role in BBB dysfunction during cerebral ischemia

(Bangsow et al., 2008).

Also present at the BBB are the zonula adherens, or adherens junctions (AJ). AJ
are present in many epithelial and endothelial tissues and are found intermingled with
the TJ at the BBB, where they mediate cell-cell adhesion by linking membrane and
cytoskeletal components at discreet contact regions. The cadherins are type |, single-
pass transmembrane glycoproteins which mediate Ca2+—dependent intercellular
adhesion at the TJ (Leckband et al., 2000). The cadherin ectodomain participates
homophilic interactions with cadherin molecules on adjacent cells while the cytoplasmic
domain is involved in structural and signaling activities required for adhesion (Niessen
and Gottardi, 2008). a-catenin is a vinculin homologue which mediates cadherin’s
interactions with the actin cytoskeleton (Vasioukhin et al., 2000) while B-catenin
stabilizes the core adhesive complex at the cell surface (Huelsken et al., 2000). AJ can
also be linked to actin through the nectin/AF-6. AF-6 binds to actin and contains a PDZ
binding domain responsible for binding nectin, which contains a C-terminus PDZ binding
motif (Niessen and Gottardi, 2008). The role of AJ in regulating BBB permeability has not
been extensively studied, but it has been shown that a reduction in VE-cadherin and B-
catenin via caveolin siRNA correlates with an increase in paracellular permeability in

brain microvascular endothelial cells (Song et al., 2007).
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Figure 1.4 — Molecular organization of tight junction and adherens junction proteins
at the BBB. Figure taken from Carvey et al., 2009.



31

While the TJs at the BBB greatly restrict paracellular diffusion of many
substances from the blood, many lipophilic molecules can enter the brain by passively
diffusing across the endothelial cell membranes. In order to prevent lipophilic
xenobiotics from entering the brain where they potentially could exhibit neurotoxicity,
the BBB expresses high levels of ATP-binding cassette (ABC) transporters which are able
to pump substrates against their concentration gradients utilizing ATP as energy. These
transport proteins also control the intake and efflux of many endogenous substances.
The most extensively studied ABC transporter at the BBB is ABCB1 or P-glycoprotein
(Pgp). Pgp is expressed both luminally and abluminally at the BBB, although at much
higher levels on the luminal side (Bendayan et al., 2006). Substrates for Pgp include
organic cations and weak organic bases with hydrophotic regions, some polypeptides,
and an estimated half of all commonly prescribed drugs (Miller, 2010). Also located on
the luminal side of the BBB is the multi-drug resistant proteins Mrp-1, Mrp-2, Mrp-4,
and Mrp-5 (Ronaldson et al., 2007). Mrp-1 and Mrp-2 efflux hydrophobic organic anions
and HIV-protease inhibitors while MRP-4 and MRP-5 efflux cyclic nucleotides and
derivatives as well as some organic anions and weak organic acids (Miller, 2010). Breast
cancer related protein (BCRP) is also located luminally and effluxes organic cations and
weak organic bases with hydrophobic regions as well as some anionic drugs (Nicolazzo
and Katneni, 2009). The BBB also espresses the organic ion transporters Oatpla4,
Oatp1la5, and Oat3 (Ronaldson et al., 2010; Miller , 2010). Oatp1a5 and Oat3 are only

expressed abluminally while Oatpla4 is expressed on both sides of the BBB. While the
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ABC trasporters keep potentially toxic substances out of the CNS, they also present a

major obstacle to delivering therapeutics to treat CNS disorders.

In addition to the ABC transporters which are able to pump substrates across the
membrane, there are also a number of enzymes highly expressed at the BBB plasma
membrane which provide a metabolic barrier to detoxify endogenous and exogenous
molecules that would otherwise cross the BBB. These include cytochrome P450,
aminopeptidases, endopeptidases, and cholinesterase among others (Dauchy et al.,

2008; Zlokovic, 2008).

In order to deliver essential nutrients to the brain from the blood that would not
normally cross the BBB, a number of transporters are expressed at the luminal surface
of the BBB to import these substances. These include transporters and/or receptors for
glucose, amino acids, monocarboxylic acids, nucleosides, purines, amines, vitamins,

ions, and peptides and proteins such as insulin, leptin, and transferring (Zlokovic, 2008).
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1.5 The Blood-Brain Barrier in Disease States

The functional integrity of the BBB is compromised in several diseases affecting
the CNS. It is often difficult to ascertain whether BBB disruption is the cause, the
consequence, or a contributor to disease pathogenesis, but studies utilizing animal
models of disease is helping to clarify the BBB’s role in the etiology of neurological

disease states.

Stroke is a reduction in cerebral blood flow to a region of the brain in association
with a vascular injury. Strokes can be either hemorrhagic (approximately 15% of cases)
or ischemic (approximately 85% of cases) in origin. Hemorrhagic strokes result from
vascular rupture, while ischemic stroke is characterized by an insufficient perfusion to a
part of the brain resulting from occlusion or stenosis of a cerebral vessel. Reperfusion
following ischemia is associated with a biphasic increase in BBB permeability (Sandoval
and Witt, 2008). Increased BBB permeability during ischemia-reperfusion (IR) may lead
to potentially neurotoxic solutes entering the brain from the blood as well as vasogenic
edema, where increasing paracellular permeability to blood solutes allows fluid to move
from intravascular to extravascular spaces. Edema is one of the primary causes of
neurological deficits and a leading cause of death following stroke (Sandoval and Witt,
2008). It has been shown that matrix metalloproteinases (MMPs) disrupt the BBB by
degrading occludin and claudin-5 as well as basal lamina proteins, such as fibronectin,
laminin, and heparan sulfate during the reperfusion phase in animal models of stroke

(Rosenberg and Yang, 2007).During experimental stroke, the TJ-associated protein ZO-2
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is decreased and the Na+/K+ ion exchanger NHE-1 is increased, which also may

contribute to vasogenic edema (Hom et al., 2007).

A central component of ischemic stroke is hypoxia. A number of studies both in
vivo and in vitro have linked hypoxia and/or reoxygenation to an increase in BBB
permeability (Sandoval and Witt, 2008). The TJ proteins claudin-5, occludin, ZO-1, and
Z0-2 show alterations in expression and/or localization due to hypoxic treatment (Mark
and Davis, 2002; Fischer et al., 2002; Brown and Davis, 2005; Koto et al., 2007). Occludin
oligomeric assemblies at the TJ of the BBB are also altered by hypoxia and
reoxygenation stress (McCaffrey et al., 2009). Hypoxia/aglycemia decreases the AJ
protein E-cadherin (Abbruscato and Davis, 1999). The cytoskeletal protein actin also
shows rearrangements during hypoxia in brain endothelial cells (Abbruscato and Davis,
1999; Brown and Davis, 2005; Plateel et al., 1995). A number of mediators are thought
to be involved in BBB disruption due to hypoxia or reoxygenation. These include
interleukin-1p (Yamagata et al, 2004), protein kinase c (Fleegal et al., 2005; Willis et al.,
2010), tissue plasminogen activator (Hiu et al., 2008), nitric oxide (Mark and Dauvis,
2004), the myosin light chain kinase (Kuhlmann et al., 2007), vascular endothelial
growth factor (Scoch et al., 2002), the NMDA receptor (Giese et al., 1995), oxidative
stress (Giese et al., 1995; Kimura et al., 2002), MMP-2, MMP-9, MMP-13 (Chen et al.,
2009; Lu et al., 2009), and changes in intracellular calcium (Kimura et al., 2000; Brown et

al., 2004).

Alzheimer’s disease (AD) is the leading cause of dementia and is characterized
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pathologically by the presence of insoluble senile plaques and neurofibrillary tangles.
The senile plaques are comprised primarily by aggregation of the amyloid B (AB) protein
and accumulate in the neuropil as well as around and inside the cerebral capillaries.
According to the amyloid hypothesis, AD is caused by the accumulation of AB in the
brain due to an imbalance between its production and clearance (Hardy and Selkoe,
2002). The BBB is thought to play a critical role in the maintenance of AR levels within
the CNS (Bell and Zlokovic, 2009). The low density lipoprotein receptor related protein-1
(LRP-1) expressed on the abluminal side of the BBB has been shown to mediate
clearance of AB from the brain to the blood (Shibata et al., 2000; Deane et al., 2004) and
is down-regulated in AD (Donahue et al., 2006). AB is also a substrate for Pgp. At the
BBB, Pgp is thought to efflux AB from the central nervous system to the blood as well as
limit entry of AB from the blood to the brain (Ohtsuki et al., 2010). Pgp expression is
inversely correlated with AB deposition in non-demented elderly humans (Vogelgesang
et al., 2002). BCRP expressed at the luminal surface of the BBB has also been shown to
limit entry of AB from the blood to the brain and BCRP is up-regulated in AD (Xiong et
al., 2009). The receptor for advanced glycation end products (RAGE) is also expressed on
the luminal surface of the BBB where it can bind and transcytose AB from the blood into
the CNS (Mackic et al., 1998; Deane et al., 2003). RAGE expression at the BBB is
increased in AD (Donahue et al., 2006). AB in complex with IgG can also be effluxed from
the brain to the blood via the neonatal Fc receptor, which has implications for A

immunization therapy (Deane et al., 2005). In addition to its ability to dynamically
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regulate AP levels through transport proteins and efflux pumps, the BBB has been
shown to be more permeable to plasma proteins in AD patients, suggesting that barrier
properties are compromised in AD (Bowman et al., 2007). In a mouse model of AD, an
increase in BBB permeability is observed prior to senile plaque formation, suggesting

BBB disruption contributes to the pathogenesis of AD (Ujiie et al., 2003).

Multiple sclerosis (MS) is a demyelinating disease which affects the brain or
spinal cord and is caused by a combination of autoimmune, genetic, and environmental
factors. It has been shown using magnetic resonance imaging (MRI) that BBB disruption
precedes symptoms and other pathological lesions in MS (Kermode et al., 1990).
Immunostaining for ZO-1 and occludin at the BBB show abnormal, discontinuous
localization in MS (Plumb et al., 2002). The expression of chemokines on endothelial
cells at the BBB as well as an increase in MMP activity allows leukocytes to enter the
CNS from the blood and release proinflammatory mediators which contribute to the
autoimmune response associated with MS (Kurzepa et al., 2005; Holman et al., 2010).
BBB disruption is thought to play a central role in the pathogenesis of MS through a

decrease in barrier properties and an increase in leukocyte extravasation.

Individuals infected with human immunodeficiency virus (HIV) often develop
HIV-related encelphalitis (HIVE) or HIV-associated dementia (HAD). Before treatment of
HIV with highly active retroviral therapy (HAART), HIVE occurred in approximately one-
third of infected patients and HAD affected 15-20% of patients with late stage acquired

immunodeficiency syndrome (AIDS). Although HAART has decreased the rate of HAD,
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CNS complications may still occur in individuals without access to HAART, individuals
who have developed resistance to HAART, or cases of inadequate biological or
therapeutic control of viral reservoirs within the brain (Torborek et al., 2005). BBB
dysfunction is observed in HIV patients (Petito and Cash, 1992). Histological analysis of
occludin and ZO-1 showed a loss of immunoreactivity and a fragmented pattern in
patients who died of HIVE (Dallasta et al., 1999) while a loss of ZO-1 immunoreactivity is
highly correlated with monocyte infiltration and the degree of dementia in patients with
HAD (Boven et al., 2000). It is thought that HIV gains entry into the brain when HIV-
infected CD4+ T-lymphocytes and/or circulating monocytes enter through breaches in
the BBB (Liu et al., 2000). HIV itself can also cause BBB perturbations. The glycoprotein
viral coat of HIV gp120 as well as the Nef protein can increase BBB permeability
(Annunziata et al., 1998; Sporer et al., 2000). The HIV Tat protein can also increase BBB
permeability in vivo (Arese et al., 2001) and alters the distribution and/or expression of
claudin-1, claudin-5, and ZO-2 in brain endothelial cells (Torborek et al., 2005). It is
generally accepted that BBB compromise is a key event in HIV entry into the brain and

subsequent CNS complications.

A common feature of diseases in which BBB dysfunction has been well
characterized is inflammation. Interestingly, inflammatory pain induced outside the CNS
by injection of A-carrageenan or complete Freund’s adjuvant into the hind paw of rats
can cause increased BBB permeability (Huber et al., 2001). The permeability increase is

biphasic in nature and involves changes in expression of the TJ proteins occludin,
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claudin-5, JAM-1, and ZO-1 (Huber et al.,2002; Brooks et al., 2005; Brooks et al., 2006).
Occludin oligomeric assemblies are also altered 3 hours following hind paw injection of
A-carrageenan (McCaffrey et al., 2008). The permeability changes are attenuated when
the cyclooxygenase (COX) inhibitor diclofenac is administered peripherally or when the
local anesthetic bupivicaine is administered perineural (Brooks et al., 2008; Campos et
al., 2008). These observations suggest both peripheral inflammation as well as
nociceptive input can mediate BBB disruption during inflammatory pain. The
inflammatory mediator TGF- B has also recently been identified to have a central role in

BBB disruption during inflammatory pain (Ronaldson et al., 2009).

The past several decades of research involving BBB dysfunction in various
disease states have demonstrated that the BBB is a dynamic structure whose
impairment may contribute to disorders of the CNS. A common mechanism linking
diseases such as stroke, AD, MS, HIVE and HAD, and inflammatory pain is oxidative
stress. The origin of oxidative stress as well as its impact on BBB function will be covered

in chapter 2.
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OXIDATIVE STRESS AND THE BLOOD-BRAIN BARRIER
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2.1 Chemistry and Physiology of Reactive Oxygen Species

Free radicals are atoms or molecules which contain one or more unpaired
electrons. They may be charged or neutral. Most free radicals are unstable due to the
unpaired electron and this instability causes them to be highly reactive. The superoxide
anion (O,") was discovered in the 1930s by Linus Pauling (Pauling, 1979), but free
radicals were of little interest to biologists until 1969 when McCord and Fridovich
discovered the enzyme superoxide dismutase (SOD) (McCord and Fridovich, 1969). Free
radicals, along with other chemically reactive molecules containing oxygen, are
collectively referred to as reactive oxygen species (ROS). ROS include free radicals as
well as non-radicals such as hydrogen peroxide (H,0,) and singlet oxygen which is the
electronically excited state of oxygen.

ROS can come from environmental sources such as radiation, cigarette smoke,
industrial contaminants, air pollutants, ozone, drugs and alcohol, infection, and foods
containing peroxides, aldehydes, oxidized fatty acids, and transition metals (Kohen and
Nyska, 2002). They are also produced during reoxygenation/reperfusion (Li and Jackson,
2002) and during every inflammatory response, independently of the causative agent
(Di Virgilio, 2004). The major endogenous source of ROS is the mitochondria
(Kowaltowski et al., 2009). Approximately 2% of the molecular oxygen reduced in the
electron transport chain is converted to the free radical superoxide (O,") as a byproduct
of respiration. The major sites of O, production within the mitochondria are Complex |

and Complex Ill. O, shows intermediate reactivity relative to other ROS and may act as
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an oxidizer or a reductant depending on the molecule it reacts with. O, is detoxified by
the antioxidant enzyme SOD according to the following reaction (Forman et al., 2010):

20,7+ 2H" > 0, +H,0,
There are three types of SOD. CuZnSOD is produced in the cytoplasm, MnSOD is
produced in the mitochondria and extracellular ECSOD is secreted. O, which is not
metabolized can react with endogenous NO to form the highly reactive peroxynitrite
(ONOO’) according to the following reaction (Li and Jackson, 2002):

'‘NO + O,” - ONOO

Peroxynitrite can oxidize tyrosine residues on proteins to form nitrotyrosine or it may
react with bicarbonate to form the carbonate radical (COs”) (Medinas et al., 2007).
Although NO is classified by many to be a ROS or reactive nitrogen specie, it is not very
reactive itself and its damaging effects are thought to be mediated primarily by the
formation of peroxynitrite.

The hydrogen peroxide produced by SOD is membrane permeable is removed by
the antioxidant enzymes catalase, glutathione peroxidase, and thioredoxin peroxidase
(Kowaltowski et al., 2009). H,0, which is not metabolized can participate in the Fenton
reaction with Fe*" or Cu®* to form the hydroxyl radical ((OH) which is a potent oxidant
that reacts with nearly all biomolecules with a near diffusion limited rate constant

(Forman et al., 2010). Table 2.1 summarizes common ROS and their reactive properties.
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Table 2.1 Common ROS and their Biochemical Properties

Singlet oxyen

Electronically excited state of oxygen, following UV or other
irradiation; reacts with a number of biological molecules,
including membrane lipids to initiate peroxidation.

Superoxide

Mild oxidant and reductant with limited biological activity;
releases Fe(ll) from some iron complexes and iron-sulfur
proteins, enabling hydroxyl radical production by the
Fenton reaction; has limited membrane permeability.

Hydrogen

Peroxide

Oxidizing agent; reacts slowly with reducing agents such as
thiols; reacts with reduced iron and copper salts to
generate hydroxyl radicals; reacts with heme proteins and
peroxidases to initiate radical reactions and lipid
peroxidation; membrane permeable.

Hydroxyl radical

Extremely reactive with most biological molecules; causes
modification of DNA (with base modification and strand
breaks), protein damage and enzyme inactivation, lipid
peroxidation, through radical mechanisms; very short range
of action

Peroxynitrite

Unstable short lived strong oxidant with properties similar
to hydroxyl radical; hydroxylates and nitrates aromatic
compounds; reacts rapidly with thiols: breaks down to
nitrate; interacts with bicarbonate to alter reactivity.

Table modified from Bergamini et al., 2004

Oxidative stress is the term coined to describe a situation in which ROS

production in an organism exceeds the organism’s ability to detoxify the ROS. Oxidative

stress results in a disruption of redox signaling as well as damage to important

macromolecules such as proteins, lipids, and nucleic acids. Free radicals can oxidize

double bonds of polyunsaturated lipids, promote strand breaks in DNA, and modify

proteins leading to loss of function and/or activation of apoptotic pathways (Laranjinha,

2009). Although known for their prominent role in the pathogenesis of many diseases,
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ROS also may act as signaling molecules in a number of different pathways (Forman et
al., 2010). At high concentrations, ROS have damaging effects, but at low concentrations
ROS may stimulate cell proliferation (Bergamini et al., 2004).

While the mitochondria are the major endogenous source of ROS production,
there are various enzymes which produce ROS to act as signaling molecules or kill
infectious microorganisms. Enzymes which directly produce ROS include the NADPH
oxidase complex and xanthine dehydrogenase/oxidase (XOD). NADPH oxidase is
expressed in various cell types during the inflammatory response to produce ROS in
response to invading microorganisms in a coordinated process known as the

“respiratory” or “oxidative” burst (Laranjinha 2009). NADPH oxidase is a heterodimer

1phox 2phox

consisting of the gp9 and p2 (phox stands for phagocyte oxidase) protein
subunits. This transmembrane enzyme complex reduces O, to O, with NADPH as the
one electron donor (Thannickal and Fanburg, 2000). While the ROS produced during the
respiratory burst effectively kill microorganisms, they can also indiscriminately react
with and damage the molecules in the host. XOD is not normally found under
physiological conditions but is formed from xanthine dehydrogenase during hypoxic
conditions and is able to generate both O, and H,0, (McKelvey et al., 1988). COX
produces free radicals during the synthesis of prostanoids from arachidonic acid and
COX-2 is up-regulated during inflammation (Jiang et al., 2004). The cytochrome P-450

and bs enzyme families are also able to oxidize unsaturated fatty acids and some

xenobiotics to produce O, and/or H,0; (Thannickal and Fanburg, 2000). Small molecules
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such as dopamine and epinephrine may also be autooxidized to produce ROS, usually
O, (Thannickal and Fanburg, 2000).

ROS are also often produced in response to ligand-receptor interactions. For
example, cultured endothelial cells release O, in response to the cytokines interleukin-
1 (IL-1) and interferon gamma (IFN-y) (Matsubara and Ziff, 1986). IL-1 and Tumor
necrosis factor-alpha (TNF-a) cause human fibroblasats to release ROS (Meier et al.,
1989). In addition to ROS production following cytokine-receptor binding, ligand binding
to various receptor tyrosine kinases (RTKs), receptor serine/threonine kinases, ion
chanel-linked receptors, and G-protein coupled receptors (GPCRs) is also associated
with an increase in ROS (Thannickal and Fanburg, 2000). Oxidative stress can also
activate a number of redox-sensitive transcription factors such as nuclear factor kappa B
(NF-kB), activator protein-1 (AP-1), NF-E2 related factor-2 (Nrf2), Cyclic AMP responsive
element binding protein (CREB), and p53 which regulate the expression of genes
involved in antioxidant defenses as well as cytokines and chemokines (Laranjinha, 2009).
This demonstrates the cell’s ability to adapt to conditions of elevated oxidative stress.

To combat cellular damage from excessive ROS production, cells express
antioxidant enzymes such SOD, catalase, glutathione peroxidase, periredoxins, and the
thioredoxin system. Genes coding for these enzymes contain an antioxidant response
element (ARE) located in the upstream promoter region which Nrf2 binds to (Lehner et
al., 2010). A number of low molecular weight antioxidants are also produced

endogenously or acquired through dietary means. These include endogenously
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produced glutathione and dietary sources such as uric acid, melatonin, folic acid,
carotenoids, Q-3 fatty acids, coenzyme Q-10, bioflavonoids, and vitamins A, C, E, B1, B2,
B6, B12 (Surh et al., 2005; Lehner et al., 2010). The chemistry and physiology of ROS is
complex and the pathways primarily responsible for generating mitochondrial ROS and

the antioxidant enzymes they react with are summarized in Figure 2.1.
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Figure 2.1 - Mitochondrial ROS (red) metabolism and endogenous antioxidant systems
(blue). Superoxide radical anions (O, ") are formed by reduction of O,, mainly at
Complexes | and Il of the respiratory chain. O, is dismutated to H,0, by CuZnSOD in the
intermembrane space and Mn-SOD in the matrix. H,O, can be removed by
mitochondrial catalase or thiol peroxidases such as glutathione and thioredoxin
peroxidase, using reduced glutathione (GSH) and thioredoxin (TrxSH) as substrate,
respectively. Oxidized glutathione (GSSG) and thioredoxin (TrxS") are reduced by their
respective reductases, using NADPH as an electron source. NADP can be kept reduced
by the activity of the NAD/NADP transhydrogenase, with proton transport into the
matrix, linking the inner membrane potential and the mitochondrial redox capacity.
NADP" is also reduced by isocitrate dehydrogenase (Table from Kowaltowski et al.,
2009).
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2.2 Effects of Reactive Oxygen Species on Blood-Brain Barrier Function

It is apparent that BBB disruption is associated with many disease states which
affect the CNS (see Chapter 1.5). Nearly all these diseases have an inflammatory and/or
hypoxic component to them. This makes it essential to study how ROS produced during
hypoxia or inflammation may lead to BBB disruption. A number of studies have linked
ROS production to changes in BBB permeability, but few studies have looked at how
ROS alter the TJ in vivo. The remainder of this section will briefly summarize studies on
the impact of oxidative stress on BBB function.

A number of in vivo studies in several animal models of disease have indicated
oxidative stress is involved in increased BBB permeability. In an animal model of stroke,
BBB disruption was attenuated after one hour of reperfusion in NADPH oxidase
knockout mice, indicating a role for O, generation in BBB damage during experimental
stroke (Kahles et al., 2007). In a thromboembolic cortical ischemia model, mice
overexpressing CuZnSOD exhibited reduced BBB permeability to Evans blue albumin
(Kim et al., 2001). Evans blue leakage across the BBB was also reduced in hyperglycemic
rats overexpressing human CuzZnSOD following ischemia/reperfusion (Kamada et al.,
2007). Albumin and horseradish peroxidase BBB permeability is reduced in cats pre-
treated with SOD and catalase compared to untreated cats (Nelson et al., 1992). BBB
permeability to serum albumin is increased following cardiac arrest in pigs and the

permeability increase is reduced by the antioxidant methylene blue (Sharma et al.,
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2010). Rats fed a diet deficient in the antioxidant vitamin E showed increased brain lipid
peroxidation as well as greater BBB permeability to rhodamine B (Mohammed et al.,
2008). It is also thought that BBB permeability, oxidative stress, and microglial activation
play a key role in the pathogenesis of traumatic brain injury (Readnower et al., 2010).
The lipid peroxidation inhibitor tirilazad mesylate protects against increased BBB
permeability to Evans blue albumin following subarachnoid hemorrhage in rats (Smith et
al., 1996). Oxidative stress is thought to play an important role in striatal BBB disruption
in mice treated with the mitochondrial excitotoxin 3-nitropropionic acid. The BBB
disruption seen in these mice is thought to be mediated by activation of MMP-9 by ROS
(Kim et al., 2003). The psychoactive drug of abuse methamphetamine (METH) also
increases BBB permeability to sodium fluorescein. This effect is reduced by
administration of the antioxidant compound trolox (Ramirez et al., 2009).

In addition to the in vivo studies, a number of studies in vitro implicate ROS
involvement in BBB disruption. Cultured cerebral endothelial cells exposed to hypoxia-
reoxygenation mediated ROS production show a drop in TEER and a decrease in
occludin expression. These effects are associated with activation of extracellular signal-
regulated kinase (ERK1/2) (Krizbai et al., 2005). Ethanol decreases BBB integrity and
increases ROS production and phosphorylation of occludin, claudin-5, and ZO-1 in brain
microvessel endothelial cells (Haorah et al., 2005). These effects are reversed by
antioxidants and thought to be mediated by degradation of basement membrane

proteins by activated MMPs and protein tyrosine kinase-mediated phosphorylation of TJ
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proteins (Haorah et al., 2007). Hydrogen peroxide increases paracellular permeability,
increases occludin and actin expression, and causes redistribution of ZO-1 in bovine
brain microvascular endothelial cells (Lee et al., 2004). Extracellular O,  increases
paracellular permeability through activation of the P13 kinase and Protein kinase B (PKB)
pathways via RhoA in brain endothelial cells (Schreibelt et al., 2007). These effects are
associated with cytoskeletal rearrangements and the redistribution and disappearance
of claudin-5 and occludin. 4-hydroxynoneal, a product of ROS-mediated lipid
peroxidation, has been shown to increase BBB permeability to sodium fluorescein,
sucrose, and dichlorkynurenic acid (Mertsch et al., 2001). Acetominophen has also been
shown to protect cultured brain endothelial cells against superoxide-induced oxidative
stress (Tripathy and Grammas, 2009). In human brain endothelial cells, METH produces
ROS, down-regulates occludin, and decreases TEER. These effects are attenuated by the
antioxidant trolox (Ramirez et al., 2009).
2.3 Objectives and Hypothesis of the Present Study

The BBB is a dynamic system necessary for maintaining CNS homeostasis. The
functional integrity of the BBB is compromised in numerous disease states. Studies in
our laboratory have demonstrated that animal models of both hypoxia-reoxygenation
(HR) and peripheral inflammatory pain (PIP) increase BBB paracellular permeability to
1C-sucrose (Huber et al., 2001; Brooks et al., 2006; Witt et al., 2003). The TJ protein
complexes which fuse together apposing brain microvascular endothelial cells are

primarily responsible for restricting paracellular diffusion at the BBB. The
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transmembrane protein occludin is a critical component of the TJ complex and our
laboratory has shown that occludin exists as high molecular weight oligomeric
assemblies in lipid raft regions of the plasma membrane at the TJ (McCaffrey et al.,
2007). Occludin oligomeric assemblies are altered by HR and PIP. ROS are produced
during HR and PIP and ROS production causes BBB disruption. The effects of ROS on the
integrity of occludin oligomers at the BBB, however, has never been studied. The major
hypothesis of this study is that ROS produced during HR or PIP alter the functional
integrity of the BBB by disrupting occludin oligomeric assemblies at the TJ. In order to
investigate this hypothesis, the following specific aims were addressed.

Specific Aim 1: Investigate the role of ROS on BBB functional integrity during HR and
PIP.

Specific Aim 2: Investigate the role of ROS on the expression and localization of the TJ
protein occludin during HR and PIP.

Specific Aim 3: Investigate the role of ROS on the integrity of occludin oligomeric

assemblies in lipid rafts at the BBB TJ during HR and PIP.
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CHAPTER 3

ROLE OF REACTIVE OXYGEN SPECIES IN BLOOD-BRAIN BARRIER DISRUPTION DURING

HYPOXIA-REOXYGENATION



53

3.1 Introduction

The blood-brain barrier (BBB) is a physical and metabolic barrier comprised of
brain microvascular endothelial cells which restrict the passage of substances from the
blood to the brain and help maintain brain homeostasis. The BBB expresses a high
number of ion channels and transporters, has a low rate of pinocytosis, and forms
intercellular tight junction (TJ) protein complexes which limit paracellular permeability
(Hawkins and Davis, 2005). It has previously been shown that disruption of the BBB is
associated with hypoxia and reoxygenation (HR) (Kaur and Ling, 2008). HR leads to an
increase in BBB permeability (Witt et al, 2003), which may result in neurotoxic
substances leaking from the blood into the brain and contributing to vasogenic edema.
Cerebral HR is a central component of many disorders or conditions affecting cognition.
These include stroke (Kalaria and Ballard, 2001), cardiac arrest (Lim et al, 2004),
postoperative cognitive dysfunction (Caza et al., 2008), acute respiratory distress
syndrome (Hopkins et al, 2006), obstructive sleep apnea (EI-Ad and Lavie, 2005), high

altitude cerebral edema and acute mountain sickness (Hackett, 1999).

Much of the cellular damage caused by hypoxic insult is thought to occur during
the subsequent reoxygenation phase. HR is associated with an increased production of
reactive oxygen species (ROS) (Wong and Crack, 2008). These ROS contribute to brain
injury by reacting with proteins, lipids, and nucleic acids as well as by activating a
number of redox sensitive signaling pathways. A number of different laboratories have

shown that production of ROS can affect BBB permeability by a variety of mechanisms,
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including modulation of TJ proteins (reviewed in Pun et. al., 2009).

Previously, our laboratory showed that HR causes an increase in BBB paracellular
permeability in vivo (Witt et al., 2003; Witt et al., 2008). This increase in BBB
permeability correlates with alterations in the oligomeric assembly of the critical TJ
protein occludin (McCaffrey et al., 2009). Occludin is a transmembrane protein which
exists as oligomers in lipid raft regions at the plasma membrane of the BBB (McCaffrey
et al., 2007). Multiple domains of occludin have previously been shown to regulate the
diffusion of solutes across the TJ (Balda et al, 2000). Occludin oligomers are held
together covalently by disulfide bonds (McCaffrey et al, 2009; Walter et al, 2009). These
bonds can be disrupted by pathological conditions such as HR and inflammatory pain,
leading to structural changes of the oligomers (McCaffrey et al, 2008; McCaffrey et al,
2009). Changes in the structure of occludin oligomers could potentially influence the
ability of the TJ complexes to limit paracellular diffusion of molecules from the blood to
the brain. This is the first study to look at the effects of oxidative stress on occludin

oligomeric assembly at the BBB tight junctions, in vivo.

To examine the role that oxidative stress plays in disrupting the functional
integrity of the BBB, we administered the stable, membrane permeable, water-soluble,
nitroxide, tempol to rats before the induction of HR. Tempol shows superoxide
dismutase-like activity towards the superoxide anion (0,") as well as reactivity with the
hydroxyl radical (OH’) (Saito et al, 2003), nitrogen dioxide (NO;’), and the carbonate

radical (COs”) (Augusto et al, 2008). Tempol readily crosses the BBB (Zhelev et al, 2009)
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and has previously been shown to provide neuroprotection as a free-radical scavenger
in several models of brain injury and ischemia (Kwon et al, 2003; Deng-Bryant et al,

2008; Rak et al, 2000; Cuzzocrea et al, 2000).

In this dissertation, we looked at the effects of ROS produced during HR in a
model that has previously been shown to induce alterations in BBB permeability and the
structural integrity of the TJ protein occludin. We used the in situ brain perfusion
method to assess functional BBB permeability following HR in animals pre-treated with
tempol to examine the role of ROS in BBB disruption. In addition, we look at the effect
ROS production has on occludin localization using confocal microscopy. Finally, we
employ the method of density gradient fractionation of cerebral microvessels followed
by SDS-PAGE electrophoresis under reducing and non-reducing conditions to examine

the role ROS play in HR induced changes in the structural integrity of occludin.

3.2 Experimental Procedures

Radioisotopes, reagents, and chemicals

The [14C]—sucrose was purchased from American Radiolabeled Chemicals (St. Louis, MO).
Tempol was purchased from MP Biomedicals (Solon, OH). Ts-2 tissue solubilizer was
purchased from Research Products International (Mt. Prospect, IL). Optiphase Supermix
scintillation cocktail was purchased from Perkin Elmer (Shelton, CT). EDTA-free
Complete Protease Inhibitors were purchased from Roche (Indianapolis, IN). OptiPrep
was purchased from Accurate Chemical (Westbury, NY). The Coomassie Plus Better

Bradford Assay Kit was purchased from Thermo Scientific (Rockford, Il). Rabbit anti-



56

occludin directed towards the C-terminus was purchased from Zymed (San Francisco,
CA), Mouse anti-platelet-endothelial cell adhesion molecule 1 (PECAM-1) was purchased
from AbD Serotec (Raleigh, NC). Mouse anti-heat shock protein 70 (HSP-70) was
purchased from R&D Systems (Minneapolis, MN). Secondary antibodies for Western
blotting and immunofluorescence were purchased from Amersham (Pittsburgh, PA) and
Invitrogen (Carlsbad, CA) respectively. Western Lightning enhanced chemiluminescence
reagent was purchased from Perkin Elmer (Shelton, CT). TO-PRO-3 and ProLong Gold
were purchased from Invitrogen. XT sample buffer, XT reducing agent and Criterion gels
were purchased from Bio-rad (Hercules, CA). All other antibodies or reagents, unless

noted, were purchased from Sigma-Aldrich (St. Louis, MO).

Hypoxic Treatment

All experimental protocols were approved by the Institutional Animal Care and Use
Committee at the University of Arizona. Adult female Sprague-Dawley rats (Harlan;
Indianapolis, IN) weighing 230-280 g were housed under standard 12:12-h light-dark
conditions and received food and water ad libitum. Rats were exposed to 6% O, for 1
hour, followed by 20 minutes of reoxygenation. 10 minutes prior to hypoxic treatment,
rats were given an intraperitoneal (i.p.) injection of saline or tempol (200 mg/kg body

weight).

In Situ brain Perfusion

The in situ brain perfusion technique was adapted from previously published methods
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(Zlokovic et al, 1986; Takasato et al, 1984) and was performed as previously described
(Witt et al, 2003). After the hypoxic insult (6% O,, 1 h), rats were anesthetized with a 1.0
ml/kg i.p. injection of an anesthetic cocktail consisting of ketamine (78.3 mg/ml),
xylazine (3.1 mg/ml), and acepromazine (0.6 mg/ml) and allowed to reoxygenate for 20
min in room air (21% O,) prior to infusion with the paracellular permeability marker Y.
sucrose (MW=342). Surgery was performed during the reoxygenation phase. Once
anesthetized, the rats were heparinized (10,000 U/kg) and the carotid arteries were
isolated and cannulated with silicon tubing. The perfusion medium contained albumin-
bound Evans blue dye in a mammalian Ringer solution [117.0 mM NaCl, 4.7 mM KCl, 0.8
mM MgSO,4-H,0), 24.88 MM NaHCOs3, 1.2 mM KH,PQ4, 2.5 mM CaCl,-6H,0, 10 mM o-
glucose, 39 g/l dextran (MW 70,000) and 1 g/I BSA] which was bubbled with
95%0,/5%C0, gas mix. The Ringer solution was filtered, heated (37°C), and de-bubbled
before arterial infusion at 3.1 ml/min. The paracellular permeability marker **C-sucrose
was infused into the perfusate inflow at 0.5 ml/min for 10 min, followed by a 1 min
washout containing Ringer with no radioactive tracer to clear the vascular space of

radioactivity.

At the end of the perfusion, the rat was decapitated and the brain was removed.
The meninges and choroid plexuses were removed and the brain was divided and placed
into pre-weighed vials. 1 ml of tissue solubilizer was added to each vial and allowed to
dissolve the brain sample for 48 h. After solubilization, 100 ul of 30% glacial acetic acid

was added to each sample to quench chemiluminescence. 2.5 ml of Optiphase Supermix
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scintillation cocktail was added to each sample. Triplicate samples of 100 ul aliquots of
the perfusion medium was treated in the same manner as the perfused brain samples.
All samples were then measured for disintegrations per minute (dpm) (1450 LSC and
Luminescence Counter, Perkin Elmer; Waltham MA). The ratio of the concentration of
¥c-sucrose in tissue (Cbrain, in dpm/g) was compared to perfusate (Cperfusate, in dpm/ml)
and expressed as a percent ratio Rprain = (Corain/ Cperfusate) X 100%. We have previously
used capillary depletion analysis in this model to show that the increase in Y“c-sucrose
following HR was not due to increased trapping within the microvascular endothelial

cells (Witt et al, 2003).
Microvessel enrichment and fractionation

After hypoxic or control treatment, rats were anesthetized with a 1.0 ml/kg i.p. injection
of an anesthetic cocktail consisting of ketamine (78.3 mg/ml), xylazine (3.1 mg/ml), and
acepromazine (0.6 mg/ml). They were then decapitated after 20 min reoxygenation and
the brains were extracted. The cerebellum, meninges and choroid plexuses were
removed and the cerebral hemispheres were homogenized in 4 ml of microvessel
isolation buffer A [103 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM KH,POg4, 1.2 mM
MgSQO4, 15 mM HEPES, 2.5 mM NaHCOs3, 10 mM b-glucose, 1 mM sodium pyruvate, pH
7.4]. 4 ml of ice-cold buffer A with 26% dextran was added to the homogenates which
were vortexed and centrifuged at 5800g for 10 min at 4° C and repeated. Pellets were
resuspended in buffer A supplemented with protease inhibitors (Roche EDTA-free

Complete Protease Inhibitor, 2 mmol/L PMSF, 1 mmol/L Na3VO,, 1 mmol/L NaF and 1
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mmol/L sodium pyrophosphate) then passed through a 100 um filter. The filtrate was
then passed through a 40 um filter. The microvessels remaining on the filter were
collected in buffer A and centrifuged at 1500 g for 10 min. A small aliquot of these
microvessels was placed on a glass slide and immunostained as below. The pellet from
the remaining microvessels was then resuspended in 4 ml of buffer B [20 mM tris-HCl,
250 mM sucrose, 1 mM CacCl,, 1 mM MgCl,, pH 7.4] with protease inhibitors and drawn
through a 21 G needle 20X. The protein concentration of each sample was then
determined using the Coomassie Plus Better Bradford Assay Kit and equal amounts of
microvessel homogenates were mixed with 50% OptiPrep in buffer B. This suspension
was layered beneath a discontinuous 0/5/10/15/20% Optiprep gradient (prepared in
buffer B without ions) then centrifuged for 90 min at 52,000 g at 4°C. 1 ml fractions
were collected from the top of the gradient using a Biocomp Gradient Station ip
(Fredericton, Canada). Each fraction was then assayed for refractive index (density) and

protein content using the Coomassie Plus Better Bradford Assay Kit.

Western Blot Analysis

Equal volume aliquots of each gradient fraction were mixed with equal volumes of 2X
perfluoro-octanoic acid (PFO) extraction buffer (100 mM Tris, 20% glycerol, 4% PFO, pH
8.0) and allowed to incubate at 25° C for 30 min. Samples were then centrifuged at
11,000 g for 10 min and supernatants containing PFO-solubilized material were added to
4X XT sample buffer with or without XT reducing agent containing tris(2-carboxy-

ethyl)phosphine hydrochloride (TCEP). Each fraction was then incubated at 70° C for 10
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min before undergoing SDS-PAGE on 10% Bis-Tris Criterion gels. Sets of gels (reducing
and non-reducing, for each treatment condition) were then transferred to the same
PVDF membranes, blocked in 5% milk, and incubated overnight in 1° antibody (1:1000
dilution). Blots were then washed, incubated in HRP-conjugated 2° antibody and
detected using enhanced chemiluminescence reagent. Each blot was stained with
Coomassie and the optical density (OD) of each band was normalized to the total
protein in the lane according to previously published methods (Aldridge et al, 2008).
Densitometry was performed using Imagel software (Wayne Rasband, Research Services

Branch, National Institutes of Mental Health, Bethesda, MD).

Immunofluorescence

All slides from control and treated animals were collected and processed in parallel.
Primary antibody was omitted on some slides as a negative control. Fluorescent
immunostaining for occludin was performed on microvessel preparations enriched as
above. Briefly, microvessels were heat-fixed on glass slides at 95° C for 10 min, followed
by fixation in ice-cold acetone for 10 min. The slides were blocked in 2% goat serum and
1% BSA before incubation in rabbit anti-occludin primary antibody (1:250) and the
endothelial specific marker mouse anti-PECAM-1 (1:1000) overnight in the cold, slides

were incubated with the appropriate Alexafluor-conjuated secondary antibodies.

For HSP-70 immunostaining, microvessels were placed on a glass slide and

allowed to air dry before being fixed in 3.7% formaldehyde for 10 min. The microvessels
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were permeabilized in 0.1% Triton x-100, blocked as above and incubated overnight in
the cold in mouse anti-HSP 70 (1:400) and the endothelial specific marker rabbit anti-
von Willebrand Factor (1:5000). The slides were then incubated with the appropriate

Alexafluor-conjugated secondary antibodies.

For Hif-1a immunostaining, microvessels were placed on a glass slide and
allowed to air dry before being fixed in ice-cold acetone for 10 min. The slides were
blocked as above and incubated in mouse anti-Hif-1a (1:200) along with rabbit anti-von
Willebrand Factor (1:5000) overnight in the cold. Slides were then incubated with the
appropriate Alexafluor-conjugated secondary antibodies. The nucleus of the
microvessels was then stained with the nuclear-specific dye TO-PRO-3 (10 uM) for 10
min. All slides were mounted in ProLong Gold anti-fade reagent before applying the

coverslip.

Confocal Microscopy

All slides were imaged on a Zeiss LSM 510 meta-NLO confocal microscope with filters
appropriately set to avoid bleed-through. Only microvessels positive for the endothelial-
specific markers PECAM-1 or von-Willebrand Factor were used for analysis. Semi-
guantitative analysis of the mean fluorescent intensity of HSP-70 was performed
according to previously published methods (Hawkins et al, 2004). Microvessels were
randomly chosen from animals in each treatment group and the mean fluorescence

intensity was analyzed using Zeiss LSM Image Browser software with the data expressed
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as a percentage of control. To investigate Hif-1a translocation to the nucleus, the
Mander’s Colocalization coefficient for Hif-1a and TO-PRO-3 was determined using the

Zeiss LSM Image Browser software in randomly chosen microvessels in each treatment

group.

Statistical Analysis

All data analysis was performed using SigmaPlot software. To determine statistical
significance between treatment groups, data was analyzed using one-way ANOVA,
followed by Bonferroni’s t-test. Data are presented as means * SE. A value of P<0.05

was accepted as statistically significant.

3.3 Results

Hif-1a Expression and Translocation to the Nucleus

Hif-1a is an oxygen-sensitive protein which is continuously synthesized and degraded
under normoxic conditions. Under hypoxic conditions, degradation of Hif-1la decreases
and translocation to the nucleus occurs where Hif-1a heterodimerizes with Hif-1B and
binds to hypoxia responsive elements (HREs) of target genes. Our confocal imaging data
(Figure 3.1) on our enriched microvessel preparations shows that HR causes an increase
in Hif-1a colocalization with the nuclear dye TO-PRO-3, suggesting Hif-1a translocation
to the nucleus due to hypoxia. We measured the ratio of nuclear Hif-1a to total Hif-1a
using the Mander’s colocalization coefficient (Table 3.1). A value of 0 indicates no

colocalization of Hif-1 with the nucleus while a value of 1 indicates that all pixels
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colocalize. We obtained a Mander’s colocalization coefficient of 0.142 + 0.0019 for Nx+S
and 0.119 £ 0.015 for Nx+T. HR+S treated rats showed a statistically significant increase
in Hif-1a nuclear colocalization with a Mander’s colocalization coefficient of 0.211 + 0.22
over normoxic animals. HR+T treated rats had a Mander’s colocalization coefficient of

0.154 £ 0.012. Images are representative of six rats per treatment group (n=6).
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Figure 3.1 Hypoxia and reoxygenation (HR) induces hypoxia-inducible factor 1« (Hif-1a)
translocation to the nucleus. Immunofluorescence of Hif-1a (green) and the nuclear dye
TO-PRO-3 (blue) in brain microvessels of normoxic (Nx) plus saline (A), Nx plus tempol
(B), HR plus saline (C), and HR plus tempol (D)-treated rats. Rats exposed to HR show an
increase in translocation of Hif-1a to the nucleus (arrow). Immunofluorescence of the
endothelial-specific marker von Willebrand factor (red) is shown in the inset.
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Table 3.1 Mander’s colocalization coefficients for Hif-1a and TO-PRO-3

Nx+S Nx+T HR+S HR+T

0.142+0.019 0.119+0.015 0.211+0.022™" .154+0.012

Cerebral microvessels from animals exposed to normoxia (Nx) or hypoxia-reoxygenation
(HR) with saline (S) or tempol (T) were analyzed for colocalization of Hif-1a with the
nuclear dye TO-PRO-3. HR+S treated rats show a significant increase in Hif-1a nuclear
colocalization compared to normoxic rats. Data are representative of 50-60 randomly
chosen microvessels from each treatment group. Values are means + SE. One-way
repeated measures ANOVA and the post hoc Bonferonni t-test was used to establish
significance.* p<0.05 vs. Nx+S, #p<0.01 vs. Nx+T
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HSP-70 Expression

Up-regulation of HSP-70 is associated with oxidative stress (Ronaldson and Bendayan,
2008; Amadio et al, 2008). We looked at levels of HSP-70 in the enriched microvessel
preparations of all treatment groups using confocal microscopy (Figure 3.2A). Images
are representative of six rats per treatment group (n = 6). Our data shows a significant
increase in HSP-70 (1.5-fold) mean fluorescence intensity resulting from HR. Tempol
(HR+T) attenuated this increase (1.2-fold), indicating reduced levels of cellular stress due

to scavenging of free radicals during HR (Figure 3.2B).
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Figure 3.2 Oxidative stress induces expression of heat shock protein (HSP-70).
Immunofluorescence of HSP-70 (green) in brain microvessels of normoxic (Nx) plus
saline (Nx+S) (A), Nx plus tempol (Nx+T) (B), hypoxia—reoxygenation (HR) plus S (HR+S)
(C), and HR + T (D)-treated rats. Rats exposed to HR show an increase in HSP-70
immunofluorescence. Tempol attenuated this increase. Immunofluorescence of the
endothelial-specific marker von Willebrand factor (red) is shown in the inset. (E) Mean
fluorescence intensity of HSP-70 in all treatment groups expressed as a percent control.
"P<0.05 versus HR+T and Nx+T. P<0.01 versus Nx+S (n=28 to 33 microvesels per
treatment group).
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In Situ Brain Perfusion

The role of oxidative stress in altering BBB permeability during HR was investigated
using the in situ brain perfusion technique. This method maintains a constant cerebral
flow rate of perfusion fluid and eliminates potential confounding variables associated
with peripheral blood flow, metabolism, and clearance.**C-sucrose was used as a
marker of paracellular permeability due to its minimal BBB penetration under
physiological conditions and its inherent metabolic stability in this system. The 1.
sucrose was not subject to any metabolism during the perfusion as verified by HPLC
analysis (data not shown). In Normoxia + saline treated (Nx+S) rats, the Rbr was 1.60% *
0.09% (Figure 3.3). After HR, the Rbr was 2.43% + 0.25% which was significantly
increased (P=0.016) by 51.9% compared to control. With administration of the free
radical scavenger tempol 10 min before HR, the Rbr was 1.61% + 0.15%, which was
significantly lower than the Rbr from the HR + saline treated animal (P=0.014). This
suggests that ROS are involved in the increase in BBB permeability associated with H/R.
The Nx animals administered tempol (Nx+T) showed a nonsignificant increase in Rbr of

1.92% + 0.15% compared to normoxic animals administered saline (Figure 3.3).
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Figure 3.3 Effects of hypoxia and reoxygenation (HR) and tempol treatment on BBB
permeability to **C-sucrose. After treatment, normoxia (Nx) plus saline (S) (Nx+S), Nx
plus tempol (T) (Nx+T), HR+S, and HR+T rats were anesthetized and subjected to in situ
brain perfusion for 10 mins with **C-sucrose. The amount of radioactivity in the brain

versus the perfusate was expressed as Rbr%. Results are expressed as meants.e. )
P<0.05.
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Occludin Microvascular Distribution

To examine the effects of H/R and oxidative stress on the cellular localization of the TJ
protein occludin, enriched microvessels preparations were placed on glass slides and
stained for occludin. Slides were then examined under a laser scanning confocal
microscope. Images are representative of five animals per treatment group (n =5). In
microvessels isolated from Nx animals, there was continuous staining of occludin along
the margins of intercellular contact (Fig. 3.4A). After HR treatment, an increase in
intracellular punctate staining of occludin was observed, indicating a change in
localization of occludin away from the TJ complex. Animals treated with tempol prior to
H/R showed continuous staining of occludin along the TJ similar to what was seen in the
normoxic animals. The number of microvessels exhibiting punctate staining in each
treatment group was quantitated and is presented in Table 3.2. Microvessels in Nx+S
rats showed punctate staining in 14.95% + 2.11% of microvessels. HR+T and Nx+T rats
exhibited punctate staining in 15.94% + 0.42% and 16.60% * 2.09% respectively. In HR+S
treated rats, 28.74% * 3.21% of microvessels showed punctate staining, a statistically
significant increase compared to the other treatment groups (P<0.01). These results

indicate that oxidative stress induces a change in occludin intracellular localization.
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Figure 3.4 Oxidative stress induces changes in occludin localization.
Immunofluorescence of occludin (green) and the endothelial-specific marker platelet-
endothelial cell adhesion molecule 1 (PECAM-1) (red inset) in brain microvessels of
normoxic (Nx) plus saline (A), Nx plus tempol (B), hypoxia—reoxygenation (HR) plus
saline (C), and HR plus tempol (D). HR induces an increase in punctate staining of
occludin (arrows), suggesting the movement of occludin away from the tight junction.
Tempol prevents this increase, indicating that oxidative stress is involved in altering the
cellular localization of occludin.
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Table 3.2 Percentage of Cerebral Microvessels Exhibiting Punctate Staining of Occludin

N+S N+T HR+S HR+T

14.95% +2.11% 16.60% * 2.09% 28.74% + 3.21%* 15.94% + 0.42%

Microvessels were analyzed for punctate staining in normoxia + saline (Nx+S), normoxia
+ tempol (Nx+T), hypoxia-reoxygenation + saline (HR+S) and hypoxia-reoxygenation +
tempol (HR+T). Values are means * SE; n = 500 microvessels per treatment group. One-
way repeated measures ANOVA and the post hoc Bonferonni t-test was used to
establish significance. *p<0.01 compared to N+S, N+T, and HR+T.




74

Density Gradient Fractionation

Density gradient centrifugation and fractionation of intact microvessels was performed
to examine the distribution of occludin within plasma membrane microdomains. The
protein concentration and refractive indices from intact microvessels subjected to
density gradient fraction are presented as averages of 3 separate experiments, each
containing 3 rats per treatment group (Figure 3.5A). Our data shows that the protein
concentration and refractive index from each fraction is similar for each treatment
group. This demonstrates our analysis was performed on membrane microdomains
which are similar across all treatment groups.We have previously shown that the TJs
exist primarily in fractions 7 & 8 (McCaffrey et al, 2007). Using SDS-PAGE, we analyzed
Western blots of fractions 7 & 8 under reducing and non-reducing conditions to
investigate the band patterns of PFO-soluble occludin oligomers (Figure 3.5B). PFO has
previously been shown to preserve the oligomeric structure of membrane proteins by
stabilizing internal non-covalent interactions between component protein subunits
(Ramjeesingh et al, 1999). During HR, a significant increase in the optical density of
occludin oligomers under non-reducing conditions compared to normoxic controls (4.9-
fold in fraction 7 and 11.0-fold in fraction 8) is observed (Figure 3.5C). Occludin

oligomers exhibit a broad, intense staining pattern resulting from HR. This suggests
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extensive conformational changes in occludin occur during HR. Administration of tempol
before HR served to significantly decrease the extent of oligomeric disassembly and to
attenuate the increase in optical density of non-reduced occludin oligomeric isoforms
compared to Nx+S rats (2.1-fold in fraction 7 and 4.1-fold in fraction 8). Comparison of
occludin banding patterns on non-reducing with reducing blots reveals that the reducing
agent TCEP increases the detection of occludin oligomeric isoforms in Nx animals, but
not in HR animals. This suggests that HR causes conformational changes of occludin

oligomeric assemblies, exposing more of the structure to antibody.
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Figure 3.5 Density gradient fractionation of cerebral microvessels. (A) Profiles of protein
concentrations and refractive indices (density) of cerebral microvessels after
fractionation in normoxia (Nx) plus saline (S) (Nx+S), Nx plus tempol (T) (Nx+T), hypoxia—
reoxygenation (HR) + S (HR+S), and HR+T. (B) Representative sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and western blot of occludin oligomers
in fractions 7 and 8 under nonreducing (NR) and reducing (R) conditions. Fractions 7 and
8 have previously been shown to be associated with the tight junction in lipid rafts at
the plasma membrane. (C) Western blot analysis of occludin oligomers in fractions 7 and
8 under reducing and nonreducing conditions. Data are presented as meants.e. and are
representative of three separate experiments with three rats pooled in each treatment
group. " P<0.001 versus Nx+S and Nx+T; P<0.01 versus HR+T in fraction 7.~ P<0.01
versus Nx+S and Nx+T; P<0.05 versus HR+T in fraction 8.



77

3.4 Discussion

The BBB plays a critical role in maintaining CNS homeostasis. Inability of the BBB
to perform its normal physiological functions is thought to contribute to numerous
disease states affecting the CNS, many of which have an HR component (Hawkins and
Davis, 2005; Zlokovic 2008). Cerebral HR occurs during stroke and microvascular
infarcts, vascular dementia, cardiac arrest, postoperative cognitive dysfunction, acute
respiratory distress syndrome, obstructive sleep apnea, and high altitude cerebral
edema. We have previously shown that HR causes an increase in paracellular
permeability at the BBB (Witt et al., 2003; Witt et al., 2008). We have also shown
changes in occludin protein localization and oligomeric assemblies that are associated
with HR (McCaffrey et al., 2009). Oligomers of occludin are key components of the TJ
protein complexes which are critical for restricting parcellular diffusion of solutes from
the blood to the brain. Little is known about the mechanisms that lead to changes in
occludin oligomeric assembly at the BBB following HR. HR is associated with a
production of ROS which can lead to oxidative stress and BBB disruption (Pun et. al.,
2009). Recent evidence indicates that the oligomerization of occludin is redox sensitive
(Walter et al, 2009). These observations led us to investigate the influence of oxidative
stress on BBB permeability and occludin structural integrity during HR. In order to
examine this possibility, we used the free radical scavenger tempol to pharmacologically

inhibit production of ROS.

In order to confirm that the brains of rats exposed to our HR treatment are
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indeed hypoxic, we stained isolated microvessels for Hif-1a. Hif-1a is a transcription
factor that is constitutively degraded under normoxic conditions. Hypoxia causes Hif-1a
to stabilize, which allows it to translocate to the nucleus, dimerize with Hif-1f, and
regulate gene transcription. Our confocal microscopy data shows increased
colocalization of Hif-1a with the nuclear dye TO-PRO-3 in HR treated animals, which
indicates that Hif-1a is stabilized and does translocate to the nucleus in response to HR.
HR does not cause a significant increase in animals pre-treated with tempol. This may be
due to anincrease in ROS production during HR. ROS have previously been shown to
induce Hif-1a nuclear translocation independent of hypoxia (Haddad and Land, 2001).
Since tempol acts as a ROS scavenger, our data suggests that the translocation of Hif-1a

to the nucleus was attenuated due to a decrease in ROS production in HR+T rats.

As a marker of cellular stress, we also stained microvessels for HSP-70. HSP-70
has previously been shown to be up-regulated due to stressors such as hypoxia and/or
oxidative stress. Our data shows prominent HSP-70 immunoreactivity in the brain
microvasculature during HR; however, pre-treatment with tempol attenuated the HR-
associated increase in HSP-70 expression. This suggests a reduction in cellular stress in

the brains of rats administered tempol.

Using the in situ brain perfusion technique, we examined the role of oxidative
stress on BBB permeability following an acute exposure to HR in vivo. This technique has
advantages over other techniques of perfusion or injection of solutes such as the brain

uptake index (BUI) technique (Zlokovic et al, 1985). The in situ brain perfusion technique
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is much more sensitive than techniques employing single pass extraction. It also avoids
confounding physiological variables such as differences in blood pressure and peripheral
metabolism and allows one to measure permeability of substances directly at the BBB
(Martel et al, 1997). Using YC-sucrose as a marker of paracellular permeability
(Bhattacharjee et al, 2001), we found that administration of tempol 10 min before HR
treatment prevented the increase in BBB permeability associated with HR. This suggests
that oxidative stress mediates the increase in BBB permeability seen in our model of
acute HR. There was also a slight but nonsignificant increase in BBB permeability in Nx
animals administered tempol (Nx+T). Tempol has been shown to increase bioavailability
of nitric oxide (NO) which reacts with O, under physiological conditions to produce
peroxynitrite (ONOO-) (Zollner et al, 1997) . Elevated levels of NO have previously been
shown to increase BBB permeability in vitro and in vivo (Mark et al, 2004; Boje and
Lakhman 2000). Therefore, the high dose of tempol used in this study may have
scavenged O,” and reduced the number of free radicals available to interact with NO.
This pharmacological effect of tempol may lead to an increase in BBB permeability

mediated by NO under physiological conditions.

Paracellular permeability at the BBB is regulated mainly by the TJs. Our data
showing tempol prevents the increase in BBB permeability to **C-sucrose after HR
treatment suggests that oxidative stress may also affect the molecular structure of the
TJs. Previous work by our laboratory has indicated that the TJ protein occludin is

affected by HR (McCaffrey et al, 2009) and its ability to oligomerize is redox sensitive
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(Walter et al, 2009). These observations led us to investigate the effects of oxidative
stress on occludin at both the cellular and molecular level using confocal microscopy

and density gradient subcellular fractionation followed by Western blot analysis.

Confocal microscopy of isolated cerebral microvessels immunostained for
occludin revealed continuous distribution of occludin along the margins of the TJ. HR
induced intracellular punctate staining of occludin in regions of the microvessel not
associated with TJs. In contrast, microvessels from HR+T rats show staining of occludin
at the TJ in a pattern similar to Nx+S rats, suggesting that tempol may prevent HR
associated changes in occludin localization. Taken together, our data imply that

oxidative stress may induce changes in the cellular localization of occludin at the BBB.

We have previously used a detergent-free density gradient centrifugation
method to examine the distribution of occludin in plasma membrane microdomains of
cerebral microvessels. These studies have revealed valuable insight into the structure of
occludin at the BBB. Density gradient fractionation of intact microvessels has shown
that occludin exists in the TJ associated lipid raft regions corresponding to fractions 7 &
8 where it colocalizes with the lipid raft marker caveolin-1 and the TJ marker Rab-13
(McCaffrey et al, 2007). We have also used PFO (which stabilizes the quaternary
structure of protein complexes) to solubilize occludin oligomeric assemblies
(Ramjeesingh et al, 1999). Extracts of PFO soluble occludin subjected to non-reducing
PFO-PAGE have revealed that in TJ associated fractions 7 & 8, occludin exists almost

exclusively as high molecular weight (HMW, >250 kDa) oligomers (McCaffrey et al,
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2009). It is only when occludin is solubilized in SDS and/or subjected to reducing
conditions that lower molecular weight isoforms are detected. These data strongly
suggest that occludin exists as HMW oligomeric assemblies at the TJs of the BBB in vivo.
We have also shown through the use of hydrophobic and hydrophilic reducing agents
that these occludin oligomeric assemblies are held together by disulfide bonds
(McCaffrey et al, 2007). It has been shown that the C-terminus of the occludin molecule
is involved in forming these disulfide bonds and the formation of these bonds is redox
sensitive (Walter et al, 2009). These observations led us to investigate the effects of

oxidative stress on the structural integrity of HMW occludin oligomers.

Using a C-terminal antibody to occludin, we subjected equal amounts of protein
in fractions 7 & 8 to SDS-PAGE under non-reducing and reducing conditions. Our data
show very faint banding patterns of occludin oligomeric assemblies located primarily in
fraction 7 of Nx animals. Under reducing conditions with the hydrophilic reducing agent
TCEP, these bands become much more intense. This suggests that under non-reducing
conditions, the antigen is less accessible to antibody, presumably because it is being
masked. Reducing conditions cleave these disulfide bonds and allow the antibody
greater access to the antigen. Remarkably, oligomeric assemblies of occludin can still be
detected after occludin has been subjected to SDS-PAGE under hydrophilic reducing
conditions. This suggests an inner core of hydrophobic disulfide bonds holding the
oligomeric assemblies together. In contrast to what was observed in Nx rats, HR rats

show a prominent band of occludin oligomers under non-reducing conditions. This data
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suggests the antibody binds to non-reduced occludin more readily in rats subjected to
HR. This indicates that HR may induce conformational changes in occludin oligomers,
possibly through the cleavage of disulfide bonds. In addition, occludin redistributes from
fraction 7 to the higher density fraction 8 in the HR rats. Taken together, these data
suggest that HR affects both the localization and the structural integrity of occludin
oligomeric assemblies. Tempol-treated HR rats show significantly less dense bands of
occludin oligomers under non-reducing conditions compared with HR+S rats . This
suggests that oxidative stress is involved in the conformational changes of occludin
oligomeric assemblies and free radical scavengers such as tempol can preserve the

structural integrity of occludin at the BBB during an HR insult.

In summary, our data suggests that oxidative stress during HR may cause
disruption of the BBB, leading to an increase in permeability to Yc-sucrose. In addition,
ROS may cause changes in localization and structure of the TJ protein occludin. Both the
structure and the localization of occludin are critically important to its function in
maintenance of the BBB’s ability to restrict permeability to solutes in the systemic
circulation. Changes in occludin localization and structure during HR can be
pharmacologically inhibited by pre-treating rats with the stable, BBB permeable
molecule tempol. HR and/or oxidative stress are important components of several
disease states (i.e., cardiac arrest, stroke, high altitude cerebral edema) which exhibit a
breakdown in the BBB and subsequent neurotoxicity and cognitive impairment. It is

possible that ROS produced during the HR phase of these pathological conditions
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induces changes in occludin structure and localization, leading to a breakdown in the
ability of the BBB to protect the CNS. Treatment of these conditions with antioxidant
therapy may preserve the functional integrity of the BBB which may ultimately decrease

the amount of CNS damage associated with several pathological conditions.
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CHAPTER 4

ROLE OF REACTIVE OXYGEN SPECIES IN BLOOD-BRAIN BARRIER DISRUPTION DURING

PERIPHERAL INFLAMMATORY PAIN
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4.1 Introduction

Inflammatory pain is caused by an insult to the integrity of tissues at a cellular
level. The most common noxious stimuli are thermal, mechanical, or chemical in nature.
Once tissue damage occurs, nociceptors on pain fibers near the site of injury are
activated and consequently transmit the signal up the spinothalamic tract to the brain

where pain is perceived.

The production of reactive oxygen species (ROS) is a well-established component
of both pain and inflammation (Salvemini et al., 2006). Tissue injury causes release of
intracellular ROS, which leads to phagocyte recruitment from the systemic circulation.
These phagocytes may then release pro-inflammatory cytokines and up-regulate various
enzymes (i.e., myeloperoxidase, NADPH oxidase) that contribute to production of more
ROS (Bodamyali et al., 2000). NADPH oxidase generates the superoxide anion (0;"),
which is a critical mediator of hyperalgesia, as shown by studies with the superoxide
dismutase mimetic drug M40403 (Wang et al., 2004). In the A-carrageenan model of
inflammatory pain, inhibition of superoxide dismutase (SOD) or administration of
peroxynitrite prior to A-carrageenan paw injection was shown to exacerbate paw edema
(Khattab, 2006). Furthermore, pre-treatment with the free radical scavenger tempol
attenuates both paw edema and hyperalgesia, suggesting that ROS play a key role in the

progression of pain/inflammation in the periphery (Khattab, 2006).

Our laboratory has previously shown biphasic disruption of the BBB in a

peripheral inflammatory pain model induced by hindpaw injection of A-carrageenan or
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complete freund’s adjuvant (Huber et al., 2001, Huber et al., 2002; Brooks et al., 2005;
Brooks et al., 2006). These changes are associated with an increase in paracellular
permeability (i.e. — leak to the brain) of 4C-sucrose, a substrate that does not typically
cross the BBB (Bhattacharjee et al. 2001). Furthermore, we have shown that peripheral
inflammatory pain alters expression of various transmembrane TJ proteins (i.e., claudin-
3, claudin-5, occludin) as well as zona occluden-1 (ZO-1), which anchors both claudins
and occludin to the actin cytoskeleton and is critical to maintenance of high
transendothelial electrical resistance (TEER) at the BBB (Ronaldson et al., 2009).
Nociceptive input, transforming growth factor B (TGF-B) signaling, and prostaglandin
synthesis due to cyclooxygenase activity have all been reported to be involved in BBB
disruption under peripheral inflammatory pain conditions (Campos et al., 2008,
Ronaldson et al., 2009, Brooks et al., 2008). These observations underscore the critical
importance of both peripheral inflammation and centrally mediated mechanisms in BBB

changes/leak during peripheral inflammatory pain.

At BBB endothelial cell TJ complexes, occludin exists in lipid rafts as high
molecular weight oligomeric assemblies that are stabilized, in part, by disulfide bonds
(McCaffrey et al., 2007). The C-terminal region of occludin has been shown to dimerize,
through disulfide bonding, in a redox-sensitive process (Walter et al., 2009a, Walter et
al., 2009b). Our laboratory has previously shown that occludin oligomers are structurally
altered under conditions of peripheral inflammatory pain (McCaffrey et al., 2008) and

hypoxia/reoxygenation (McCaffrey et al., 2009). Using tempol, we recently
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demonstrated that oxidative stress increases BBB permeability in vivo to sucrose and
causes alterations to occludin’s structure and distribution during hypoxia-reoxygenation,
implying that ROS are involved in disruption of BBB functional integrity (Lochhead et al.,
2010). These observations led us to explore the role of ROS in BBB disruption during

peripheral inflammatory pain.

In the present study, we used the stable, BBB permeable, nitroxide tempol to
scavenge intracellular and extracellular ROS to examine specific effects of ROS on BBB
paracellular permeability to Yc-sucrose (i.e. leak) using a well-established in vivo model
of peripheral inflammatory pain (i.e., A-carrageenan-induced inflammatory pain (CIP)).
Additionally, we investigated if ROS could induce structural protein changes (i.e.,
modulation of disulfide bonds in occludin oligomeric assemblies) to lipid raft-associated
occludin oligomers at the TJ. These observations will further elucidate the role of
oxidative stress in BBB disruption during peripheral inflammatory pain and point to

novel therapeutic strategies for treatment of pain/inflammation.

4.2 Experimental Procedures

Radioisotopes, reagents, and chemicals

[*C]-sucrose (9.6 mCi/mmol) was purchased from American Radiolabeled Chemicals (St.

Louis, MO). Tempol was purchased from Arcos Organics (Geel, Belgium). Ts-2 tissue
solubilizer was purchased from Research Products International (Mt. Prospect, IL).

Optiphase Supermix scintillation cocktail was purchased from Perkin Elmer (Shelton,
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CT). EDTA-free Complete Protease Inhibitors were purchased from Roche (Indianapolis,
IN). OptiPrep was purchased from Accurate Chemical (Westbury, NY). The Coomassie
Plus Better Bradford Assay Kit was purchased from Thermo Scientific (Rockford, Il). C-
terminal rabbit anti-occludin and rabbit anti-NF-kB p50 subunit antibodies were
purchased from Zymed (San Francisco, CA). Secondary antibodies for Western blotting
were purchased from Amersham (Pittsburgh, PA). The NE-PER nuclear and cytoplasmic
extraction reagents were purchased from Thermo Scientific (Rockford, 1l). Western
Lightning enhanced chemiluminescence reagent was purchased from Perkin Elmer
(Shelton, CT). XT sample buffer, XT reducing agent and Criterion gels were purchased
from Bio-rad (Hercules, CA). All other antibodies or reagents, unless noted, were

purchased from Sigma-Aldrich (St. Louis, MO).

Animals and Treatment

All experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Arizona College of Medicine and conform to
National Institutes of Health guidelines. Adult female Sprague-Dawley rats (Harlan;
Indianapolis, IN) weighing 230-280 g were housed under standard 12:12-h light-dark
conditions and provided food and water ad libitum. Rats received an intraperitoneal
(i.p.) injection of 0.9% saline or the free radical scavenger tempol (200 mg/kg body
weight) 10 min prior to receiving a 100 ul subcutaneous (s.c.) injection of 3% A-
carrageenan (in 0.9% saline) or 0.9% saline in the plantar surface of the right hind paw.

Animals were anesthetized with sodium pentobarbital (64.8 mg/kg, i.p.) 3 h after paw
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injection and prepared for in situ brain perfusion, microvessel isolation, or histology.
In Situ Brain Perfusion

The in situ brain perfusion technique was adapted from previously published methods
(Zlokovic et al, 1986; Takasato et al, 1984) and performed as previously described
(Lochhead et al, 2010). Briefly, 3 h after hind paw injection, rats were anesthetized with
sodium pentobarbital (64.8 mg/kg, i.p.) prior to infusion with the paracellular
permeability marker **C-sucrose (MW=342). Once anesthetized, rats were heparinized
(10,000 U/kg) and carotid arteries were isolated and cannulated with silicon tubing. The
perfusion medium consisted of a mammalian Ringer solution [117 mM NaCl, 4.7 mM
KCI, 0.8 MM MgS0O4-H,0), 24.9 mM NaHCOs3, 1.2 mM KH,PO,4, 2.5 mM CaCl,-6H,0, 10
mM b-glucose, 39 g/l dextran (MW 70,000) and 1 g/I BSA, 0.055 g/I Evans Blue] which
was continuously bubbled with 95%0,/5%CO, gas mix. The Ringer solution was filtered,
warmed to 37°C, and de-bubbled before arterial infusion at 3.1 ml/min. Once both
carotid arteries were cannulated, the paracellular permeability marker YC-sucrose was
infused into the perfusate inflow at 0.5 ml/min for 10 min, followed by a 1 min washout

containing Ringer with no radioactive tracer.

At the end of the perfusion, the rat was decapitated and the brain was removed.
The meninges and choroid plexuses were removed and the brain was sectioned and
placed into pre-weighed vials. After weighing the vials, 1 ml of tissue solubilizer was

added to each vial and allowed to dissolve the tissue for 48 h at room temperature.
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Once solubilization was complete, 100 ul of 30% glacial acetic acid was added to each
sample to quench chemiluminescence. Optiphase Supermix scintillation cocktail (2.5 ml)
was then added to each sample. Triplicate samples of 100 ul aliquots of the perfusion
medium were treated in the same manner as the perfused brain samples. All samples
were then measured for disintegrations per minute (dpm) (1450 LSC and Luminescence
Counter, Perkin Elmer; Waltham MA). The ratio of the concentration of Csucrose in
tissue (Cprain, in dpm/g) was compared to perfusate (Cperfusate, in dpm/ml) and expressed

as a percent ratio (i.e. - Rorain = (Cbrain/Cperfusate) X 100%).

HPLC analysis of Yc-sucrose degradation

Samples of the *C-sucrose standard, perfusate inflow and perfusate outflow were
collected and analyzed for sucrose degradation using HPLC. Samples were injected onto
a HPLC C18 column and subjected to a 7.5%-9% acetonitrile gradient for 10 min to
separate ¥C-sucrose from potential metabolites. Radioactive counts per minute (cpm)
were recorded to ensure no sucrose degradation occurred throughout the course of the

brain perfusion.

Paw Edema Measurements

Paw edema was measured using a plethysmometer (model 7141, Ugo Basile, Comerio-
Varese, Italy). Edema was measured as the volume of electrolyte solution displaced by
the hind paw. To ensure consistency between measurements, the ankles were marked

prior to inserting the hind paw into the plethysmometer. The hind paw was inserted
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into the plethysmometer up to the marked line and paw volume was recorded.
Measurements were taken for the injected paw and the contralateral paw. All

measurements were taken in triplicate.

Thermal Hyperalgesia

Hyperalgesia was measured using the Hargreaves radiant heat method 3 h after hind
paw injection (Hargreaves et al., 1988). Paw withdrawal latency was measured as time
(s) taken to remove the hind paw from the heat source. Rats were habituated to the
plexiglass boxes on an elevated glass table for 15 min prior to measurements.
Measurements were taken for the injected hind paw and the contralateral paw. All
measurements were taken in triplicate with a 2-5 min recovery periods between

measurements.

Microvessel enrichment and fractionation

Rats were anesthetized with sodium pentobarbital (64.8 mg/kg) 3 h after paw injection.
They were then decapitated and the brains were harvested and placed in 4 ml of
microvessel isolation buffer A [103 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM
KH,PO4, 1.2 mM MgSQ,4, 15 mM HEPES, 2.5 mM NaHCO3, 10 mM bp-glucose, 1 mM
sodium pyruvate, pH 7.4]. The cerebellum, meninges and choroid plexuses were
removed and the cerebral hemispheres were then homogenized in 30 ml of microvessel
isolation buffer B [103 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl,, 1.2 mM KH;PO,4, 1.2 mM

MgSQ4, 15 mM HEPES, 25 mM NaHCOs, 10 mM glucose, 1 mM Na pyruvate, 1% dextran
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MW 64 kD, pH 7.4] + protease inhibitors (Roche EDTA-free Complete Protease Inhibitor,
2 mmol/L PMSF, 1 mmol/L NasVO,4, 1 mmol/L NaF and 1 mmol/L sodium
pyrophosphate). The homogenates were then centrifuged at 5800g for 10 min at 4° Cin
ice-cold buffer A with 26% dextran. The supernatant was suctioned off and the pellets
were centrifuged a second time at 5800g for 10 min at 4° C in buffer A with 26%
dextran. Pellets were resuspended in buffer A with protease inhibitors then passed
through a 100 um filter. The filtrate was then passed through a 40 um filter. The
microvessels remaining on the filter were collected in buffer A and centrifuged at 1500g
for 10 min. The pellet was then resuspended in 4 ml of buffer C [20 mM Tris-Hcl, 250
mM sucrose, 1 mM CaCl,, 1ImM MgCl,, pH 7.8] with protease inhibitors and drawn 20X
through a 21 G needle. The protein concentration of each sample was then determined
using the Coomassie Plus Better Bradford Assay Kit. Equal volumes amounts of
microvessel homogenates (containing equal amounts of protein) were then mixed with
50% OptiPrep in buffer C. This suspension was layered beneath a discontinuous
0/5/10/15/20% Optiprep gradient (prepared in buffer C without ions) then centrifuged
for 90 min at 52,000g at 4°C. One ml fractions were collected from the top of the

gradient. Numerous aliquots of each fraction were stored at -20° C until later use.

Western Blot Analysis of Occludin Oligomeric Assemblies

Equal protein aliquots of each fraction were added to 4X XT sample buffer with or
without XT reducing agent containing tris(2-carboxy-ethyl)phosphine hydrochloride

(TCEP). Each fraction was then incubated at 70° C for 10 min before undergoing SDS-
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PAGE on 10% Bis-Tris Criterion gels. Gels (reducing and non-reducing, for each
treatment condition) were then transferred to PVDF membranes, blocked in 5% milk,
and incubated overnight in 1° antibody (1:1000) with 1% milk. Blots were then washed,
incubated in HRP-conjugated 2° antibody and detected using enhanced
chemiluminescence reagent. The membranes were stained for total protein with
Coomassie and the optical density (OD) of each band was normalized to the total
protein in the lane according to previously published methods (Aldridge et al., 2008).
Densitometry was performed using Imagel software (Wayne Rasband, Research Services

Branch, National Institutes of Mental Health, Bethesda, MD).

NF-kB Nuclear Expression

Microvessels were isolated as above and nuclear and cytoplasmic extracts were
prepared using NE-PER nuclear and cytoplasmic extraction reagents following the
manufacturer’s instructions. Equal amounts of protein from nuclear fractions were
electrophoresed on 10% Bis-Tris gels and transferred to a PVDF membrane. Membranes
were blocked in 5% milk and incubated in primary anti-NF-kB p50 subunit antibody.
Densitometry was performed using Image J software and the OD was normalized to the

total protein in each lane as described above for occludin.

Statistical Analysis

SigmaPlot software was used to perform statistical analysis. Statistical significance was

determined using one-way ANOVA, followed by Bonferroni’s t-test. Data are presented
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as means * SE. A value of P<0.05 was considered statistically significant.

4.3 Results

Paw Edema and Thermal Hyperalgesia Measurements

Previous studies have demonstrated that the antioxidant tempol modulates
carrageenan-induced paw edema and thermal hyperalgesia in rats (Khattab 2006). After
paw injection (3h), A-carrageenan induced a significant increase in paw edema and
thermal hyperalgesia (P<0.001). Tempol significantly decreased CIP induced paw edema
and sensitivity to an infrared heat source (Figure 4.1). These data indicate that ROS are
involved in both the inflammatory response and the animal’s behavioral response to

CIP.
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Figure 4.1 Effect of CIP and tempol on paw edema and thermal hyperalgesia. (A) Edema
formation in the injected paw (right) and the contralateral paw (left). Rats were given a
i.p. injection of saline or tempol 10 min before paw injection of saline or 3% A-
carrageenan. Measurements were taken 3 h after paw injection. Results are expressed
as mean * s.e. of 9 animals per treatment group. P<0.001. (B) Paw withdrawal latency of
the injected paw (right) and the contralateral paw (left) in rats given an i.p. injection of
saline or tempol 10 min before paw injection of saline or 3% A-carrageenan.
Measurements were taken at 37°C 3 h after paw injection. Results are expressed as
mean = s.e. of 6 animals per treatment group. P<0.001
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NF-kB Nuclear Expression

NF-kB is a redox-sensitive transcription factor which is present in the cytoplasm in an
inactive state under physiological conditions and is one of the earliest responders to
cellular stress (Sen and Smale, 2010). Once activated, NF-kB translocates to the nucleus
where it participates in gene transcription. NF-kB has previously been shown to be
activated by carrageenan-induced pleurisy and this activation was reduced by tempol
(Cuzzocrea et al., 2004). We measured NF-kB nuclear expression in enriched brain
microvessel preparations to confirm cellular stress at the BBB due to carrageenan paw
injection (Figure 4.2). We found carrageenan induced a significant increase (2.6-fold) in
nuclear NF-kB expression (P<0.05) vs. saline control. Tempol significantly attenuated this
increase (1.9-fold), suggesting ROS production is involved in carrageenan-induced

nuclear NF-kB expression at the BBB.
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Figure 4.2 Nuclear Expression of NF-kB. Rats were given an i.p. injection of saline or
tempol 10 min before paw injection of saline or 3% A-carrageenan. Representative
Western blot of NF-kB p50 subunit in nuclear extracts of brain microvessels (A). OD of
the p50 subunit normalized to total protein (B). *P<0.01. P<0.05 vs. sal-sal and sal-carr
N= 3-4 rats per group.
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BBB Permeability to *C-sucrose

We investigated if oxidative stress was involved in regulating BBB paracellular
permeability to **C-sucrose during peripheral inflammatory pain using the in situ brain
perfusion technique. In control animals, the Rbr was 1.67% + 0.16% (Figure 4.3). Hind
paw injection of A-carrageenan significantly increased the Rbr to 2.65% + .21% (P<0.05),
suggesting that peripheral inflammatory pain was associated with an increase in BBB
paracellular permeability. Animals administered tempol before CIP had Rbr values of
2.08% * 0.21%, a statistically significant decrease (P<0.05) in Rbr compared to animals
administered saline prior to CIP. This suggests oxidative stress was associated with the
increase in BBB permeability during peripheral inflammatory pain. As an additional
control, animals administered tempol before paw induction with saline had Rbr values
of 1.51% + 0.14%. HPLC analysis of the perfusate and the outflow was conducted to
ensure the sucrose remained intact throughout the entire experiment. No degradation

of radiolabeled sucrose was demonstrated by HPLC analysis (data not shown).
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Figure 4.3 Effect of CIP and tempol on BBB permeability to 1C-sucrose. Rats were given
an i.p. injection of saline or tempol 10 min before paw injection of saline or 3% A-
Carrageenan. 3 h later, rats were anesthetized and subjected to in situ brain perfusion
for 20 min with 14C-sucrose. The amount of radioactivity in the brain vs. the perfusate
was expressed as Rbr%. N = 6 rats per treatment group. P<0.05.
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Western blot analysis of TJ occludin oligomers

Enriched microvessel preparations were subjected to density gradient subcellular
fractionation to analyze TJ-associated plasma membrane lipid raft domains (fractions 7
and 8) containing oligomeric assemblies of occludin (McCaffrey et al., 2007). Equal
protein aliquots of fractions 7 and 8 were examined by SDS PAGE/Western blot analysis
under non-reducing and reducing conditions in order to identify changes in occludin
oligomeric integrity due to disulfide-bond reduction. Figure 4.4A shows the banding
pattern of occludin under non-reducing and reducing conditions in fractions 7 and 8 in
control animals. Under non-reducing conditions, occludin is visualized almost exclusively
as a single high molecular weight oligomer in these fractions. Upon exposure to the
hydrophilic reducing agent TCEP, TJ-associated occludin is detected as a doublet, with
the lower band representing a reduced oligomeric isoform. A greater amount of the
reduced oligomeric isoform of occludin is present in the higher density fraction 8, which
contains occludin oligomers that are not as tightly-packed and therefore more
accessible to a hydrophilic reducing agent. Figure 4.4B shows representative Western
blots of occludin oligomers electrophoresed under non-reducing and reducing
conditions in all treatment groups. Given that the appearance of the reduced occludin
oligomeric isoform is indicative of disulfide-bond reduction, relative changes in the
measured OD of this band (under non-reducing conditions) were used to compare the
effects of different treatments on occludin oligomeric integrity (Figure 4.4C). Samples

prepared from animals treated with carrageenan revealed, under non-reducing
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conditions only, significant increases in OD of the reduced oligomeric isoform, showing
that inflammatory pain promotes cleavage of disulfide bonds within occludin oligomeric
assemblies at the TJ. Tempol significantly decreased the OD of the reduced oligomeric
occludin isoform, providing evidence that ROS did in fact induce disulfide bond breakage
of occludin oligomers during inflammatory pain. As protein complexes with a structural
role, alterations in disulfide bonding of occludin oligomeric assemblies may lead to
changes in the functional integrity of the TJ at the BBB. The OD of occludin oligomers
electrophoresed under non-reducing conditions in the saline-carrageenan treated group
was significantly increased compared to the other treatment groups (P=0.003 vs. saline-

saline, P=0.019 vs. tempol-carrageenan, P=0.015 vs. tempol-saline).
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Figure 4.4 Effect of CIP and tempol on occludin oligomers. Rats were given an i.p.
injection of saline or tempol 10 min before paw injection of saline or 3% A-carrageenan.
The banding pattern of occludin in non-reduced and reduced conditions in TJ fractions 7
and 8 in control animals is shown (A). Representative bands of TJ associated occludin
oligomers under non-reducing and reducing conditions in all treatment groups (B).
Optical density of the reduced TJ occludin oligomeric isoform (C). *P<0.005 vs. saline-
saline, #P<0.05 vs. tempol-carrageenan and tempol-saline. N=3 separate experiments
with 3 animals pooled in each treatment group per experiment.
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4.4 Discussion

The BBB is critical for maintaining CNS homeostasis. Disruption of the BBB's
functional integrity is associated with numerous CNS disease states (Zlokovic, 2008). Our
laboratory has previously demonstrated that BBB disruption (i.e. leak) is associated with
acute peripheral inflammatory pain (Ronaldson et al., 2009, Brooks et al., 2008, Campos
et al., 2008). These changes include altered expression of TJ proteins that form
complexes between endothelial cells which greatly restrict paracellular permeability of
substances from the blood into the brain. We have previously shown that oxidative
stress is involved in BBB disruption in a rat model of hypoxia/reoxygenation (Lochhead
et al., 2010). Additionally, oxidative stress is a central component of the inflammatory
pain response (Little et al., 2010). These observations led us to examine the role of
oxidative stress in BBB disruption during peripheral inflammatory pain using the free

radical scavenger tempol.

We administered tempol to rats before inducing inflammatory pain by injecting
their right hind paw with a solution of 3% A-carrageenan (CIP). We found CIP increases
paw edema and thermal hyperalgesia; however, tempol significantly reduced paw
edema and hyperalgesia. This suggests ROS are involved in both inflammation and
nociceptive signaling. The superoxide anion and peroxynitrite have previously been
identified as mediators of paw edema and thermal hyperalgesia during inflammatory

pain and are likely to contribute to these effects in this model (Khattab 2006, Wang et
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al., 2004).

We found that hind-paw injection of A-carrageenan increased expression of NF-
kB p50 subunit in the nucleus of brain microvessels. NF-kB is a redox-sensitive
transcription factor which translocates to the nucleus under conditions of cellular stress
to activate genes involved in the inflammatory response (Camandola and Mattson,
2007). It has previously been shown that tempol reduces NF-kB activation in the lung in
carrageenan-induced pleurisy (Cuzzocrea et al., 2004). This is the first study to show that
tempol inhibits NF-kB activation in brain microvessels, indicating a role for ROS

production in NF-kB activation at the BBB during peripheral inflammatory pain.

We examined tempol’s effects on BBB permeability using the well established in
situ brain perfusion technique. This technique has advantages over other methods used
to study the BBB because it avoids confounding variables associated with changes in
peripheral blood flow, metabolism, and clearance. We measured BBB paracellular
permeability to ¥c-sucrose, which shows very low diffusion across the BBB under
control physiological conditions (Bhattacharjee, 2001). Peripheral inflammatory pain
caused a significant increase in BBB paracellular permeability to Yc-sucrose. In rats
administered tempol, the increase in BBB permeability due to CIP was significantly
decreased. This support our hypothesis and suggests that ROS produced during
peripheral inflammatory pain are involved in disrupting the BBB’s functional integrity

and hence paracellular permeability.
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The TJs are primarily responsible for maintaining low paracellular permeability
across the brain capillary endothelium at the BBB. Occludin is one of the major
components of the TJ (Feldman, 2005). At the BBB TJ, occludin exists in lipid rafts almost
exclusively as high molecular weight (> 250 kD) oligomeric assemblies (McCaffrey et al.,
2007). Using a newly developed, detergent-free, density gradient centrifugation and
subcellular fractionation of enriched brain microvessel preparations, we have previously
observed structural alterations in occludin oligomeric assemblies at the TJ during CIP
and hypoxia/reoxygenation (McCaffrey et al., 2008; McCaffrey et al., 2009). Disruption
of occludin oligomeric assemblies during hypoxia/reoxygenation was attenuated with
tempol (Lochhead et al., 2010). These observations led us to examine tempol’s effects
on occludin oligomers at the TJ during peripheral inflammatory pain. CIP induced no
changes in the relative expression of occludin oligomers when the TJ samples are
subjected to SDS PAGE and Western blot analysis under standard reducing conditions.
Interestingly, when the same samples are subjected to SDS PAGE under non-reducing
conditions, the optical density (OD) of a lower molecular weight, reduced oligomeric
isoform of occludin is significantly increased by peripheral inflammatory pain. This
suggests that CIP causes cleavage of disulfide bonds in occludin oligomeric assemblies. It
has been suggested that the C-terminus of occludin is involved in oligomerization in a
redox-sensitive manner through the formation of disulfide bonds (Walter et al., 20093,
Walter et al., 2009b). Conformational changes in occludin oligomers at the TJ of the BBB

via disulfide bond cleavage may lead to an increase in paracellular permeability/leak. In
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animals administered tempol, the increase in the OD of the reduced occludin oligomeric
isoform at the TJ is significantly attenuated. These data are the first to suggest that ROS
are involved in a re-establishment of the integrity of the TJ occludin oligomeric
conformation that occurs during peripheral inflammatory pain and a reversal of BBB

disruption due to CIP.

In summary, these experiments demonstrate, for the first time, involvement of
ROS induced oxidative stress in BBB disruption during peripheral inflammatory pain
insult. Our data suggest this process may be due to cleavage of disulfide bonds in the
critical TJ protein occludin at the BBB. Compromised BBB functional integrity can lead to
very serious and adverse consequences in the CNS due to an increase in neurotoxic
substances and may also affect therapeutic drug delivery to the brain during
pain/inflammation. These observations indicate that antioxidant capacity may influence
one’s response to a painful/inflammatory stimulus and suggest that free radical
scavengers may be influence a patient’s response during the treatment of

pain/inflammation to maintain the intact nature necessary to the integrity of the BBB.
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CHAPTER 5

SUMMARY AND CONCLUSIONS
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The BBB allows the CNS to tightly regulate its environment so proper neuronal
function may occur. Once thought to be a static structure, research over the past several
decades has revealed the BBB to be dynamic. The functional integrity of the BBB is
compromised in many disease states affecting the CNS. Most of these diseases exhibit
oxidative stress as a component. Oxidative stress (i.e.- increased ROS )has previously
been shown to increase BBB leak, but no studies have examined the effect of ROS
production on the oligomeric assemblies of the TJ protein occludin in vivo. This
dissertation demonstrates that oxidative stress disrupts the functional integrity of the

BBB by inducing alterations in the TJ protein occludin.

In chapter 3 we investigated the involvement of ROS on BBB integrity during an
acute (6% 05, 1 h) hypoxic insult followed by reoxygenation (room air, 20 min). The
stable nitroxide tempol was used as a pharmacological tool to scavenge both
intracellular and extracellular ROS. We showed that HR induces translocation of the
oxygen-sensitive transcription factor Hif-1a from the cytoplasm to the nucleus to
demonstrate that the brain microvessels were subjected to hypoxia. In addition, HR
induced up-regulation of the cellular stress marker HSP-70 in brain microvessels. This
effect was inhibited by tempol. In situ brain perfusion determined HR induced a
significant increase to BBB permeability to **C-sucrose, a marker of paracellular
permeability. Confocal microscopy revealed that ROS cause an increase in punctuate
staining of occludin in brain microvessels, suggesting the localization of occludin is

affected by HR. We used density gradient subcellular fractionation and Western blot
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analysis to examine the effects of ROS on lipid-raft associated occludin oligomeric
assemblies at the BBB TJ. Reduced samples of all treatment groups showed no change in
0D, indicating occludin expression did not change due to HR. In contrast, non-reduced
samples showed a significantly greater occludin OD following HR. This suggests
structural alterations of occludin oligomeric assemblies allow the antibody greater
access to the antigen following HR, possibly due to reduction of disulfide bonds which
are important in stabilizing occludin oligomeric assemblies. Tempol attenuated the
increased OD of non-reduced occludin, suggesting that ROS are involved in structural

rearrangements of occludin oligomeric assemblies at the TJ.

In chapter 4, we investigated the involvement of ROS on BBB integrity during
peripheral inflammatory pain. We injected A-carrageenan into the hind paw of rats with
or without tempol pre-treatment. We found tempol attenuates the paw edema and
thermal hyperalgesia associated with carrageenan injection. This indicates ROS are
involved in nociception and the inflammatory response. We also found tempol
attenuates NF-kB nuclear expression in brain microvessels, suggesting ROS are involved
in the BBB's stress response to peripheral inflammatory pain. Tempol also reduced BBB
permeability to **C-sucrose during peripheral inflammatory pain, suggesting
involvement of ROS in BBB disruption following carrageenan injection. We employed
density gradient subcellular fractionation of brain microvessels and Western blot
analysis to show there are no differences in occludin expression between treatment

groups in reduced samples. The non-reduced samples, however, showed a prominent
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band of occludin with a molecular weight corresponding to a reduced occludin
oligomeric isoform in carrageenan treated rats. This effect was attenuated by tempol,
suggesting ROS produced during peripheral inflammatory pain reduce disulfide bonds of

occludin oligomeric assemblies.

Taken together, these studies show for the first time oxidative stress can affect
the oligomeric assemblies of the TJ protein occludin and lead to an increase in BBB
paracellular permeability (i.e. — leak). We demonstrate this in two different animal
models of disease states (hypoxia and pain) closely associated with the production of
ROS. Tempol completely inhibited the increase in BBB permeability during HR, but only
partially inhibited the BBB permeability increase during peripheral inflammatory pain.
ROS increased changes in the percentage of microvessels exhibiting punctate staining of
occludin during HR, but this effect was not seen during peripheral inflammatory pain.
These differences may be due to the origin of ROS in the two disparate animal models.
During HR, most of the ROS are thought to be produced primarily in the mitochondria of
hypoxic cells. During inflammatory pain, ROS are thought to be produced primarily by
phagocytes and pro-inflammatory signaling pathways. These differences may affect the
types of ROS produced, the localization of ROS, or both. Alternately, differences in the
time point examined in the two models may explain the discrepancies as well. Our HR
treatment was 1 h 20 min while our inflammatory pain treatment was 3 h. Observations
in the HR model not seen in the carrageenan model may be due to the earlier time point

studied. This would suggest ROS play a prominent role in BBB disruption during the early
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phase of ROS production, but other mechanisms may be more important at later time

points.

Future studies should address the role of ROS in PKC or NOS expression and/or
activation, which have been linked to BBB permeability changes in the HR model (Mark
et al., 2004; Fleegal et al., 2005; Willis et al., 2008). In the inflammatory pain model,
changes in TGF-B and COX expression and signaling have been linked to BBB disruption
(Brooks et al., 2008; Ronaldson et al., 2009). Effects of tempol on TGF- signaling and
COX activity should be examined. Additionally, both HR and inflammatory pain cause
BBB disruption in a biphasic manner (Witt et al. 2008; Huber et al., 2002). The use of
antioxidants to preserve BBB functional integrity at later time points should also be

studied.

We conclude from these studies that ROS impair BBB functional integrity.
Hypoxia and/or inflammation are components of many disease states which ultimately
compromise CNS function. BBB disruption may allow neurotoxic substances in the blood
to leak into the brain. Over time this may cause or contribute to the cognitive
impairment and/or neurodegeneration that is often observed in patients experiencing
hypoxia and/or inflammation. Delivery of therapeutics to the brain is also likely to be
affected by a compromise in BBB integrity. Drug concentrations in the CNS could
potentially reach unsafe levels if the BBB’s ability to restrict paracellular diffusion is
impaired (Hau et al., 2004; Seelbach et al., 2007; Ronaldson et al., 2010). Our data

suggests antioxidant therapy may be beneficial in preserving the BBB’s functional
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integrity during an insult involving oxidative stress.
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