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Abstract

Abstract

Cerebral stroke contributes to approximately 10% of deaths worldwide and is the most common
cause of adult morbidity. The cost of stroke to the UK is approximately £8.9 billion per annum,
of which 5% accounts for costs incurred by the National Health Service. About 85% of cerebral
stroke patients experience cerebral ischaemia-reperfusion injury, with recombinant tissue-
plasminogen activator (rt-PA) being the only approved form of treatment. rtPA treatment is only
efficacious within in a limited time window (3 — 4.5h) after the onset of ischaemia, however, it
is coupled with severe side-effects. This thus warrants the requirement of further research into

improved therapeutic strategies to protect the brain against ischaemia-induced damage.

Accumulating evidence implicates a major role for oxidative stress in the pathophysiology of
stroke, resulting in the loss of cells that form the neurovascular unit. Research currently focuses
on protecting astrocytes and neurons, but has failed to identify the need for protecting of the
cerebrovascular endothelium, important for the maintenance of brain function and environment.
The redox sensitive transcription factor NF-E2 related factor 2 (Nrf2) orchestrates an adaptive
response in upregulating phase Il detoxifying enzymes and antioxidant stress proteins.
However, little is known about the temporal and spatial distribution of Nrf2 in different brain
cell types after cerebral ischaemia and reperfusion injury. Furthermore, post-stroke
administration of the dietary isothiocyanate sulforaphane (SFN), an Nrf2 inducer, has been
shown to protect the ischaemic brain. However, the effects of sulforaphane pre-conditioning in

vivo remain to be elucidated.

Male Sprague-Dawley rats (260 — 300g) were subjected to 70 min middle cerebral artery
occlusion (MCAo) and reperfused for 4, 24 or 72h. Paraformaldehyde perfused-fixed brains
were then excised and cryosectioned to obtain 10um coronal brain sections. Total cellular and
nuclear/cytoplasmic  Nrf2 content was calculated using a novel quantitative
immunohistochemical technique, based on the initial rate of 3,3’-diaminobenzidine (DAB)
polymer formation, following the reaction of DAB with H,0,. Cytoplasmic Nrf2 content
increased in cerebral cells after 4h reperfusion injury, whereas a significant increase in nuclear
content was observed after 24h reperfusion injury. Total cellular Nrf2 content was also greater
in stroke-affected regions 24h after 70 min MCAo and decreased in all regions of the ischaemic
brain after 72h. To determine the effects of sulforaphane (SFN) treatment on Nrf2 in vivo, rats
were administered SFN (5 mg/kg. i.p.) for 1, 2, 4 and 24h, or pre-treated with SFN 1h prior to
70 min MCAo and 24h reperfusion injury. SFN pre-treatment significantly reduced Nrf2 protein
content in rats after 24h reperfusion injury. Furthermore, SFN treatment of naive rats revealed a

significant increase in Nrf2 protein content within 1h of administration.
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To further elucidate the role of Nrf2 mediated protection in the cerebral endothelium, the mouse
brain endothelial cell line, bEnd.3, was used as an in vitro model of the blood-brain barrier
(BBB). SFN time- (4 — 24 h) and dose-dependently (0.5 — 2.5 puM) increased protein expression
of HO-1 and NQO1, two Nrf2-regulated proteins. Furthermore, SFN (2.5uM) also induced Nrf2
nuclear translocation, 1 — 4h after treatment. bEnd.3 cells deprived of oxygen and glucose, as an
in vitro model of cerebral ischaemia, revealed a time dependent increase in cell death, which

was attenuated in cells pre-treated with SFN (2.5uM) for 12h.

This study thus reports the first quantitative analysis of the temporal and spatial distribution of
Nrf2 following ischaemia and reperfusion injury. We provide evidence that SFN administration
in vivo rapidly increases expression of Nrf2 and its target enzymes, and that pre-treatment
protects the brain against oxygen-glucose deprivation. Our in vitro studies revealed SFN
stimulates Nrf2-mediated HO-1 and NQO1 expression, conferring protection to the brain
endothelium against ischaemia-induced damage. Thus, SFN pre-conditioning may provide a
potential therapeutic strategy to limit BBB permeability and associated neurological deficits

after cerebral stroke.
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Chapter 1 — Introduction

Chapter 1 — Introduction

Cerebral stroke contributes to approximately 10% of deaths worldwide and has been classed as
the second most common cause of death after cardiovascular disease (Gaziano, 2005; Rothwell
et al., 2011). Cerebral stroke is the leading cause of adult morbidity and is coupled with
emotional and socio-economic consequences for the patient, their relatives and health services
(Dawson et al., 2007; Kuper et al., 2007; Saka et al., 2009). Stroke costs the UK approximately
£8.9 billion per annum, with 5% accounting for treatment costs to the National Health Service
(NHS) (Weir & Dennis, 1997; Dawson et al., 2007; Saka et al., 2009). Accessible and better
healthcare is enabling patients to live longer and increasing obesity and a sedentary life style are
enhancing the risk of cardiovascular diseases, diabetes, and as a consequence, cerebral stroke
(Pomerleau et al., 2006). Patients can be classed as being at a high-risk of suffering from a
stroke, however, the time frame during which a patient is likely to experience a stroke cannot be
predicted. Furthermore, the administration of recombinant tissue plasminogen activator (rtPA)
is the only approved form of treatment available to patients, but it is only efficacious if
delivered within a defined therapeutic time-window (3 — 4.5h) after the onset of ischaemia. This
poses a challenge for researchers to find therapeutic regimes that will improve neurological

outcome following stroke.

The pathophysiology of stroke involves activation of multiple pathophysiological processes,
which includes the increased generation reactive oxygen and nitrogen species (ROS/RNS),
contributing to oxidative stress. Nuclear factor E2 related factor 2 (Nrf2), a redox-sensitive
transcription factor, orchestrates the expression of cytoprotective enzymes following increased
oxidative stress to restore cellular homeostasis. Cerebral stroke is known to result in the
activation of Nrf2 and its downstream protein targets, however, the time course of Nrf2

activation following stroke remains unknown.

Stroke research has focused on dietary compounds that may target the Nrf2 defence pathway for
protection of the brain against stroke. However, with the majority of studies focusing of post-
stroke therapeutics, the protection afforded will be dependent on hospital accessibility and time
frame of drug delivery. Moreover, stroke research has primarily focused on the protection of
astrocytes and neurons using various activators of Nrf2, but has failed to focus on the cerebral
endothelium, a critical component of the blood-brain barrier (BBB) and important for the

maintenance of the brain parenchyma.

The current PhD project employed a rodent model of cerebral stroke to investigate the spatial
and temporal distribution of Nrf2 and its mediated proteins in the cerebral endothelium and
other cell types following stroke. The dietary Nrf2 activator sulforaphane was then administered

in vivo to pre-condition rodents prior to experimental stroke and to investigate its effects on the
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spatial distribution of Nrf2 and its target proteins. To further assess the role of sulforaphane
mediated protection and pre-conditioning in the cerebrovascular endothelium, an in vitro model

of the BBB was established and subjected to ischaemic-injury in vitro.

To introduce the topic, this chapter will discuss the pathophysiology of cerebral ischaemia and
reperfusion injury, the effect of stroke on the neurovascular unit and the BBB. Moreover, the
role of the Nrf2-Keap! defence pathway and its role in protecting the brain against stroke will

be reviewed.
1.1 Brain and the neurovascular unit
1.1.1 The Brain

The brain is central in regulating the energy supply of peripheral organs, such as the heart and
muscle via efferent nerve pathways and, notably, is also able to “sense” energy use and energy
demands via physiological sensors and afferent nerve pathways (Peters ef al., 2004). In the adult
human, total brain mass accounts for approximately 2% of total body weight (Raichle &
Gusnard, 2002), however, the brain demands approximately 20% of the body’s oxygen (O,)
supply for its metabolic purposes at rest and receives 15% of cardiac output (Attwell &
Laughlin, 2001; Raichle & Gusnard, 2002; Jain et al., 2010b). The energy consumption of the
brain is far greater than any other organ, including muscle (Peters et al., 2004). Moreover, it is
well established that even in mental disorders, the metabolic activity of the brain remains
remarkably constant, although changes in the rate of O, consumption are noted following the
development of a neurodegenerative disease state (Sokoloff ef al., 1955; Raichle & Gusnard,
2002). Imaging studies have also revealed that the brain’s consumption of glucose is equal to
the rate at which glutamate, a neurotransmitter, is converted to glutamine, providing a measure
of synaptic release of glutamate (Attwell & Laughlin, 2001). An increase in glutamate activity
also affects the brain’s energy demand to meet metabolic function, changing O, consumption
(Attwell & Laughlin, 2001; Jain et al., 2010b). Interestingly, the brain does not have the
capacity to store energy, hence it is reliant on an uninterrupted and continuous blood flow to
provide O,, glucose and nutrients to meet energy demands (Peters et al., 2004). Furthermore,
whilst muscle is able to metabolise glucose, fats and proteins to meet energy demand, the brain
is exclusively dependent upon glucose (Peters et al., 2004). To meet the brain’s demand for a
constant supply of O,, glucose and other nutrients important for metabolism, the brain bestowed
with an extensive vascular network (Duelli & Kuschinsky, 2001; Iadecola & Anrather, 2011).
Notably, cerebral flow is under regulation by brain parenchymal cells, including neurons, and is

thus regulated by the neurovascular unit (Abbott ez al., 2006; Abbott ef al., 2010).
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1.1.2 The Neurovascular unit

The concept of the neurovascular unit was first introduced by ladecola in 2004 (Iadecola, 2004),
arising from the phenomenon of neurovascular coupling, i.e. the coupling and interactions
between neural activity, providing energy demand, and the local cerebral blood flow, supplying
the parenchyma with energy (Stanimirovic & Friedman, 2012). The term neurovascular unit
defines the interactions of brain parenchymal cells (astrocytes, neurons, oligodendrocytes,
microglia, pericytes) with the cerebrovascular endothelium (Abbott et al., 2006; del Zoppo,
2010; Alfieri et al., 2011) and is illustrated in Figure 1.1. Cerebral endothelial cells (see Section
1.1.2.3) forms the BBB, which are supported by the presence of discontinuous pericytes
(Zlokovic, 2008; Abbott et al., 2010). Both the endothelium and pericytes are enveloped and
contribute to the formation of a basement membrane, a local perivascular extracellular matrix
also known as the basal lamina (BL1), however, its composition is different from the
extracellular matrix of glial end feet, giving rise to BL2. The extensive network of astrocytic
foot processes surrounding the brain capillaries is necessary for the regulation of cerebral blood
flow. Furthermore, neuronal projections onto surrounding smooth muscle cells communicate
with the vasculature via the release of neurotransmitters to regulate cerebral blood flow (Abbott
et al., 2010). In this section, the role of the cerebrovascular endothelium, neurons and astrocytes

in the neurovascular unit are discussed.

Astrocyte Tight junction

endfoot

Tight junction

Basal lamina

Microglia

Neuron Neuron

Figure 1.1 The neurovascular unit.

The neurovascular unit defines interactions of neural and non-neural cells involved in the regulation of
cerebral blood flow. Tight appositions of endothelial cells, held together by tight-junctional complexes
that line brain capillaries forms the blood-brain barrier, which is surrounded by pericytes in a
discontinuous manner. The extracellular matrix of both pericytes and endothelial cells contributes to the
enveloping basement membrane, which constitutes the basal lamina from endothelial cells and pericytes
(BL1) and glial end foot processes (BL2). Astrocytic foot processes form an extensive network that
surrounds the cerebral vasculature. Figure taken from (Abbott ef al., 2010).
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1.1.2.1 Cerebrovascular endothelium

The cerebrovascular endothelium lines brain capillaries and forms the blood-brain barrier, a
concept first described by the German scientist Paul Ehrlich in 1885 (Ribatti et al., 2006). The
BBB is composed of a tight apposition of endothelial cells, sealed by the presence of tight-
junctional proteins and enveloped by a continuous basement membrane (Wolburg & Lippoldt,
2002; Hawkins & Davis, 2005; Stanimirovic & Friedman, 2012). Pericytes embrace the
cerebrovascular endothelium on the abluminal surface via several long processes and serve not
only as a scaffold for the cerebrovascular endothelium, but communicate via paracrine
signalling pathways or via physical contact (Bergers & Song, 2005). Due to the close apposition
of pericytes with the cerebral endothelium, it also is enveloped by the basement membrane
(Bergers & Song, 2005; Stanimirovic & Friedman, 2012). The blood-brain barrier is described
as having three major functions, which are (1) protection of the brain parenchyma from the
blood milieu, (2) selective transport of substances from cerebral blood flow, and (3) metabolism
and modification of blood- or brain-borne metabolites (Ribatti ef al., 2006). Paul Ehrlich further
ratified the existence of this specialised barrier to the brain following the injection of vital dyes
into adult animals, reporting the staining of all organs, excluding the brain and the spinal cord
(Ribatti et al., 2006). Further evidence for the existence of this “speacialised” barrier was
provided by Bield and Krasu (1898) and Lewandowsky (Lewandowsky, 1900). They observed
no pharmacological effects on the CNS following the intravenous injections of cholic acid or
sodium ferrous cyanide (Bradbury, 1993; Hawkins & Davis, 2005; Ribatti et al., 2006).
Although Lewandowsky was the pioneer of the term “blood-brain barrier”, its existence was
still in question due to the finding that plasma proteins, such as albumin, bound certain dyes and
prevented penetration from the blood into the tissue (Ribatti ef al., 2006). Goldmann however
was the first to demonstrate the existence of this specialised barrier using the acidic dye Trypan
blue. Injection of Trypan blue into the cerebral ventricular system of dogs and rabbits coloured
the whole brain. However, intravenous injection of Trypan blue into the whole body of these
animals results in whole body staining but excluding the brain and spinal cord (Ribatti et al.,

2006).

As mentioned previously, the cerebrovascular endothelium lines microvessels in the brain and
acts as a physical barrier due to the presence of tight-junctional complexes (Hirase ef al., 1997;
Abbott et al., 2006). The presence of this specialised barrier forces blood-bourne substances to
cross into the brain parenchyma via transcellular routes rather than the paracellular route
available at other endothelial barriers (Abbott et al., 2006). Furthermore, ions such as Na" and
CI are also forced to take paracellular routes to enter the brain milieu (Betz, 1986; Abbott et al.,

2006). However, gaseous molecules, such as molecular O,, are able to freely pass through the
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lipid bilayer. The selective movements of substances observed across the BBB is achieved by
the presence of specific transport systems on both the luminal and abluminal surfaces of
cerebral endothelial cells, such as GLUT1 for transport of glucose and vitamin C (Morgello et
al., 1995; Agus et al., 1997; Zlokovic, 2008), LAT1 for the transport of large neutral amino
acids (Boado et al., 1999; Kido et al., 2001), and the multidrug resistance gene product P-
glycoprotein (Cordon-Cardo et al., 1989; Schinkel et al., 1994; Abbott et al., 2006).

A particular characteristic of the cerebrovascular endothelium is the tightness of the endothelial
layer, which has been examined by measuring levels of trans-endothelial electrical resistance
(TEER). The cerebrovascular endothelium achieves TEER levels of >1000 ohm/cm?
significantly greater than TEER values obtained in other vascular beds (2 — 20 ohm/cm?)
(Abbott et al., 2006; Stamatovic et al., 2008). The observed high levels of TEER are due to
tight-junctional complexes present between adjacent endothelial cells. Proteins involved in
these tight-junctional complexes include occludin, responsible for the regulation of tight-
junctional proteins between endothelial cells (Furuse et al., 1993; Hirase et al., 1997).
Histological studies of brain microvessels reveal a high expression of occludin at cell-cell
contacts, which is absent in endothelial cells from other vascular beds (Hirase et al., 1997).
Claudins are another set of proteins found at tight-junctional complexes, contributing to the high
levels of TEER observed in the BBB (Huber et al., 2001; Abbott et al., 2006). Moreover,
junctional adhesion molecules (JAM) are also present at BBB endothelial tight junctions and are
involved in the maintenance of tight-junctional complexes and leukocyte migration (Huber et
al., 2001; Abbott et al., 2006). Kuchler-Bopp et al. demonstrated the induction of BBB like
properties in human derived umbilical endothelial cell line (ECV 304) when co-cultured with
astrocytes or with astrocyte conditioned medium (Kuchler-Bopp et al, 1999). Moreover
Hayashi et al. reported the induction of BBB specific transporters in human umbilical vein
endothelial cells (HUVEC) co-cultured with astrocytes (Hayashi e al., 1997). Interestingly,
Pekny and colleagues have shown that astrocytes deficient for glial fibrillary acidic protein
(GFAP), a filamentous protein upregulated in neurodegenerative diseases, are unable to induce
BBB like properties in co-cultured aortic endothelial cells (Pekny ef al., 1998). Hence, these

findings suggest that astrocytes directly influence the cerebrovascular endothelium.

It is well known that the integrity of the BBB is important for the protection of brain function,
parenchymal cells and regulation of cerebral blood flow. Following the development of a
neurodegenerative disease state, a loss of integrity of the BBB results in increased vasogenic
oedema, which is defined by the extravasation of plasma proteins (Klatzo, 1987; Greenwood,
1991; Lakhan et al., 2013). The increased vasogenic oedema is responsible for neuronal cell

death observed after the development of a neurological disease state.
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1.1.2.2 Neurons

Neurons define a class of cells that are specialised for intracellular communication as clearly
illustrated by their morphology. Neurons are characterised by a cell body, consisting of a
nucleus, axon and multiple dendrites, specialised for electrical signalling (Sa-Pereira et al.,
2012). Furthermore, it has been suggested that every neuron within the brain is associated with
its own capillary supply, illustrating the importance of neurovascular communications
(Zlokovic, 2008). Projections from GABA-ergic, noradrenergic, serotonergic and cholinergic
neurons directly interact with endothelial cells and astrocytic foot processes (Sa-Pereira et al.,
2012). Tontsch et al. illustrated the importance of neurons in the induction of BBB-like
structural properties and metabolism in cultured endothelial cells (Tontsch & Bauer, 1991),
demonstrating that neurons may play a role in regulating cerebral vessel function. Moreover, the
ability of neurons to increase TEER in cerebral endothelial cells in vifro has been associated

with reduced permeability (Sa-Pereira ef al., 2012).

1.1.2.3 Astrocytes

Astrocytes are the major type of glial cell present in the brain and plays a major role in the
neurovascular unit, with astrocytic end feet in close apposition with the cerebral endothelium
forming the BBB (Figure 1.1) (Koehler et al., 2006). Astrocytes communicate with cerebral
endothelial cells via the release of ATP (Paemeleire & Leybaert, 2000; Koehler et al., 2006).
Astrocytes are further sub-divided into two morphological populations, protoplasmic and
fibrous (Molofsky et al., 2012). Protoplasmic astrocytes are resident in the grey matter and are
in contact with the cerebrovascular endothelium, forming the neurovascular complex. Fibrous
astrocytes populate the white matter and maintain the classical star like morphology with dense
glial filaments (Molofsky et al., 2012). Notably, fibrous astrocytes express the filamentous
protein GFAP (glial fibrillary acidic protein), which has also been detected in reactive
astrocytes undergoing gliosis noted in various neurodegenerative diseases such Alzheimer’s
disease, Parkinsons disease and cerebral ischaemia-reperfusion injury (Brahmachari et al., 2006;
Molofsky et al., 2012). The mechanism by which astrocytic expression of GFAP is increased is
unknown, although the involvement of nitric oxide (NO) has been reported following treatment
of cultured primary astrocytes with S-nitroso glutathione (GSNO), an NO donor (Brahmachari
et al., 20006). Pekney et al., further demonstrated that GFAP deficient astrocytes are unable to
induce or maintain BBB characteristics (Pekny et al., 1998), providing further evidence that

astrocytes play a key role in preserving the BBB.

Within the neurovascular unit, astrocytes also act as an anatomical intermediary between

neurons and the cerebrovascular endothelium (Petzold & Murthy, 2011). Morphological
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analysis of the neurovascular unit reveals that perivascular astrocytic end feet cover almost the
entire external surface of the cerebrovascular endothelium. Astrocytic end feet are enriched with
astrocyte specific proteins, including aquaporin-4, connexin 43, purinergic receptors and
potassium channels (Petzold & Murthy, 2011). Aquaporin 4 (AQP4) is a water channel protein
involved in water homeostasis, but has also been implicated in cerebral oedema formation and
regulation of BBB permeability (Fukuda & Badaut, 2012). Manley et al. have shown that AQP4
KO mice subjected to ischaemia and reperfusion injury in vivo, exhibit reduced cerebral oedema
formation (~35%) improved neurological outcome following 24h reperfusion injury (Manley et
al., 2000). Interestingly, Friedman et al. reported decreased AQP4 expression 8h after acute
ischaemia in regions of marked vascular damage (Friedman et al., 2009). Thus this data
suggests that cerebral odema formation and BBB breakdown may be owed to the presence of

AQP4 on perivascular astrocytic endfeet.

Under pathophysiological conditions astrocytes promote cerebrovascular dysfunction and
breakdown of the blood-brain barrier (Abbott et al., 2006). Bradykinin released during stroke
acts on bradykinin receptors on astrocytes and endothelium to increase intracellular Ca®",
promoting cell death. Bradykinin also promotes the production of IL-6 via NF-«xB, increasing
cerebrovascular permeability. Interestingly, release of transforming growth factor beta (TGF-p)
from perivascular astrocytes downregulates tissue plasminogen activator (tPA) production in the
cerebrovascular endothelium, thereby reducing the ability to breakdown fibrin clots, responsible
for cerebral artery occlusion (Abbott et al., 2006). Hence, although astrocytes in the
neurovascular unit play a important role in the communicating between other astrocytes and
neurons, these may also have an important role in BBB breakdown and cerebral oedema

formation following stroke.
1.2 Cerebral Stroke

Cerebral stroke is the leading cause of adult morbidity and the third most common cause of
death in the developed world. As illustrated in Table 1.1, the majority of patients that die as a
result of stroke are above 75 years of age, however, approximately 25% of stroke patients are
under the age of 65. Cerebral stroke is also responsible for multiple secondary problems, which
include depression, epilepsy and dementia (Pendlebury, 2009; Pendlebury & Rothwell, 2009a;
Pendlebury, 2012). Notably, stroke patients account for more hospital bed days compared to
other disorders (Rothwell ef al., 2004). Thus stroke associated care is coupled with high cost
implications for health services and affected communities, with the UK Stroke Association
estimating costs between £3.7 and £8 billion in 2010 (UK Stroke association statistics database,
2013). Moreover, a rapid rise in the aging population is expected to the increase the number of

stroke patients and its associated burdens (Rothwell et al., 2004). This highlights the
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requirement for research into therapeutic strategies that will limit the neurological deficits

associated with stroke.

Table 1.1 Percentage of death following stroke in the UK in 2010
Age Group Percentage affected

<35 0.3%

35-44 0.7%

45 -54 1.9%

55 - 64 3.9%

65-74 10.6%
75 > 83%

Data from UK stroke association, January 2013

The risk factors associated with an increased incidence of cerebral stroke are hypertension,
atherosclerosis, diabetes and increasing age (Wolf, 1985; Johansson, 1999; Sacco et al., 1999;
Grau et al., 2001; Travis et al., 2003). Patients may suffer from either one of two subtypes of
stroke, namely ischaemic or haemorrhagic (Donnan ef al., 2008). As illustrated in Table 1.2,
85% of cerebral stroke patients suffer from cerebral ischaemia, whereas the remaining 15% of

patients suffer from haemorrhagic stroke.

Table 1.2 Types of cerebral stroke and percentage of stroke patients affected in the UK in
2010
Types of cerebral stroke Sub-type of stroke Percentage affected
Ischaemic Stroke 85%
Haemorrhagic stroke 15%
Intercerebral haemorrhage 10%
Subarachnoid haemorrhage 5%

Data from stroke association, January 2013
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1.2.1 Cerebral ischaemia and reperfusion injury

Cerebral stroke is characterised by neurological deficits attributed to the acute focal injury of
the central nervous system originating due to a vascular cause (Sacco ef al., 2013). Cerebral
stroke is clinically defined as the rapid development of the loss of brain function that lasts for
more than 24h (Pendlebury & Rothwell, 2009b). As shown in Table 1.2, cerebral ischaemia
affects approximately 85% of UK stroke patients and occurs as a consequence of either transient
or permanent reduction in cerebral blood flow through a major cerebral artery, defining focal
ischaemia, or after transient circulatory arrest, defining global ischemia. (Dirnagl et al., 1999;
Bramlett & Dietrich, 2004). In global ischaemia, total cerebral blood flow falls from 0.8
mL/g/min to zero in a matter seconds, which is followed by the loss of consciousness after
approximately 10 seconds of ischaemia. Furthermore, irreversible brain damage and cell death
are observed after a few minutes of global ischaemia (Endres & Dirnagl, 2002; Bramlett &

Dietrich, 2004).

Focal ischaemia is a consequence of the cessation of blood flow, either transiently or
permanent, through a cerebral artery. The severe reduction in blood flow occurs as a result of
occlusion by either an emboli or local thrombosis, (Dirnagl et al., 1999; Endres & Dirnagl,
2002). Moreover, focal ischaemia is further characterised histologically by the presence of an
ischaemic core and penumbral regions (Endres & Dirnagl, 2002). As mentioned previously, the
brain is dependent upon a continuous supply of oxygen and nutrients for metabolism and
function (Endres & Dirnagl, 2002; Iadecola & Anrather, 2011). Hence, the sudden arrest of
cerebral blood flow results in loss of neuronal activity, deterioration and disruption of ion
homeostasis, contributing to the neurological deficits observed after stroke. The pathobiology of
ischaemia is further discussed in Section 1.3 (Astrup et al., 1981; Raichle, 1983; Bramlett &
Dietrich, 2004; Alfieri et al., 2011).

Table 1.3 Causes of ischaemic stroke
Cause of ischaemic stroke Percentage affected
Atherosclerosis 50%
Blood clot 20%
Lacunar stroke 25%
Arterial dissection 5%

Data from stroke association, January 2013

Transient ischemia is followed by reperfusion, which defines the re-introduction of blood flow

through the ischaemic vessel (Aronowski et al., 1997), and occurs spontaneously after the
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breakdown of the cerebral emboli or thrombus (Todd ef al., 1986). Although the re-introduction
of oxygen should aid in the restoration of brain function, it contributes to increased oxidative
stress and an upregulation of pro-inflammatory processes (Jean et al., 1998; Peters et al., 1998),
as discussed in Section 1.3.4. In 1998, Peters et al. were the first to clearly illustrate a marked
increase in reactive oxygen species generation upon reperfusion of the rat brain after 60 min

middle cerebral artery occlusion (MCAo0) (Peters et al., 1998), contributing to oxidative stress.

Ischaemia induces cell death almost immediately after its induction, giving rise to the
development of the infarct or ischaemic core. If re-canalisation therapy is delivered within a
short time frame after the induction of ischaemia, then the volume of infarct can be limited
(Ramos-Cabrer et al., 2011). The likelihood however, of patients receiving such treatment
within this defined duration is low. Severe reduction or occlusion of cerebral blood flow results
in immediate ionic failure, increased neuronal depolarisations and increased glutamate release
(Dirnagl et al., 1999). These biochemical changes results in cell death following the initiation of
the ischaemic cascade and development of the infarct core (Figure 1.2). Notably, tissue
immediately surrounding the ischaemic core is hypoperfused during ischaemia and forms the

ischaemic penumbra, as discussed further in Section 1.2.1.1.

Morphology Biochemistry
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Figure 1.2 Definition of the ischaemic core and penumbra.
Ischaemic injury results in a cascade of biochemical changes, resulting in immediate cell death and

development of the infarct core. Tissue surrounding the ischemic core is hypoperfused, however the level
of cerebral blood-flow determines the biochemical changes observed within the penumbral tissue. Figure
taken from (Dirnagl ef al., 1999)

1.2.1.1 Phenomena of the ischaemic penumbra
The ischaemic penumbra is defined as the region of hypoperfused tissue directly surrounding

the ischemic core (Astrup et al., 1981). The penumbral tissue is perfused at levels within
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thresholds of functional impairment, which are too low to maintain electrical activity but
sufficient to maintain ion homeostasis and brain function (Astrup et al., 1981; Heiss, 2000;
Ramos-Cabrer et al., 2011). The phenomenon of the ischaemic penumbra was first described by
Astrup et al. in 1989, after which, it has had rapidly become the prime focus of stroke research
aimed at identifying therapeutic strategies to prevent further damage to the ischaemic penumbra
after the initial ischaemic insult (Astrup et al., 1981). The tolerance of brain tissue to ischaemic
damage is dependent upon residual blood flow, and hence the development of the ischaemic
penumbra has been described as a dynamic process (Heiss, 2000). Reduction in cerebral blood
flow is responsible for the development of neurological deficits. As mentioned previously,
normal brain blood flow in man ranges from 60 — 100 mL/100g/min (Heiss, 2000), and a

reduction in cerebral blood flow results in changes in brain activity as summarised in Table 1.4.

Table 1.4 Effects of changes in cerebral blood flow on brain activity
Rate of cerebral blood flow Impact on brain activity

(mL/100g/min)

60 -100 Maintenance of normal brain activity

<55 Impact on normal neuronal function

Inhibition of protein synthesis

<35 Anaerobic glycolysis

<20 Neurotransmitter release and disturbances in energy metabolism
<6-15 Disturbances in ion homeostasis

0 Cerebral cell death and development of infarct core

Data acquired from (Heiss, 2000).

The size of the penumbral region is initially dependent upon the duration of ischaemia and the
time frame in which normal cerebral blood flow can be restored. However, even after the
restoration of normal blood flow to the penumbral tissue, further damage is still inflicted due to
a cascade of pathophysiological molecular events propagating from the ischaemic core (Ramos-
Cabrer et al., 2011). The release of the neurotransmitter, glutamate, from the ischaemic core to
the penumbral region induces irreversible cellular damage (Ramos-Cabrer et al., 2011).
Furthermore, other deleterious processes that can propagate from the ischaemic core to the
penumbra include pro-inflammatory mediators, increased expression of leukocyte adhesion
molecules and oxidative stress (Ramos-Cabrer et al., 2011). The mechanisms underlying
cellular damage following ischaemia and reperfusion injury are discussed in Section 1.3.
Notably, protection of the ischaemic penumbra has now become a prime objective of stroke
research, with recent strategies aimed at identifying therapeutic targets to increase endogenous

cytoprotective mechanisms (Bandera et al., 2000).
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1.2.1.2 Treatment strategies available to patients of cerebral stroke

At present only one form of treatment approved by the FDA is available to patients with
ischaemic stroke, namely administration of rtPA. However, the use of tPA is controversial
(Liang et al., 2008), as tPA is a multidomain serine protease capable of lysing fibrin stimulated
clots or plasminogen into the serine protease plasmin (Keyt ef al., 1994). Plasmin then cleaves
fibrin and other important components of blood clots to initiate a proteolytic cascade, resulting
in fibrinolysis, i.e. breakdown of the blood clot and restoration of blood flow through the

ischaemic artery (Gravanis & Tsirka, 2005).

In 1992, del Zoppo et al. initiated a study using synthetic rtPA to treat cerebral ischaemia
patients and noted that complete re-canalisation of cerebral vessels was observed if rtPA was
delivered within a short time frame after the onset of ischaemia. Patients that received rtPA 6h
after the onset of ischaemia showed haemorrhagic transformation and worsened clinical status
(del Zoppo et al., 1992). This highlights that tPA treatment is only effective if delivered within

a the defined time windows following initiation of the ischaemic insult.

In accordance with the updated National Institute for Health and Clinical Excellence (NICE)
guidelines published in September 2012, treatment of ischaemic stroke patients with rtPA
should only be undertaken within 4.5h after the onset of ischaemia. This renders only 3 — 5% of
stroke patients eligible for treatment by rtPA. Furthermore, patients are only eligible if cerebral
haemorrhage has been ruled out following assessment using appropriate imaging techniques.
However, the majority of patients are ineligible for rtPA treatment due to inadequate access to a
hospital unit within the narrow time frame available for treatment. Patients that are eligible for
rtPA treatment may experience haemorrhagic transformation, a major side effect of rtPA

treatment (del Zoppo et al., 1992).

The actions of tPA are not limited to fibrinolysis, as tPA has been shown to exacerbate protein
expression and activity of metalloproteinase-9, increasing the probability of haemorrhagic
transformation (Wang et al., 2004). Interestingly, Wang et al. demonstrated attenuation of
ischaemic damage in tPA deficient mice following MCAo and reperfusion injury, however the
injection of exogenous tPA in both wild type and tPA KO animals significantly increased
cerebral infarct volume (Wang et al., 1998). Thus, the high risks associated with rtPA treatment

validate the need for alternative therapeutic strategies to treat stroke patients.
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1.3 Pathophysiology of cerebral ischaemia and reperfusion injury

Section 1.2 established that cerebral ischaemia is the consequence of a severe reduction in
cerebral blood flow. This results in changes in brain metabolism, with decreasing blood flow
notably affecting protein synthesis, energy depletion, excitotoxicity and changes in ion
homeostasis (Astrup et al., 1981; Bramlett & Dietrich, 2004) a consequence of the ischaemic
cascade. Destructive mechanisms are launched within moments of ischaemic injury, resulting in
energy failure due to shifts in ionic balance and initiation of excitotoxic mechanisms (Endres et
al., 2008). Within hours after the initial ischaemic insult, pro-inflammatory and other
mechanisms of cell death are activated (Figure 1.3). In comparison, endogenous neuroprotective
mechanisms are not activated over the same time course and thus do not provide the necessary
protection (Figure 1.3). Hence, this section discusses the pathophysiological mechanisms

affecting the ischaemic brain, leading to cerebral cell death and associated neurological deficits.

Energy failure
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Figure 1.3 Pathobiology of stroke induced damage and endogenous repair.
This schematic aims to reflect the intensity or impact (y-axis) of the different elements of the

ischaemic cascade as a function of time (x-axis). Immediately after the onset of ischaemia, the
activation of excitotoxic mechanisms results in damage or lethality to neurons and glia.
Excitotoxicity also initiates peri-infarct depolarisation, which later propagates to secondary
damage and activates inflammation and programmed cell death. However, endogenous
protective mechanisms are launched hours after the initial ischaemic insult. Moreover, the
impact of protective mechanisms are less compared to destructive mechanisms. Figure taken

from (Endres et al., 2008).
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1.3.1 Glutamate excitotoxicity

Glutamate is a major excitatory neurotransmitter released in the brain and regulates normal
physiological activity (Meldrum, 2000; Kingwell, 2010). Glutamate has been reported to play
an important role during development of the brain, as blockade of certain glutamate receptors
results in neuronal cell death (Meldrum, 2000). Glutamate is also available via exogenous
sources, most notably, the diet, however, there is no report of exogenous sources of glutamate

having deleterious effects upon the brain (Meldrum, 2000).

Glutamate has been described as a non-essential amino acid, systhesised by many precursors,
which include a-ketoglutarate and glutamine (Gonzales & Jaworski, 1997). a-ketoglutarate is a
major component of the Krebs cycles and can be converted to glutamate via a single step
reaction, where as glutamine is provided by glial cells for the production of glutamate within
neurons (Gonzales & Jaworski, 1997; Mark et al., 2001). Glutamate destined to act as a
neurotransmitter is stored within synaptic vesicles of the cell. Upon stimulation, synaptic
vesicles fuse with the neuronal membrane releasing glutamate into the synaptic cleft to interact
with a subgroup of glutamate receptors expressed on the post-synaptic neuron (Gonzales &
Jaworski, 1997). Three ionotropic glutamate receptors are N-methyl-D-aspartate (NMDA)
receptor, AMPA receptor and kinate receptor. Released glutamate is then taken back up by the
signal emitting pre-synaptic neurons and “re-packaged” into synaptic vesicles. However, further
regulation of glutamate release is provided by glial cells, which rapidly convert glutamate to
glutamine for transport back into the neuron as a precursor for glutamate production (Gonzales

& Jaworski, 1997; Meldrum, 2000; Hazell, 2007).

Following traumatic brain injury or cerebral ischaemia, the severe depletion of intracellular
energy stores affects cerebral ion homeostasis, resulting in excessive glutamate release (Figure
1.4) (Endres et al., 2008). This excessive release of glutamate results in the initiation of
pathophysiological mechanisms, resulting in cerebral cell death, and is termed glutamate
excitoxicity. The released glutamate acts on ionotropic glutamate receptors, including NMDA,
resulting in excessive Ca’" influx and eventual Ca>" overload. This also results in the activation
of Ca*" dependent enzymes, upregulating the activity of ATPase, DNAse, proteases, protein
kinase C, calmodulin-dependent protein kinase II, phospholipases and nitric oxide synthase
(Mark et al., 2001). The marked increases in intracellular Ca®" also induce mitochondrial
damage and the activation of pro-apoptotic processes, further progressing the aetiology of cell

death following cerebral ischaemia (Figure 1.4) (Endres et al., 2008).

Another downstream effect of glutamate-mediated excitotoxicity is the increased generation of
free radical species, as discussed in Section 1.3. Increased free radical generation gives rise to

oxidative stress, resulting in DNA damage, protein and lipid oxidation, contributing to eventual
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cell death (Figure 1.4). The increased presence of free radical species also results in the
activation of pro-inflammatory processes, resulting in leukocyte recruitment to the ischaemic

region and the activation of microglia, the brain’s resident macrophages.
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Figure 1.4 Schematic representation of the pathophysiological consequences associated
with glutamate excitotoxicity.

Energy failure following stroke results in the depolarisation of neurons, and glutamate release. Activation
of glutamate receptors increases intracellular Ca®” and Na', whilst K* is released into the extracellular
environment. Increased extracellular K and glutamate results in peri-infarct depolarisations, i.e. the
spreading of depolarisation to adjacent cells. Changes in the cellular osmotic gradient increase
intracellular water content, resulting in oedema. Furthermore, increased Ca®" activates multiple enzyme
systems, including proteases, lipases and endonucleases. Raised intracellular Ca*" also promotes free
radical generation, resulting in membrane degradation, and DNA and mitochondrial damage, and
ultimately activation of programmed cell death via pro-apoptotic pathways. Oxygen free radicals also
induce the expression of pro-inflammatory mediators, activating microglia and promoting leukocyte
migration (Dirnagl et al., 1999).

1.3.2 Oxidative stress

Oxidative stress is defined as an imbalance between the increased generation of ROS and RNS
against endogenous antioxidant defences, which increases the risk of oxidative damage and cell
death both in vitro and in vivo (Figure 1.5) (Kohen & Nyska, 2002; Halliwell, 2007; Allen &
Bayraktutan, 2009). The term ROS encompasses superoxide, hydrogen peroxide, and their
secondary products, which include hydroxyl radical, peroxynitrite and hypochlorous acid

(Halliwell, 1992; Cheng et al., 2011). A basal level of oxidative damage to DNA, lipids and
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proteins does occur, however under normal physiological conditions, there is a balance between

the production of pro-oxidant and antioxidants species (Halliwell, 2006).
Cerebral ischaemia and reperfusion injury I
Increased ROS from mitochondria, NADPH
oxidase, nNOS, iNOS, uncoupled eNOS,
xanthine oxidase
Reduced status Oxidised status
: Antioxidant defences:
e.g. GSH, Nrf2/ARE-linked genes

Figure 1.5 Altered redox status of cerebral tissue following cerebral ischaemia and
reperfusion injury.

Cerebral ischaemia and reperfusion injury and other neurodegenerative disease states are characterised by
an altered redox status, resulting from an imbalance between oxidative stress and antioxidant defences.
Cerebral ischaemia and reperfusion injury results in the increased production of ROS and RNS from a
range of sources, including mitochondria, NADPH oxidase, neuronal nitric oxid synthase (nNOS),
inducible nitric oxide synthase (iNOS) and xanthine oxidase, shifting the redox balance of tissues towards
an oxidised state. Figure adapted from (Cheng et al., 2011).

ROS play an important role in intracellular signalling pathways and regulate multiple
physiological functions. These include (1) the production of ROS in phagocytic cells by
NADPH oxidases (NOX), (2) activation of the immune system following upregulation of T-
lymphocyte activity, (3) regulation of cell adhesion to the vascular endothelium, (4) regulation
of vascular tone following upregulation and activation of a secondary messenger, cyclic
guanosine monophosphate (cGMP) and (5) ROS mediated cell death (Valko et al., 2007; Allen
& Bayraktutan, 2009). Basal concentrations of ROS are maintained in the cell via the balance
between the rate of ROS production and its removal by various antioxidants (Valko et al.,
2007).

It is well established that the brain has a level high of oxygen consumption and hence is highly
susceptible to increased ROS generation and oxidative damage (Halliwell, 2006). The high
consumption of oxygen by the brain is due to the maintenance of ATP levels required for brain
ion homeostasis (Halliwell, 2006). However, as the brain is also rich in polyunsaturated fats,
and has a low antioxidant capacity, it is susceptible to increased damage during oxidative stress
(Shohami et al., 1997; Halliwell, 2006; Allen & Bayraktutan, 2009). Moreover, low levels of
catalase in the brain have been reported (Halliwell, 2001), providing further evidence of a low

antioxidant status. Interestingly, a major form of antioxidant defences in the brain is the storage
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of catalytic metals, such as iron and copper. However, brain ischaemia or trauma increases the
availability of these metal ions, accelerating the rate of free radical species generation
(Halliwell, 1992). Increased oxidative stress following enhanced generation and accumulation
of ROS has deleterious effects on the cellular environment, leading to cell death by apoptosis or

necrosis, changes in cell proliferation and inhibition of cell division (Halliwell, 2007).

Enzymatic and non-enzymatic endogenous antioxidant defences are also available to protect the
brain against oxidative stress. Superoxide dismutase (SOD) is one such enzymatic antioxidant,
which catalyses the dismutation of superoxide to O, and H,0,. Catalase is another enzymatic

antioxidant, which further dismutates H,O, to water.

Following ischaemia and reperfusion injury in rats, Peters et al. have reported an increase in the
generation of ROS (Peters et al., 1998), and thus ROS have been implicated as key mediators of
brain damage following ischaemic stroke (Allen & Bayraktutan, 2009). Overexpression of the
enzymatic antioxidant copper-zinc superoxide dismutase (CuZnSOD) in mice subjected to 3h
MCAo ad 3h reperfusion injury significantly reduces cerebral infarct volume and associated
neurological deficits (Yang et al, 1994). Kinouchi et al. reported similar results in SOD
transgenic mice subjected to permanent focal cerebral ischaemia, highlighting reduced cerebral
infarct and oedema volumes, and furthermore increased levels of the intracellular antioxidant

glutathione in transgenic versus non-transgenic mice (Kinouchi et al., 1991).

With respect to the cerebrovascular endothelium, oxidative stress has been reported to affect the
integrity of the BBB, increasing cerebrovascular permeability and affecting the assembly of
tight-junctional complexes in rats subjected to hypoxia and re-oxygenation (Lochhead et al.,
2010). Al Ahmad et al. provided further evidence in vitro that pro-oxidants affect the integrity
of the BBB, increasing permeability (Al Ahmad ef al., 2012). This demonstrates that oxidative
stress impacts the integrity of the BBB, increasing the probability of neurological deficits
observed after stroke or in other neurodegenerative disease states. Although oxidative stress is
regarded as one of the major pathophysiological processes affecting the ischaemic brain, there
are multiple sources of ROS generation in the brain, which includes mitochondria, NADPH
oxidases and xanthine oxidases. However, the major source of ROS production following

cerebral ischaemia remains to be elucidated.
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1.3.2.1 Mitochondrial ROS

Mitochondria are referred to as the powerhouse of the cell, regulating the production of ATP
following aerobic respiration and oxidative phosphorylation involving the reducing agents
NADH and FADH2, molecular oxygen and complex I-IV of the electron transport chain (Figure
1.6) (Groschner et al., 2012; Chaturvedi & Flint Beal, 2013). Mitochondria also regulate
calcium homeostasis, and harbour the release of pro-apototic factors (Christophe & Nicolas,
2006). Mitochondria reduce molecular O, to water via the electron transport chain and the
terminal enzyme cytochrome c¢ oxidase (Piantadosi & Zhang, 1996; Turrens, 1997). Notably,
90% of the molecular oxygen consumption in the normal brain is accounted for by the
mitochondria (Piantadosi & Zhang, 1996). Under normal conditions, 1-2% of the consumed
oxygen is converted to the superoxide anion (Turrens, 1997), generated at either complex 1,

NADH dehydrogenase, or complex III, ubisemiquinone.

Outer membrane

— s

.

Figure 1.6 Mitochondrial electron transport chain.
Mitochondria are an important source of ROS the vascular system. The mitochondrial respiratory chain is

formed of 4 protein complexes, complex I — IV, that transfer electrons from reducing agents NADH, at
complex I, or FADH, (at complex II). Electrons are transferred to molecular oxygen, and protons pumped
out into the inter membrane space via complex 4. Protons are transferred across from the intermembrane
space by ATP synthase (V), generating ATP. Furthermore, uncoupling proteins (UCP) allow for protons
to leak back from the intermembrane space. Figure adapted from (Cheng et al., 2011).

Following ischaemic injury in the brain, structural changes have been observed in neuronal
mitochondria, characterised by increased matrix density, swelling, condensation and calcium
deposition (Solenski et al., 2002), affecting mitochondrial function and stability. Furthermore, a
35% reduction in the rate of ATP production was also observed after 10 min cerebral ischaemia

in dogs (Rosenthal ef al., 1987). Piantadosi et al. demonstrated an increase in the recovery of
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2,3-dihydroxybenzoic acid (2,3-DHBA) following infusion of salicylic acid into the brain of
rats subjected to transient global ischaemia and reperfusion injury. 2,3-DHBA increases were
attenuated in rats treated with the mitochondrial complex I inhibitor and neuroleptic drug
haloperidol (Piantadosi & Zhang, 1996), thus suggesting a role for complex I derived ROS
following ischaemia. SOD1 or Cu-Zn SOD is present in the cellular cytoplasm whereas SOD2
or Mn-SOD is localised to the mitochondria. Permanent ischaemia for 24h in SOD2” mice
demonstrated exacerbated neurological deficits and infarct volume and decreased mitochondrial
viability, as indicated by rhodamine 123 accumulation (Murakami et al., 1998). Moreover,
overexpression of MnSOD in transgenic mice subjected to ischaemia and reperfusion injury of
the heart show increased protection compared to matched wild-type littermates (Chen et al.,
1998). This provides critical evidence to suggest a role for mitochondrial produced ROS in the

pathophysiology of cerebral ischaemia.

1.3.2.2 NADPH Oxidases

There are seven isoforms of NADPH oxidases (Nox) that exist in mammals; Nox1, Nox2,
Nox3, Nox4, Nox5, Dual Oxidase 1 (Duox1) and Duox2 (von Lohneysen et al., 2010; Konior et
al., 2013). NADPH oxidases are membrane bound structures, as demonstrated in Figure 1.7.
Under normal conditions, Nox are quiescent, but upon activation, Nox generate superoxide
(Ray & Shah, 2005). Interestingly, Duox1 and 2 have been shown to produce H,O, (Guichard et
al., 2008). Although Nox were initially identified in phagocytic cells (Ray & Shah, 2005), Nox
are differentially expressed in various cell types and vascular beds, with the expression of Nox2
and Nox4 noted on the vascular endothelium (Ray & Shah, 2005; Kahles et al., 2007). Vascular
Nox are formed of six trans-membrane domains, which are involved in electron transfer to
reduce molecular oxygen to the superoxide anion (Konior et al., 2013). Furthermore, the
expression of Nox has been reported in various cerebral cell types and is summarised in Table

1.5.
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Figure 1.7 Structure and function of NADPH oxidases.

The NADPH oxidase (Nox) family consists of 7 known members (Nox1, Nox2, Nox3, Nox4, Nox5,
Duox1 and Duox?2) that catalyse the reduction to molecular oxygen to superoxide. The components of
Nox are dispersed between the plasma membrane and cytoplasmic compartments. In the plasma
membrane Nox isoforms are composed of 7 transmembrane domains and furthermore, Nox1 — 4 are also
associated to p22°". Notably, DUOX1 and DUOX2 have an additional peroxidase like transmembrane
domain. Activation of Nox is achieved following the recruitment of cytoplasmic factors to the
transmembrane domains, allowing the oxidation of NADHP to NADP". The activation of Nox5, Duox1
and Duox2 is achieved following Ca®" binding at the specific site. Figure taken from (Guichard et al.,

2008).

Table 1.5 Summary of NADPH Oxidases isoforms identified in cerebral cells

Cerebral cell type Nox isoform Reference

Astrocytes Nox1 (Reinehr et al., 2007), (Kahles et al., 2010)
Nox2 (Song et al., 2011), (Abramov et al., 2007)
Nox4 (Jiang et al., 2011)

Neurons Nox1 (Coyoy et al., 2008; Choi et al., 2012), (Kahles

etal.,2010)

Nox2 (Behrens et al., 2007)
Nox4 (Vallet et al., 2005)
Duox1 (Damiano et al., 2012)
Duox2 (Damiano et al., 2012)

Cerebrovascular endothelium Nox1 (Kahles et al., 2010)
Nox2 (Kahles et al., 2007), (Girouard et al., 2006)
Nox 4 (Basuroy et al., 2009)

Abbreviations: Nox, NADPH oxidase
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Nox2, initially termed gp91°"*, has been extensively studied in the vasculature (Kahles et al.,
2010), although it was initially identified as being responsible for the toxic respiratory burst of
superoxide in leukocytes (Konior et al., 2013). The protein structure of Nox2 consists of two
membrane bound subunits, gp91™™ and p22™*. Four cytosolic components, p47"", p67°",
p40°™* and Rac, associate with the membrane bound domains to form an active enzyme (see
Figure 1.5). ROS derived from Nox2 plays a major role in cell proliferation, mediated by p38-
MAP kinase, and migration induced by vascular endothelial cell growth factor (VEGF) (Konior
et al.,2013). Interestingly, Chan et al. reported a reduction in superoxide generation in cerebral
vessels of Nox2 *" mice treated with angiotensin II (Chan & Baumbach, 2013), suggesting that

Nox2 generated ROS may affect the cerebral vasculature.

In terms of Nox mediated damage following cerebral ischaemia, Kahles ef al. have identified a
detrimental role for Nox2 following reperfusion injury in mice, with significant attenuation of
BBB permeability and lesion volume in Nox2 KO compared to wild type (WT) mice (Kahles e?
al., 2007). Kahles et al. further demonstrated that pharmacological inhibition of Nox with
apocynin, an inhibitor of Nox assembly and general flavoprotein inhibitor, also attenuated BBB
permeability (Kahles et al., 2007). Hong et al. reported increased Nox activity and superoxide
generation on reperfusion injury in rats following MCAo (Hong et al., 2006b). Interestingly,
atorvastatin reduced Nox activity and lesion volume following MCAo and reperfusion injury,
providing strong evidence that statins may also play a role in inhibiting Nox by preventing its
assembly (Hong et al., 2006b). Although Hong et al. did not identify the Nox isoforms
responsible for superoxide generation, they provided evidence that Nox derived superoxide
contributes to the aetiology of BBB breakdown. Interestingly, Hong et al. also highlighted that
increased Nox activity was isolated to the ischaemic penumbra, further underpinning a role for
Nox in ROS generation and oxidative stress following reperfusion injury (Hong et al., 2006b).
These studies and the others highlighted in Table 1.6 illustrate the role of Nox mediated cerebral
damage, BBB breakdown and neurological deficits following cerebral ischaemia and

reperfusion injury.
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ROS production in the ischaemic brain can be separated into two distinct phases: an early phase,
reflecting ROS production during ischaemia, and late phase, which reflects ROS production
during reperfusion injury. Nox have been predicted to increase ROS production after
reperfusion, contributing to the late phase (Lindsay et al., 1991). Abramov et al. subjected
hippocampal and cortical neurons from mice to in vitro oxygen and glucose deprivation (OGD)
followed by re-oxygenation, an in vitro model of ischaemia-reperfusion injury, and reported an
increase in superoxide generation, which was absent in neurons derived from Nox2 KO mice
(Abramov et al., 2007). Hence, these studies indicate that Nox play a key role in contributing to
oxidative stress following cerebral ischaemia and reperfusion injury. Furthermore, as Nox
require molecular oxygen for superoxide generation, it is more than likely that Nox contribute

to ROS generation following the re-introduction of oxygen during cerebrovascular reperfusion.

1.3.2.3 Xanthine Oxidase

Xanthine oxidase is a major source of the superoxide anion and has been implicated as an
important mediator in the pathogenesis of ischaemic injury (Manning et al., 1984; Itoh et al.,
1986). Xanthine oxidase is a complex molybdo-flavoenzyme that catalyses the hydroxylation of
hypoxanthine to xanthine and subsequently urate or uric acid (Harrison, 2002). However,
xanthine oxidase is a modified form of xanthine dehydrogenase, which catalyses the conversion
of hypoxanthine to uric acid via the production of xanthine as an intermediate derivative.
Xanthine oxidase formed after protein oxidation of xanthine dehydrogenase, under conditions
such as cerebral ischaemia, catalyses the breakdown of hypoxanthine and xanthine to produce

superoxide by utilising molecular oxygen as the electron acceptor (Love, 1999).

Nox derived superoxide production has primarily been associated with reperfusion injury, while
xanthine oxidase derived superoxide has been shown to occur during both ischaemia and
reperfusion (Lindsay ef al., 1991). The expression of xanthine oxidase varies between tissues,
with high xanthine oxidase activity noted in the liver but relatively low levels in the whole brain
(Betz, 1985). Interestingly, xanthine oxidase expression is high in vascular endothelium and
also in isolated cerebral microvessels (Betz, 1985). Although xanthine oxidase has been
localised in cytoplasm of the endothelium, confocal microscopy has shown xanthine oxidase on
surface of endothelial cells (Harrison, 2002). Hence, activation of xanthine oxidase will affect

the integrity of the BBB.

McCord et al. hypothesised that the conversion of xanthine dehydrogenase to xanthine oxidase
is initiated upon reduction of blood flow. An increase in intracellular calcium during ischaemia
activates proteases that convert xanthine dehydrogenase to xanthine oxidase (McCord, 1985).
Following ischaemic injury, depletion of cellular ATP results in elevated concentration of AMP,

which is catabolised to hypoxanthine and utilised by xanthine oxidase to generate superoxide
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(McCord, 1985). Kinuta et al., have also shown increased xanthine oxidase activity in the

ischaemic rat brain, following four vessel occlusion (Kinuta et al., 1989).

Allopurinol is an inhibitor of xanthine oxidase activity, reducing oxidative stress in the
vasculature and improving endothelial function. Treatment of patients with allopurinol, within
72h of confirmed ischaemic stroke, leads to a significant reduction in plasma levels of uric acid
and intracellular adhesion molecule-1 (ICAM1) (Muir et al., 2008). In vivo Martz et al.
demonstrated a 35% reduction in stroke volume in male rats pre-treated with allopurinol, prior
to MCAo, suggesting that xanthine oxidase contributes to ROS production and oxidative stress
following ischaemic injury (Martz et al., 1989). Allopurinol pre-treatment in spontaneously
hypertensive rats yielded similar findings (Itoh ef al., 1986). Furthermore, permanent MCAo in
rabbits pre-treated with allopurinol leads to reduced brain levels of uric acid and xanthine,
measured using high performance liquid chromatography (HPLC) (Akdemir et al., 2001).
Hence, these studies demonstrate that xanthine oxidase derived ROS contributes to oxidative

stress following cerebral ischaemia and reperfusion injury.
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Chapter 1 — Introduction

1.4 Nrf2 and antioxidant defences

As mentioned in Section 1.3, oxidant species are involved in a range of biological processes,
ranging from physiological signalling pathways to the increased production of lipid peroxides,
protein oxidation and DNA damage. In many neurodegenerative and cardiovascular diseases, an
increase in the production of oxidant species is known to contribute towards pathophysiology.
In contrast to oxidant species, antioxidants terminate chain reactions initiated by oxidants via
enzymatic or non-enzymatic pathways. The majority of antioxidants are reducing agents, such
as intracellular glutathione, vitamins A, C and E and o-lipoic acid (Johansen et al., 2005).
Furthermore, in addition to the endogenous enzymatic antioxidants mentioned previously (SOD
and catalase), there are also endogenous antioxidant enzymes and phase II detoxifying enzymes
regulated by the redox sensitive transcription factor Nrf2, such as heme-oxygenase 1 and
NADPH:quinone oxidoreducatse 1, which are discussed in Section 1.5 (Motohashi &
Yamamoto, 2004; Taguchi ez al., 2011).

1.4.1 Nrf2/ARE Pathway

1.4.1.1 Nrf2

The redox sensitive transcription factor nuclear factor erythroid 2 related factor 2 (Nrf2) belongs
to the CNC (cap “n” collar) group of bZip (basic region-leucine zipper) motif transcription
factors (Motohashi & Yamamoto, 2004). Moi et al. reported the discovery of Nrf2 in 1994
following the screening of a K562 cDNA library. It was reported that this newly discovered
transcription factor shared sequence homology with nuclear factor erythroid 2 (NF-E2), an
erythroid specific transcription factor known to mediate the enhancer activity of the Locus
control region (LCR) in regulation of the B-globin gene (Moi ef al., 1994). Although, Nrf2 was
discovered in 1994, its DNA binding site, known as the antioxidant response element (ARE),
also referred to as the electrophilic response element (EpRE), was characterised in 1991

(Rushmore et al., 1991).

1.4.1.2 ARE and MARE

The accumulation of ROS, RNS and xenobiotics are major causes of cellular damage and
eventual cell death, which occurs as a result of lipid peroxidation, DNA damage and protein
modification. (Cheng et al., 2011; Copple et al., 2008; Kaspar et al., 2009; Stepkowski &
Kruszewski, 2011; Huang et al., 2000; Nguyen et al., 2000). Endogenous cytoprotective
mechanisms are regulated by the redox sensitive transcription factor Nrf2, which regulates a
battery of phase II detoxifying and antioxidant genes. The 5 flanking region of such genes

harbours a cis-acting element, known as either the ARE or EpRE. This consensus sequence
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allows for the recruitment of Nrf2 to the promoter region of Nrf2-regulated genes, and
subsequent transcription and upregulation of cytoprotective proteins under conditions of
increased oxidative, electrophilic or xenobiotic stress (Ishii et al., 2000; Motohashi &

Yamamoto, 2004; Taguchi et al., 2011; Chapple et al., 2012; Cheng et al., 2013).

The ARE consensus sequence was identified to be similar to the Maf recognition binding
element (MARE) (Itoh et al., 1999). Maf proteins exist in two forms known as large Maf and
small Maf proteins. Both forms of Maf proteins form hetrodimers with transcription factors,
however, small Maf proteins dimerise with Nrf2, allowing for its binding to the ARE.
Musculoaponecrotic fibrosarcoma (Maf) are bZip transcription factors that were reported to
hetrodimerise, initially with Jun and Fos, via its leucine zipper structure, allowing for binding of
small Maf heterodimers to the MARE sequence (Kataoka et al., 1994). Interestingly, Mafs are
also able to form homodimers, however the binding affinity of Mafs to the MARE sequence is
dependent upon its binding partner (Kataoka et al., 1994). Kataoka et al. suggested that Nrf2
may heterodimerise with small Maf proteins (Kataoka ef al., 1994), and Itoh et al. in 1997
provided evidence using an EMSA assay in vitro in E.coli that Nrf2 formes hetrodimers with
the small Maf protein MafK, increasing the binding affinity to the mouse Yal (alpha class
glutathione S-transferase gene) ARE gene by 400-fold (Itoh et al., 1997). Notably, the Nrf2-
MafK heterodimer also binds to the ARE sequence of a phase II detoxifying enzyme
NQOI(Itoh et al., 1997), discussed further in Section 1.5. In vivo, Motohashi et al. reported that
MafG and MafF are also required for Nrf2 binding activity (Motohashi et al., 2004). These
findings thus clearly suggest that Nrf2 binding to the ARE promoter sequence is dependent on
hetrodimerisation, and hence different heterodimer binding complexes may be responsible in

regulating the observed protein induction.

1.4.1.3 Nrf2 domians and Nrf2-Keapl interactions

Structural data for Nrf2 indicates that this protein consists of 7 domains, Neh 1 — 7. Figure 1.8
illustrates the possible arrangement of the functional Nrf2 protein domains and summarises their
activity. The Nehl domain of Nrf2 consists of the bZip motif, responsible for the
hetrodimerisation of Nrf2 with small Maf proteins (Motohashi & Yamamoto, 2004). The Neh2
domain consists of the ETGE and DLG motif, which are required for the binding of Nrf2 to its
cytosolic repressor Keapl (Motohashi & Yamamoto, 2004), and is discussed later in this
section. The Neh 4 and 5 domains of Nrf2 have been reported to bind to the cAMP response
element binding protein (CBP), which recruits histone acyltransferases (HAT) to a
transcriptional activation complex, allowing for modification of the chromatin structure.
Furthermore, CBP also possesses HAT activity and acetylates histone and non-histone nuclear

proteins (Katoh et al., 2001). Mutations of the Neh4 and Neh5 domains in HEPA hepatoma
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clc7 cells markedly attenuates CBP binding to Nrf2 and Nrf2 activity, as examined using a
luciferase reporter assay (Katoh et al., 2001). The Neh7 domain has been found to repress Nrf2-
ARE interaction following direct interaction of the Neh7 domain with the retinoic X receptor o

(Wang et al., 2013a).

Keap 1 binding Degradation
domain signal
Neh2 Neh4 Neh5 Neh7 Neh6 Neh1 Neh3
CBP binding Repressor of Nrf2 Exerts
domain activity following transactivation
interaction with of Nrf2

retinoic X receptor a

Figure 1.8 Functional domains of Nrf2 and associated activity.

The Nrf2 protein consists of 7 functional domains. The Nehl domain plays a major role in the
heterodimerisation of Nrf2 with small Maf proteins binding to the ARE. The Neh2 domain consists of the
ETGE and DLG binding motifs, required for the anchoring of Nrf2 by the cytosolic repressor Keapl.
Figure adapted from (Hayes & Dinkova-Kostova, 2014).

The activity of Nrf2 is repressed by its interaction by its cytosolic binding partner, Kelch-like-
ECH-associated protein 1 (Keapl), via the Neh2 domain of Nrf2. Keapl exists as a homodimer
in the cytosol and possesses 4 functional domains; the broad tram-track-bric-a-brack domain
(BTB domain), double glycine repeat/kelch domain (DGR), intervening repeat (IVR) and a C-
terminal region (CTR) (Motohashi & Yamamoto, 2004; Taguchi et al., 2011). Under normal
conditions, Keapl forms a ligase complex following its association with Cullin3 (Cul3), to form
an E3 ligase complex (Taguchi ef al., 2011). This Keap1-Cul3 complex is responsible for the
polyubiquitination of Nrf2, leading to its degradation by the 26S proteasome (Figure 1.9)
(Taguchi et al., 2011).

Under homeostatic conditions, the interaction between Keapl and Nrf2 is described by the
hinge and latch model, whereby Keapl serves as a “gate” for the accumulation of Nrf2 in the
nucleus. Keapl exists in the cytosol as a homodimer and interacts with Nrf2 via the DGR/Kelch
domain and the Neh2 domain of each respective protein. The Neh2 domain of Nrf2 harbours an
ETGE motif that is responsible for the strong interaction of Nrf2 to the Kelch domain of Keapl.
The Neh2 domain also encodes for the DLG motif, which orchestrates the presence of a weaker
interaction between the Kelch domain of the second Keapl protein homodimer. This difference

in the affinity of the two motifs, possessed by the Neh2 domain, gives rise to the “hinge and
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latch” model of Nrf2/Keapl. Nrf2 is constitutively degraded when bound to Keapl, thus

preventing the accumulation of Nrf2 “free” Nrf2 in the cytosol.
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Figure 1.9. Cytoprotection afforded by the Nrf2/ARE pathway.

The redox sensitive transcription factor Nrf2 is tethered to its cytoplasmic repressor Keapl under normal
conditions, and (1) ubiquitinated following the recruitment of Cullin 3 and ring box 1 protein to Keap1 to
form a ubquitination complex, marking Nrf2 for degradation by the 26S proteasome. (2) Under
conditions of increased oxidative or electrophilic stress, redox sensitive cysteine residues on Keapl are
reduced, resulting in the conformational change of Keapl, breakdown of the ubiquitination complex and
stabilization of Nrf2. Free Nrf2 translocates to the nucleus and binds to small Maf proteins and
upregulates the transcription of genes containing an ARE in their promoter sequence. (3) The GSK3f-
FYN axis mediates the phosphorylation of Nrf2 and its nuclear export. (4) SCF/B-TrCP negatively
regulates Nrf2 by ubiquitin dependent proteasomal degradation of GSK3p phosphorylated proteins.
Abbreviations: B-TrCP, B-transducin repeat containing protein; ARE, Antioxidant response element;
GSK3p, glycogen synthase kinase 38; Keapl, Kelch like associated protein 1; Nrf2, NF-E2 related factor
2; SCF, Skp, Cullin, F-box containing complex; SH, cysteine; Ub, ubiquitin.

Although non-enzymatic antioxidants (GSH, carotenoids and ascorbic acid) efficiently tackle
ROS formation under normal physiological conditions, increased exposure to electrophilic,
xenobiotic or oxidative stress results in the spatial modification of Keapl protein (Taguchi et
al., 2011). Cysteine residues 613, 226, 273, 288 and 151 have been reported to act as redox
sensitive thiol residues which influence the disruption of the ubiquitination machinery,
stabilising Nrf2, and allowing for its nuclear translocation (McMahon et al., 2010)(Zhang &
Hannink, 2003; Motohashi & Yamamoto, 2004). Controversially, Baird et al. have recently
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reported that Keapl undergoes a conformational in which Cul3 does not dissociate, but Nrf2 is
stabilised, preventing Nrf2 ubiquitination and its subsequent degradation. As the rate of Nrf2
degradation is decreased, “free” unbound Nrf2 in the cytosol is then able to translocate and
accumulate in the nucleus, where it binds to small Maf proteins to increase the expression of
phase II detoxifying and antioxidant genes (Figure 1.7) (Motohashi & Yamamoto, 2004; Alfieri
etal.,2011; Taguchi et al., 2011).

Interestingly, in Keapl KO mice, an increased nuclear accumulation of Nrf2 has been reported
(Wakabayashi et al., 2003). Surprisingly, Keapl KO mice died before weaning, with post-
mortem analysis revealing hyperkeratosis in the oesophagus and forestomach (Wakabayashi et
al., 2003). This data thus suggests that the constant activation of Nrf2 may not confer protection

to the cellular system, and hence Keap1 plays a central role in the regulation of Nrf2 activity.

Interestingly, the presence of a Keapl independent pathway promoting Nrf2 degradation has
also been documented. As mentioned previously, Keapl interacts with the DLG and ETGE
motif present in the Neh2 domain of Nrf2. Under the presence of electrophilic stress or
chemical inducers of the Keapl-Nrf2 pathway, Nrf2 escapes ubiquitination by Keapl,
preventing its degradation. Furthermore, somatic mutations in either the ETGE or DLG motif
allow Nrf2 to escape Keapl regulated degradation. In 2004, McMahon et al. identified the
importance of the Neh6 domain in regulating the turnover of Nrf2 in an redox-insensitive
manner, albeit with an increased half life of 40 min compared to Keap1-mediated regulation (10
min in COS1 cells) (McMahon, et al., 2004). In 2006, Salazar ef al. demonstrated that glycogen
synthase kinase 3P (GSK-3f), a Ser/Thr kinase, is responsible for the nuclear exclusion of Nrf2
in HEK293T cells (Salazar, et al, 2006). Furthermore, Rada et al. demonstrated similar
increases in Nrf2 protein in cells treated with two well characterised Nrf2 inducers, tert-
butylhydroquinone and sulforaphane, as well as the GSK-3p inhibitor SB216763 in mouse
embryonic fibroblasts (MEFs) (Rada ef al., 2011). Interestingly, Rada et al. also demonstrated
an increase in Nrf2 protein in both WT and Keapl™ MEFs treated with the GSK-3p inhibitor
SB216763, providing further evidence that elevation of Nrf2 protein upon GSK-3f inhibition is
not dependent upon Keapl (Rada et al., 2011).

GSK-3pB promotes proteasomal degradation of Nrf2 by recruiting SCF (Skp, Cullin, F-box
containing complex)/ B-TrCP (B-transducin repeat containing protein) (Rada ef al. 2011). The
SCF/B-TrCP complex identifies and binds to GSK-3p phosphorylated target proteins and
recruits the cullin-1 scaffold protein to form an E3 ligase complex (Figure 1.9). Therefore, B-
TrCP acts as a scaffold protein required for the ubiquitination and proteasomal degradation of
Nrf2, independent of Keapl (Rada et al., 2011). As discussed by Rada et al., knockdown of B-
TrCP in HEK293T cells by siRNA resulted in an increase in Nrf2 protein levels, thus
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demonstrating the importance of B-TrCP in regulating Nrf2 protein levels (Rada et al., 2011).
Notably, both isoforms of B-TrCP (B-TrCP-1 and B-TrCP-2) are involved in regulating cellular
Nrf2 protein levels (Rada ef al., 2011). Interestingly, Chowdry ef al. have recently shown that
mouse Nrf2 contains two binding sites for B-TrCP (Chowdhry ef al., 2013). The two B-TrCP
binding domains identified in the Neh6 domain are: (1) between amino acids 329-342,

containing a putative DSGIS**®

binding site, and (2) between amino acids 363-379, containing a
putative DSAPGS®”™ binding site. Chowdry et al. also reported that only the DSGIS motif is
subject to phosphorylation by GSK-33. However, B-TrCP is also able to identify the two non-
phosphorylated domains, suggesting that GSK-3 may not play a key role in promoting

degradation of Nrf2 (Chowdhry et al., 2013).
1.4.2 Role of Nrf2 in cerebral stroke

Nrf2 plays a crucial role in the protection of the brain following stroke, as notably Nrf2 KO
mice exhibit increased cerebral infarct volume, cerebrovascular permeability and neurological
deficits following experimental stroke (Shih ez al., 2005; Shah et al., 2007). Table 1.8 highlights
studies examining the effects of cerebral ischaemia and reperfusion injury in vivo on the redox
sensitive transcription factor Nrf2. Based on these highlighted studies, it is evident that Nrf2
serves as key redox sensitive transcription factor involved in the protection of the brain
parenchyma following cerebral stroke. Nrf2 is described as a redox sensitive transcription factor
due to the redox-sensing capabilities of Keapl. Multiple reactive cysteines on Keapl are
modified under conditions of increased redox or oxidative stress, stabilising Nrf2 and allowing
for its binding to the ARE. Furthermore, cerebral ischaemia-reperfusion increases the generation

of ROS, contributing to a state of oxidative stress experienced by the brain.

The upregulation of Nrf2 regulated phase II detoxifying and antioxidant stress proteins is
involved in antioxidant protection. As cerebrovascular permeability is increased in Nrf2 KO
mice (Shih et al., 2005; Shah et al., 2007), this provides further evidence that Nrf2 may also
confer protection to BBB endothelial cells. Although Nrf2 mediated protection is observed in
wild-type and not Nrf2 KO mice, time-dependent changes for Nrf2 protein expression in the
BBB endothelium following ischaemia and reperfusion injury have not been reported. Thus, in
the present project, temporal and spatial distribution of Nrf2 was quantified in rat brains ex vivo

following cerebral ischaemia and reperfusion for 4 — 72h.
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Chapter 1 — Introduction

1.5 Nrf2 regulated defence enzymes and intracellular antioxidants

As mentioned previously, Nrf2 mediates protection via the upregulation of genes that contain an
ARE sequence in their promoter, which are genes encoding phase II detoxifying and antioxidant
stress proteins. This project has examined the expression of three Nrf2-linked genes following

cerebral ischaemia and reperfusion injury in rats in vivo.
1.5.1 Heme oxygenase-1

The heme oxygenase (HO) pathway has been described as one of the most powerful and
protective mechanisms against oxidative stress, identified in systemic organs such as the brain,
lungs, kidneys, spleen, intestine and liver (Maines, 1988; Siow ef al., 1999b; Wu et al., 2011b;
Wegiel et al., 2013) .

HO activity was initially charcterised by Tenhunen ef al., in 1968, as a distinct enzyme required
for heme degradation in hepatic microsomes (Ryter et al., 2006). HO catalyses the first and rate
limiting step in the degradation of free heme to the open-chain tetrapyrrole biliverdin (Ryter et
al., 2006). Biliverdin is subsequently converted to bilirubin by the NAD(P)H dependent enzyme
biliverdin reductase (Figure 1.10). Both biliverdin and bilirubin are potent chain breaking
antioxidants (Forstermann, 2008). Furthermore, evidence indicates that bilirubin plays a pivotal
role in disrupting the formation of NADPH oxidase, reducing the generation of superoxide
(Kwak et al., 1991). The breakdown of free heme by HO also generates the potent vasodilator
carbon monoxide (CO) and Fe®*. The accumulation and removal of iron is regulated by the HO
system, as Ferris et al. have demonstrate increased iron uptake and cell death in primary mouse

fibroblast deficient for HO-1 (Ferris et al., 1999).

There are three isoforms of HO-1; HO-1, a rapidly inducible isoform of HO, HO-2, a
constitutively expressed isoform of HO, and HO-3, a hemoprotein involved in regulating the
function of heme proteins (Maines, 1997; McCoubrey et al., 1997). HO-1 activity is increased
in response to multiple stimuli and agents, such as heat shock, ischaemia, GSH depletion,
radiation, hyperoxia, hypoxia and multiple disease states (Maines, 1997). Moreover, the
promoter sequence of the HO-1 gene contains an ARE, allowing for gene transcription via the
redox sensitive transcription factor Nrf2 (Alam et al., 1999). However, transcriptional
regulation of the HO-1 gene has also been documented to be regulated by nuclear factor kappa
B (NF-«B), activating protein 1 (AP-1), AP-2, hypoxia inducible factor 1 alpha (HIF-1a) and
cyclic AMP (cAMP) response element binding protein (CREB) (Lavrovsky et al., 1993;
Lavrovsky et al., 1994; Lonze & Ginty, 2002), highlighting that HO-1 transcription is regulated

by multiple transcription factors.
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Figure 1.10 Schematic representation of the degradation of free heme by HO-1.

HO-1 catalyses the degradation of free heme to the antioxidants biliverdin and bilirubin. HO-1 cleaves
heme between rings A and B, in the presence of NADPH, yielding equimolar concentration of biliverdin,
CO and Fe'". Biliverdin is converted to bilirubin by biliverdin reductase. Both biliverdin and bilirubin are
potent antioxidant species. Figure taken from Sikorski, et al. 2003.

Following stroke, HO-1 has been shown to mediate protection to the ischaemic brain. Panahian
et al. were one of the first to show significant increases in neuroprotection in HO-1 transgenic
mice subjected to 6h MCAo (Panahian, et al, 1997). HO-1 transgenic mice showed significant
attenuation of cerebral infarct volume and oedema formation (Panahian, et al, 1997). Moreover,
Chao et al. reported a reduction in lipid peroxidation and protein nitration, along with marked
attenuation of infarct volume in following adenoviral overexpression of HO-1 in rats subjected
to MCAo, providing further evidence of HO-1 mediated protection following cerebral
ischaemia (Chao, et al, 2013). Further evidence indicates a reduction in HO-1 protein in Nrf2
KO mice subjected to MCAo, thus suggesting that HO-1 protein induction is mediated by Nrf2
(Zhao et al., 2006). Further studies highlighting the role of HO-1 in protection of the ischaemic

brain are summarised in Table 1.9.
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HO-1 is portrayed as a protective antioxidant enzyme, however, damaging effects of HO-1 have
also been reported. Although, Péres-de-Puig et al. demonstrate an exacerbation of brain damage
when HO activity was inhibited prior to permanent MCAo, activation of HO-1 activity
following pMCAO also exacerbated cerebral damage (Perez-de-Puig ef al., 2013). Hence, this
suggests that the protection afforded by HO-1 is dependent on its activation status, and time-
window of expression. Interestingly, Sutherland et al. illustrated increased expression of both
HO-1 and HO-2 protein in the rat brain after MCAo or hypoxia-ischaemic insult. Increased HO-
1 protein was detected in neurons, glia, infiltrating macrophages and microglia in the infarct
core after MCAo (Sutherland et al., 2009). However, HO-2 increases were also defined to the
vascular endothelium after hypoxia-ischemic insult (Sutherland et al., 2009). This suggests that
HO proteins are upregulated in specific cell type, and furthermore, in response to different

stimuli.

Notably, reports have also shown the protective effect of HO-2 in the brain following
neurodegenerative disease states. As reviewed by Parfenova et al. HO-2 is in the brain and its
cerebral vessels, however, the pharmacological inhibition of HO-2 markedly increases oxidative
stress induced damage following seizure, increased glutamate and other neurological disease
states (Parfenova & Leffler, 2008). Basuroy et al. illustrated a marked increase in cell death of
HO-2 deficient porcine cerebral endothelial cells subjected to oxidative stress following TNF-a
treatment (Basuroy ef al., 2006). Furthermore, Chang et al. have also shown a reduction in HO
activity in brains from HO-2 deficient animals subjected to traumatic brain injury, despite
observing an increase in HO-1 protein expression (Chang et al., 2003). Hence, these findings
also illustrate a role for protection mediated by HO-2 in the brain, however, HO-2 expression is

not regulated by Nrf2.

In view of the importance of HO-1 in protecting the brain against stroke-induced damage, the
present project has examined the temporal and spatial distribution of HO-1 in ex vivo rat brain
sections following experimental ischaemia and reperfusion injury. Furthermore, the effects of
sulforaphane, a known natural Nrf2 inducer, on expression of HO-1 and other Nrf2 regulated
enzymes were examined in rats pre-treated with the isothiocyanate prior to MCAo and
reperfusion injury. The effects of sulforaphane pre-treatment was also assessed in an in vitro
model of cerebral ischaemia using mouse derived brain endothelial cells subjected to oxygen-

glucose deprivation.
1.5.2 NADP(H) Quinone Oxidoreductase 1

NAD(P)H: quinone oxidoreductase 1 (NQO1) is a homodimeric flavoprotein that primarily
resides in the cytoplasm and uses either NADH or NADPH as reducing cofactors to catalyse the

two electron obligate reduction of substrates such as quinone to hydroquinone (Figure 1.9)
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(Ross et al., 2000; Siegel et al., 1998, Jaiswal 2000). Quinones are highly reactive molecules
that may undergo a one-electron reduction to form an unstable semiquinone intermediate via the
presence of enzymes such as xanthine oxidase. Reactive intermediate semiqunones are further
utilised to produced hydroquinones, but produce superoxide as a by-product of such reactions.
NQOI1 by-passes the formation of such reactive intermediates, reducing the reactive quinone to
a hydroquinone in a one-step two electron reduction (Ross et al., 2000). By reducing quinones
in such a manner, NQO1 promotes the phase II detoxification of quinones (Ross et al., 2000).
Furthermore NQO1 also catalyses the phase II conjugation of a range of substances, which
includes quinone-imines, glutathionyl-substituted naphthoquinones, dichloro phenolindol

phenol, methylene blue, azo and nitro compounds (Ross et al., 2000).

OH
NQOI . =
— >

NAD(P)II NAD(P) L

Figure 1.11 NQO1 mediated phase II detoxification of quinones to hydroquinones.

The promoter region of the NQO1 gene contains an ARE, allowing Nrf2 regulated mRNA
transcription and protein expression (Lin ef al., 2011). Although it has been documented that
NQOI1 expression is regulated by aryl hydrocarbon receptor (AhR) and Nrf2, knockdown of
Nrf2 in mouse aortic endothelial cells attenuates increases in NQO1 protein and mRNA
expression following treatment wirh benzo(a)pyrene (BaP), a xenobiotic stimulant (Lin et al.,
2011). Bap is a well characterized inducer of AhR mediated protein expression, however, in the
absence of Nrf2, BaP mediated expression of NQO1 is abrogated, suggesting that Nrf2 is key in
regulating NQO1 protein expression (Lin ef al., 2011).

Stringer et al. have demonstrated the presence of NQO1 in the brain and central nervous system
(Stringer et al., 2004). Interestingly, the authors reported increased myelination of axons in
NQOI1 deficient mice, thus suggesting a role for NQOI in regulation of myelination of the
central nervous system (Stringer et al., 2004). Lee et al. report a reduction in the basal levels of
NQO1 and no induction following treatment of Nrf2 deficient primary cortical astrocytes

treated with tert-butylhydroquinone (Lee et al., 2003). He et al. also reported that basal
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expression of NQO1 is absent in Nrf2 KO mice (He et al., 2009), providing further evidence for
Nrf2 mediated regulation of NQO1 expression.

Furthermore, in studies in vivo Seng et al. have demonstrated a role for NQO1 mediated
protection in the brain (Seng et al., 2009). The nuclear restricted protein in brain (NRP/B) is a
nuclear matrix protein and has been identified as a co-factor for Nrf2, resulting in the induction
of NQO1 (Seng et al., 2009). NRP/B mutations, identified in primary human glioblastomas,
have been shown to alter cellular localisation, reducing NRP/B interactions with Nrf2, and

consequently reducing NQO1 expression in the brain (Seng ef al., 2009).

As discussed above for HO-1, this project examined the expression of NQO1 in rat brain
sections ex vivo following cerebral ischaemia and reperfusion injury. Moreover, protein and
mRNA expression of NQO1 were studied in an in vifro model of cerebral ischaemia using a

mouse derived brain endothelial cell line.
1.5.3 Peroxiredoxin

Peroxiredoxins (Prx) are ubiquitously expressed non-heme peroxidase enzymes responsible for
the catalysis and breakdown of H,0O, to H,0, alkylhydroproxide to its corresponding alcohol
and peroxynitrite to nitrite (Rhee et al., 2001; Rhee et al., 2005; Ishii et al., 2012). Moreover,
peroxiredoxins also control cytokine induced peroxide levels (Jin et al., 2005). Prx were
initially identified in yeast and mammals and reported to have a key role in protecting glutamate
synthetase (Rhee et al., 2001). The peroxidase activity of Prx’s are reversible and effectively
inactivated following protein modification by phosphorylation of tyrosine 194 (Woo ef al.,
2010; Ishii et al., 2012). There are six isoforms of Prx, divided into the three subtypes, which is
dependent on the number of conserved cysteine residues directly involved in catalysis of H,O,:
Prx I — IV contain of two catalytic cysteine residues, Prx V of two atypical cysteine residues,
and Prx VI consists of one catalytic cysteine residue (Jin et al., 2005). Although PrxV contains
two cysteine residues, one of these cysteine residues is not conserved (Dayer et al., 2008). Apart
from their antioxidant functions, Prx have also been identified to serve as signalling molecules,
with binding of Prx1 noted to the surface signal receptor toll-like receptor 4 (TLR4) (Ishii et al.,
2012). The oxidation status of Prxs may also be used as biomarker of oxidative stress. As
reviewed by Poynton et al.,, the catalytic cysteine residues of peroxiredoxin may be

hyperoxidised and accumulate in the intracellular environment (Poynton & Hampton, 2013).

The promoter region of Prx, I, III (Miyamoto et al., 2011) and VI (Chowdhury et al., 2009)
consists of the ARE, allowing for regulation by Nrf2. Kim ef al. highlighted a reduction in Prx1
protein expression following the knockdown of Nrf2 in the human cancer cell line A549

following hypoxia and re-oxygenation (Kim et al., 2007). Ishii et al. have also demonstrated a
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reduction Prx1 protein expression and induction following the stimulation of peritoneal
macrophages with oxidised LDLs (Ishii ez al., 2004). This provides further evidence that Nrf2
directly regulates Prx1 expression. The nuclear compartmentalisation of Prx1 has also been
reported in HeLa cells, and illustrated to enhance NF-kB activity following treatment with H,O,
(Hansen et al., 2007). However, cytoplasmic Prx1 is known to downregulate NF-kB activity
following the elimination of peroxides (Kang et al., 1998). Hence this demonstrates that the

functions of Prx1 are also dependent on its cellular localisation.

Prxs are widely distributed among tissue, including the brain. Interestingly, a cell specific
distribution of Prxs has been noted in the brain, with Prxs II — V expressed in neurons, Prx VI
and I in astrocytes and microglia respectively (Jin et al., 2005; Goemaere & Knoops, 2012).
Although Prxs have been reported to protect the brain against ischaemia induced oxidative
injury, a controversial role for Prxs following stroke was highlighted by Shichita et al. The
authors suggested that the release of Prx from necrotic cerebral cells, 12h after ischaemia-
reperfusion injury, promotes the expression of inflammatory cytokines on macrophages and
increasing cell death (Shichita et al., 2012a). Notably, Prx V and VI were demonstrated to
increase IL-23 expression, while Prx I and II evoked less (Shichita ef al., 2012a). The release of
Prxs from necrotic cerebral cells upregulate pro-inflammatory and cytokine responses following
interactions with TLR4 and TLR2 (Shichita et al., 2012b). Tao et al. however, show that
increased expression of Prx1 in vivo significantly attenuated BBB permeability following
transient MCAo and 24h reperfusion injury in mice (Tao et al, 2013), thus suggesting a

protective role for Prx1 following cerebral ischaemia and reperfusion injury.
1.5.4 Glutathione

Glutathione (GSH) is an intracellular tripeptide formed of glutamate, glycine and cysteine, and
provides the first line of defence against increased ROS production. GSH directly scavenges
ROS in a non-enzymatic manner, maintaining intracellular homeostasis (Meister & Anderson,
1983; Bannai & Tateishi, 1986; Backos et al., 2012), and protects the brain to against oxidative
injury (Dringen, 2000). As well as scavenging ROS, GSH aids the function of glutathione
peroxidase (GPx) in reducing H,O, and other peroxides (Schulz et al., 2000; Lu, 2009; Backos
et al., 2012). Another function of GSH is to act as storage for glutamate and cysteine, which
serves as an important cytoprotective mechanism in the brain, preventing cytotoxicity mediated
by free glutamate and cysteine (Meister & Anderson, 1983; Backos et al., 2012). The brain is
reported to have high concentrations of GSH (Aoyama et al., 2008; Shen et al., 2011a), further
highlighting a key role for GSH in protection of the brain against oxidant injury. GSH is also
involved in the detoxification of numerous xenobiotics by serving as a cofactor for phase II

detoxifying enzymes, resulting in the formation of water soluble GSH-drug conjugates
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(O'Brien, 1988; Backos et al., 2012). Although GSH is primarily cytosolic, it has been localised
in the endoplasmic reticulum (ER) and nucleus (Chakravarthi et al., 2006; Markovic et al.,

2007; Vivancos et al., 2010).

GSH biosynthesis is dependent upon the formation of y-glutamyl-L-cysteine from glutamate
and cysteine via glutamate cysteine ligase (GCL), the rate-limiting enzyme in the formation of
GSH. y-glutamyl-L-cysteine reacts further with glycine via glutathione synthetase (GS) to
generate GSH (Meister & Anderson, 1983; Krejsa et al.,, 2010). GCL is a holoenzyme
composed of a catalytic (GCLC) and modulatory domain (GCLM). Moreover, Nrf2, AP-1 and
Nuclear Factor Kappa B (NF-«kB) regulate the transcription of these subunits under oxidative
stress conditions (Backos et al., 2012; Aoyama et al., 2008). The identification of the ARE in
the promoter sequence of GCLC in HepG2 cells provides further evidence for the regulation of

glutathione synthesis by Nrf2 (Mulcahy et al., 1997).

In the presence of GPx, GSH is catalysed to form GSH disulfide (GSSG) or reduced GSH,
which can be salvaged to restore GSH by glutathione reductase (GR) by utilising NADPH as an
electron donor (Lu, 2009). Conditions of increased oxidative, electrophilic or xenobiotic stress
result in the accumulation of GSSG due to the reduced availability of NADPH required for GR
activity (Lu, 2009).

Shivakumar et al. demonstrated a 50-66% reduction in brain GSH levels in brains after 1h
reperfusion-injury in rats subjected to 30 min MCAo (Shivakumar et al., 1995). The authors
also report an increase in malondialdehyde and ROS following the depletion of GSH after
MCAo and reperfusion injury (Shivakumar et al., 1995). Anderson et al. reported significant
attenuation of infarct volume following the delivery of glutathione monoethyl ester, which
increases intracellular glutathione content, prior to 2h MCAo and 24h reperfusion injury in rats
(Anderson et al., 2004). Interestingly, Paterson et al. highlight a decrease in neuronal GSH
levels in humans that are either fasting, on low protein diet or on diets that may limit sulphur
amino acid intake. This consequently reduces cysteine levels required for the biosynthesis of
GSH, potentially linked to an increased susceptibility to stroke induced damage (Paterson &
Juurlink, 1999). With regards to the cerebral endothelium, Hong et al. reported an increase in P-
glycoprotein (Pgp) protein expression following the depletion of GSH in primary rat brain
endothelial cells treated with buthionine sulfoximine (BSO) (Hong et al., 2006a). Notably, Pgp
is localised on the luminal surface of the cerebral endothelium and is involved in the transport
of drugs (such as morphine and phenytoin) and lipids (Hong et al., 2006a). As reviewed by
Miller et al., Pgp protein and mediated drug transport are increased after cerebral stroke (Miller
et al., 2008), suggesting an increased transport of blood-borne substances into the brain milieu

following stroke. These findings thus establish a protective role for GSH in the ischaemic brain.
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1.55 Other Nrf2 regulated proteins

Nrf2 has also been shown to regulate proteins that are involved in lipid and carbohydrate
metabolism. Ludtmann et al. reported a role for Nrf2 in regulating mitochondrial oxidation of
both short and long chain fatty acids. Oxidation of fatty acids were depressed in Nrf2 deficient

mice but enhanced in wild-type animals (Ludtmann et al., 2014).

Hence, regulation of this subset of genes by Nrf2 suggests that Nrf2 not only provides
protection through upregulation of antioxidant genes, but also through regulating metabolic

processes important for cell survival. Table 1.10 summarises proteins regulated by Nrf2.

Table 1.10 List of Nrf2 regulated proteins

Biochemical Function Gene/Protein Name Reference
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NADPH regeneration . (Wu et al., 201 1a;
and carbohydrate Malic Enzyme 1
. Agyeman et al., 2012)
metabolism
. (Wuetal,2011a;
Glucose-6-phosphate dehydrogenase Ao ¢ elb, A01)
) (Wuetal,2011a;
6-phosphogluconate dehydrogenase Ao ¢ elb, A01)
Hexokinase domain containing 1 (Agyeman et al., 2012)
transaldolase (Agyeman et al., 2012)
transketolase isoform 1 (Agyeman et al., 2012)
UDP-glucose dehydrogenase (Agyeman et al., 2012)
Lipid metabolism Fatty acid desaturase 1 (Wu et al.,2011a)

Fatty acid desaturase 2

(Wu et al.,2011a)

Stearoyl-CoA desaturase 2

(Wu et al.,2011a)

acetyl CoA thioesterase 7

(Lee et al., 2003)
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acetyl CoA thioesterase 8

(Lee et al., 2003)

acetyl CoA oxidase 1

(Lee et al., 2003)

acetyl CoA oxidase 2

(Lee et al., 2003)

carboxylesterase 1G

(Lee et al., 2003)

carboxylesterase 1H

(Lee et al., 2003)

Phospholipase A2 (Lee et al., 2003)
Iron Metabolism Ferritin (MacLeod et al., 2009)
Ferrochelatase (MacLeod et al., 2009)
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1.6 Activation of Nrf2 by dietary isothiocyanates

As mentioned previously, the redox sensitive transcription factor Nrf2 is activated following
xenbiotic, oxidative or electrophilic stress. However, in the past decade, a number of studies
have identified and focused on mediating Nrf2 activation by naturally occurring dietary

compounds, some of which are listed in Table 1.11.

Table 1.11 Dietary activators of Nrf2

Dietary Nrf2 activators References

AITC (Ernst et al., 2011; Wagner et al., 2012; Hsu et al., 2013)

Resveratrol (Botelho et al., 2009; Ren et al., 2011; Clark et al., 2012)

Epicatechin-3-gallate (Shah et al., 2010; Gomez-Guzman et al., 2012)

Curcumin (Yang et al., 2009; Zhao et al., 2010; Charoensuk et al., 2011; Wu et
al., 2013)

Cinnamaldehyde (Wondrak et al., 2008; Chew et al., 2010; Huang et al., 2011)

Sulforaphane (Dinkova-Kostova et al., 2002; Zhao et al., 2006; Hong et al., 2010)

Plumbagin (Son et al., 2010)

Quercetin (Miyamoto et al., 2011; Murakami & Ohnishi, 2012)

Many studies have examined the potential therapeutic effects of these electrophilic compounds
in the fight against caner, as well as treating cardiovascular complication, and neurological
disease states. The electrophilic nature of these compounds suggests that they mediate Nrf2
activity following interaction with redox sensitive cysteine residues on Keapl. In this project,
the affects the dietary Nrf2 inducer sulforaphane were examined. This section will briefly
discuss (1) the isolation and discovery of sulforaphane, (2) its bioavailability and attainable
levels in vivo, (3) the effects of sulforaphane on the Nrf2 defence pathway, and (4) its effects on

treatment following cerebral ischaemia and reperfusion injury.
1.6.1 Sulforaphane

The dietary isothiocyanate sulforaphane, is derived from the glucosinolate glucoraphanin, an
organosulfur compound present in brassica vegetables, such as broccoli, cauliflower, kale and
Brussels sprouts (Stoewsand, 1995; James et al., 2012). The enzyme myrosinase co-exists with
the primary glucosinolate in brassica vegetables, however, it only catalyses the breakdown of
glucoraphanin to the active isothiocynate sulforaphane, following mechanical activation (via
chewing or during the preparation of food) (Ye ef al., 2002; Zhang & Tang, 2007). Moreover,
the breakdown of glucosinolates is also partially catalysed by the gut flora containing enzymes

that have similar activity to myrosinase (Ye ef al., 2002; Zhang & Tang, 2007). The role of
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dietary isothiocyanates was initially demonstrated to reduce the effect of chemical

carcinogenesis in animal models of cancer (Conaway et al., 2002; Ye et al., 2002).

The isothiocyanate sulforaphane (1-isothiocyanato-4-(methylsulfinyl)-butane) was isolated by
Zhang et al. in the early 1990s using high performance liquid chromatography (Zhang et al.,
1992). Isothiocyanates are known inducers of Phase II detoxifying enzymes such as NQO1 and
glutathione-S-tranferases (GST), along with xenobiotics and oxidative stimuli (Fahey et al.,
1997; Zhang & Tang, 2007). Interestingly, the structure of sulforaphane was isolated and
resolved following the induction of NQO1 enzyme activity, as established by the prochaska
assay, following the treatment of murine hepatoma Hepa Iclc7 cells treated with broccoli
extract (Prochaska & Santamaria, 1988; Zhang & Tang, 2007). Fahey et al. documented the
isolation of 9 mg of sulforaphane extract from 640 g of fresh broccoli sprouts, although it was
later shown that initial sulforaphane concentration was 10-fold higher in these extracts (Fahey et
al., 1997; Zhang & Tang, 2007). Zhang and colleagues also generated 40 different analogues of
sulforaphane and assessed NQO1 enzyme activity by the prochaska assay to assess and
determine the structure of sulforaphane found in broccoli extaracts. Sulforaphane isolated from
broccoli has a chiral structure, possessing the R configuration and its inducer activity was
matched by the synthetically derived (R,S)-sulforaphane isomer (Zhang & Tang, 2007). The
induction of phase II enzymes was regarded as an important measure against carcinogenesis,
and that the consumption of fruits and vegetables reduced the risk of cancer (Zhang & Tang,

2007).

Pharmacokinetic studies using sulforaphane have shown that once it is absorbed into cells, it
conjugates to glutathione via glutathione-S-transferases (Basten et al., 2002). It must be noted
that the breakdown of the glucoraphanin yields both sulforaphane and sulforaphane nitrile
(Matusheski & Jeffery, 2001; Basten ef al., 2002). However, Mathusheski et al. demonstrated
that the nitrile form of sulforaphane is unable to induce GST and NQO1 activity in vivo in the
liver, colonic mucosa and pancrease of Fisher 344 rats, and NQO1 enzyme activity in vitro in
Hepa 1clc7 cells (Matusheski & Jeffery, 2001). Hence, this suggests that the bioavailability of

sulforaphane influences Nrf2-mediated protein expression and activity.
1.6.1.1 Bioavailability of sulforaphane

The bioavailability of sulforaphane is dependent upon multiple factors, including (1) the source
of sulforaphane, (2) age and storage of broccoli and other cruciferous vegetables, (3) method of
cooking and (4) the gut flora composition of individuals (Zhang & Tang, 2007; Vermeulen et
al., 2008). Fahey ef al. were one of the first groups to identify an approximate 9-fold difference

in the yield of sulforaphane from broccoli sold in local supermarket, including fresh and frozen
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broccoli varieties, thus making it difficult to assume and define an initial concentration of
glucoraphanin (Fahey et al., 1997). The method of preparation and cooking of broccoli also
influences the final levels of sulforaphane that is attained in systemic circulation. Healthy
subjects were given fresh or steamed broccoli (200g) and notable increases in concentration of
sulforaphane and its conjugates were observed in the urine of group subjects given fresh
broccoli, 24h after administration (Conaway ef al., 2000). Moreover, the bioavailability of
isothiocyanates was reported to be 3-fold greater in fresh broccoli compared to steamed broccoli
(Conaway et al., 2000). A similar trend was also observed by other studies (Vermeulen et al.,
2008), however, Vermeulen et al. also reported a delay in the systemic absorption of
sulforaphane from cooked broccoli, with peak plasma levels attained after 6h, compared to 1.6h
in subjects that consumed raw broccoli (Vermeulen et al., 2008). Interestingly, 200g of raw
broccoli serving consist of approximately 9.92umol of glucoraphanin, whilst cooked broccoli
comprises of 61.4 pmol glucoraphanin. These findings highlight the difference between cooking
techniques, which may in turn have an effect on the pharmacokinetics and bioavailability of
sulforaphane. Mukerjee et al. assessed cardioprotection in rats that were fed either steamed or
cooked broccoli for 30 days prior to ischaemia-reperfusion injury in the heart and reported
increased protection in rats fed steamed broccoli (Mukherjee et al., 2010). The latter study
clearly demonstrates the affect of high sulforaphane bioavailability on protective mechanisms in

Vivo.

As mentioned previously, sulforaphane is conjugated to glutathione in a reaction catalyzed by
GST. There are three known families of GSTs, dependent upon cellular location; cytosolic,
mitochondrial and microsomal (Gasper et al., 2005). 7 classes of cytosolic GSTs have been
identified, from which GSTM1-1 and GSTPI1-1 are regarded as being important in the
conjugation of sulforaphane to glutathione (Gasper et al., 2005). Studies have established
polymorphisms with the GSTMI1 gene, resulting in the absence of a working gene product
(Bhattacharjee et al., 2013) with approximately 39% to 64% of various populations affected by
homozygous null GSTM1 polymorphisms. Lin ef al. demonstrated the lower prevalence of
colorectal adenomas in GSTM1 positive human subjects compared to GSTM1 null subjects (Lin
et al., 1998). Controversially, Gasper et al. reported no significant differences in the
bioavailability of sulforaphane and its conjugates between GSTMI1 null and GSTM1 positive
subjects, but suggest that GSTM1 positive subjects retain sulforaphane for increased durations,

enhancing protective effects (Gasper ef al., 2005).

1.6.1.2 Effects of Sulforaphane on Nrf2-mediated responses

The activation of Nrf2 is in part dependent upon the modification of cysteine residues on the

cytosolic Nrf2 repressor protein Keapl (Chapple et al., 2012). As mentioned previously, the
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modification of cysl151, cy273 and cys288 is critical for Nrf2 activation. The dietary
isothiocyanate sulforaphane is able to conjugate to the mentioned cysteine residues, resulting in
the conformational change of the Nrf2-Keapl interaction, thereby reducing the rate of
proteasomal mediated Nrf2 degradation, and promoting its nuclear translocation (Zhang &

Hannink, 2003; Hong et al., 2005; Chapple et al., 2012).

It is well known that sulforaphane upregulates the activity of the phase II detoxifying enzyme
NQOL1, suggesting a mediated increase in NQO1 protein levels. An oligonucleotide microarray
conducted by Thimmulappa et al. revealed significant increases in the transcripts of ARE-linked
genes, which included NQO1, GST, glutathione-6-phosphate dehydrogenase (G6PDH) and -
glutamylcysteine synthetase (GCS), following administration of 9 pmol sulforaphane/day for 1
week in wild type mice (Thimmulappa et al., 2002). Sulforaphane treatment of Nrf2 KO mice
had no effect on the expression of ARE-linked genes, suggesting that sulforaphane may

selectively mediate the transcription of known ARE-linked genes via Nrf2.

1.6.1.3 Reported findings of sulforaphane treatment in experimental models of cerebral

ischaemia and reperfusion injury

Sulforaphane studies have illustrated a decreasing risk in the prevalence of colorectal and lung
cancer following increased consumption of this dietary isothiocyanate (Thimmulappa et al.,
2002). Although research has focused on targeting sulforaphane as a chemopreventative drug
(Juge et al., 2007), the ability of sulforaphane to mediate protection via the upregulation of
phase II detoxifying enzymes and antioxidant stress proteins has become a prime focus for
therapeutic strategies to combat cardiovascular and cerebrovascular diseases, including cerebral

stroke.

Jing Zhao et al. were one of the first groups that employed sulforaphane post-treatment in a
rodent model of cerebral ischaemia and reperfusion injury. Mice, subjected to 3h MCAo and 3
day reperfusion injury were treated with sulforaphane (5 mg/kg i.p.) 15 min after the induction
of ischaemia and report significant attenuation of cerebral infarct volume (Zhao et al., 2006).
Zhao et al. were not able to define a mechanism underlying sulforaphane mediated a reduction
in cerebral infarct volume, but reported an increase in HO-1 mRNA and protein expression in
astrocytes and neurons following 24h sulforaphane treatment (Zhao et al., 2006). Although this
publication demonstrated the protective effects of sulforaphane against cerebral stroke, it does

not confirm protection via the activation of the Nrf2 defence pathway.

Zhao et al. employed sulforaphane as an activator of Nrf2 in rodents subjected to intracerebral
hemorrhage (ICH) following the injection of autologous blood (Zhao et al., 2007b).

Sulforaphane (5 mg/kg i.p.) was once again employed as a post-conditioning activator of Nrf2,
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delivered to both rats and mice 30 min after the induction of ICH. Sulforaphane treatment
reduced neurological deficits scores in rats following 10 days ICH, decreased leukocyte
recruitment to the affected regions, and induced the mRNA expression of antioxidant and
detoxifying enzymes, including NQOI, after 3h after sulforaphane treatment. Notably, in mice
subjected to ICH, sulforaphane treatment was unable to reduce neurological deficits scores in
Nrf2 KO mice, providing critical evidence that sulforaphane may mediate protection via the

Nrf2 defence pathway following stroke (Zhao ef al., 2007b).

Another publication by Zhao et al. investigated the effects of sulforaphane treatment on the
blood-brain barrier in mice subjected to traumatic brain injury following cortical impact by a
pneumatic piston (Zhao et al., 2007a). Sulforaphane enhanced the expression of HO-1
expression in blood brain barrier endothelial cells, attenuated the loss of tight junctional proteins
and significantly reduced cerebrovascular permeability after traumatic brain injury (Zhao ef al.,
2007a). Notably, sulforaphane treatment in Nrf2 KO mice did not attenuate cerebrovascular
permeability, suggesting that sulforaphane mediates protection to the blood-brain barrier via

Nrf2 (Zhao et al., 2007a).

The studies highlighted in this section have employed sulforaphane as a post stroke therapeutic.
With respect to the clinical setting, the time frame during which sulforaphane is administered
post-stroke implies that patients would have to be in close proximity to a hospital to receive
treatment. As mentioned previously, a high number of stroke patients are ineligible for

treatment because of the restricted time frame in which rtPA has to be administered.
1.7 Pre-conditioning vs post-conditioning

From our current understanding of the published literature, stroke research focuses on
upregulating protective mechanisms in the ischaemic penumbra, with the aim of limiting cell
death and infarct volume and improving neurological outcomes. The failure of many clinical
trials in stroke patients has prompted the use of other potential therapeutic drugs for the

treatment of stroke.

Within a clinical environment, the low success rate of thrombolytic therapy using rtPA is due to
the short time frame of efficacy after the onset of ischaemia. Moreover, the identification of
ischaemic stroke may be delayed, as the symptoms of stroke may not coincide with its onset.
This further delays the time frame in which efficacious treatment may be delivered (Dirnagl et
al., 1999; Dirnagl, 2012). Current stroke researchers are examining a new cohort of potential
therapeutic drugs that may confer protection to the ischaemic brain, however, it remains to be

elucidated whether pre- or post-conditioning confers greater protection.
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Tables 1.12 and 1.13 highlight studies where dietary activators of the Nrf2 pathway were
employed as post- or pre-conditioning agents in rodents to examine neuroprotection following
cerebral ischaemia. Notably, both post- and pre-conditioning of rodents lead to a reduction in
infarct volume. However, post-conditioning of rodents achieves approximately a 25 — 30%
reduction in cerebral infarct volume, where as pre-conditioning therapy reduces infarct volume
by approximately 60% (see Table 1.12). Zhao et al. used epicatechin, a dietary activator of the
Nrf2 defence pathway, for neuroprotection against stroke. This study employed both pre- and
post-conditioning of rodents and reported a greater reduction in cerebral damage in pre-

conditioned animals (Shah et al., 2010).
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Chapter 1 - Introduction

As the onset of cerebral ischaemia in human subjects cannot be predicted, clinical trials using
pre-conditioning strategies are yet to be conducted. Pre-conditioning studies aim to induce
protective mechanisms in the brain prior to the onset of an ischaemic insult. This results in the
increased tolerance of brain tissue to the ischaemic insult (Dirnagl et al., 2003), conferring
greater protection to the brain and reducing the observed infarct volume (Figure 1.10). The
concept of ischaemic preconditioning is illustrated in Figure 1.10. Preconditioning strategies
have not only been limited to treatment of rodent models with pharmacological compounds, but
has also explored mechanical techniques, where by brief period of ischaemia have been shown
to reduced infarct volume upon induction of a prolonged period of ischaemia (Barone et al.,
1998; Stagliano et al., 1999). These studies thus support that pre-conditioning of the brain may

aid in reducing the observed neurological deficits and cerebral damage following stroke.

Preconditioned
(protective mechanisms
already induced)

Control
(naive tissue)

Ischemia-induced .
protective mechanisms i

S Ischemia-induced A

destructive mechanisms T \

Final infarct and
scattered injury

Figure 1.12 Concept of ischaemic preconditioning.

In vivo preconditioning of the brain spatially augments neuroprotective mechanisms. Upon the induction
of ischaemic injury, neuroprotective mechanisms may be further enhanced, conferring greater protection
to the pre-conditioned brain and resulting in the formation of smaller infarct regions. Figure taken from
(Dirnagl et al. 1999).

Reviews by Dirnagl and Brathwaite have both identified the failures of clinical trials using
drugs that have been validated in rodents to confer protection to the ischaemic brain (Dirnagl et

al., 1999; Brathwaite & Macdonald, 2013). Although, many clinical trials employ post-
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conditioning methods to treat cerebral stroke patients, discrepancies exist between the clinical
and research settings. Within the research environment, the severity of stroke and duration of
occlusion can be controlled. Furthermore, researchers have unrestricted access to the rodent,
allowing for the administration of potential therapeutic drugs within a defined time frame.
However, such factors cannot be controlled in the clinical setting, as the duration of stroke and
severity of occlusion is not uniform from patient to patient. Moreover, the requirement of
imaging techniques to validate cerebral stroke further delays the time-frame during which

beneficial drug treatment can be administered.

To further address the potential of pre-conditioning therapy for stroke, this project has
investigated the effects of 1h sulforaphane pre-treatment in rodents subjected experimental
ischaemia and reperfusion injury. This project aimed to examine whether upregulation of Nrf2
defences prior to the onset of stroke can protect the brain and cerebrovascular endothelium

against the accompanying oxidative stress.
1.8 Aims and objectives

Stroke research has recently focused on targeting the Nrf2 defence pathway for protection of the
neurovascular unit and the brain parenchyma, however the majority of studies have investigated
upregulation of this pathway post-stroke. As mentioned previously, the number of cerebral
stroke patients is expected to increase in the next decades, thus warranting the need for further
research into therapeutic strategies to limit the neurological deficits associated with cerebral
stroke. As highlighted in this chapter, the ability of naturally occurring dietary isothiocyanates
and phytonutrients to activate the Nrf2 defence pathway provides a potential therapy for stroke
treatment. The dietary isothiocyanate sulforaphane is one such Nrf2 activator and studies have
reported increased protection of the brain after treatment. However, the incidence stroke is not a
predictable event, and access to a hospital for treatment by rtPA is not available to the majority

of stroke patients within the defined narrow therapeutic window.
The key objectives of this research project were to:

1. Develop a novel immunohistochemical technique to quantitate Nrf2 protein expression and
localisation in ex vivo brain sections from rats subjected to experimental ischaemia and

reperfusion injury.

2. Determine the temporal and spatial distribution of Nrf2 in ex vivo brain sections following

cerebral ischaemia-reperfusion injury.
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Investigate the time course of Nrf2 regulated antioxidant enzyme expression in ex vivo brain

sections of rats following ischaemia and reperfusion injury.

Investigate the effects of sulforaphane pre-treatment (‘preconditioning’) on Nrf2 expression

in rats subsequently subjected to cerebral ischaemia-reperfusion injury.

Determine whether upregulation of Nrf2 regulated antioxidant enzymes in the brain and
cerebrovascular endothelium by sulforaphane pre-treatment is associated with reduced
cerebrovascular permeability and neurological deficits in rats subjected to experimental

stroke.

Examine the effects of sulforaphane on Nrf2 regulated antioxidant enzyme expression in

mouse derived brain endothelial cells.
Establish an in vitro model of ischaemic injury in brain endothelial cells, and investigate

whether sulforaphane pre-treatment protects the brain endothelium following ischaemia

induced by oxygen-glucose deprivation.
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Chapter 2 — Methods

2.1 Middle cerebral artery occlusion and reperfusion injury

Occlusion of the middle cerebral artery results in the reduction of cerebral blood flow, however
the degree of damage is dependent upon the duration of ischemia. The middle cerebral artery
occlusion (MCAo0) model is highly a reproducible model of experimental stroke and hence, is
used widely in stroke research. Furthermore, the MCAo technique achieves cerebral damage
similar to that observed in stroke patients (see section 1.2). Section 2.1.2 describes how the
MCAo procedure was conducted in male Sprague Dawaley rats. Furthermore, the brains were
then used to elucidate the temporal and spatial distribution of Nrf2 and its downstream targets in

the ischaemic brain.

2.1.1 Animals

Adult male Sprague Dawaley rats were purchased from Harlan Laboratories UK and were
housed under control conditions of 12 h light/dark cycles. Before surgery, water and pellet chow
(SDS, UK) were available ad [libitum. Animals (3 — 6 months) that were used for surgery
weighed 260 — 300g. All procedures were performed in accordance with the UK Animal
(Scientific Procedures) Act 1986 and ethical review by the UK Home Office and King’s
College London, under Project Licence No. PPL70/6579. The rat model of middle cerebral
artery occlusion (MCAo0) and reperfusion injury technique was performed under the supervision
of Dr Mike Modo, IOP, and Dr Alessio Alfieri, Cardiovascular Division, King’s College
London, UK.

2.1.2  Middle cerebral artery occlusion

The method used for the transient occlusion of the middle cerebral artery in rats is an adaptation
of the method established by Dr Mike Modo, IOP, King’s College London, UK (Modo et al.,
2000). The MCAo surgery was learnt under the supervision of Dr Alessio Alfieri
(Cardiovascular Division, King’s College London). However, due to time constraints and
limitation of resources, the majority of the brains examined within in this thesis were provided

by Dr Alessio Alfieri.

Rats were anaesthetized with isoflurane (4% for the induction of anesthesia, 30% O, and 70%
nitrous oxide) and transferred to the operating table in a supine position. During the surgical
procedure, anaesthesia was maintained using 2.5% isoflurane. A rectal probe was used to

monitor the animal’s core body temperature which was maintained at 36°C using a heating mat.

To begin the MCAo procedure, an incision was made from the lower jaw to the cavicular, and

the skin pulled away. Connective tissue was carefully removed and the strap muscle isolated to
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expose the right common carotid artery (CCA). Exposure of the CCA was carefully conducted
by blunt dissection to isolate the artery from surrounding vessels, nerves and connective tissue.
A 4-0 suture (Ethicon) was then applied to the common carotid trunk, nearest to the cavicular
(Figure 2.1), and the CCA was exposed and isolated further in the direction of the head until
reaching the carotid artery bifurcation, allowing for the identification of the external and
internal carotid artery. A small clip was used to clamp the external carotid artery, as close as
possible to the point of the bifurcation, and an identical clip used to clamp the internal carotid
artery. An arteriotomy was made on the common carotid artery, as indicated in Figure 2.1, and a
6-0 silicon coated filament (Docol Corp, Massachusetts, USA) inserted into the common carotid
artery. The clip was removed from the internal carotid artery and the filament advanced
approximately 18-20 mm to occlude the ostium of the middle cerebral artery (MCA) for 70 min.
The clip at the bifurcation of the common carotid artery branching to the external carotid artery
(as shown in Figure 2.1A) prevents the occluding filament from entering the external carotid
artery and ensures movement of the filament into the internal carotid artery. Following insertion
of the occluding filament, another suture was applied on the CCA at the arteriotomy position to
secure the occluding filament in place, and the clip on the external carotid artery was removed
and temporary stiches applied to the wound. After insertion of the occluding filament, the
animal was allowed to recover from the anesthesia at 28°C for the duration of the occlusion (70

min).
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Figure 2.1 Insertion of filamentous wire into the common carotid artery to induce MCAo.
A, The filament is inserted into the common carotid artery at the incision made on the trunk of the carotid
artery, marked by X. The clip is then removed from the internal carotid artery and the filament is
advanced forward to occlude the middle cerebral artery, B. Abbreviations: CCA, Common carotid artery;
ECA, External carotid artery; ICA, Internal carotid artery; MCA, Middle cerebral artery
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2.1.3  Reperfusion following MCAo

To elicit reperfusion in the brain following 70 min ischaemia mediated by MCAo, 10 min
before completion of the occlusion period, the animal was re-anaesthetized with isoflurane (4%
for induction of anaesthesia, 30% O, and 70% nitrous oxide), transferred to the operating table
in a supine position and anaesthesia maintained with 2.5 % isoflurane. The temporary stiches
were removed and the wound opened to expose the common carotid artery trunk, allowing for
the removal of the occluding filament and a ligature applied to prevent bleeding from
arteriotomy in the common carotid. The wound was closed using a 4-0 suture and a topical
analgesic (Emla Cream) applied to the surgical wound. Saline and glucose (1 mL) was

subcutaneously administered to the animal to replenish the loss of fluid from the animal during

surgery.

2.1.4  Perfusion and removal of rat brains

Brains were removed from the animals after defined time points of reperfusion (4h, 24h and
72h) and further processed for immunohistological or immunoblot analyses. Since gaseous
anesthetics cause constriction of blood vessels resulting in poor perfusion, rats received an
overdose of a barbiturate, pentobarbitone (120 mg/kg, i.p.). Once the animal had lost
consciousness, the skin covering the thorax was removed and the sternum was lifted using flat
forceps. The rib cage was cut down both sides to expose the thoracic cavity after which, the
descending thoracic aorta was exposed and clamped using a curved heamostat, preventing the
flow of perfusion reagents into the abdominal cavity. To facilitate perfusion, an incision was
made at the apex of the heart, through which a cannula was inserted and clamped in the aorta,
and another incision was made on the right atrium allowing for the release of the perfusate. The
animal was initially perfused transcardially with cold saline to flush out the blood (25 ml/min)
which was followed by perfusion with 4% paraformaldehyde (25 ml/min). Once the upper limbs
of the animal had stiffened as a consequence of perfusion with 4% paraformaldehyde, the
perfusion was stopped and the animal decapitated to allow for removal of the brain. Excised
brains were placed in 4% paraformaldehyde for fixation overnight at 4°C, after which, brains
were transferred to phosphate buffered saline (PBS) containing 30% sucrose and stored at 4°C

for subsequent sectioning to obtain 10pm thick coronal sections (see section 2.2.2).
2.15  Sulforaphane treatment of animals

To examine the effects of Nrf2 activation in vivo, rats were pre-treated with the dietary Nrf2
inducer sulforaphane (5 mg/kg i.p., dissolved in saline containing 1% corn oil; Sigma)
(Dinkova-Kostova & Kostov, 2012) at 1 h before the 70 min period of MCAo, followed by 24 h
reperfusion. Brains were perfused fixed and collected as described in section 2.1.4. Rats were

also treated with sulforaphane (5 mg/kg in saline containing 1% corn oil) or vehicle (saline
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containing 1% corn oil) for 1, 2, and 4 h and brains collected to examine the time course of Nrf2
activation by sulforaphane in naive rats. Brains were removed as described in section 2.1.4 for

analysis by quantitative immunohistochemistry (see section 2.2).

2.1.6  Collection and preparation of brains for western blotting

Brains from naive rats treated for 1, 2 or 4 hours with vehicle (saline containing 1% corn oil) or
sulforaphane (5 mg/kg, i.p.) were collected for analysis by immunoblotting. Rats received an
overdose of pentobarbitone (120 mg/kg, ip) and brains were removed as previously described in
Section 2.1.4, but without the saline and paraformaldehyde perfusion. After collection, brains
were washed in cold saline, snap frozen in liquid nitrogen and stored at -80°C until
homogenisation. Collected brains were mechanically homogenized in 2mL SDS lysis buffer and
centrifuged at 13,000 rpm for 15 min at 4°C to separate supernatant containing the protein from
tissue debris and fat. The supernatant was collected and stored at -20°C. Relative protein

concentration in tissue lysates were determined using the BCA assay (see section 2.3.12.1).

2.2 Analysis of protein expression in rat brains by quantitative immunohistochemistry
Standard immunohistochemistry protocols largely provide qualitative, or at best, semi-
quantitative data regarding changes in expression of the protein of interest. To facilitate the
direct quantification and cellular localisation of Nrf2 or antioxidant protein expression in brain
tissue sections, we developed a technique utilising the properties of 3,3’-diaminobenzidine
(DAB), which had previously been used to assess vessel permeability (Gauden et al., 2007).
The immunohistochemical technique described below is based on the biochemical properties of
the DAB reaction with hydrogen peroxide to directly quantitate the protein content and spatial

distribution of Nrf2 in rat brain sections.

2.2.1 Cryosectioning of rat brains

To increase the adherence and stability of brain sections on glass slides, superfrost plus
microscope slides (Thermo Scientific) were quickly dipped in 10% formal saline and allowed to
dry at room temperature. For sectioning, excised brains were removed from the 30% sucrose
saline solution and the excess buffer gently removed by blotting using tissue paper. The
cerebellum was removed from the brain using a sharp blade, after which, the brain was wrapped
loosely in foil and frozen in dry ice prior to mounting on a cryostat chuck with cryo-embedding
medium (Bright, UK). Approximately 1 mm of the rostral part of brain was removed prior to
obtaining 10pum coronal brain sections at -24°C using a freezing cryostat (OFT 5000, Bright,

UK), with two coronal brain sections mounted per superfrost plus glass slide. Brain sections
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were allowed to dry at room temperature for 24 hours and stored at -20°C until required for
staining and analysis by quantitative immunohistochemistry (See section 2.2.2) or

immunofluorescence.
2.2.2  Staining and preparation of brain sections for quantitative immunohistochemistry

DAB-H,0, may be utilised as substrates by endogenous peroxidases, which may result in
background staining. Thus, endogenous peroxidase activity was quenched by incubating brain
sections with the commercially available endogenous peroxidase-blocking reagent, Bloxall

(Vector Laboratories Ltd, UK) for 10 min at room temperature (Stage 1, Figure 2.2).

For this immunohistochemical protocol, the avidin-biotin complex (ABC) method was
employed to amplify and enhance the sensitivity of the DAB-H,O, reaction. Biotin is required
endogenously for many biological processes, however, in this adapted immunohistochemistry
protocol, biotin is conjugated to either a secondary antibody, or a reporter enzyme (horseradish
peroxidase; HRP) and forms a high affinity bond with avidin, a tetrameric protein that binds 4
biotin molecules, increasing the sensitivity and signal intensity upon addition of the substrates
DAB and H,0,; (Figure 2.3) (Adams, 1992). Thus, endogenous avidin and biotin was quenched
sequentially using respective avidin and biotin blocking solutions (Vector Laboratories Ltd,

UK) for 15 min at room temperature (Stage 2, Figure 2.2).

For the identification of cerebral cell types and Nrf2, brain sections were further incubated with
a cocktail of primary antibodies (Table 2.1) in 0.1% triton and 10% normal donkey serum in
PBS for 16h at 4°C (Stage 3, Figure 2.2). For the identification of astrocytic and endothelial
structures, brain sections were incubated with fluorophores conjugated to antibodies (Table 2.2)
in PBS at room temperature for 1 hour. To examine Nrf2 content by quantitative
immunohistochemistry, brain sections were incubated with a goat anti-rabbit biotinylated
secondary antibody in PBS for 30 min (Vector Laboratories, UK) and an additional 30 min with
the avidin-biotin complex in PBS (Vector Laboratories, UK). The biotinylated secondary
antibody and ABC reagents were used according to the manufacturer’s instructions.
Endogenous peroxides react with DAB to produce a brown coloured polymer, reducing the
sensitivity and resulting in non-specific staining, thus endogenous peroxides were eliminated by

incubating sections with 1mM ascorbic acid (Sigma Aldrich) in ddH,O for 30 min.
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10 min incubation with

BLOXALL
Quenching of endogenous

peroxidases and preparation
for staining

Endogenous avidin and biotin
guench: 15 min per compound

Incubation with cocktail of Primary antibodies for Nrf2,
primary antibodies at 4°C RECA1 (endothelium), GFAP

(16h) (astrocytes)

Incubation with fluorescence

o Fluorescence used to identify
secondary antibodies

cerebral cell types

Incubation with biotinylated
secondary antibody
Preparation of section for
reaction with DAB

Incubation with ABC reagent

Incubation of sections with

1mM ascorbic acid o
Quenching tissue movement

of section for capture of the
DAB reaction

Pre-incubation of sections with
DAB in ImM ascorbic acid

Capture of fluorescence images
and brightfield images for DAB
guantitation

DAPI staining, Imaging and

Figure 2.2 Flow diagram representing stage-wise preparation of ex vivo brain sections for
the capture of brightfield images of the DAB reaction, required for quantitation of Nrf2
protein.

91



Chapter 2 - Methods

As DAB alone resulted in movement or detachment of the tissue, sections were incubated with
DAB (Vector Laboratories Ltd, UK) in the presence of 1mM ascorbic acid, but in the absence
of H,0, to eliminate movement. For the identification of nuclear structures by fluorescence,
brain sections were also incubated with 4',6-diamidino-2-phenylindole (DAPI, 2pg/ml; Roche)
in ddH,O for 5 min. Sections were hydrated in ddH,O with 1mM ascorbic acid until required

for image capture.

Protein

Avidin

Biotinylated Biotin
secondary
antibody Horseradish

Primary antibody peroxidase

Figure 2.3 Schematic of immunohistochemical signal amplification by the avidin-biotin
peroxidase complex.

Horseradish peroxidase conjugated to a complimentary secondary antibody results in low
immunohistochemical signal intensity. The avidin-biotin peroxidase complex amplifies and increases
sensitivity of a immunohistochemical stain in relation to the protein of interest by increasing the number
of peroxidase active sites available to catalyse the immunohistochemical reaction.
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Table 2.1 Primary antibody dilutions for immunofluorescence and DAB reaction studies

Primary Species Diluent Dilution Manufacturer  Catalogue

Antibody Number

GFAP Rabbit 0.1% triton PBS 1:1000 DAKO 70333
10% serum

GFAP Goat 0.1% triton PBS 1:100 Abcam AB53554
10% serum

RECAI1 Mouse 0.1% triton PBS 1:400 Abcam AB9774
10% serum

Nrf2 Rabbit 0.1% triton PBS 1:100 Abcam AB53019
10% serum

Nrf2 Rabbit 0.1% triton PBS 1:100 Abcam AB31164
10% serum

HO-1 Rabbit 0.1% triton PBS 1:100 Abcam AB31164
10% serum

NQOI Rabbit 0.1% triton PBS 1:100 Abcam AB31164
10% serum

Prx1 Rabbit 0.1% triton PBS 1:100 Abcam AB

10% serum

Abbreviations: GFAP, Glial fibrillary acidic protein; Nrf2, NF-E2 related factor 2; RECA1, Rat

endothelial cell antigen 1

Table 2.2 Fluorescence secondary antibody dilutions for ex vivo brain sections studied by

immunofluorescence and quantitative immunohistochemistry

amtibody _ Speces _Spoces_ Dion Manufacturer (LIRS
Cy5s Donkey  Goat 1:250 Abcam AB6566
Alexa Fluor 488 Goat Rabbit 1:500 Invitrogen A-11008
Alexa Fluor 555 Donkey Mouse 1:500 Invitrogen A-31570
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It must be noted that the identification of proteins in this immunohistochemical study is
dependent upon antibody specificity. The specificity of the primary antibodies should be
assessed in samples that are known not to contain the protein of interest. However, tissue from
such genetically modified animals was not accessible to assess antibody specificity. Thus the
use of antibodies was reliant upon (1) the provided data sheet of the antibodies from each
respective manufacturer, (2) species cross reactivity. Negative control experiments
demonstrated that the secondary fluorescent antibodies did not cross react with the tissue in the

absence of complimentary primary antibodies (Appendix Figure 4).

2.2.3  Quantitative immunohistochemistry

The novel immunohistochemical technique developed and employed in this study is a further
development of the assay developed within our laboratory, where horseradish peroxidase (HRP)
was used as a fluid phase marker to estimate blood-brain barrier permeability following
ischaemia-reperfusion injury in mice (Gauden et al, 2007). The principle that HRP can be
measured in tissue sections from the initial rate of 3,3’-diaminobenzidine (DAB) polymer
formation has been extended to quantify HRP- conjugated antibodies in rat brain sections. The
visualisation of the brown coloured DAB polymer occurs after the reaction of DAB with H,0,,

in the presence of HRP (Equation 1).
DAB + H,0, — DAB percipitate product + H,0
Equation 1. Reaction of DAB with hydrogen peroxide in the presence of biotin peroxidase

2.2.4 Validation of quantitative immunohistochemistry technique using protein of known

concentrations

Proof-of-principle experiments were conducted to establish that the relationship between HRP
conjugated secondary to primary antibodies and a target protein is essentially linear. Bovine
serum albumin (BSA, 2 mg/ml, Sigma, UK) was diluted in ddH,O to obtain 0.15 pM, 0.075 uM
and 0.0325 pM BSA solutions. Porcine gelatin (G2500, 0.25g, Sigma, UK) was added to 5 ml
BSA aliquots and dissolved by gently warming. BSA-Gelatin was allowed to set at 4°C
overnight and then fixed in 4% paraformaldehyde for 24 h at 4°C. BSA-gelatin blocks were
transferred to PBS containing 30% sucrose until required for sectioning. Sections of 10um
thickness, were obtained from the gelatin blocks using a cryostat (OFT 5040, Bright, UK) and
mounted on to superfrost plus glass microscope slides (Thermo Scientific, UK). The gelatin

sections were treated and reacted in in the same manner as brain sections (see section 2.2.3 and

2.2.4).
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BSA - gelatin sections were incubated with rabbit anti-BSA (Sigma) at 4°C for 16 h, and then
with a goat anti-rabbit biotinylated secondary antibody for 30 min at room temperature,
followed by a further 30 min with the ABC reagent to amplify the 3,3’-diaminobenzidine
(DAB) reaction product signal via the formation of the avidin and biotin complex. One section

was taken from 4 replicate blocks for each albumin concentration.
2.2.5 Image capture, segmentation and calculation of initial rate of DAB polymer formation

Hydrated brain sections were placed in a specially designed microscope stage (Figure 2.4)
attached to a Nikon Diaphot fluorescence microscope. Images of nuclei and GFAP staining
were captured via a cooled CCD camera (ORCA-03G, Hamamatsu, Japan) controlled by a PC
software package (ImageHopper, Samsara Research, Surrey). Water was removed and replaced
with the DAB-H,0, reaction mixture and images in brightfield were captured at 1 s™ over 100 s.
The methodology developed for calculating quantitative protein expression in tissue sections is

discussed in Chapter 3.

s Sample Slide

=

[

| T
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Figure 2.4 Schematic representation of the microscope stage designed to deliver the DAB
reaction mix.

For the delivery of the DAB reaction mix to the section on the microscope stage, a special glass stage was
designed to keep the section hydrated with ddH,O during fluorescence imaging. The slide is positioned
between the two cannulas and covered with another glass slide, holding the fluid over the section.
Following capture of all fluorescent images, the ddH,O was removed using the right hand side cannula,
and the DAB reaction mix delivered through the left.
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2.2.6  Quantification of fluorescence staining in brain sections

The protein expression of NQO1, HO-1 and Prxl was assessed by immunofluorescence.
Following the incubation of 10um brain sections with primary antibodies (as described in
Section 2.2.2), sections were incubated with donkey anti-rabbit alexa 488 to identify NQOI,
HO-1 or Prx-1, and donkey anti-mouse alexa 555 to identify RECA-1 staining, for 1h at room
temperature. Sections were then washed with water and left to dry at room temperature, before
the application of a glass coverslip with vectashield mounting medium containing DAPI (Vector
Laboratories Ltd) for nuclei identification. Stained brain sections were imaged with a cooled
CCD camera (ORCA-03G, Hamamatsu, Japan) controlled by a PC software package
(ImageHopper, Samsara Research, Surrey). Three random fields of view were captured from
each brain section, and images captured in 32-bit format. Images were then analysed off-line
using image J to quantify fluorescence intensity. Fluorescence intensity was quantified in the
whole field of view by measuring the integrated density. Background fluorescence was
measured in 3 different regions where tissue was absent in the same field of view, and corrected
fluorescence intensity calculated using the following formula: integrated density — (area of the

field of view X mean integrated density of background readings).

2.3 Assessment of protein induction in cerebrovascular endothelial cells

The analysis of brain sections by immunohistochemical and immunofluorescence techniques
gave a detailed insight into the expression of Nrf2 and its linked downstream protein targets
within different anatomical regions and cell types in the naive and ischaemic rat brain, including
the cerebrovascular endothelium. To complement the MCAo studies undertaken, the murine
derived brain endothelial cell line bEnd.3 was used to better understand the mechanisms by
which the brain microvascular endothelium is able to protect of the neurovascular unit

following ischaemic damage.

2.3.1 Defrosting and cell culture of bEnd3

The mouse derived brain endothelial cell line, bEnd.3 was purchased from ATCC. Cells were
defrosted rapidly at 37°C and transferred to a T25 culture flask (25 mm?) in Dulbecco’s
modified Eagle Medium (DMEM, Sigma-Aldrich) with phenol red, containing 4500 mg/L
(25mM) glucose and supplemented with 10% fetal calf serum (FCS), 4mM L-glutamine,
penicillin (100 U/ml) and streptomycin (100 pg/ml). Cells were maintained in a humidified 5%
CO, incubator at 37°C. The medium was replaced 8 h after seeding and subsequently replaced

every 48 h.
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2.3.2  Subculture of bEnd3 cells in DMEM containing 25mM glucose

Confluent monolayers of bEnd.3 cells in T25 or T75 flasks were washed with warm sterile PBS
to remove serum components that may affect trypsinisation. Cells were incubated with 1 — 1.5
ml trypsin/EDTA solution (0.1% trypsin and 0.02% EDTA, Sigma) at 37°C for 2 min to detach
cells. Trypsin/EDTA was inactivated in DMEM containing 10% FCS and split in a 1:3 ratio
from a T25 to T75, 1:3 for cells in T75 flasks, or seeded into plates/coverslips for treatment.

DMEM was changed every 48 h in the culture flasks or wells.
2.3.3  Freezing of bEnd3 cells

Confluent monolayers of bEnd.3 cells in T75 flasks were detached with trypsin/EDTA (PAA,
UK) as described in Section 2.3.2. Cells were thoroughly re-suspended in DMEM and
centrifuged at 1000 rpm for 5 min. The supernatant was aspirated and the resulting cell pellet
and thoroughly suspended in 5% dimethlysulfoxide (DMSO) in DMEM (25mM Glucose, 10%
FCS, 4mM L-Glutamine, penicillin (100 U/mL) and Streptomycin (100 pg/mL)). Cells were
transferred to cryo-vials (1 ml/vial, 3 vials/T75 flask) and slowly frozen at -80°C and then

transferred to liquid nitrogen for long-term storage.
2.3.4  Culture and treatment of bEnd3 cells in DMEM containing 5.5mM glucose

Confluent bEnd.3 monolayers in T75 flasks, were sub-cultured as described in section 2.3.4,
however, trypsin/EDTA was inactivated using phenol-red free DMEM containing 1000 mg/L
(5.5 mM) glucose, supplemented with 10% fetal calf serum (FCS), 4mM L-glutamine, penicillin
(100 U/ml) and streptomycin (100 pg/ml). Phenol-red free DMEM was changed every 48 hours

and further sub-culture and experiments conducted using phenol-red free DMEM.
2.3.5 Treatment of bEnd3 cells with sulforaphane

Treatments were prepared in phenol-red free DMEM supplemented with 10% FCS. Confluent
monolayers were treated with sulforaphane (0.1 — 10 uM, S4441, Sigma, UK), or 0.01% DMSO
(vehicle) for 4, 8, 12 and 24 h at 37°C.

2.3.6  Assessment of cell viability

Cytotoxic effects of sulforaphane was assessed by the tetrazolium salt 3-(4,5-dimethythiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) assay. The yellow tetrazolium salt is cleaved to form a cell
impermeable purple formazan crystals following the interaction of MTT with mitochondrial
dehydrogenase enzymes (Mosmann, 1983). The cleavage of MTT to form the puruple formazan
crystals only occurs in metabolically active cells, thus the MTT assay provides a colourimetric

based upon the development the cell impermeable dark purple formazan crystals (Mosmann,
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1983). To determine whether sulforaphane had cytotoxic effects, bEnd.3 cells were seeded into
a 96 well plate and treated in quadruplicate with sulforaphane (0.5 — 10 uM) in 200 ul DMEM
supplemented with 10% FCS for 24 hours and incubated at 37 °C and 5% CO, (Figure 2.5).
Hydrogen peroxide (0.5M, H,0,) served as a positive control and was added to the cells 30 min

prior to incubation of cells with 10% MTT (0.5 mg/mL) solution (Figure 2.5).

After 24h treatment, bEnd.3 cells were incubated with 50 uL of 10% MTT (0.5 mg/mL) in
DMEM supplemented with 10% FCS for two hours. Cells regularly checked using a light
microscope for the formation of the purple coloured formazan crystals, after which 50 pL
DMSO was added directly to each well and the plate gently agitated using a shaker for 10 min
to ensure complete lysis of the cells. Absorbance (560 nm) was then measured using a
microtitre plate spectrophotometer (Tecan, Switzerland) and data expressed as percentage

change in absorbance units compared to untreated cells (control).
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Figure 2.5 Representative layout of bEnd.3 cells treatment in clear 96-well plates.
bEnd.3 cells were seeded in quadruplicate into clear 96 well plates, and upon reaching confluence, cells

were treated with sulforaphane (SFN, 0.5 uM — 10 uM) or vehicle (0.01% DMSO) for 24 hours. DMEM
was replaced in control wells. Cells were also treated with 0.5M H,0, 30 min before incubation with

MTT to serve as a positive control for cell death.

2.3.7  Whole cell protein extraction

Cells cultured to confluence and treated with SFN (0.1 — 5uM) for 4 — 24h in 6 well plates were
washed twice with non-sterile PBS at 4°C and proteins extracted by incubating cell monolayers

with sodium-dodecyl sulphate (SDS) lysis buffer (50mM Tris base pH 6.8, 10% glycerol and
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2% SDS) supplemented with 0.02% protease inhibitor cocktail (4-(2-aminoethyl)
benzenesulfonyl fluoride, pepstain A, bestatin, E-64, leupeptin and aprotinin) on ice for 10 min.
Protein concentration of collected protein extracted was determined by the BCA assay (see

section 2.X) and stored at -20°C until further analysis by immunoblotting.
2.3.8  Nuclear protein extraction

Cells were cultured in T75cm flasks until confluent and treated with sulforaphane (2.5 uM) for
1 — 4 h. Nuclear protein lysates were collected using a commercial nuclear extraction kit (Active
Motif, USA) as per manufacturers instructions. Cells were washed once with cold PBS
containing phophaste inhibitors (Active Motif, USA) and scrapped into a final volume of 3 ml
buffer before being spun down at 500 rpm for 5 min. The resulting cell pellet was re-suspended
and incubated in 500p] hypotonic buffer from the kit (Active Motif, USA) on ice for 15 min to
rupture cell membranes. Next, 25 pl of detergent from the kit (Active Motif, USA) was added to
the suspension and the solution vortexed at high speed for 10s, after which tubes were
centrifuged at 13,000 rpm for 30s. Supernatants containing cytosolic extracts were collected
into pre-chilled tubes and stored at -80°C. Remaining cell pellets were re-suspended in 50ul
complete lysis buffer from the kit (Active Motif, USA) and placed on a rocking platform for 30
min at 150 rpm. Tubes containing nuclear suspension were vortexted at high speed for 30 s and
centrifuged at 13000 rpm for 10 min. Nuclear extracts in supernatants were collected into pre-
chilled tubes and stored at-80°C. Nrf2 protein content in the nuclear and cytoplasmic lysates

were analysed by western blotting.
2.3.9  TransAM Assay for nuclear Nrf2 activity

Nuclear Nrf2 activity in bEnd.3 cells was also assessed and quantified using a commercially
available ELISA kit (TransAM, Acive Motif, USA). Briefly, oligonucleotides containing the
ARE sequence (5’-GTCACAGTGACTCAGCAGAATCTG-3’), to which active Nrf2
specifically binds, were supplied immobilised on an ELISA 96 well plate. Incubation of nuclear
lysates in these ELISA plates and addition of a specific Nrf2 primary antibody allows for the
binding activity of Nrf2 to the ARE sequence to be determined.

Nuclear lysates from bEnd.3 cells treated with either 2.5uM sulforaphane, or vehicle (0.01%
DMSO) for, 1, 2 and 4 hours (see Section 2.3.7 for method of nuclear lysate collection) were
processed on the same 96-well ELISA plate. Nuclear extracts (9 ug/well), diluted in the
provided complete lysis buffer (10pL), were added in duplicate to the ELISA plate, alongwith
40uL of complete binding buffer. Two separate wells of the 96-well plate served as the blank
(10 puL complete lysis buffer only) and a further two wells served as a positive control using the

Nrf2 positive extracts provided in the TransAM Kkit.
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After the incubation of samples for 1h at room temperature with mild agitation (150 rpm on an
orbital shaker), the wells were washed with washing buffer (made as per manufacturers
instructions) and incubated for a further 1h at room temperature with a specific Nrf2 primary
antibody (1:100 dilution in provided antibody binding buffer, 100 pL/well), without agitation.
Wells were then washed and incubated for a further 1h with the HRP-conjugated secondary
antibody (1:1000 dilution in antibody binding buffer, 100 pL/well). Post antibody incubations,
wells were washed with washing buffer and incubated with the provided developing solution
(100 pL/well) for approximately 30 min until the solution colour turned dark blue, after which
the reaction was then terminated with the addition of the provided stop solution (100 pL/well).

Absorbance values were measured using a spectrophotometer (Surnise, Tecan) at 450 nm.
2.3.10 Knockdown of Nrf2 by short interfering RNA (siRNA)

To assess whether sulforaphane mediates the upregulation of phase II detoxifying and
antioxidant enzymes in bEnd.3 cells via Nrf2 activation, siRNA transfection was employed to
knockdown Nrf2. Short interfering RNA (siRNA) are short double stranded RNA molecules,
which are approximately 20-25 base pairs in length. Once delivered to the mammalian cell, the
long double stranded RNA is cleaved by the RNAse II enzyme Dicer, producing siRNA. These
siRNA are then incorporated into the RNA-induced silencing complex (RISC), where they are
unwound, resulting in the loss of the sense strand. The RISC is guided to the target mRNA
transcript via the antisense strand, for endonucleolytic cleavage (Figure 2.6) (Dykxhoorn et al.,

2003).
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Figure 2.6 Gene silencing by short interfering RNA.
Exogenous short interfering RNA and endogenous micro RNA (miRNA) undergo the same process of

maturation to obtain a single strand RNA that is complimentary to the mRNA of the target strand. The
siRNA duplex is incorporated into the RNA induced silencing complex (RISC). Activation of the RISC
results in the loss of the anti-sense strand from the duplex, allowing for siRNA-mediated target

recognition and degradation of the target mRNA strand. Figure taken from (Dykxhoorn et al., 2003).

siRNA transfection studies were performed in bEnd.3 cells seeded in 24-well plates at a density
of 30,000 cells/well for 24h, after reaching approximately 50 — 60% confluency. 40 pmol of
Nrf2 siRNA (Santa cruz Biotechnology, sc-37049) mixed with transfection reagent (Dharmafect
4, Thermo Scientific) in 100 pL OptiMEM medium (Gibco) was left to incubate at room
temperature for 3 min. Notably, the Nrf2 siRNA mixture used was a pool of 3 neucleotide
sequences. During this incubation period, cells were washed once with warm PBS and replaced
with antibiotic free DMEM supplemented with 10% FCS and 4 mM L-glutamine. The siRNA
transfection mixture was then added to each well (100 pL/well) in a drop-wise manner and the

cells incubated for 24h at 37 °C prior to sulforaphane treatment.
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2.3.11 Immunofluorescence localisation of Nrf2 in bEnd3 cells

Nrf2 is a major transcriptional regulator of phase II detoxifying and antioxidant stress genes that
contain the antioxidant/electrophile response element (ARE/EpRE) in their promoter regions.
Immunofluorescence was employed to assess nuclear localisation of Nrf2 in bEnd.3 cells after
sulforaphane treatment. Cells were seeded on to glass coverslips in 24 well plates and when
confluent, treated with sulforaphane (2.5uM, 1 —4 h). Cells were then washed with cold PBS at
4°C and fixed in 4% paraformaldehyde for 10 min at room temperature. Fixed cells were
incubated with 0.1% Triton in PBS at room temperature to permeabilise the cell membrane
prior to incubation with a rabbit anti-Nrf2 primary antibody (1:100 dilution; 100ul/coverslip;
SC-722, SantaCruz, USA) for 16h in PBS containing 10% donkey serum at 4°C, followed by an
anti-rabbit secondary antibody conjugated with Alexa-flour 488 (1:1000 dilution; Invitrogen) at
room temperature for 1 h.. Coverslips were then removed from 24-well plates and allowed to
dry briefly at room temperature. To identify nuclei, coverslips were mounted on to glass slides
with mounting medium containing DAPI (Vectashield, Vector Laboratories, UK). Nrf2 specific
fluorescence (excitation 499nm/ emission 519 nm) was visualized using a Nikon Diaphot
microscope adapted for fluorescence (Nikon, Japan) and captured using a cooled CCD camera
(ORCA-03G, Hamamatsu, Japan) controlled using PC software (ImageHopper, Samsara
Research, Surrey, UK).

2.3.12 Quantitative immunohistochemistry for Nrf2 in bEnd.3 cells

The quantitative DAB-H,0, immunohistochemical technique was also employed in bEnd.3
cells to, firstly validate the technique in cultured cells, and secondly to quantitate nuclear
translocation of Nrf2 in bEnd.3 cells.

Cells were seeded on glass slides (Superfrost plus, Thermo Scientific, UK) and confluent
monolayers, treated with sulforaphane (2.5 uM) or vehicle (0.01% DMSO) for 1, 2 and 4 hours.
Cells were then washed with cold PBS at 4°C and fixed with 4% paraformaldehyde at room
temperature for 10 minutes. Fixed cells were permeabilised with 0.1% triton in PBS for 10 min
at room temperature and incubated with Bloxall, and avidin/biotin blocking reagents to quench
endogenous peroxidase, avidin and biotin activity (see section 2.2.3). Cells were then incubated
with a rabbit anti-Nrf2 primary antibody (ab53019, Abcam, UK) for 16h at 4°C and a goat anti-
rabbit biotinylated secondary antibody for 30 min at room temperature. Cells were then
incubated with the avidin-biotin peroxidase complex (as described in section 2.2.3) for a further
30 min and counter stained with DAPI in PBS to identify nuclei (2 pg/ml; Roche). Cells were

hydrated in PBS and images captured and processed as described in section 2.2.4.
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2.3.13 Western blot analysis

2.3.13.1 Determination of protein concentration

The bicinchoninic acid (BCA) assay was employed to determine the protein concentration of
total cell lysates. The BCA assay is a two-step colorimetric assay that relies upon, firstly the
reduction of Cu®" to Cu” that is dependent upon the protein concentration and, secondly, the
chelation of bicinchoninic acid with Cu’, resulting in the formation of a purple coloured
precipitate (Smith et al., 1985). Absorbance of the BCA-Cu’ complex was measured at 562nm
and protein concentrations determined in relation to absorbance values of known protein

standards.

To generate the standard curve, bovine serum albumin (BSA, 0.1 — 2.0 mg/ml) was dissolved in
double distilled H,O (ddH,0). BSA protein standards were added in duplicate to wells of a clear
96-well plate (5 pl per well), diluted with SDS lysis buffer (1:1 ratio) and incubated with 200ul
combined BCA reagent (reagent A: reagent B 50:1) at 37°C for 30 min, following which
absorbance (562 nm) was measured using a microtitre plate reader (Spectramax 190, Molecular
Devices). A standard curve was generated by expressing the mean optical density (OD) values
obtained at 562nm relative to the known BSA concentrations (Figure 2.7). Standard curves with
a correlation coefficient of R>> 0.995 were accepted and used to determined cellular protein
concentration. BSA protein standards were used on all 96-well plates when determining the
concentrations of cell protein samples. All samples were determined in duplicate (5pl per well)

and diluted 1:1 with ddH,O.

The protein concentration for nuclear lysates were also determined using the BCA assay,
however, the reducing agents used in the lysis buffer for collection of nuclear lysates were more
reactive with Cu®". Thus, for the nuclear protein assay, a small volume of lysate (3ul) was

diluted in ddH,O (1:5 ratio) prior to measurement of protein concentrations.
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Figure 2.7 Representative BCA assay protein standard.
BSA protein standards (0.1-2.0 mg/ml) were added in duplicate to a 96 well plate well plate with 200ul of

the BCA reagent. The plate was then incubated at 37°C, following which, the absorbance (OD, 562 nm)

was then measured on the spectra max plate reader.

2.3.13.2 Preparation of samples and SDS PAGE

Lysates were obtained to assess changes in protein expression following either sulforaphane
treatment or OGD using poly-acrylamide gel electrophoresis (PAGE), allowing for the
separation of proteins by molecular weight (MW) (Shapiro et al., 1967). 10ug of protein was
reduced by addition of 10% 2-Mercaptaethanol (2-ME) and 0.2% bromophenol blue (BPB,
sample dye). Protein samples were denatured further by heating at 95°C for 5 min before
samples, along with a pre-stained protein ladder, were loaded in to designated lanes of a pre-set
SDS-PAGE gels for separation by electrophoresis (Miniprotean 3, Biorad). The final
concentration of acrylamide in the gels determines the degree of protein separation achieved. In
this study 12% acrylamide gel were used which allows for adequate separation of proteins of
MW 20 — 60 kDa; 10% gels for proteins of MW 60 — 100 kDa; and 8% gels for proteins of MW
>100 kDa. For composition of PAGE see Appendix 2. Proteins were separated by SDS-PAGE
at 150V for approximately 2h.

2.3.13.3 Transfer of separated proteins to membranes and immunoblotting

Separated proteins were then transferred onto a polyvinyldiene difluoride (PVDF) membrane
(Millipore), pre-activated in 100% methanol and equilibrated in transfer buffer (see Appendix
3), using semi-dry electrophoretic transfer equipment (Biorad, USA) for 2 hours at 20V (Figure
2.8). The membrane was then blocked with PBS containing 5% skimmed milk powder and

0.1% Tween-20 at room temperature for 1 hour before incubation with primary antibody at 4°C
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overnight or at room temperature for 1 hour. Primary antibodies were diluted in PBS containing
Tween-20 0.1% and 3% BSA. Subsequently membranes were incubated with HRP conjugated
secondary antibody in PBS containing 0.1% Tween-20 and 3% skimmed milk powder for 1h at
room temperature. Membranes were then subjected to washing with PBS containing 0.1%
Tween-20 for 15 min once, followed by three 5-min washes, after the primary and secondary
antibody incubations. For chemiluminescence detection of protein bands, the membrane was
incubated with 1mL Enhanced Chemiluminescence (ECL) substrate solution (Milipore, UK) for
60 sec and bands visualised in a gel documentation system (G-Box, Syngene Ingenius
Biosystems) with images captured using PC imaging software (Syngene 2D, Syngene Ingenius
Biosystems), (Figure 2.9). Densitometric analysis of protein bands was conducted using PC
analysis software (Image J, NIH, USA). Expression of a-tubulin served as a reference protein

on each membrane analysed for expression of specific proteins in total cell lysates.
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Figure 2.8 Semi-dry transfer of separated proteins from SDS-PAGE to PVDF membrane.
Proteins separated on SDS-PAGE were then transferred onto a methanol activated PVDF membrane via
semi-dry transfer. The gel was placed on top of the PVDF membrane and both placed between filter paper
soaked in transfer buffer. Proteins transferred from the gel to the membrane in the direction of the arrow.
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Figure 2.9 Detection of proteins on PVDF membrane using enhanced chemiluminescence.
Separated proteins transferred onto PVDF membrane was incubated with a primary antibody targeting a
protein of interest and subsequently with horseradish peroxidase (HRP) conjugated secondary antibody.
HRP catalyses the reaction between chemiluminescent substrates to produce a luminescent signal.
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Table 2.3 Primary antibody dilutions for immunoblotting bEnd.3 lysates

Primary Species Diluent Dilution Manufacturer Catalogue
Antibody Number
HO-1 Goat 3% BSAin PBS  1:500 Santacruz SC-1797
0.1% Tween
NQOI Goat 3% BSA in PBS  1:500 Santacruz SC-16464
0.1% Tween
0 .
Nrf2 Rabbit > 0 BSAMPBS g0, Santacruz SC-722
0.1% Tween
. 3% BSA in PBS .
a-Tubulin  Rat 0. 10 o TW:eln 1:5000 Millipore MAB
% BSA in PB
Lamin A/C Rabbit - ¢ oA IMPBS ) 5 Santacruz SC-20681

0.1% Tween

Abbreviations: HO-1, Heme-Oxygenase 1; Nrf2, NF-E2 related factor 2; NQO1, NADP(H) Quinone

oxidoreductase 1
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2.3.14 Determination of glutathione in bEnd.3 cells

Intracellular glutathione provides the first line of defence against oxidative stress within the
cellular environment. Furthermore, synthesis of intracellular GSH is modulated by enzymes
regulated by the Nrf2/ARE signaling-pathway.. Thus in this project, we will determine whether
sulforaphane treatment of bEnd.3 cells modulates total GSH content measured by assessing the
level of GSH conjugation with O-phthadialdehyde (OPA), which emits a fluorescence signal
measured at ex/em 340/420 nm (Senft et al., 2000)

Confluent monolayers of bEnd.3 cells in 6 well plates were treated with 0.1-5 uM sulforaphane
for 2, 4, 8, 12 and 24 h. Cells were then rapidly washed with cold PBS at 4°C and GSH
precipitated and extracted by incubation with 6.5% trichloroacetic acid (TCA) for 10 min on
ice. The supernatant containing GSH were collected and stored at -80°C until analysis. The
remaining cellular protein was determined following lysis with 0.5M NaOH at room
temperature for 2 h and determination of protein content using the BCA assay (see section

2.3.7.1). Measured total GSH values were expressed relative to protein concentration.

To generate a standard curve for the GSH assay, serial dilutions of reduced GSH standards (0 —
0.15 nM, Sigma) in ddH,O were added in triplicate (7.5 pl/well) to a black solid bottomed 96-
well plates. Collected TCA samples were also added in triplicate (7.5 pl/well) to the same
plate. Next, OPA (1 mg/ml) in methanol (15 pl/well) and phosphate/EDTA buffer (277.5
pl/well, KH,PO, 100mM, EDTA 10mM, pH 8.0) was added to each respective well and the
plate incubated under dark conditions at room temperature for 25 min. Fluorescence of OPA
(ex/em 340/420 nm) was measured using a fluorescence plate reader (Chameleon V, Hidex) and

GSH concentrations calculated with reference to the GSH standard curve (Figure 2.10).
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Figure 2.10 Representative GSH standard curve.

GSH standard curve was generated from fluorescence readings of GSH expressed relative to its known
concentrations (0 — 0.15nM GSH). The equation derived from the standard curve was then used to
calculate the concentration of GSH in samples run on the same plate as the standard curve.

2.3.15 Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Levels of mRNA for genes of interest in confluent bEnd.3 cells cultured in 6 well plates and
treated for 4h with sulforaphane (2.5 uM) or vehicle (0.01% DMSO) were determined by
quantitative reverse transcription polymerase chain reaction (QRT-PCR). Extraction of mRNA
was performed using a commercially available kit (Nucleospin 96-RNA, Macherey-Nagel,
Germany) as per the manufacturer’s protocol.. Cells were then washed twice with cold PBS at
4°C and lysed using kit lysis buffer (RA1, Macherey-Nagel, Germany) on ice (260uL/well).

Collected cell lysates were stored at -80°C until further processed for mRNA isolation.

2.3.15.1 Isolation of mRNA

Cell lysates were first diluted in a 1:1 ratio using kit RA4 buffer and transferred to the supplied
96-well spin column plate. The plate was centrifuged at 3700 rpm for 5 min at room
temperature to allow for the separation of nucleotides from other cellular components.
Nucleotides bound to a silica membrane in the spin columns were then desalted using kit RA3
wash buffer by centrifuging at 3700 rpm for 5 min at room temperature, after which, genomic
DNA was removed following incubation of the columns with DNase for 15 min at room

temperature. Columns were then washed successively with kit RA2 (5 min, 3700 rpm), RA3
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(5min, 3700 rpm) and RA4 (10 min, 3700 rpm) buffers at room temperature. Silica membranes
were finally incubated with 50uL. DNase RNase free water for 2 min at room temperature,

followed by centrifugation at 3700 rpm for a further 5 min to elute mRNA.
2.3.15.2 Assessment of RNA purity

The purity and concentration of mRNA samples were determined using the NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, USA), by measuring absorbance at 260nm (A ).
RNA concentration was determined on the assumption that 1 absorbance unit at A,q is equal to
40 ng/uL RNA. Purity of RNA, with respect to protein contaminants, was assessed following
determination of the ratio of absorbance at 260nm and 280nm (Aje/Asso), Where as
contamination by ethanol and guanidine was determined using the ratio of absorbance at 260nm
and 230nm (Aj60/Az30). Absorbance ratios of approximately 2.0 suggested good purity of RNA

isolated from cell extracts (Bustin et al., 2009).
2.3.15.3 Reverse Transcription to obtain cDNA

The isolated RNA (1 ng) was then reverse transcribed to cDNA using the High Capacity RNA
to complimentary DNA (cDNA) kit, as per manufacturer’s instructions (Applied Biosystems,
UK). A given amount of RNA was diluted in nuclease free water to obtain the final required
concentration. 10pL of RNA was mixed with 9uL 2x RT buffer and 1puL 20x buffer mix and
samples reverse transcribed using a thermal cycler (DNA Engine Tetrad 2 Peltier Thermal
Cycler) for 60 min at 37°C, followed by 5 min at 95°C and held at 4°C. Samples that
underwent thermal cycling in the absence of the reverse transcription active enzyme served as

the negative control. The generated cDNA was stored at -20°C, until required for qRT-PCR.
2.3.15.4 Quantitative polymerase chain reaction

Real time polymerase chain reaction (RT-PCR) was used to amplify and assess cDNA using a
SYBRGreen based PCR mix (Sinsi-Mic, SYBRgreen NO ROX, Bioline, UK). 10uL mastermix
for PCR reactions consisted of SuL Sensi-mix (SYBRgreen), 0.5uL primer against target gene
(10puM stock of forward and reverse primers), 2ul. nuclease-free water and 2uL. cDNA. The
CAS-1200 robot (Corbett Life Sciences, Australia) was used to aliquot and mix cDNA to the

PCR reaction mix.

cDNA was amplified using the Rotor-Gene 6000 system (Qiagen, UK) using a 3-step program
as follows; (1) samples were heated to 95°C for 10 min, activating the polymerase enzyme, (2)
samples were then subjected to 40 cycles of 95°C, to separate standard, 57°C for 15s to allow

for primer annealing and 72°C for 10s to allow for product amplification. Details of the primers
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used are summarised in Table 2.5. The RotorGene software was used to obtain a product melt
curve for each gene to confirm the presence of a single PCR product, and to ensure no primer-
dimer formation. RotorGene software was also used to transform the absorbance values to a

logarithmic scale, allowing for gene copy numbers to be obtained relative to the standard curve.

Copy numbes of target genes were adjusted relative to the geometric mean of 3 house-keeping
reference genes; Beta-2-M (B2M), ribosomal protein L13a (RPL13A) and succinate
dehydrogenase unit complex (SDHA). The stability of these reference genes was determined

using GeNorm v1.2 software (http://medgen.ugent.be/~~jvdesomp/genorm/), which analyses

and calculates a stability measure (M value) for reference genes by calculating the variation in
reference gene expression compared to other reference genes. An M value of <I.5 was
considered sufficient to be included in the final pairing analysis, after which GeNorm was used
to derive a normalisation factor based on the geometric mean of the reference genes included
(Vandesompele et al., 2002). The expression of target genes (copy numbers) derived for each
respective sample was then corrected by the corresponding normalisation factor, minising non-

biologica variations between the samples.
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Table 2.4 Primers used for q-RT-PCR
Target Gene Primer Sequence
Nrf2 F ACTCCCAGGTTGCCCACATTC
R CAGAGAGCTATTGAGGGACTGG
NQO1 F CCTTTCCAGAATAAGAAGACCTTGC
R GAAGCCACAGAAACGCAGGA
HO-1 F CAACATTGAGCTGTTTGAGGAG
R CTCTGACGAAGTGACGCCAT
Keapl F ATCTACGCAGTCGGGGGTTC
R CCCGCTCTGGCTCATATCTCTC
Bachl F CGGAAATCGAGAAGCTGCAAAG
R AAAAGGAAAGCGGGCAGTCG
GCLC F TACTGAATGGAGGCGATGTTCT
R GTCGGATGGTTGGGGTTTGT
GCLM F ACAATGACCCGAAAGAACTGCT
R GGGTGTGAGCTGGAGTTAAGA
SDHA F CAAAAACAGACCTGCGGCTT
R CTGGGTATTGAGTAGAAATTGCATC
B2M F GTCGCTTCAGTCGTCAGCA
R TTGAGGGGTTTTCTGGATAGCA
RPL13A F GAGGGGCAGGTTCTGGTATT
R CGGGAGGGGTTGGTATTCAT

Abbreviations: F, Forward; R, Reverse
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2.4 Oxygen and glucose deprivation studies in bEnd.3 cells

To assess whether protection to the cerebrovascular endothelium can be conferred by activation
of the Nrf2 defence pathway, following sulforaphane pre-treatment, an oxygen and glucose
deprivation (OGD) protocol was employed in bEnd.3 cells to simulate experimental ischaemia

and reperfusion injury in vivo.
2.4.1 Oxygen and glucose deprivation

Cells were seeded onto glass coverslips (one coverslip per 35mm petri dish) or 6 well plates and
when confluent, the DMEM growth medium was replaced with glucose free DMEM (A 14430,
invitrogen, UK) supplemented with 10% FCS, 4mM L-glutamine, penicillin (100 U/ml) and
streptomycin (100 pg/ml). Cells were placed in the modular incubator chamber (MIC-101,
Billups-Rothenberg Inc., USA) which was purged with 5% CO,, 95% nitrogen for 10 min,
following which the chamber was placed in the incubator at 37°C for 2,6, 8, and 12 hours.
Control experiments were also conducted by replacing the medium with 5.5mM glucose
DMEM supplemented with 10% FCS. Cells were placed in the incubator (in air, 5% CO,) at
37°C for 2, 6, 8 and 12 hours. Cells seeded on coverslips were used to assess cell death after
OGD (see section 2.3.13.1) and total protein lysates harvested for 6 well plates (see section

2.3.6) for analysis by immunoblotting (see section 2.3.10).
2.4.2 Assessment of cell death after oxygen and glucose deprivation

Cell death in bEnd.3 cells after OGD was assessed using a commercial apoptosis detection kit,
by which cells are stained with annexin V conjugated with FITC and ethidium bromide
homodimer III (PK-CA707-30017, PromoKine, Germany). Phosphatidylserine (PS) is a
phospholipid expressed on the cytoplasmic leaflet of the plasma membrane, but upon apoptosis
or necrosis, PS is exposed on the cell surface. Annexin V (member of the annexin family of
proteins) binds directly to PS, thus annexin V conjugated to FITC enables for the fluorescent
visualisaton of dead cells (Martin et al., 1995; Vermes et al., 1995). Ethidium bromide
homodimer III emits a fluorescent signal upon intercalating with nucleic acids, but is unable to
penetrate the membrane of living cells, thus, positive staining of cell nuclei indicates cell death
(Koopman et al., 1994). The nuclear stain DAPI was employed to stain the nuclei of all living
and dead cells, and ratio calculated for the number of dead against living cells based upon the

two respective nuclear stains.

After OGD, bEnd.3 cells cultured on coverslips were washed with twice kit 1X binding buffer
(100 pL) and incubated with annexin V (1:20 dilution) and ethidium bromide homodimer III
(1:20 dilution) in 1X binding buffer (30 pl per coverslip) in the dark for 15 min at room
temperature. Cells were then washed with 1X binding buffer and incubated with DAPI in 1X
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binding buffer (2 pg/mL, Sigma, UK) for 5 min at room temperature. Cells were viewed using a
Nikon diaphot microscope (Nikon, Japan) adapted for fluorescence and images were captured
using a cooled CCD camera (Hamamatsu, Japan) controlled by PC imaging software (Image

Hopper version 2,Samsara Research, Surrey, UK).
2.4.3  Sulforaphane pre-treatment of bEnd.3 cells prior to OGD

To assess whether sulforaphane pre-treatment affects cell viability and antioxidant protein
expression after OGD, confluent monolayers of bEnd.3 cells equilibrated in DMEM (5.5mM
glucose) supplemented with 10% FCS, were pre-treated with either vehicle (0.001% DMSO) or
SFN (2.5uM) for 12 h. DMEM was then replaced with glucose free DMEM (supplemented with
10% FCS) and cells deprived of oxygen for 2, 6, 8 and 12 h as described in section 2.4.1. Total
cell protein lysates were collected for analysis by Immunoblotting (See section 2.3.10) and cell

death was assessed as described in section 2.4.2.

2.5 Statistical analysis

All data presented in the thesis are a representative of a minimum of at least 3 experiments from
independent bEnd.3 cell cultures or individual rats, unless otherwise stated. Data is expressed as
mean = standard error of the mean (S.E.M) unless otherwise stated. Statistical analysis was
performed using either one-way or two-way analysis of variance (ANOVA) followed by Tukeys
post-hoc test using Graphpad Prism 6.0 Software. P<0.05 were considered statistically

significant and were labeled and defined within the corresponding figure legends.
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Chapter 3 — Development of a novel
immunohistochemical technique
using 3,3 ’-Diaminobenzidine
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Chapter 3  Development of a novel immunohistochemical technique using 3,3’-

diaminobenzidine

3.1 Introduction

Immunohistochemistry was first reported in 1941, although the technique has existed since the
1930°s. The first reported study using immunohistochemical techniques showed the use of
conjugated fluorescent antibodies to detect the expression of proteins in tissues ex vivo (Coons
& Kaplan, 1950). Graham and Karnovsky were the first to pioneer the use of 3°3-
diaminobenzidine (DAB) for immunohistochemical analysis of horseradish peroxidase (HRP)
absorption in the renal proximal tubule of mice (Graham & Karnovsky, 1966a). Interestingly,
DAB was used in the assessment of glomerular permeability following extravasation of HRP

(Graham & Karnovsky, 1966b).

Immunohistochemical methods, using DAB, have traditionally been employed for localization
of protein and examining organ permeability in pathological conditions. Results acquired using
this method only provide qualitative data on the localisation of proteins (Taylor & Levenson,
2006). Moreover, digital image acquisition enabled for semi-quantitation of DAB staining,
based upon the intensity of DAB staining on a pixel by pixel basis (Montgomery et al.,
2008;Kirkeby & Thomsen, 2005;Matkowskyj et al., 2000). Hitherto, protein measurement in
tissues has relied on the immunoblotting of whole tissue homogenates. Although
immunoblotting allows for the detection of global protein changes, cell specific changes cannot

be discriminated.

The development of the DAB polymer stain is dependent upon a chemical reaction between
DAB and H,0,, catalysed by HRP. Increased association of an HRP conjugated to a secondary
antibody will increase the final intensity of the DAB staining. However, the increased presence
of HRP also increases the rate of DAB polymer formation, which serves as an index of protein
content present in the tissue. Therefore, calculation of the rate of DAB polymer development
allows for true protein quantitation in ex vivo sections. Moreover, the application of
immunofluorescence and quantitative immunohistochemical techniques simultaneously allows
for: (1) the identification of cerebral cell types by fluorescence and (2) quantification of target

protein in defined cell structures using digital masking.

As mentioned previously, an objective of this project was to characterise the temporal, spatial
and cell specific distribution of the redox sensitive transcription factor Nrf2, following cerebral
ischaemia and reperfusion injury in rats. Immunoblotting techniques are unable to provide
sufficient resolution to address the objectives outlined in this project. However, the application

of immunofluorescence and immunohistochemical staining simultaneously, allowed for the
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quantitation of proteins in specific cerebral cell types as well as in different regions of the brain.
Thus, this chapter describes the development of a quantitative immunohistochemical technique,

using DAB to quantitate Nrf2 protein expression in ex vivo brain sections from rats.
3.2 Validation of the quantitative immunohistochemical technique

The immunohistochemical technique described in this chapter is a further advancement of the
technique developed by Gauden et al., where HRP was used as a fluid phase marker to
determine BBB permeability following ischaemic stroke in mice (Gauden et al., 2007). This
quantitative immunohistochemical technique has been extended to quantify HRP conjugated

secondary antibodies in ex vivo brain sections.

Proof-of principle experiments were conducted using known concentrations of bovine serum
albumin (BSA), to establish the relationship between primary and conjugated HRP secondary
antibodies (Figure 3.1). Production of the DAB polymer, following reaction with H,O, results
in the decrease of transmitted light that is able to pass through the tissue. Optical density is a
measure of the changes in transmitted light that passes through a brain section or gelatin block
section (10 pm), following production of the DAB polymer. Thus, calculating the initial rate of

change in optical density provides information on the initial rate of DAB polymer formation.

Optical density curves were generated following capture of the DAB-H,0, reaction in sections
from gelatin blocks embedded with a known concentration of BSA (Figure 3.1A). An increase
in the rate of the optical density curves is noted with increasing BSA concentration (Figure
3.1A). The initial portion of each optical density curve was then taken to signify the initial rate
of DAB polymer formation. Calculation of the regression co-efficient for the linear portion of
each optical density curve revealed a linear relation between the initial rate of DAB polymer

development and increasing BSA concentration in gelatin blocks (Figure 3.1B).
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Figure 3.1 Linearity of 3°3-diaminobenzidine (DAB) polymer formation against known
protein concentrations.

Frozen sections of 10uM thickness from porcine gelatin blocks containing a known concentration of
bovine serum albumin (BSA, 0 — 0.15 uM) were incubated with an anti-BSA primary antibody and
complimentary HRP conjugated biotinylated secondary antibody, and then treated with ABC solution.
(A) Sequential images of the reaction with the DAB-hydrogen peroxide mixture were captured and
analysed to determine the rate of change in optical density observed at each BSA concentration. Solid
black lines represent the linear portion of each curve used to determine the initial rate of reaction. (B) The
initial rate of optical density increase was linearly related to the BSA concentration. Data denote mean +
S.E.M, n = 4. Figure adapted from (Srivastava et al., 2013).
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33 Quantification of Nrf2 in ex vivo brain sections and segmentation

Proof-of-principle experiments in frozen gelatin blocks demonstrated the linear relationship
between the initial rate of DAB polymer development and protein content. Thus, the
quantitative immunohistochemical technique was employed to quantify the expression of Nrf2
in ex vivo rat brain sections. This quantitative immunohistochemical technique provides
enhanced resolution with information on the temporal, spatial, and cell specific distribution of a
protein of interest. To obtain such data following image acquisition of the DAB-H,0; reaction,
image processing was required to monitor Nrf2 levels present in the ex vivo brain section.
Furthermore, image segmentation was also employed to determine the cellular and endothelial

distribution of Nrf2 content.

3.3.1 Image processing to obtain quantifiable images

Following the preparation of rat brain sections for analysis by quantitative
immunohistochemistry, brain sections were reacted with the DAB-H,0, reaction mix, and
images acquired every 1s over a 100s duration. Image processing was required to determine the
levels of Nrf2 present in ex vivo brain sections following the generation of a DAB density map

highlighting Nrf2 localisation, and its levels of expression (Figure 3.2D).

The DAB density map was generated by applying the Beer-Lambert’s Law to the original image
sequence (Figure 3.2A), i.e. taking the log ratio of the first image to subsequent images. This,
generates a sequence of optical density images, whereby the development of bright regions over
time reveal areas of high DAB polymer formation (Figure 3.2B). The optical densities through
the stack for different regions (red square in Figure 3.2B) were corrected for residual, or
background DAB-H,0; reaction product development over the lumen of a cerebral microvessel,
which was free of tissue (green square in Figure 3.2B). The time courses for DAB polymer
development in the tissue (red line, Figure 3.2C) and the tissue-free region (blank, green line,
Figure 3.2C) were subtracted to give the resulting net production of DAB polymer in the tissue
(black line, Figure 3.2C). The linear portion of net DAB product development is demonstrated
by the black dotted line (Figure 3.2C). A linear regression of the sequence of optical density
images, which related to the linear portion of the DAB development curve, generated a spatial
map for Nrf2 expression (Figure 3.2D). Bright regions indicate high levels of Nrf2, whereas
dark regions indicate low levels of Nrf2. Furthermore, each individual pixel of the final Nrf2

spatial map coveys a value for the rate of DAB development that is used to quantify Nrf2 levels.
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Figure 3.2 Method for calculating the spatial concentration of Nrf2.

Frozen brain sections (10 pm) were incubated with anti-Nrf2 primary antibody and a complimentary HRP
conjugated secondary and treated with ABC solution. (A) Sequential images of the DAB-hydrogen
peroxide reaction were acquired over 110 s. (B) The images in the stack were analysed using the Beer-
Lambert Law to monitor the progression of DAB product development. (C) The net rate of DAB product
development was calculated from the difference between the tissue (red square) and the background
(green square). (D) The spatial localisation of Nrf2 was calculated on a pixel-by-pixel basis from the
images in the stack selected from the initial linear reaction shown in (C). (E) Black square (W) in brain
map represents the location of the acquired image. The scale bars denote 50um. Abbreviations: 1, image;
Iy, Initial image; I;; Image stack. Figure adapted from (Srivastava et al., 2013).

120



Chapter 3 - Quantifying Immunohistochemistry: Development of a technique

3.3.2 Image segmentation to quantify cellular and endothelial Nrf2

Image segmentation was used to quantify Nrf2 levels in all cerebral cells and also the cerebral
endothelium. Fluorescence images of cellular nuclei, stained by DAPI, and the cerebral
endothelium, stained with anti-rat endothelial cell antigen 1 (RECA1) and complimentary
fluorescent secondary antibody, were captured before reacting the brain section with DAB-
H,0,. The captured fluorescence images were used to define the cellular distribution of Nrf2
levels and to generate a Nrf2 spatial map, (see Figure 3.2D). Furthermore, brain sections were

also stained with glial fibrillary associated protein (GFAP), a marker of astrocytic processes.

To monitor the cellular distribution of Nrf2 in rat brains, the acquired fluorescence DAPI image
(shown as blue in Figure 3.3A) was used to generate a digital mask (Figure 3.3C). This digital
mask was superimposed on to the Nrf2 spatial map, shown in Figure 3.3B, to identify nuclear
Nrf2 content (Figure 3.3D). Note, that warmer pseudo colours on the Nrf2 spatial map indicate
high levels of Nrf2, whereas cooler pseudo colours show lower Nrf2 expression. The DAPI
image was also used to define the cytoplasm for each identified nuclei. A 4pm ring was
digitally drawn around each nuclei to define its cytoplasm, which was used to determine
cytoplasmic Nrf2 content (Figure 3.3E). A 4um ring was estimated to define the cytoplasm of
each cell and hence selected to minimise overlap between adjacent cells. Nuclear segmentation
was used to determine the nuclear to cytoplasmic distribution of Nrf2, with the sum of these

components providing the total cellular Nrf2 content.

Endothelial Nrf2 content was determined in a similar manner using nuclear segmentation.
Endothelial structures were segmented from the Nrf2 spatial map (Figure 3.4 A), using the
respective fluorescence (RECA-1) image for the endothelium (Figure 3.4 B). A digital mask
was generated and superimposed over the Nrf2 spatial map, highlighting the endothelial Nrf2
content (Figure 3.4 C).
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Figure 3.3 Segmentation to identify nuclear and cytoplasmic Nrf2 content of all cells in
brain sections from rats.

(A) Composite image of the left-hand portion of the section in Fig. 3.2 A, with a fluorescence overlay of
nuclei stained with DAPI (blue) and astrocytes with GFAP (green). (B) Nrf2 image is scaled to a pseudo
colour map. (C) DAPI image of the nuclei was used to generate a mask that segmented the Nrf2
concentration in nuclei, as shown in panel (D). (E) Cytoplasm was taken to be a ring of 4 pm around each
nucleus. The combined nucleus and its cytoplasm were taken to represent a cell. Figure taken from
(Srivastava et al., 2013).
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Figure 3.4 Segmentation to identify endothelial Nrf2 content in brain sections from rats.
(A) Spatial map of Nrf2 distribution is scaled to pseudo colour map. (B) Fluorescence image of RECA1
was used to generate an endothelial mask. (C) Endothelial mask was superimposed on panel (A) to
segment and show endothelial Nrf2 content. Scale bars represent Sum.
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34 Technical problems encountered during technique development

Although Sections 3.2 and 3.3 demonstrate a working technique and how cellular and
endothelial Nrf2 contents were determined (shown in Chapter 4 and Chapter 5), a significant
amount of time was required to resolve the technical difficulties encountered during

development. This section describes the steps taken to resolve these issues.
3.4.1  Mounting of brain sections on glass slides

The success of this quantitative immunohistochemical technique was dependent on the stability
of ex vivo brain sections on glass slides. The brain has a high fatty acid content, thus affecting
the adherence of brain sections to glass slides. Brain sections from naive and MCAo rats were
obtained at a thickness of 10um using a cryostat and mounted onto glass slides. Initially, brain
sections were mounted onto uncoated glass slides and left to dry at room temperature for 24 h
and then prepared for analysis by quantitative immunohistochemistry following incubation with
primary antibodies overnight. However, this lead to the destabilization of brain sections with
subsequent lifting off the glass slide. Poly-L-Lysine coating of glass slides increased stability of
the section on the glass slides due to increased electrostatic coupling. Mounting of brain
sections onto commercially available poly-I-lysine coated glass slides (Thermo Scientific)
however failed to improve the adherence and stability of brain sections. Mounting brain sections
on Superfrost Plus glass slides, which have a permanent positive charge, significantly improved

the stability of sections and prevented them from lifting off during incubations.

3.4.2  Preservation of cerebrovascular endothelial staining in ex vivo brain sections for

fluorescence identification during DAB

As mentioned previously in Section 3.3.2, fluorescence images of the endothelium were used to
map endothelial distribution of Nrf2, following the generation of a digital endothelial mask. To
generate a reliable endothelial mask, good staining of the endothelium is required, however, if
fluorescence signal is weak, then the generated mask will not be fit for purpose. The cerebral
endothelium was identified by fluorescence following staining of brain sections with a mouse

RECAT1 primary antibody and anti-mouse Alexa Flour 555 (red, Figure 3.5).

Cerebral vessels were identified under bright-field microscopy, combined with the circular
arrangement of DAPI stained nuclei (Figure 3.5). Very little staining of the cerebral
endothelium was observed in coronal rat brain sections that were mounted on to Superfrost Plus
glass slides (Figure 3.5A). To improve endothelial staining, and prevent movement of the brain
section, upon application of the DAB-H,0, reaction mix (see Section 3.4.4), glass slides were
pre-treated with formal saline prior to mounting of coronal brain sections. Although formalin

pre-treatment of slides did not prevent movement of the brain section upon application of the
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DAB-H,0, reaction mix, endothelial staining was improved significantly (Figure 3.5B).
Fluorescence images revealed greater endothelial staining around the vessel lumen, along with

increased detection of the endothelium in the tissue specimens (Figure 3.5B).

3.4.3  De-stabilisation of ex vivo brain sections following hydrogen peroxide quench

Prior to incubation of brain sections with primary antibodies, sections were prepared for the
DAB-H,0, reaction by quenching endogenous peroxidase activity with 0.3% H,O,. The
incubation of paraformaldehyde fixed coronal rat brain sections with 0.3% H,O; resulted in
effervescence, originating from the brain section, as shown in Figure 3.6. White arrows indicate
the area of bubble formation within the captured field of view. Notably, the formation of
bubbles affected the adherence of brain sections to the glass slide, reducing section stability and

allowing the tissue section to lift off during subsequent incubations.

The H,O; concentration was reduced 10-fold to 0.03%, however, following incubation with
brain sections, bubbling was still observed (data not shown). As quenching of endogenous
peroxidase activity with H,O, destabilised brain sections, a commercially available endogenous
peroxidase block (Bloxall, Vector Laboratories) was trialed. Incubation of brain sections with
Bloxall did not cause the production of effervescence from the sections (data not shown).
Moreover, the adherence of brain sections to the glass slide was not affected by subsequent

incubations.
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Figure 3.5 Detection of cerebral endothelial staining before and after formalin pre-
treatment of slides.

Coronal brain sections (10pm) mounted on either (A) Superfrost Plus glass slides, or (B) formalin pre-
treated Superfrost Plus glass slides. Brain sections adhered to both types of glass slides, as observed
following bright-field microscopy (left panel). Sections were stained for nuclei with DAPI (blue, middle
panel) and the cerebral endothelium with mouse anti-RECA1 primary and donkey-anti mouse Alexa
Fluor 555 (red, right panel). Scale bar represents 10um.
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3.4.3  Movement of brain sections during capture of the DAB reaction

As mentioned previously, the quantitation of DAB immunohistochemistry is dependent on
captured changes in optical density, resulting from production of the DAB polymer. Changes in
optical density, caused by factors other than the production of the DAB polymer, will influence

the result and mask possible findings related to protein levels in the ex vivo section.

After the capture of fluorescence images, ex vivo brain sections were reacted with the DAB-
H,0, reaction mix and a sequence of images captured. Analysis of the sequence of images
revealed movement in the brain tissue upon application of the DAB-H,0, reaction mix (Figure
3.7). Movement was observed immediately after application of the DAB-H,0, reaction mix
(Figure 3.7A) and continued for the duration of the capture (Figure 3.7B and C). The red line,
shown in Figure 3.7, outlines the vessel lumen wall. With increasing time, the wall pulls away
from the red outline indicating movement. Furthermore, the white arrows demonstrate
movement observed in areas of the tissue further away from the lumen. This thus indicates that
movement of the tissue is widespread and not localised to specific regions. Upon quantitative
analysis of the optical density, the pseudo colour image of the resulting Nrf2 spatial map

indicates warm colours around the vessel wall (Figure 3.7B).

This provides evidence that movement of the tissue influences the final quantitative analysis. As
movement of the tissue was only observed upon application of the DAB-H,0, reaction mix, the
components of the commercially available reaction mixture were applied separately and images
captured at 1s intervals for a total of 100s. This revealed that application of the DAB alone
caused tissue movement (data not shown). Furthermore, pre-incubation of ex vivo brain sections
with DAB alone prevented movement of the brain section following application of the DAB-
H,0, reaction mix. Although pre-incubation of brain tissue with DAB eliminated tissue
movement, DAB was able to react with endogenous peroxides, allowing for the formation of the

DAB-polymer.

3.4.4  Ascorbic acid quench of tissue prior to the capture of DAB reaction for quantitative

analysis

Although movement of the brain section was eliminated, DAB pre-treatment resulted in partial
staining of the tissue, masking DAB production upon application of the DAB-H,0, reaction
mix (data not shown). The brain consists of high levels of endogenous peroxides, which reacts
with DAB, generating the brown coloured DAB polymer. Pre-treatment of brain sections with

DAB, in the presence of 1mM ascorbic acid, eliminated movement and prevented partial
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staining of the tissue (data not shown). This resulted in the acquisition of a sequence of images,

quantifiable for Nrf2 in different sub-cellular compartments and cerebral cell types.
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3.5 Discussion

Immunohistochemical techniques have primarily been used to provide qualitative data regarding
protein expression in ex vivo tissue sections. Sophisticated imaging packages are only able to
provide semi-quantitative data, based upon the intensity of staining, determined on a pixel-by-
pixel basis. This chapter reviews the development of a quantitative immunohistochemical
technique to provide true quantitation of protein levels in ex vivo brain sections. The validated
quantitative immunohistochemical technique is employed in subsequent chapters to examine the
temporal and spatial distribution of Nrf2 following ischaemia-reperfusion injury and

sulforaphane treatment in rats.

3.5.1 Semi-quantitative versus true-quantitation

Immunohistochemistry using DAB is a widely employed technique for studying the expression
of proteins in tissues (Graham & Karnovsky, 1966a). Immunohistochemical staining has been
widely used as a qualitative research tool to examine the expression and cellular localisation of
proteins. With the development of quantitative imaging packages, an increasing number of
immunohistochemical stains are being quantified. However, such quantitation measures the
intensity of staining on a pixel-by-pixel basis (Toyokuni et al., 1997; Matkowskyj et al., 2000).
Although such information will inform the user of the variation in protein expression from one
region to another, true protein content cannot be determined. Such immunohistochemical stains
are used routinely in the clinical setting to detect proteins in tissue biopsies from patients,
serving as biomarkers of disease states (Rizzardi et al., 2012). Commonly used methods to
semi-quantitate findings from immunohistochemical staining are (1) to either count the number
of cells positive for the target protein (Tanaka et al., 2011) and (2) to digitally quantitate the
final DAB staining on a pixel-by pixel basis (Rizzardi et al., 2012). Using both methods of
quantitation, human error will affect the final result, in either counting the number of positive
cells or in drawing the region of interest. Moreover, imaging software only detects regions of
intense DAB staining, hence limiting quantification of the area where low levels of DAB

staining are observed.

The production of the brown coloured DAB polymer is dependent upon a biochemical reaction
between DAB and H,0,, catalysed by HRP (Nakane & Pierce, 1966). The number of catalytic
sites available determines the intensity of DAB staining, whereby, the greater the number of
catalytic sites, the greater the intensity of the stain. Based on this principle, our proof-of-
principle experiments, using known concentrations of BSA in gelatine blocks, demonstrates and
increasing rate of DAB polymer formation with increasing protein concentration. Furthermore,

the present experiments in gelatine blocks established a linear relation between the protein
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concentration and initial rate of DAB polymer formation (Figure 3.1). This finding validates
that development of the DAB polymer provides a direct read-out of protein content, and thus

can be used to quantitate protein levels in ex vivo tissue sections.
3.5.2  Advantages and disadvantages of the quantitative DAB technique

The quantitative immunohistochemical technique discussed in this chapter is an advancement of
the technique reported by Gauden et al. Brain sections from mice subjected to experimental
stroke were assessed for changes in cerebral microvascular permeability, following the injection
of the fluid phase marker HRP (Gauden et al, 2007). Within a research environment, the
employment of such a technique will save on costs compared to magnetic resonance imagining
(MRI). Furthermore, ex vivo brain sections from such animals may be used to assess both
permeability, and the expression of target proteins by immunofluorescence, reducing the
number of animals required for a particular study. However, considerable time is invested in
sectioning, staining, reacting ex vivo sections with DAB-H,0, and image processing. Hence the
amount of time spent to obtain the final result may be out weighed by high throughput methods
such as MRI.

The simultaneous application of immunofluorescence and quantitative immunohistochemistry
protocols has allowed direct protein quantitation in the whole tissue, and specific cerebral cell
types. Although immunoblotting protocols are able to show global changes in protein
expression, sufficient resolution is not available to detect cell specific responses, highlighting

the advantages of the DAB-H,0, immunohistochemical technique.

Although true quantitation of protein content can be obtained using the quantitative
immunohistochemical technique, only one section can be analysed at a time for a particular
region of interest. Immunofluorescence staining and end-point immunohistochemistry allows
for the detection and semi-quantitation of protein content in all regions of interest from one
section. Thus, multiple sections are required for data analysis using the DAB-H,O;

immunohistochemical technique.

As mentioned previously, the cellular content of proteins was determined by summing the
values of DAB polymer development in both nuclear and cytoplasmic compartments. The
current analysis assumes that all cells lie in one plane; however, the true orientation of cerebral
cells is unknown. Furthermore, it is evident from stained nuclei that some nuclei lie in close
proximity to one another. In this instance, a drawn cytoplasmic ring may not accurately
differentiate between nuclear and non-nuclear regions, as cytoplasmic regions from two cells
may overlap. Therefore, it will be necessary to improve the analysis to detect true cell

orientation and exclude overlapping cytoplasmic and nuclear regions.
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This developed immunohistochemical technique allows the user to obtain quantitative data for a
protein of interest. Moreover, with the application of appropriate cell markers, one is able to
quantitate protein content in specific cell types. However, the preparation, staining and analysis
of sections requires a significant amount of time, with section movement and/or loss of sections
during antibody incubations and preparation of the DAB- H,O, reaction resulting in loss of data.
Therefore, this technique does not lend itself to a high-throughput for acquiring quantitative
measurements of protein content. However, as mentioned previously, this technique provides
valuable resolution to determine protein content in specified cell types along with measurements
of total nuclear to cytosolic content of transcription factors and/or other protein shuttled

between the nucleus and cytosol.
3.5.3  Movement of brain sections hindered the development of the technique

As discussed in this chapter, several technical difficulties were encountered during the
development of the immunohistochemical technique. The high levels of polyunsaturated fats
(PUFAs) in the brain affected adherence of coronal brain sections to plain glass slides. Thus,
considerable time was invested in selecting the appropriate glass slide to mount brain sections.
A major obstacle encountered during the development of this quantitative immunohistochemical
technique was the movement of the brain sections upon treatment with the DAB- H,0, reaction
mix. Brain sections have a high fat content, which hinders their attachment to the glass slide.
Although this problem was overcome with the use of Superfrost Plus glass slides, movement of
brain sections was still observed, until DAB itself was identified as the major cause for tissue
movement. Brains were excised from rats after transcardial perfusion with paraformaldehyde.
The cause of this reaction remains to be elucidated, however, pre-incubation of sections with
DAB, in the presence ascorbic acid, prevented movement of the section during capture of the

DAB- H,0, reaction.
3.5.3 Image processing

To quantify cellular content of a target protein of interest, this technique relies upon image
processing to generate nuclear and cellular masks. The generation of any digital mask, whether
nuclear or cellular, is dependent upon the clarity of the raw image captured. An intense
fluorescence signal, for the desired cellular structure or compartment, ensures the generation of
an accurate digital mask. Prior to formalin coating of Superfrost Plus glass slides, a weak
fluorescence signal was acquired for endothelial staining (Figure 3.5A). Hence, to observe
endothelial staining, the exposure time (over which the image was captured) was increased.
However, the high exposure time also increased the background fluorescence captured. Under
such circumstances, a clear digital mask could not be generated for analytical purposes, and

hence such data sets were excluded from the study. Thus, the success of this technique is
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critically dependent on the generation of digital masks for the purpose of protein quantitation in
specific cerebral cell types and cellular structures. Failure to generate clear masks significantly

limits data analysis.

3.6 Summary and conclusions

In summary, this chapter describes the development of a novel method for quantifying protein
content in ex vivo tissue sections. For the purpose of this study, the quantitative
immunohistochemical study, demonstrated in this chapter, was developed using brain sections,
however, this technique is applicable to ex vivo sections from other tissues. Compared to
immunoblotting protocols, this immunohistochemical technique provides the user with
sufficient resolution to detect (1) cell specific protein content, (2) area(s) of protein expression

and (3) quantitate protein levels expressed in given cells in the tissue specimen.

In following chapters, the quantitative immunohistochemical technique was employed to study
Nrf2 protein content in brain sections from rats either subjected to MCAo and reperfusion injury
(Chapter 4) and following pretreatment with dietary isothiocyanate sulforaphane (Chapter 5).
Further experiments were also conducted in naive rats treated with sulforaphane to monitor the
time course of expression of Nrf2 and its target heme oxygenase-1 (Chapter 5). Furthermore,
co-application of immunofluorescence and quantitative immunohistochemistry has enabled us
to report on Nrf2 levels in the infarct core and peri-infarct regions of the stroke-affected
hemisphere, noting that such spatial resolution cannot be obtained using immunoblotting

techniques.

Hence, to conclude, we have developed the first truly quantitative immunohistochemical
technique, to examine the temporal and spatial analysis of protein expression in ex vivo brain
sections. This technique is not limited to the study of ex vivo brain sections, but may also be

used to analyse protein expression in other ex vivo tissue specimens.
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Chapter 4 Nrf2 and ARE-linked protein expression in rat brains after MCAo injury
4.1 Introduction

Brain damage following ischaemic stroke is the result of a series of pathophysiological
mechanisms (Dirnagl et al., 1999; Candelario-Jalil, 2009), including an excess production of
ROS and RNS, with severe consequences for the viability of cells critical for brain function and
cerebrovascular permeability (Alfieri et al., 2011; Chen et al., 2011; Fraser, 2011; Woodfin et
al., 2011). The brain is at an increased risk of oxidative damage due its high demand for
oxygen, high metabolic activity, increased content of unsaturated fatty acids and low
intracellular antioxidant capacity (Shohami et al., 1997; Ozkul et al., 2007; lkonomidou &
Kaindl, 2011).

The redox sensitive transcription factor Nrf2 orchestrates the expression of endogenous
antioxidant defences against oxidative and nitrosative stress via the upregulation of phase II
detoxifying enzymes and antioxidant stress proteins (Ishii et al., 2000). Although activation of
Nrf2 has been reported to attenuate brain damage and neurological deficits following stroke
(Shah et al., 2007; Yang et al., 2009; Alfieri et al., 2011; Kam et al., 2011; Tanaka et al., 2011),
there are no reports that have quantified the temporal and spatial distribution of Nrf2 in nuclear

and cytoplasmic compartments of cells in the ischaemic brain.

This chapter investigates the temporal and spatial distribution of Nrf2 in rat brains after MCAo
and reperfusion injury, using the novel quantitative DAB immunohistochemical technique
described in Chapter 3. In addition, Nrf2-linked antioxidant protein expression was investigated

in ex vivo brain sections using immunofluorescence techniques.

4.2 Identification of contralateral and stroke-affected hemispheres in ex vivo rat brain
sections

To assess the success of the transient MCAo surgery and identification of the stroke-affected

hemisphere, protein expression of GFAP was assessed in 10um brain sections from naive

animals (n=3) and animals subjected to 70 min MCAo followed by reperfusion for either 4h

(n=3 animals), 24h (n=3) or 72h (n=3). GFAP expression is increased in astrocytes “activated”

in neurodegenerative diseases and also in stroke.

Figure 4.1 (left panel, 1) shows representative images of ex vivo brain sections stained for GFAP
using the DAB-H,0, staining method and captured using a digital camera (Nikon DXM-
1200C). Captured images were used to generate pseudo colour maps highlighting the extent of

damage following 70 min MCAo and 4 — 72h reperfusion injury (Figure 4.1, right panel, ii).

137



Chapter 4 - Nrf2 and antioxidant protein expression in rat brains after MCAo injury

Low expression of GFAP is noted in naive animals (Figure 4.1 A), however, increased GFAP
staining is observed in ex vivo brain sections from animals subjected to 70 min MCAo and
reperfusion injury (Figure 4.1 B — D). Moreover, GFAP staining is observed only in the right
hand side hemisphere of the brain, thus identifying this as the stroke-affected hemisphere. After
4h reperfusion injury GFAP expression is varied throughout the stroke-affected hemisphere
(Figure 4.1 Bi). Following 24h reperfusion injury a prominent upregulation of GFAP is visible
in the right hemisphere (Figure 4.1 Ci), which is similar after 72 h reperfusion injury (Figure 4.1
Di). The pseudo colour maps for GFAP staining in ex vivo whole brain sections demonstrate a
time dependent increase in GFAP protein expression following MCAo and reperfusion (Figure

4.1 B - Dii).

The stroke-affected hemisphere comprises of necrotic tissue, which forms the infarct core.
Tissue at an increased risk of death upon reperfusion injury is defined as the peri-infarct region.
GFAP is upregulated on astrocytes as a protective response to form a glial scar to prevent the
volume of tissue damage from increasing. Due to the varied expression of GFAP after 4h
reperfusion injury, the stroke core and peri-infarct regions could not be defined. GFAP
expression may be the limiting factor in the identification of the peri-infarct and infarct core
regions following 70 min MCAo and 4h reperfusion. The use of other immunohistochemical
markers, such as microtubule-associated protein 2 (MAP2) may have allowed for delination of

infarct core regions.

Fluorescence staining for GFAP in brain sections from animals subjected to 70 min MCAo and
24 h reperfusion injury revealed increased expression in a ring-like structure surrounding an
area where little or no GFAP expression was detected (Figure 4.2). Thus, the infarct core was
defined as an area where no GFAP expression was detected. Furthermore, peri-infarct regions
were defined as areas where an increase in GFAP expression surrounded the infract core and

cerebral cortex of the stroke-affected hemisphere.
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Figure 4.1 Identification of the stroke-affected hemisphere in ex vivo rat brain sections.

Coronal brain sections (10 pm) were stained with anti-GFAP primary antibody and visualised by DAB
immunohistochemistry. Representative photographs of DAB staining for GFAP in brain sections from
(A) naive rats and in rats subjected to 70 min MCAo and (B) 4h, (C) 24h and (D) 72h reperfusion injury
(Left-hand panel, i). Pseudo colours maps from the captured DAB stained images showing the extent of

damage following MCAo and reperfusion injury (right-hand panel, ii). Cooler colours designate areas of
intense GFAP staining.
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Figure 4.2 Identification of core and peri-infarct regions in the stroke-affected hemisphere
after 70 min MCAo and 24h reperfusion injury.

Coronal brain sections (10um) were stained with rabbit anti-GFAP primary antibody and donkey anti-
rabbit Alexa-fluor 488 conjugated secondary antibody and visualised by fluorescence microscopy.
Representative image of the whole brain generated by tiling captured images. The area of GFAP
expression is observed in the right hemisphere. The red line indicates the region where an increase in
GFAP is observed. Upregulated GFAP expression surrounds an area in the centre where no staining is
detectable, which is defined as the infarct core in this study. Scale bar represents 2000 pm.
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4.3 Temporal changes in nuclear to cytoplasmic ratio of Nrf2 following MCAo and

reperfusion

Nrf2 protects of the brain against ischaemia-induced oxidative stress, however, to understand
and define the temporal and cellular distribution of Nrf2 within the brain following MCAo and
reperfusion injury, quantitative immunohistochemistry was employed to measure Nrf2 protein
content in different cellular compartments (nuclear and cytoplasmic) as well as different
cerebral cell types. Furthermore, based on the anatomical knowledge of the ischaemic brain
depicted in Figure 4.2, the temporal and spatial distribution of Nrf2 was also defined in core and
peri-infract regions of the stroke affected hemisphere and contralateral regions of ischaemic

brain following MCAo and 4 — 72h reperfusion injury.

4.3.1 Time course of nuclear to cytoplasmic distribution of Nrf2 after ischaemia and

reperfusion injury

Nrf2 translocates to the nucleus following increased oxidative or electrophilic stress,
upregulating the expression of antioxidant proteins and phase II detoxifying enzymes (Ishii et
al., 2000; Ishii et al., 2004). The distribution of Nrf2 between nuclear and cytoplasmic
compartments was assessed in ex vivo brain sections from rats subjected to 70 min MCAo and
reperfusion injury. Pseudo colours images of Nrf2 expression were generated using the
quantitative immunohistochemical technique, where warmer pseudo colours indicate regions of
high Nrf2 expression. Low expression of Nrf2 was detected in the naive brain (Figure 4.3 A),
however, following 70 min MCAo and reperfusion, a visual increase is noted after 4h
reperfusion (Figure 4.3 B) with highest levels of Nrf2 protein expression observed after 24h
reperfusion (Figure 4.3 C) compared to 72h reperfusion injury (Figure 4.3 D). The use of a
digital nuclear mask generated from the complimentary DAPI image allowed us to determine
the nuclear localisation of Nrf2. Compared to nuclei identified in naive sections (Figure 4.3 B),
increased nuclear localisation of Nrf2 was observed following MCAo and reperfusion injury
(Figure 4.3 B-D), with a peak in nuclear Nrf2 content detected after 24h reperfusion injury
(Figure 4.3 C). Furthermore, after 4h and 72h reperfusion injury, increased Nrf2 levels were
detected in the cytoplasmic compartment, as indicated by the warmer pseudo colours
surrounding the nuclei represented in purple (Figure 4.3 B and D). Staining for Nrf2 in
cytoplasmic compartments was higher after 24h reperfusion compared to 4h and 72h
reperfusion (Figure 4.3 C). Warmer pseudo colours detected in nuclear structures indicate

greater nuclear Nrf2 content after 24h reperfusion injury.
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Figure 4.3 Nuclear and cytoplasmic distribution of Nrf2 in the stroke-affected hemisphere
following 70 min MCAo and reperfusion injury.

Coronal rat brain sections (10 um) were incubated with rabbit anti-Nrf2 primary antibody and anti-rabbit
biotinylated secondary antibody. Sections were reacted with DAB-H,0, and images captured to quantify
Nrf2 expression in ex vivo brain sections from (A) naive animals and animals subjected to 70 min MCAo
and (B) 4h, (C) 24h or (D) 72h reperfusion injury. Pseudo colour images were generated for Nrf2
expression in ex vivo brain sections following quantitative DAB (Left panels). Nuclear structures are
represented in purple to highlight cytoplasmic distribution of Nrf2 (Center panels). A nuclear mask was
generated using the respective DAPI stained image and superimposed on the pseudo colour image for
Nrf2 demonstrating nuclear distributon of Nrf2 (Right panels). Scale bar represents Sum. (E) Brain map
showing the location of acquired images shown in A-D.
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The nuclear to cytoplasmic ratio of Nrf2 was determined for each identified cell in brain
sections from animals subjected to 70 min MCAo and reperfusion injury. Nuclear to
cytoplasmic ratios greater than 1.0 indicate increased nuclear Nrf2 content, whereas values less
than 1 indicate greater cytoplasmic Nrf2 content. After 4h reperfusion injury, no difference was
observed between nuclear to cytoplasmic ratio of cells in the stroke-affected hemisphere and
contralateral hemisphere (Figure 4.4 A), and furthermore, Nrf2 content was greater in
cytoplasmic compartments (ratio < 1.0). Following 24h reperfusion injury, the nuclear to
cytoplasmic ratio for Nrf2 was greater in the stroke-affected compared to the contralateral
hemisphere (ratio >1.0), however, an increase in nuclear Nrf2 was noted in cells identified in
both hemispheres (Figure 4.4 B). After 72h reperfusion injury, the nuclear to cytoplasmic ratio

for Nrf2 was similar in cells in contralateral and stroke-affected hemispheres (Figure 4.4 C).

The mean nuclear to cytoplasmic ratio of Nrf2 was determined on a per cell and per animal
basis (Figure 4.5). Although the trend of Nrf2 nuclear to cytoplasmic ratio was similar between
the two analyses, no significance was noted on a per animal basis. Nuclear to cytoplasmic Nrf2
ratio was similar in contralateral (0.96 + 0.09, n=3 animals) and stroke-affected hemispheres
(0.95 + 0.04, n=3 animals) after 4h reperfusion injury. Following 24h reperfusion injury, the
mean nuclear to cytoplasmic ratio of Nrf2 increased compared to animals subjected to 4h
reperfusion injury, with increased nuclear localisation in the stroke-affected hemisphere (1.08 +
0.04, n=3 animals) compared to the contralateral hemisphere (1.01 + 0.02, n=3 animals),
however results were not statistically significant. After 72h reperfusion injury, no difference
was noted in the nuclear to cytoplasmic ratio between contralateral (0.95 + 0.05, n=3 animals)
and stroke affected (0.96 + 0.03, n=3 animals) hemispheres, and moreover, mean values were
similar to those observed in brain sections from animals subjected to 4h reperfusion injury.
Furthermore, no statistical significance was noted between the mean nuclear to cytoplasmic
Nrf2 ratio for the control group (0.95 + 0.01, n=5 animals) compared to any experimental group.
As no difference was observed in Nrf2 nuclear to cytoplasmic ratios between sham and naive

rats (data not shown), the data was combined and shown as the control group.
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Figure 4.4 Temporal changes in nuclear to cytoplasmic distribution of Nrf2 in brain cells

examined after 70 min MCAo and reperfusion injury.
The nuclear to cytoplasmic ratio of Nrf2 was determined for each respective cell defined by the nucleus

and a 4pum ring taken to be its respective cytoplasm. Histograms show the nuclear to cytoplasmic ratio of
the redox sensitive transcription Nrf2 in the contralateral (white) and stroke-affected (black) hemispheres
after MCAo and (A) 4 hours reperfusion injury (1580 cells from contralateral and 2633 cells from the
stroke-affected hemisphere) (B) 24 hours reperfusion injury (1675 cells from contralateral and 1194 cells
from stroke-affected regions) and (C) 72 hours reperfusion injury (1168 cells from contralateral and 1725
cells from stroke-affected regions). Data attained from brain sections from n=3 animals per group, with
sections obtained from the forebrain to midbrain of MCAo animals. The stroke bars represent cells
counted in the peri-infarct, infarct core and cortex of the stroke-affected hemisphere.
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Figure 4.5. Summary of nuclear to cytoplasmic ratios of Nrf2 after MCAo and
reperfusion.

Summary of mean cellular nuclear to cytoplasmic Nrf2 ratio in the control animals (n = 3199 cells) and in
the contralateral, and stroke-affected hemisphere of animals subjected to 70 min MCAo and reperfusion
injury for 4h (n = 1580 cells in contra, and 2633 in stroke-affected hemisphere), 24h (1194 cells in contra,
and 1675 cells in stroke-affected hemisphere) or 72h (1168 cells in contra and 1725 cells in stroke-
affected hemisphere). The mean ratio for nuclear to cytoplasmic Nrf2 was calculated on (A) a per cell
basis or (B) per animal basis (n = 5 animals per control group, and n = 3 animals per experimental group).
Data denote mean + S.E.M, *** P<0.001, { P<0.01 and ¥ P<0.001 versus control brains. Coronal brain
sections used for analysis were obtained from the forebrain to midbrain of MCAo animals. The stroke
bars represent cells counted in the peri-infarct, infarct core and cortex of the stroke-affected hemisphere.
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4.3.2 Spatial distribution of Nrf2 protein content in contralateral, core and peri-infarct

regions of the ischaemic rat brain

Nuclear translocation of Nrf2 is critical in the upregulation of Nrf2-linked regulated antioxidant
genes. Activation and stabilisation of Nrf2 is required for accumulation within the cell and
nuclear translocation, The time course of Nrf2 activation and its cellular distribution within the

brain was determined brain after MCAo and reperfusion injury.

The quantitative immunohistochemical technique was employed to quantify total cellular Nrf2
levels following determination of Nrf2 content in nuclear and cytoplasmic compartments. Based
on GFAP staining of astrocytic activation after MCAo and reperfusion, cellular Nrf2 content
was determined in peri-infarct and infarct core regions of the stroke-affected hemisphere from
brains subjected to reperfusion for either 24 or 72h. Pseudo colour images were generated
following the capture and quantitation of the DAB-H,0, reaction to visually represent Nrf2
expression within the ischaemic rat brain (Figure 4.6). Warmer pseudo colours indicate higher
expression of Nrf2. After 4h reperfusion, an increase in Nrf2 expression was observed in the
stroke-affected hemisphere compared to contralateral regions (Figure 4.6 A). Following 24h
reperfusion, Nrf2 expression was detected in peri-infarct and infarct core regions of the stroke-
affected hemisphere, with a notable increase in Nrf2 expression observed in peri-infarct regions
of the stroke-affected hemisphere compared to the infarct core and contralateral regions (Figure
4.6 B). Notably, staining for Nrf2 was greater in the contralateral region in sections from
animals subjected to 70min MCAo and 24h reperfusion compared to animals subjected to 4 and
72h reperfusion (Figure 4.6 A and B). Furthermore, it was interesting to note that staining for
Nrf2 protein remained elevated in peri-infarct regions compared to the infarct core after 72h
reperfusion injury (Figure 4.6 C). Interestingly, a clear decrease in Nrf2 staining is observed in

peri-infarct regions between 24h and 72h (Figure 4.6 B and C).
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Figure 4.6 Distribution of Nrf2 in sub-anatomical regions of the ischaemic brain following
MCAo and reperfusion injury.
10um coronal brain sections from rats subjected to MCAo and reperfusion injury were incubated with

rabbit anti-Nrf2 primary antibody and anti-rabbit biotinylated secondary antibody. Incubated sections
were reacted with DAB-H,0, and images captured to quantify Nrf2 expression in ex vivo brain sections.
Pseudo colour images were generated to show Nrf2 expression in the contralateral hemisphere and stroke-
affected hemisphere following (A) 70 min MCAo and 4h reperfusion injury and in the contralateral
hemisphere and the peri-infarct and infarct core regions of the stroke-affected hemisphere following 70
min MCAo and (B) 24h and (C) 72h reperfusion injury. Scale bar represents Spm. Brain maps show the
location of acquired images from the contralateral hemisphere (M), stroke affected hemisphere (W), and
peri-infarct (M) and infarct core (M) of the stroke affected hemispheres in rats subjected to 24h and 72h

reperfusion after 70 min MCAo.
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Total cellular Nrf2 content was determined by assessing Nrf2 localised in the nucleus, using a
nuclear mask generated from the respective DAPI image, and a 10pm ring drawn around each
nuclei to define its respective cytosol. The values for Nrf2 localised in each respective
compartment were summed to give a value for total cellular Nrf2 content. Histograms were
drawn showing the Nrf2 content in each identified cell in brain sections from animals subjected
MCAo and reperfusion injury for 4h, 24h and 72h (Figure 4.7). After 4h reperfusion injury, a
slight increase in cellular Nrf2 content was noted in cells resident in the stroke-affected
compared to the contralateral hemisphere (Figure 4.7 A), however, following 24h reperfusion
injury, a dramatic increase was observed in Nrf2 content in cells in stroke-affected regions.
Moreover, Nrf2 content was greater in cells identified in the peri-infarct region compared to the
infarct core. After 72h reperfusion, cellular Nrf2 content decreased in the infarct core to levels
observed in the contralateral region (Figure 4.7 C). A notable decrease in cellular Nrf2 content
in the peri-infarct region was also observed after 72h reperfusion compared to 24h, however,
Nrf2 levels remained elevated in the peri-infarct regions compared to the infarct core and

contralateral regions (Figure 4.7 C).
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Figure 4.7 Total cellular distribution of Nrf2 content after 70 min MCAo and reperfusion
injury.

The total cellular Nrf2 content was determined for each cell by summing of Nrf2 contents in nuclei and
their respective cytoplasm. Histograms show the total Nrf2 content in each identified cell following 70
min MCAo and (A) 4h (1619 cells in contralateral and 2642 cells in stroke affected hemisphere), (B) 24h
(1675 cells in contralateral, 924 cells in peri-infarct and 370 cells in infarct core), and (C) 72h reperfusion
injury (1168 cells in contralateral, 943 cells in per-infarct and 622 cells in the infarct core). Total cellular
Nrf2 content was measured in contralateral regions (blue) and in the stroke-affected hemisphere (black)
following 4h reperfusion injury, and in peri-infarct (green) and infarct core (red) regions of the stroke-
affected hemisphere following 24h and 72h reperfusion injury. The cells analysed are form cronoal
section obtained from the forebrain to the midbrain of MCAo animals (n = 3 animals per experimental

group).
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The mean Nrf2 content was determined on a cellular and per animal basis. Although a similar
trend is observed for both mean Nrf2 content after-both analyses, the observed standard error

and the levels of significance are different between the two sets (Figure 4.9).

The mean Nrf2 content per cell in stroke and contralateral brain hemispheres for each individual
animal subjected to 70 min MCAo and 4, 24, or 72h reperfusion injury was calculated.
Following 4h reperfusion injury, cellular Nrf2 content in the contralateral hemisphere (0.21 +
0.07 (s x10%)", n=3 animals) was similar to that observed in control brains (0.28 £ 0.08 (s x10°)
! n=5 animals), however, a significant increase in Nrf2 content is observed in the stroke-
affected hemisphere (0.51 + 0.06 (s x10%)", n=3 animals) after 4h reperfusion (Figure 4.8 A and
Figure 4.9 B, P<0.001). Notably, the significance of this trend is greater when mean cellular

Nrf2 content was calculated (P<0.001, Figure 4.9 A).

After 24h reperfusion injury, total cellular Nrf2 content was significantly elevated in the peri-
infarct region (1.35 % 0.14 (s x10°)", n=3 animals) compared to the infarct core (0.68 + 0.14 (s
x10*)", n=3 animals, P<0.01) and contralateral regions (0.38 + 0.13 (s x10°)", n=3 animals,
P<0.001, Figure 4.7 B and Figure 4.9 B). Statistical analysis of mean cellular Nrf2 revealed the
same level of statistical significance between all regions of the ischaemic brain following 24h

reperfusion injury (P<0.001, Figure 4.9 A).

After 72h reperfusion injury (Figure 4.7 C and Figure 4.9 B), cellular Nrf2 content remained
significantly elevated in the peri infarct region (0.85 % 0.05 (s x10°)", n=3 animals) compared to
the infarct core (0.41 + 0.02 (s x10°)", P<0.01, n=3 animals) and contralateral (0.37 + 0.06 (s
x10%)", P<0.01, n=3 animals) brain regions. Cellular analysis yielded similar results, although
statistical significance was greater between the two compared groups (P<0.001, Figure 4.9A).
Furthermore, it is noteworthy that cellular Nrf2 content in the infarct core was similar to

contralateral regions after 72h reperfusion (Figure 4.9).
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Chapter 4 - Nrf2 and antioxidant protein expression in rat brains after MCAo injury
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Figure 4.9 Summary of temporal and spatial changes in total cellular Nrf2 content in
brain cells following MCAo and reperfusion injury.

Bar graphs show the summary of mean Nrf2 content, determined on a (A) per cell, or (B) per animal basis
in control rats and in the contralateral, and stroke-affected regions of rats subjected to 70 min MCAo and
reperfusion injury. (A) Mean Nrf2 content per cell from different brain regions was determined using
1500 — 3000 cells from 5 animals in the control group and 3 animals per experimental group. Data denote
mean + S.E.M., ¥** P<0.001. (B) Mean Nrf2 content per animal was determined from different brain
regions. Data denote mean = S.E.M., n=5 animals in control group and n=3 animals per MCAo
experimental group * p<0.05, **p<0.01, *** p<0.001, T p<0.05 peri-infarct vs infarct core following 24h
reperfusion injury, I p<0.01 peri-infarct vs infarct core following 72h reperfusion injury. Coronal brain
sections used for analysis were obtained from the forebrain to midbrain of MCAo animals. The stroke
bars represent cells counted in the peri-infarct, infarct core and cortex of the stroke-affected hemisphere
in animals subjected to 4h reperfusion after MCAo.
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4.3.3  Endothelial specific distribution of Nrf2 following MCAo and reperfusion injury

Stroke research has focused on the role and importance of Nrf2 mediated protection in
astrocytes and neurons, however, little is known regarding the expression of Nrf2 within the
cerebrovascular endothelium and furthermore, the time course of Nrf2 expression in the
endothelium following stroke. Low levels of Nrf2 were detected in the cerebrovascular
endothelium of brain sections from naive animals (Figure 4.10 A). However, in rats following
70 min MCAo and 4h reperfusion injury, an increase in endothelial Nrf2 expression was noted
in both contralateral and stroke-affected regions (Figure 4.10 B). This increase in endothelial
Nrf2 was greater in the stroke-affected regions following 24h reperfusion injury, and more so in
peri-infarct regions compared to the infarct core (Figure 4.11 A). An increase is also noted in
endothelial Nrf2 content in stroke-affected regions following 72h reperfusion injury (Figure

4.11 B).

Histograms demonstrate a trend for an increase in endothelial Nrf2 content, similar to that
observed for all cerebral cells (Figure 4.12). The trend of endothelial Nrf2 content was similar
between contralateral and stroke-affected hemisphere after 4h reperfusion injury (Figure 4.12
A). Notably, endothelial Nrf2 content was greater in the peri-infarct region of the stroke-affect

hemisphere compared to the infarct core or contralateral regions (Figure 4.12 B and C).

Quantitation of endothelial Nrf2 content per RECA1 positive region revealed an increase in
levels in the contralateral (0.63 £ 0.03) and stroke-affected hemisphere (1.03 = 0.03) compared
to control (0.18 + 0.01) after 4h reperfusion injury (Figure 4.13 A). Endothelial Nrf2 content
was greater in the peri-infarct (1.32 £ 0.02) and infarct core (0.80 £ 0.02) compared to
contralateral regions (0.38 + 0.01) after 24h reperfusion injury (Figure 4.13 A). Endothelial
Nrf2 content decreased in all regions of the ischaemic brain after 72h reperfusion injury,
however maintained a similar trend with increased endothelial Nrf2 content noted in the peri-
infarct (0.70 = 0.02) and infarct core (0.41 + 0.01) compared to the contralateral region (0.30 +
0.01, Figure 4.13). A similar trend for endothelial Nrf2 content was also noted following

analysis on a per animal basis, however no significance was observed.
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Figure 4.10 Endothelial distribution of Nrf2 in naive animals and after 70 min MCAo and
4h reperfusion injury.

Endothelial distribution of Nrf2 was determined in ex vivo coronal brain sections (10 pm) from (A) naive
animals or after (B) 70 min MCAo and 4h reperfusion injury. Nrf2 content was determined using
quantitative immunohistochemistry and pseudo colour images generated to show expression of Nrf2 in
brains sections (Left panel). Fluorescence images of the endothelium were captured following staining
with mouse anti-RECA1 primary antibody and donkey anti-mouse Alexa-fluor 555 (Middle panel).
Captured fluorescence endothelial images were used to generate an endothelial mask, which was
superimposed onto the Nrf2 image to show Nrf2 distribution in the cerebrovascular endothelium (Right
panel). Scale bar represents Sum. Black squares (W) in brain maps show the location of acquired images.
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Chapter 4 - Nrf2 and antioxidant protein expression in rat brains after MCAo injury

Figure 4.11. Endothelial distribution of Nrf2 in animals subjected to 70 min MCAo and 24h or
72h reperfusion injury.

Endothelial distribution of Nrf2 was determined in 10um ex vivo coronal brain sections from rats subjected to 70
min MCAo and (A) 24h or (B) 72h reperfusion injury. Nrf2 content was determined using quantitative
immunohistochemistry and pseudo colour images generated to show expression of Nrf2 in brains sections (Left
panel). Fluorescence images of the endothelium were captured following staining with mouse anti-RECAI
primary antibody and donkey anti-mouse Alexa-fluor 555 (Middle panel). Captured fluorescence endothelial
images were used to generate an endothelial mask, which was superimposed onto the Nrf2 image to show Nrf2
distribution in the cerebrovascular endothelium (right panel). Scale bar represents Sum. Black squares (W) in the
brain maps show the location of acquired images. Note that panel A is shown on page 159, and panel B on page
160.
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Figure 4.12 Temporal changes in endothelial Nrf2 content after MCAo and reperfusion
injury.

Histograms show the Nrf2 content in endothelial positive structures, in stroke-affected regions and the
contralateral hemisphere in animals subjected to 70 min MCAo and (A) 4h (n = 211 RECAL positive
regions in contra and 388 in stroke affected hemisphere), (B) 24h (255 RECAI1 positive regions in
contralateral, 130 in infarct core and 147 in peri-infarct regions) and (C) 72h reperfusion injury (239
RECA1 positive regions in contra, 296 in infarct core and 96 in peri).
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Figure 4.13 Summary of temporal changes in endothelial Nrf2 content after MCAo and
reperfusion injury.

Bar graphs show the summary of mean endothelial Nrf2 content, determined (A) per RECALI positive
region, or (B) per animal in control rats and in the contralateral, and stroke-affected regions of rats
subjected to 70 min MCAo and reperfusion injury. (A) Mean endothelial Nrf2 content from different
brain regions was determined using 96 — 400 RECA1 positive regions from 5 animals in the control group
and 3 animals per experimental group. Data denote mean + S.E.M., *** P<0.001. Note that statistical
significance is observed amongst all brain regions (contralateral, infarct core and peri infart) in animals
subjected to 24h and 72h reperfusion, and between contralateral and stroke-affected hemisphere in
animals subject to 4h repeffusion injury. (B) Mean endothelial Nrf2 content per animal was determined
from different brain regions. Data denote mean + S.E.M., n=5 animals in control group and n=3 animals
per MCAo experimental group.
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4.4 Induction of Nrf2-mediated proteins following MCAo and reperfusion injury

The time dependent expression of Nrf2 after MCAo and reperfusion injury was established in
Section 4.3. As Nrf2 confers protection by upregulating the expression of antioxidant and phase
II detoxifying enzyme, the expression of Nrf2-linked antioxidant proteins following MCAo and
reperfusion injury in rat brains was assessed by immunofluorescence in ex vivo brains sections
using basic fluorescence and confocal microscopy. Fluorescence studies of the expression of
Nrf2 mediated proteins in ex vivo rat brain sections were done in collaboration with Dr Alessio

Alfieri, King’s College London.

4.4.1 Induction of HO-1 following MCAo and reperfusion injury

Rat brain sections (50um) were examined for HO-1 expression following MCAo and
reperfusion injury using confocal microscopy. An increase in HO-1 protein expression was
detected in the stroke-affected hemisphere following MCAo and 24 or 72h reperfusion injury
(Figure 4.14 A). Furthermore, following 24h reperfusion injury, HO-1 expression was observed
surrounding the infarct core, as highlighted by co-staining with GFAP (Figure 4.14 A).
Interestingly, HO-1 expression was detected in both peri-infarct and infarct core regions of the
stroke-affected hemisphere after 72h reperfusion injury. Analysis of immunofluorescence
intensity revealed a significant upregulation of HO-1 protein localised in peri-infarct regions
after 24 and 72h reperfusion compared to the infact core and contralateral regions of the
ischaemic brain. Though a general trend of greater HO-1 expression is also noted in the infarct

core following 24 and 72h reperfusion injury, this increase was not significant (Figure 4.14 B).

Induction of HO-1 following MCAo and reperfusion injury was also assessed around identified
cerebral microvessels and associated astrocytes by immunofluorescence staining. An increase in
HO-1 induction was noted around cerebral microvessels identified within the peri-infarct
region, after 70 min MCAo and 24h reperfusion injury (Figure 4.15 A). Brain sections were co-
stained with cell markers for the endothelium by RECAI1 and astrocytes by GFAP. Co-
localisation was assessed following fluorescence intensity profiling, which is a measure of the
fluorescence intensity for multiple channels recorded at any one pixel (Figure 4.15 B). HO-1
immunofluorescence co-localised predominantly with GFAP staining, indicating increased
presence of HO-1 within astrocytes (Figure 4.15 B). Furthermore, co-localisation of HO-1 with
astrocytes was significantly greater than in the cerebrovascular endothelium following 70 min

MCAo and 4h (P<0.01) and 24h (P<0.05) reperfusion injury (Figure 4.15 C).

163



Chapter 4 - Nrf2 and antioxidant protein expression in rat brains after MCAo injury

~

HO-1+GFAP

HO-1+GFAP
B 1500 -
. [ Contralateral

.g‘ %‘ 3 Infarct core *xff

s c Peri-infarct

g g 1000+ @l Peri-infarc

S's w

3 c

£ o

E g 500- # i

33 i

e

0 .

I+R 4h I+R 24h I+R 72h

Figure 4.14 Induction of HO-1 following MCAo and reperfusion injury.

50pum coronal ex vivo brain sections from rats were incubated with anti-HO-1 primary antibody and
donkey-anti rabbit 488 secondary antibody (green). Sections were also co-stained for GFAP (purple) to
indicate area of stroke-affected damage. (A) Representative confocal images of HO-1 induction after 70
min MCAo and 24h (top panel, scale bar represents 200um) or 72h reperfusion injury (bottom panel,
scale bar represents 50 um). White arrows indicate regions of HO-1 induction. (B) Temporal and spatial
quantification of HO-1 fluorescence intensity in the contralateral hemisphere and infarct core and peri-
infarct regions of the stroke affected hemisphere after 70 min MCAo and 4 — 72h reperfusion injury. Data
denote mean = S.E.M. * P<0.05 and ** P<0.01 versus contralateral hemisphere and # P<0.05 and ##
P<0.01 versus infarct core. Figure taken from (Alfieri et al., 2013).
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Figure 4.15 Expression of HO-1 in the neurovascular unit of peri-infarct cerebral
microvessels after MCAo and reperfusion injury.

(A) Representative confocal images of cerebral vessels identified in peri-infarct regions of the ischaemic
brain. Sections were co-stained for HO-1 (Green), the endothelial marker RECA1 (upper panel, red) and
the astrocyte marker GFAP (lower panel, red). Merged images also show DAPI staining for nuclei (blue).
White arrows indicate areas of HO-1 association with respective cell markers in merged images. Scale bar
represents 10 um. (B) Representative trace of fluorescence intensity profile across the identified cerebral
microvessel in area indicated by dotted white line in (A). (C) Correlation coefficients of HO-1
fluorescence intensity in endothelium, identified by RECAL1, and astrocytes, identified by GFAP. Data
denote mean + S.E.M. * P<0.05 and ** P<0.01. Figure taken from (Alfieri et al., 2013).
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4.4.2  Induction of Prx-1 expression following MCAo and reperfusion injury

The expression of Prx1, an Nrf2 regulated protein was assessed by immunofluorescence in
10pm coronal brain sections from rats subjected to 70 min MCAo and 24 h reperfusion injury.
Expression of Prx1 was detected in brain sections from naive rats, (Figure 4.16 A) with stronger
staining for Prx1 detected in the stroke affected-hemisphere (Figure 4.16 C). A significant
increase in Prxl was also noted in the contralateral hemisphere compared to naive rats
(P<0.001, Figure 4.16 B). Quantification of fluorescence intensity for Prx1 revealed a
significant increase in Prxl in the contralateral and stroke-affected hemisphere compared to
naive (P<0.001, n=3 animals per experimental group). Although a slight increase in Prx1
expression is noted in the stroke-affected hemisphere, this trend in increase was not

significantly increased in comparison to Prx1 levels detected in the contralateral hemisphere.
4.4.3  Induction of NQOI in the rat brain after MCAo and reperfusion injury

Nuclear translocation of Nrf2 results in the upregulation of genes consisting of the ARE within
its promoter region. In this chapter, the expression of HO-1 and Prx1 has been assessed
following 70 min MCAo and reperfusion injury. NQO1 is a phase 11 detoxifying enzyme that is
regulated by Nrf2, however little is known regarding its expression following ischaemia and
reperfusion injury. Hence the expression of NQO1 expression was assessed by
immunofluorescence in 10 pm coronal brain sections from naive rats and after 70 min MCAo

and 24h reperfusion injury.

Expression of NQOI1 is detected in brain sections from naive animals (Figure 4.17 A) and
furthermore, similar levels of NQO1 fluorescence intensity is observed in the contralateral
hemisphere of animals subjected to 70 min MCAo and 24h reperfusion injury (Figure 4.17 B).
NQOL1 expression is greater in the stroke-affected hemisphere (Figure 4.17 C) compared to the
contralateral hemisphere and in naive brains (Figure 4.17 A-C). Quantification of fluorescence
intensity revealed a significant increase in NQO1 protein expression in the stroke-affected
hemisphere compared to the contralateral hemisphere (P<0.05) and naive rats (P<0.01, Figure

4.17 D).
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4.5 Discussion

This chapter investigated the time and spatial distribution of the redox sensitive transcription
factor Nrf2 in an experimental model of ischaemia and reperfusion injury in male Sprague
Dwaley rats. A novel immunohistochemical technique (described in Chapter 3) has enabled (i)
quantitation of Nrf2 in nuclear and cytoplasmic compartments of brain cells, and (ii) changes in
the spatial distribution of Nrf2 content in brain cells and cerebral endothelium after ischaemia
and reperfusion injury. Furthermore, Nrf2 mediated upregulation of antioxidant stress proteins
after ischaemia and reperfusion injury was assessed using fluorescence and confocal

microscopy.

4.5.1 The use of quantitative immunohistochemical and immunofluorescence techniques

Quantitative immunohistochemistry and immunofluorescence techniques have been employed
to present the findings shown in this chapter. However, it must be stated that Nrf2 was only
studied using the quantitative immunohistochemical technique; where as Nrf2-linked proteins
were only studied using immunofluorescence. A disadvantage of the quantitative
immunohistochemical technique is that only one brain section can be used to “quantify” protein
content in one specific brain region at a time. The quantitative immunohistochemical technique
however, provides sufficient resolution to observe and quantitate protein expression in different
regions of the ischaemic brain and in different cerebral cells types. Western blots are unable to
provide the same level of resolution and only convey information of global protein changes,
thus demonstrating the advantages of the quantitative immunohistochemical technique.
Furthermore, the ability of the immunohistochemical technique to distinguish protein content
between nuclear and cytoplasmic compartments is advantageous in understanding the time-
course of cellular distribution and allowing for detection of the nuclear accumulation of the

redox sensitive transcription factor Nrf2 after ischaemia and reperfusion injury.

The quantitative immunohistochemical technique was also a viable method for studying the
expression of Nrf2-mediated genes in ex vivo brain sections from rats. However, as described in
chapter 3, section availability was limited due to the amount of tissue that was initially required
to resolve the movement of brain sections observed during capture of the DAB-H,0, reaction.
Thus, immunofluorescence was adapted to observe the expression of Nrf2-linked proteins after
stroke and furthermore, to undertake co-localisation studies to identify cerebral cell types

responsible for the expression of Nrf2-linked proteins, as discussed further in Section 4.5.7.
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4.5.2  Reproducibility of stroke damage following MCAo and reperfusion injury

The transient MCAo and reperfusion injury model of ischaemic stroke was employed in this
study. Though the initial aims of the study were designed for a mouse model of stroke, our
collaboration with Dr Mike Modo, IOP, King’s College London, enabled us to undertake
training in rats, providing our group with the necessary surgery expertise and the experience
required to understand the skill required for the MCAo surgery. Access to the rat model of
MCAo surgery also gave us the material required to troubleshoot the quantitative
immunohistochemical protocol developed in chapter 3, and to design working protocols for
immunofluorescence studies of Nrf2-linked proteins. It must be noted that the majority of rat
brains used in this studied were provided by Dr Alessio Alfieri, Cardiovascular Division, King’s
College London. However, all experimental protocols were planned and discussed in detail with

Dr Alfieri and the supervisory team.
4.5.3 MCAo surgery: Limitations and Reproducibility

The middle cerebral artery occlusion model is widely used in stroke research and is
representative of occlusive stroke experienced by humans. Hence, the experimental stroke
model employed in this study is dependent on the occlusion of the middle cerebral artery using
an intraluminal silicon coated filament. Occlusion of blood flow, as detected by laser Doppler or
a similar set-up, would inform the operator of the successful occlusion of the MCA. As no
access to such equipment was available, the operator was dependent on (i) measuring the
distance of filament advancement through the common carotid artery, and (ii) pushing the
filament as far as possible until the occluding filament could not be advanced further. However,
displacement of the intraluminal filament by the operator may result in the partial MCAo.
Furthermore, variable length of the internal carotid artery, from animal to animal, will impact

the final length required of the occluding filament.

Hence, as there were no means in place to assess reproducibility of MCAo in rats,
reproducibility of the stroke model in vivo was assessed using two methods; (i) neurological
behavioural assessment and (ii) staining for activated astrocytes, indicating the area of damage.
Behaviour of each animal after MCAo surgery was measured on a global neurological scale to
assess neurological function, which included righting reflex, spontaneous motility, horizontal
bar test and grasping reflex. The behavioural assessment of animals after MCAo surgery was
conducted by Dr Alessio Alfieri, Cardiovascular Division, King’s College London. This data is

presented in Appendix Figure 5 (Alfieri ef al., 2013).
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Another technical limitation of this presented study is owed to availability of coronal brain
sections for ex vivo analysis. As discussed in Chapter 3, a high percentage of material was used
to successfully resolve the problem of tissue movement during the DAB-H,0, reaction capture.
This, however, limited the number of coronal 10um brain sections available for analysis by,
either quantitative DAB immunohistochemistry or immunofluorescence, for Nrf2 and its
mediated proteins. Furthermore, no other stroke brains were available for sectioning and
consequent analysis. Hence, to limit the effects of cerebral anatomical variations in studying
Nrf2 protein expression following stroke, 10um coronal brain sections from the forebrain were

used from all stroke brains.

The study of Prx1 and NQO1 by fluorescence in 10pm brain section, however, was conducted
in sections obtained beyond the mid-brain. As the extent of damage induced after MCAo and
reperfusion injury, is not equal throughout the brain, this may affect the observed protein
expression. The HO-1 data presented and discussed in this chapter was obtained from 50pm
brain sections, analysed by Dr Alessio Alfieri, Cardiovascular Division, King’s College
London. Once again, the limited availability of matched-stroke brain sections inhibited the
analysis of HO-1 protein in 10um brain sections. However, employment of 50um coronal brain
sections allowed for confocal analysis to understand cell-specific HO-1 expression in greater

depth.
4.5.4  Statistical analysis of summarised data

The summarised data, shown in this chapter, has been calculated as mean animal (n=3-5
animals per experimental group), and mean cellular Nrf2 ratio or content (n=200-3000 cells
from 3 — 5 animals per experimental group). Mean Nrf2 ratio and content was calculated on a
cellular basis, demonstrating the possibility of extracting protein data at a cellular level in ex
vivo sections using the quantitative DAB-immunohistochemical technique. Although the trends
for Nrf2 ratio and content were similar, statistical significance was lost on a per animal basis.
Variations in results between animals following stroke maybe owed to, (i) the degree of
ischaemic insult, (ii) the area of the brain used for analysis, and (iii) number of nuclei identified

per section. In retrospect, on a per animals basis, this study was underpowered.
4.5.5 Expression of Nrf2 in the ischaemic brain

The present findings provide the first documentation of the temporal and spatial distribution of
Nrf2 following experimental stroke in rodents. The redox sensitive transcription factor Nrf2 is
important in protecting the brain parenchyma following stroke, as previous studies have shown

that Nrf2 KO mice exhibit a significant increase in cerebral infarction volume compared to wild
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type mice subjected to either transient occlusion of the MCA (Shah et al., 2007; Wang et al.,
2012; Li et al., 2013), or permanent occlusion (Shih ef al, 2005). Activation and nuclear
accumulation of Nrf2 are required for the upregulation of endogenous antioxidant stress
proteins and phase II detoxifying enzymes to restore redox homeostasis (Ishii ez al., 2000; Ishii

et al., 2004; Motohashi & Yamamoto, 2004; Alfieri et al., 2011; Taguchi et al., 2011).

From the presented data in this chapter, it is interesting to note a decrease in the nuclear to
cytoplasmic distribution of Nrf2 in the stroke-affected hemisphere following 4h reperfusion
injury (Figure 4.5), which suggests an increase Nrf2 protein synthesis upon reperfusion and
greater cytoplasmic Nrf2 content (Figure 4.5). Kwak and colleagues have demonstrated the
presence of an ARE in the promoter sequence of the Nrf2 gene following overexpression of
Nrf2 in primary murine keratinocyte PE cells measuring Nrf2 promoter-luciferase reporter
activity (Kwak et al., 2002). Overexpression of a mutant form of Nrf2 protein in cells did not
increase the Nrf2 promoter-luciferase reporter activity (Kwak ef al., 2002), confirming a role for

Nrf2 in mediating an increase in Nrf2 protein.

The present study identified Nrf2 levels in cells identified with in the stroke-affected compared
to the contralateral hemisphere after 24h reperfusion injury (Figure 4.5). After 72h reperfusion
injury, a decrease in the nuclear Nrf2 content was observed with elevated levels in the
cytoplasm, suggesting possible shuttling of Nrf2 from the nucleus. The mechanisms regulating
the export of Nrf2 out of cellular nuclei following a stroke remains to be elucidated, however,

the involvement of BACH1 in regulating nuclear translocation of Nrf2 may be speculated.

Nuclear to cytoplasmic Nrf2 ratio conveys information on the amount of Nrf2 present within the
nucleus compared to its respective cytoplasm, but does not provide information on the total
Nrf2 content within cerebral cells after ischaemia and reperfusion injury. Hence, nuclear and
respective cytoplasmic contents for Nrf2 were summed, giving a value for total cellular Nrf2
content. Previous histological studies indicated an increased number of cells were positively
stained for Nrf2 in the peri-infarct region of the stroke-affected hemisphere in mice subjected to
60 min transient MCAo and 8h reperfusion injury (Tanaka et al, 2011). Moreover,
immunofluorescence studies in rats subjected to 60 min MCAo and 24h reperfusion injury
revealed an increase in Nrf2 staining in microglia, neurons and astrocytes in the peri-infarct
region of the stroke-affected hemisphere (Dang et al., 2012). Interestingly, neither study
identified the presence of Nrf2 positive staining in cells within the infarct core (Tanaka et al.,
2011; Dang et al., 2012). In this chapter, the presence of Nrf2 within the infarct core is shown,
thus demonstrating the sensitivity of our novel immunohistochemical technique compared to

previously used methods of detection. However, to further validate the Nrf2 antibody used in
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this study, it would be important to stain sections from Nrf2” animals subjected to MCAo and

reperfusion, to obviate non-specific antibody binding in the infarct core.

A significant increase in total cellular Nrf2 content was observed in both peri-infarct regions
and infarct-core of the stroke-affected hemisphere after 24h reperfusion injury (Figure 4.7 B),
which decreased after 72h reperfusion injury (Figure 4.7 C). These findings suggest that,
compared to the infarct core, cells in the peri-infarct region have an elevated antioxidant
capacity, enabling them to counteract the increased oxidative stress experienced after ischaemia
and reperfusion injury. Notably, cellular Nrf2 content in the infarct core after 72h reperfusion
injury was similar to levels observed in the contralateral hemisphere, however, peri-infract
levels of Nrf2 remained elevated, albeit to a lesser extent than after 24h reperfusion (Figure 4.8
D). This suggests that, protective mechanisms maybe activated by Nrf2 at later time-points, to
afford protection to the brain against reperfusion induced oxidative stress. Interestingly, a
previous study highlighted a time-dependent increase in Nrf2 mRNA and protein, with peak
expression noted after 24h in rats subjected to permanent MCAo (Yang et al., 2009). The data
presented by Yang and colleagues supports our findings of increased Nrf2 protein content in the
rat brain following stroke, however, differences in the models of experimental stroke employed

(permanent vs transient MCAo) may underlie varying mechanisms of Nrf2 activation.
4.5.6  Activation of Nrf2 in cerebrovascular endothelial cells

This chapter further focused on changes in endothelial specific Nrf2 levels following 70 min
MCAo and reperfusion injury in rats. The DAB-H,0O, immunohistochemical technique was
used to detect Nrf2 in the cerebrovascular endothelium of brains subjected to MCAo and
reperfusion injury (Figure 4.9 and 4.10). Furthermore, the detection and increase in endothelial
Nrf2 content within the stroke-affected hemisphere suggests Nrf2 is mediating protective
responses in the cerebrovascular endothelium. Upon further resolution of the spatial distribution
of endothelial Nrf2, elevated levels were observed in peri-infarct endothelium following 24 and
72h reperfusion (Figure 4.11). These finding further highlight in brain regions at an increased
risk of death following reperfusion injury, Nrf2 is active in the endothelium to upregulate Nrf2-
mediated defences, protecting the integrity of the blood brain barrier and the brain milleu. The
cerebrovascular endothelium, a component of the blood-brain barrier, is required for protection
of the neurovascular unit, brain parenchyma and maintaining an optimal environment for brain
function (Abbott et al, 2006; Alfieri et al, 2011; Lehner et al, 2011). Increased
cerebrovascular permeability visualised after a stroke is due to the breakdown of the blood-brain
barrier and cerebrovascular endothelial cell contraction following increased oxidative stress

(Abbott et al., 2006; Lehner et al., 2011). Although, cerebrovascular permeability is increased
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following stroke in Nrf2 knockout mice (Shih et al., 2005; Shah et al., 2007), there are limited
reports documenting a key role for Nrf2 in the cerebrovascular endothelium, highlighting the
need for current stroke-research to examine the importance antioxidant mechanisms for
protection of the cerebrovascular endothelium. Previous studies have failed to validate the
presence of Nrf2 within the cerebrovascular endothelium, however, immunofluorescence
studies in an en face preparation of the mouse aortic arch revealed the presence of Nrf2 in
endothelial cells in vivo. In this study, regions of laminar or “protective” flow were described as
athero-protective, and regions of disturbed or “oscillatory” flow were described as being athero-

prone (Dai et al., 2007).

Although previous studies implicate Nrf2 mediated protection in the ischaemic brain, the
present findings establish a time dependent activation and nuclear accumulation of Nrf2 after
stroke. Thus the presented data gives a clear indication that Nrf2 mediated protection may only
be afforded after 24h reperfusion injury, and not at earlier stages during reperfusion, necessary
for the protection of the blood-brain barrier. Tanaka et a/ have shown the time course of the
Nrf2 repressor protein, Keapl, in mice after MCAo and reperfusion injury (Tanaka et al., 2011).
A progressive decrease in the number of cells stained positively for Keapl, 2 — 24h after MCAo
in peri-infarct and infarct core regions of the stroke-affected brain (Tanaka et al., 2011).
Interestingly, Tanaka et a/ highlight an increase in Nrf2 positively stained cells, 8h after
reperfusion injury in peri-infarct regions (Tanaka et al., 2011). As highlighted previously, our
study shows a peak in Nrf2 protein content 24h after MCAo in rats. Thus suggesting that peak

Nrf2 levels in the brain are attained between 8 — 24h after reperfusion injury
4.5.7  Upregulation of HO-1 in the ischaemic brain

As reported previously, Nrf2 regulates the expression of antioxidant stress proteins and phase 11
detoxifying enzymes. This chapter focused on the expression of HO-1, NQOI and Prx1 after
experimental ischaemia and reperfusion injury. The HO-1 data presented in this chapter
obtained following the staining of 50um coronal rat brain sections and analysed by confocal
microscopy, allowed for in-depth analysis of cell-specific localisation of HO-1 by
immunofluorescence. Although induction of HO-1 following stroke has been reported, the time
course of its expression has not been investigated (Panahian et al., 1999; Fu et al., 2006; Satoh
et al., 2006; Saleem et al., 2008; Chen et al., 2012; Le et al., 2013). HO-1 expression was
increased in peri-infarct regions of the ischaemic brain, indicating activation of antioxidant
defence mechanisms to increase protection afforded in tissues or cells at an increased risk of
death upon reperfusion injury. Previous findings have provided important evidence for the role

of HO-1 meditated protection following stroke. HO-1 transgenic mice, compared to wild type
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mice, demonstrated significant reductions in cerebral damage following 6h or 24h permanent
MCAo, highlighting the important of HO-1 mediated neurovascular protection in the ischemic
brain (Panahian et al., 1999). Moreover, Shah and colleagues demonstrated an increased
cerebral infarct volume in HO-1 KO mice after permanent MCAo (Shah et al, 2011).
Furthermore, similar to the HO-1 findings in the present study, Moreira and colleagues reported
increased HO-1 expression in ipsilateral hemisphere of Wistar and Goto-Kakizaki rats subjected
to experimental ischaemia and reperfusion injury (Moreira et al., 2007). Interestingly, Moreira’s
findings also showed increased HO-1 expression in ipsilateral astrocytes, and furthermore,
reported increased astrocytic HO-1 around the lesion border (Moreira et al., 2007), supporting
our finding of HO-1 expression around the infarct core after 24h reperfusion injury. A similar
increase in glial HO-1 expression following experimental ischaemia and reperfusion injury in
SD rats has been reported by Matz and colleagues, (Matz et al., 1997), supporting the findings
presented in this chapter and suggesting an important role for astrocytes mediating protection to
the ischaemic brain (Alfieri et al., 2011). Geddes and colleagues provide more evidence of
increased astrocyte and neuron specific HO-1 expression after 24h reperfusion injury in rats,
and reported astrocyte specific HO-1 expression in the peri-infarct region (Geddes et al., 1996),
highlighting upregulation of antioxidant defence mechanisms in brain regions that are at an
increased risk of death following ischaemia and reperfusion injury. It is interesting to note that
HO-2 is not induced following experimental ischaemia and reperfusion injury (Geddes et al.,
1996; Sutherland ef al., 2009), which supports our published findings (Alfieri et al., 2013) and
further suggests that both HO-1 and HO-2 maybe regulated and activated independently to one

another.

Confocal analysis of HO-1 expression around cerebral microvessls in peri-infarct regions after
24h reperfusion injury revealed HO-1 association with astrocytic processes enveloping cerebral
endothelium (Figure 4.14). Though previous studies have not commented on HO-1 expression
around cerebral microvessels following stroke, increased HO-1 has been reported around
microvessels in naive spontaneously hypertensive rats (Ruetzler et al., 2001). Confocal analysis
of brain sections from animals subjected to 72h reperfusion also showed increased HO-1
expressed in microglia within the infarct core (Alfieri et al., 2013). Microglia are defined as the
resident immune cells of the brain that are activated in response to the development of a
neurodegenerative disease state (Nimmerjahn ef al., 2005). Furthermore, activated microglia
scavenge damaged neurons (Gehrmann et al., 1995), hence providing an explanation for the
detection of microglia within the infarct core. Interestingly, following traumatic brain injury in
rats, Liu and colleagues also reported a time-dependent increase in HO-1 positive microglia

present within the lesion area, supporting our observation following MCAo and reperfusion
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injury (Liu ef al., 2013a). The function of HO-1 positive microgila resident in the infarct core is
unknown, however, in a model of liver ischaemia-reperfusion injury, HO-1 overexpressing
macrophages attenuated apoptosis and conferred increased protection (Shen et al., 2011b). Thus
the findings presented in this chapter are consistent with data reported in the literature,

indicating an upregulation of HO-1 in the brain after stroke.
4.5.8 Upregulation of Prxl in the ischaemic brain

The antioxidant enzyme Prx1 functions to degrade hydroperoxides to water (Poynton &
Hampton, 2013), and is regulated by Nrf2 (Schreibelt et al., 2008; Hawkes et al., 2013). The
limited availability of 10um coronal brain sections for immunofluorescence analysis prevented
co-localisation studies for Prx1 with other cerebral cell-types, however, following 70 min
MCAo and 24h reperfusion injury, increased Prx1 is observed in stroke affected regions of the
ischaemic hemisphere, thus suggesting Prx1 may play a role in mediating protection to the
ischaemic brain (Figure 4.15). Limited literature is available regarding the expression of Prx1
post-stroke, however a human study identified a 20-fold increase in Prx1 protein in blood
samples of stroke patients (Dayon et al., 2011). Furthermore, proteomic analysis of
microdialysates from cerebral stroke patients revealed increased Prx1 expression in the infarct
core compared to peri-infarct regions (Dayon et al., 2011). Dayon et al have identified Prx1 as a
potential biomarker post-ischaemia, however, Shichita and colleagues support and provide
further evidence of upregulated Prx1 in the infarct core (Shichita et al., 2012a). The release of
Prxs from dying cells promoted activation of macrophages via toll like receptors 2 and 4 and
upregulates pro-inflammatory responses, however, antibody mediated suppression of Prxs
reduce IL-23 expression, providing evidence that Prxs mediating pro-inflammatory processes
post-ischaemia (Shichita et al., 2012a). Hence this data strongly suggests a paradoxical scenario

for the role of Prx mediated protection in the ischaemic brain.

In vitro overexpression of Prxl or Prx2 in neuronal cultures subjected to oxygen glucose
deprivation and re-oxygenation attenuated increases in ROS generation, reduced OGD induced
DNA-damage and neuronal cell death (Leak ef al., 2013). Moreover, Prx2 transgenic mice
subjected to transient MCAo exhibited reduced infarct volume and increase neurological
recovery (Gan et al., 2012). Interestingly, the expression of Prx1 has been widely noted in the
rat nervous system, with evident staining of Prx1 in astrocytic end feet of naive rat brains
(Mizusawa et al., 2000). In this study, we were unable to study the expression of Prx1 in the
cerebral endothelium due to the limited availability of sections. Previous studies have, however,

reported Prx1 mediated protection against ROS, in rat brain endothelial cells (rBEC4) in vitro
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(Schreibelt ef al., 2008). This therefore suggests that Prx1 may play a role in preserving the

blood-brain barrier from oxidative stress induced damage.

Thus, published reports show a critical role for Prx mediated protection following stroke.,
however, warrants further research into the cerebral cell-types responsible for Prx expression,
the time course of expression following ischaemia and sub types of Prx in the brain responsible

for protection.
4.5.9  Upregulation of NQOI in the ischaemic brain

Another Nrf2 regulated protein that was assessed following MCAo and 24h reperfusion injury
was NQOI1, a phase II detoxifying flavoenzyme that catalyzes the two-electron reduction of
quinones to their hydroquinone form (Chen et al., 2000; Nebert et al., 2002; Siegel et al., 2012).
Co-localisation studies of NQO1 with different cerebral cell types was not possible during the
course of this PhD due to the limited availability of 10um coronal brain sections, however, a
significant increase in NQO1 protein expression was detected in stroke-affected regions after 70
min MCAo and 24h reperfusion injury. Limited studies have assessed the time course of NQO1
expression following ischaemia and reperfusion injury in vivo, however, consistent with our
findings, Kapinya and colleagues demonstrate increased NQO1 protein activity in neuronal
cultures subjected to OGD and 24h re-oxygenation (Kapinya et al., 2003). These authors also
noted a biphasic response in NQOI protein activity, with an increase noted at 1 and 24h re-
oxygenation after OGD (Kapinya et al., 2003), However, Kapniya et a/ also reported that
inhibition of NQO1 activity in vivo decreased cerebral infarct volume following MCAo and
reperfusion injury in mice (Kapinya et al., 2003). Thus, the data goes against the central dogma
of NQO1 being protective in stroke. However, the activation of NQO1 by inducers of Nrf2 have
shown protective effects after MCAo and 24h reperfusion injury in mice (Wu et al., 2013). To
further underpin the protective effect of NQO1, Zafar and colleagues demonstrated protection of
NQOI1 overexpressing neuroblastoma cells against dopamine induced toxicity (Zafar et al.,
2006). Therefore, the data presented in this chapter and published findings suggest a biphasic
mode of NQOI1 activation, where earlier activation of NQO1 may be detrimental, and the later

stages of activation confer protection following ischaemia-reperfusion injury.
4.5.10 Responses of the contralateral hemisphere in the ischaemic brain

The contralateral hemisphere is unilateral to the stroke-affected hemisphere and is not directly
affected by surgical intervention. Although not significant, our Nrf2 analysis revealed
alterations in the contralateral Nrf2 content over time. Nrf2 content was lower in the

contralateral hemisphere compared to measured levels in control brains, but increased with
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time. Moreover, our data also revealed a significant increase in Prx1 protein expression in
contralateral brain regions from rats subjected to 70 min MCAo and 24h reperfusion injury.
Diaschisis defines the remotes changes in the unilateral hemisphere that occurs due to brain
lesions (Di Piero et al., 1990; Reinecke et al., 1999). The theory of diaschisis was founded by
Von Monakow, and proposed that brain lesions are able to induce changes in blood flow, ex-
citatory and inhibitory effects, which affect distant, unilateral brain regions (Feeney & Baron,
1986). Changes observed in the peri-infarct region and surrounding tissue cannot be classed as
diaschisis, due to exposure to either partial occlusion or signaling depression arising from the
lesion (Reinecke et al., 1999). Positron emission tomography (PET) studies revealed reductions
in cerebral blood flow, in the contralateral hemisphere of stroke patients, 7 — 14 days after

cerebral infarction (Lagreze et al., 1987).

In Wistar rats subjected to permanent MCAo, Reinecke ef al., showed increased excitability of
contralateral regions of the brain 7 days after MCAo following -electrophysiological
measurements (Reinecke et al., 1999). Takuwa et al., used laser-Doppler flowmetry and show
decreased contralateral cerebral blood flow, 1 day after permanent MCAo in mice (Takuwa et
al., 2013). In another study by Clarkson et al., mitochondrial FAD-linked respiration, marked
changes were observed in ipsilateral brain regions, both 1 and 3 days after hypoxia-ischaemic
insult in male Wistar rat pups (Clarkson et al., 2007). However, slight changes in mitochondrial
respiration were recorded in the contralateral hemisphere, 3 days after insult (Clarkson et al.,
2007). Garbuzova-Davis et al., further demonstrated alterations in the integrity of the blood-
brain barrier in the contralateral hemisphere of rats subjected to 60 min MCAo and 7 days
reperfusion injury (Garbuzova-Davis ef al., 2013). They report an increase in permeability and
increased recruitment of autophagosomes to the cerebral endothelium in the contralateral

hemisphere 7 days after MCAo (Garbuzova-Davis ef al., 2013).

Thus, previous studies have highlighted changes in the contralateral hemisphere following
stroke in the unilateral hemisphere. Furthermore, the demonstrated changes have been recorded
days after the initial insult. Although our study does not cover an extensive time course, as
depicted in the highlighted studies, we report changes in Nrf2 and its mediated proteins in the
contralateral hemisphere, over 4 — 72h after ischaemia. Therefore, it is well established that
metabolic and physiological changes occur in the contralateral hemisphere after stroke. To our
knowledge, we are the first to report alterations in contralateral levels of Nrf2 and its mediated
proteins, after stroke. This finding suggests that areas not directly affected by stroke in the brain
also respond to the ischaemic insult following stroke. Hence, further investigation is required to
understand why the contralateral hemisphere showed changes in the expression of Nrf2-linked

proteins, and furthermore, whether these changes provide enchanced protection to the brain.
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4.6 Summary and Conclusion

In summary, the data presented in this chapter employed immunofluorescence and quantitatve
immunohistochemistry to assess the temporal and spatial distribution of Nrf2 and Nrf2 mediated
‘documentation of the temporal and spatial distribution of the redox sensitive transcription
factor Nrf2 and identified increased Nuclear content of Nrf2 after 24h reperfusion, and elevated
levels of cellular Nrf2 content in peri-infarct regions following 24 and 72h reperfusion injury.
Furthermore, this chapter provides the first evidence of the temporal distribution of Nrf2 protein
in the cerebrovascular endothelium and demonstrates elevated levels of endothelial Nrf2 in peri-

infarct regions of the stroke-affected hemisphere after ischaemia-reperfusion injury.

Assessment of Nrf2-linked proteins in the brain after ischaemia and reperfusion injury revealed
an increase in expression of HO-1, NQOI1 and Prxl in the stroke-affected hemisphere.
Furthermore, this chapter demonstrates that HO-1 expression in cerebral cell types is dependent

upon the time-frame of reperfusion injury.

In conclusion, the upregulation of Nrf2 and Nrf2-linked proteins following MCAo and
reperfusion injury indicates an upregulation of Nrf2 driven protective mechanisms. However,
the time-frame of Nrf2 activation and upregulation of Nrf2-linked proteins may occur at too late
a time point to provide sufficient protection to the brain milieu immediately after reperfusion
injury. Upregulation of Nrf2 in the brain and cerebrovascular endothelium prior to a stroke may
aid in limiting cerebrovascular permeability and provide sufficient protection to the brain

parenchyma.
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Chapter S — Effects of sulforaphane on naive rat brains and pre-treatment

5.1 Introduction

The redox sensitive transcription factor, Nrf2, is activated and in response to oxidative,
electrophilic and xenobiotic stress, upregulates the expression of antioxidant stress proteins, and
phase II detoxifying enzymes. The induction of Nrf2 may also be regulated by dietary
isoflavones (Mann et al., 2009; Siow & Mann, 2010; Zhai et al., 2013) and isothiocyanates
(Dinkova-Kostova & Kostov, 2012; Li ef al., 2012a).

Sulforaphane, found in cruciferous vegetables such as broccoli, brussels sprouts or kale, is a
dietary isothiocyanate and electrophilic inducer of the Nrf2 defence pathway (Jazwa et al.,
2011; Cui et al., 2012). Although previous studies have demonstrated the protective effects of
sulforaphane in rodents following administration post-cerebral ischaemia (Zhao et al., 2006),
the effects of sulforaphane pre-treatment in a rodent model of cerebral ischaemia and

reperfusion injury have not yet been investigated.

The findings presented in Chapter 4 documented the time course of Nrf2 expression following
70 min MCAo and reperfusion injury in rats. This chapter investigates the effects of
sulforaphane pre-treatment, prior to ischaemia-reperfusion injury, on the expression of Nrf2 and
Nrf2-linked proteins in contralateral, peri-infarct and infarct core regions of the ischaemic rat
brain. However, prior to pre-treatment studies, the effects of sulforaphane on expression of Nrf2

and Nrf2-mediated proteins were assessed in naive animals.

5.2 Effects of sulforaphane on the naive rat brain

In this chapter, the time course of Nrf2 expression following sulforaphane treatment and its
effect on Nrf2-mediated proteins was assessed in naive rat brains ex vivo by quantitative

immunohistochemistry, immunoblotting and immunofluorescence.

5.2.1 Sulforaphane mediated induction of Nrf2 in the naive rat brain

The distribution of Nrf2 was assessed in ex vivo brain sections from naive animals and animals
administered sulforaphane (5mg/kg, i.p.) for 1, 2, 4 and 24h. Pseudo colour images were
generated using the quantitative immunohistochemical technique, where warmer pseudo colours
indicate regions of high Nrf2 expression. A significant increase in Nrf2 expression was
observed in naive rat brains 1h after SFN treatment (Figure 5.1 A), however, 2, 4 and 24h after
sulforaphane treatment, a notable decrease in Nrf2 protein levels was observed (Figure 5.1 B-
D). Mean cellular Nrf2 content revealed a significant increase after 1h sulforaphane
administration (0.63 = 0.14, n = 3 animals) compared to naive (0.07 = 0.01, n=3 animals.
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P<0.01). Furthermore, Nrf2 content after 1h sulforaphane administration was significantly
increased compared to 2h (0.21 = 0.05, n=3 animals, P<0.05) or 4h after sulforaphane treatment
(0.15 £ 0.05, n=3 animals, P<0.01). Though a trend in decreasing cellular Nrf2 content is noted
up to 4h after sulforaphane, Nrf2 content increased, albeit non-significant, after 24h

administration (0.39 £ 0.05, Figure 5.1 E).

To confirm our quantitative immunohistochemistry findings, immunoblotting experiments were
conducted on whole brain homogenates from naive rats treated with either 1% corn oil in saline
(vehicle) or sulforaphane (5 mg/kg, ip.) for 1, 2, 4 or 24h. Immunoblotting of brain
homogenates for Nrf2 (Figure 5.2 A) and densitometric analysis relative to the loading control
(Figure 5.2 B), B-actin, revealed a similar trend in Nrf2 expression as to that observed in ex vivo
brain sections by quantitative immunohistochemistry (Figure 5.1). Nrf2 protein content was
increased markedly after 1h sulforaphane administration. Notably, a decreasing trend in cerebral
Nrf2 content is observed over 2 — 4h after sulforaphane administration (Figure 5.2). Animals
treated with the vehicle, 1% corn oil in saline, showed no change in cerebral Nrf2 content over 1
— 24 h. The immunoblot shown in Figure 5.2 is generated from one animal per experimental

group, hence no statistical analysis was conducted.
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Figure 5.1 Induction of Nrf2 following sulforaphane administration in ex vivo brain
sections from naive animals.

Coronal brain sections (10pm) from naive rats treated with sulforaphane (SFN) (Smg/kg , i.p.) were
incubated with rabbit anti-Nrf2 primary antibody and anti-rabbit biotinylated secondary antibody.
Sections were reacted with DAB-H,0, and images captured to quantify Nrf2 content in ex vivo brain
sections from animals treated with SFN for (A) 1h, (B) 2h, (C) 4h and (D) 24h. Black squares (M) in brain
maps show the location of acquired images. (E) Summary of mean total cellular Nrf2 content in brain
sections from naive and sulforaphane treated animals. Data denote mean = S.E.M, ** P<0.01 and #
P<0.05 1h vs 2h SFN treatment, n=3 animals per experimental group. Scale bar represents 10um.
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Figure 5.2 Sulforaphane (SFN)-mediated induction of Nrf2 in brain homogenates from

naive animals.
Brains from naive rats treated with vehicle (1% corn oil in saline), or sulforaphane (SFN) (Smg/kg, i.p.)

for 1, 2, 4 or 24h were homogenised to obtain whole brain lystaes. Collected lysates were separated on an
8% polyacrylamide gel, transferred onto PVDF membranes and (A) immunoblotted for Nrf2. B-actin
served as the loading control. (B) Densitometric analysis of Nrf2 expression relative to 3-actin. Data from
8 different animals treated with either vehicle or SFN.
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5.2.2  Sulforaphane mediates the induction of Nrf2-mediated proteins in naive brains

Analysis of ex vivo brain sections and immunoblotting of brain homogenates revealed an
increase in cerebral Nrf2 content following sulforaphane treatment. Hence, the effect of
sulforaphane treatment on Nrf2-linked proteins was assessed by either quantitative
immunohistochemistry or immunofluorescence in brain sections from naive rats administered
sulforaphane (5mg/kg, i.p.) for 24h. The data shown in this section is from work done in
collaboration with Keith Farell-Dillion, MSc student, Cardiovascular Division, King’s College

London.

HO-1 protein content was determined in 10um brain sections from naive and sulforaphane-
treated rats using quantitative immunohistochemistry. Total cellular HO-1 content was
determined following the addition of HO-1 in the nucleus and its respective cytoplasmic
compartment. HO-1 expression was assessed (1) on a cellular basis (Figure 5.3 A), and (2) on a
per animal basis for each per experimental group (Figure 5.3 B). Notably, as time was limited,
the data for HO-1 in naive brains shown in Figure 5.3 was from 1 animal, whereas 3 animals

were used per group of rats treated with sulforaphane.

A significant increase in the time-dependent protein expression of HO-1 was observed in brains
1 — 4h after sulforaphane treatment compared to cells in naive brains (P<0.05 for 1h versus
naive and P<0.001 for 2 and 4h versus naive, Figure 5.3A). Furthermore, a significant increase
in HO-1 protein is observed 4h after treatment compared to 1 and 2h (P<0.001, Figure 5.3A).
Although an increase in HO-1 protein is observed 2h after sulforaphane administration
compared to 1h, this trend was not significant (Figure 5.3A). Although analysis of HO-1 protein
expression revealed an increasing trend after sulforaphane administration, this trend was not

significant (Figure 5.3B).
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Figure 5.3 Quantification of HO-1 following sulforaphane treatment in naive animals.
Coronal brain sections (10um) from naive and sulforaphane (1 — 4h, SFN 5 mg/kg, i.p.) treated animals
were incubated with anti-heme oxygenase-1 (HO-1) primary antibody and expression assessed by
quantitative immunohistochemistry. Sections were reacted with DAB-H,0, and images captured to
quantify HO-1 content in ex vivo brain sections from naive and SFN treated rats. (A) Bar graph represents
mean HO-1 protein content in all identified cells (cytoplasm and nuclear pair) determined from naive (n =
176 cells) and 1h (632 cells), 2h (473 cells) and 4h (756 cells) sulforaphane treated rats. Data denote
mean + S.E.M. *** P<0.001, t* P<0.05 vs naive and ¥ P<0.001 vs naive. Cells counted in this study were
identified in the forebrain. (B) Bar graph represents mean HO-1 content determined from naive (n=1 rat)
and animals administered sulforaphane for 1 — 4h (n=3 animals per treatment group).
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The limited availability of brain sections from naive rats administered sulforaphane for 24h
prevented analysis of Nrf2-linked enzymes by quantitative immunohistochemistry. Hence,
immunofluorescence was used to examine the protein expression of HO-1 (Figure 5.4), NQO1
(Figure 5.5) and Prx1 (Figure 5.6). Significant increases in HO-1 (P<0.05) and Prx1 (P<0.01)
protein was observed in brain 24h after sulforaphane administration. An increase in NQOI1
protein expression was also noted, however, albeit this trend was not significant. Visual analysis
of HO-1 and Prx1 fluorescence images suggests that 24h sulforaphane administration
upregulates protein expression in the cerebral endothelium, identified by RECAI

immunostaining.
5.2.3  Sulforaphane treatment increases GFAP expression in the naive rat brain

The astrocytic marker GFAP is a filamentous protein that is upregulated in response to
increased oxidative stress following the introduction of a neurodegenerative state (Brahmachari
et al., 20006). To assess if GFAP expression is affected by sulforaphane treatment, GFAP levels

were measured by immunofluorescence in naive brain sections.

GFAP expression was below detection limits in the naive rat brains (Figure 5.7 A). However, 1
— 4 h after sulforaphane administration, an increase in GFAP expression was observed by
fluorescence microscopy (Figure 5.7 B — D). Fluorescent images for GFAP protein show
increased staining in brain sections from animals treated with sulforaphane for 4h before

sacrifice (Figure 5.7D).
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Figure 5.4 Induction of HO-1 following sulforaphane treatment in naive animals.

10um coronal brain sections from naive and sulforaphane (24h, SFN, 5 mg/kg, i.p.) treated animals were
incubated with anti-heme oxygenase-1 (HO-1) primary antibody and expression assessed by
immunofluorescence. Representative immunofluorescence staining for DAPI for nuclei (blue), cerebral
endothelium by RECA1 (red) and HO-1 staining (green) in (A) naive and (B) sulforaphane treated
animals. Scale bar denote Sum. (C) Fluorescence intensity for HO-1 was measured using image J. Three
sections per animal were imaged, with 3 fields of view captured per section. Data denote mean + S.E.M.,
n = 3 animals per group, ** P < 0.01 vs naive. (D) Brain map shows the location of images in (A) and
(B). Scale bar represents Spum.
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Figure 5.5 Induction of NQO1 following sulforaphane administration in naive animals.

10um coronal brain sections from naive and sulforaphane (24h, SFN, 5 mg/kg, i.p.) treated animals were
incubated with anti-NQO1 primary antibody and expression assessed by immunofluorescence.
Representative immunofluorescence staining for DAPI staining nuclei (blue), cerebral endothelium by
RECAI1 (red) and NQOI1 staining (green) in (A) naive and (B) sulforaphane treated animals. Scale bar
denote Sum. (C) Fluorescence intensity for NQO1 was measured using image J. Three sections per
animal were imaged, with 3 fields of view captured per section. Data denote mean = S.EM., n = 3
animals per group. (D) Brain map shows the location of images in (A) and (B). Scale bar represents Spum.
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Figure 5.6 Induction of Prx1 after sulforaphane administration in naive animals.

10pum coronal brain sections from naive and sulforaphane (24h, SFN, 5 mg/kg, i.p.) treated animals were
incubated with anti-peroxiredoxin 1 (Prxl) primary antibody and expression assessed by
immunofluorescence. Representative immunofluorescence staining for DAPI for nuclei (blue), cerebral
endothelium by RECA1 (red) and peroxiredoxin 1 staining (green) in (A) naive and (B) sulforaphane
treated animals. Scale bar denote Spm. (C) Fluorescence intensity for Prx1 was measured using image J.
Three sections per animal were imaged, with 3 fields of view captured per section. Data denote mean +
S.E.M., n = 3 animals per group, * P < 0.05 vs naive. (D) Brain map shows the location of images in (A)
and (B). Scale bar represents Spm.
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Figure 5.7 Sulforaphane treatment increases GFAP expression in the naive rat brain.
GFAP expression was assessed in 10um coronal brain sections from naive and sulforaphane (SFN,

Smg/kg, i.p.) treated rats. Brain sections were incubated with a goat anti-GFAP primary antibody, and
complementary donkey anti-goat Cy5 conjugated fluorescent secondary antibody. 32-bit grey scale
fluorescence images were captured and pseudo coloured using Image J. Representative fluorescence
images of GFAP expression in brain sections from (A) naive rats and rats treated with SFN for (B) 1
hour, (C) 2 hour and (D) 4 hour. Green squares () in complimentary brain maps show the location of
the captured image. Scale bar represents 10 pm.
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5.3 Effects of sulforaphane pre-treatment on Nrf2 and Nrf2-linked protein

expression after 24h reperfusion injury

Section 5.2 highlights the rapid induction of Nrf2 in the brain after sulforaphane administration
in naive rats, as well as demonstrating an increased presence of Nrf2-mediated antioxidant
proteins. Studies have highlighted the protective effects of sulforaphane treatment post-
ischaemia (Zhao et al., 2006), but have failed to establish post-conditioning regimes as a valid
therapeutic strategy to protect patients at a high risk of suffering from stroke. Hence, in this
section, we investigated how 60 min sulforaphane pre-treatment, prior to 70 min MCAo and
24h reperfusion injury, affects the expression and cellular localisation of Nrf2 and Nrf2-
mediated proteins. The effects of sulforaphane pre-treatment on Nrf2 following stroke were
compared with the findings presented in Chapter 4, where rats were subjected to 70 min MCAo
and 24h reperfusion only. It should be noted that the sulforaphane pre-treatment study was
conducted after the control study (as discussed in Chapter 4). Although the findings in this
chapter are compared directly with those reported in Chapter 4, in future experiment, both
control and sulforaphane pre-treatment studies should be conducted simultaneously. These
experiments were conducted in collaboration with Dr Alessio Alfieri, Cardiovascular Division,

King’s College London (Alfieri et al., 2013; Srivastava et al., 2013).

5.3.1 Sulforaphane pre-treatment reduces the nuclear to cytoplasmic ratio of Nrf2 protein

after 24h reperfusion injury

As mentioned previously, Nrf2 translocates to the nucleus following increased oxidative or
electrophilic stress to upregulate the expression of protective antioxidant stress proteins or phase
II detoxifying enzymes. Administration of sulforaphane to naive rats did not significantly alter
the nuclear to cytoplasmic distribution of Nrf2 compared to control animals (Figure 5.8 A and
C). After 70 min MCAo and 24h reperfusion injury in rats, an increase in nuclear to cytoplasmic
distribution of Nrf2 was observed in the stroke-affected hemisphere, indicating increased
nuclear accumulation of Nrf2 (Figure 5.8 C). However, in animals pre-treated with sulforaphane
60 min prior to MCAo and 24h reperfusion injury, a marked reduction in the nuclear to
cytoplasmic distribution of Nrf2 was observed in both contralateral and stroke-affected
hemispheres, compared to untreated animals (P<0.001, Figure 5.8 B and C). Although pre-
treatment resulted in a significant increase in the nuclear to cytoplasmic distribution of Nrf2 in
the stroke-affected hemisphere compared to the contralateral (P<0.001), cellular Nrf2 content
was greater in the cytoplasmic compartment in both hemispheres of the ischaemic brain (ratio <

1.0, Figure 5.8 C).
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Figure 5.8 Nuclear to cytoplasmic distribution of Nrf2 after 1h sulforaphane pre-
treatment prior to 70 min MCAo and 24h reperfusion injury.

The nuclear to cytoplasmic ratio of Nrf2 was determined for each respective cell defined by the nucleus
and its 4um ring taken to be its respective cytoplasm, irrespective of cell type. Cells counted in animals
subjected to 70min MCAo and 24h reperfusion were identified in the forebrain, however, for SFN-pre-
treated animals, cells counted were identified in the midbrain. Histograms show the nuclear to
cytoplasmic ratio of Nrf2 in brain sections from (A) 3199 cells in control animals and 1869 cells in
animals treated with sulforaphane (SFN, 5 mg/kg i.p.) for 24h, and (B) in the contralateral (1273 cells)
and stroke-affected hemisphere (2420 cells) of pre-treated animals subjected to 70 min MCAo and 24h
reperfusion injury. (C) Summary of mean cellular nuclear to cytoplasmic ratio of Nrf2. Data denote mean
+ S.EM., n=1273-3200 cells from 3 animals. ** P<0.01, *** P<0.001, ¥ P<0.05 vs contralateral
hemisphere, # P<0.001 vs matched hemisphere in animals not pre-treated with sulforaphane. Figure
adapted from (Srivastava et al., 2013).
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5.3.2 Sulforaphane pre-treatment reduces total cellular Nrf2 content after 24h reperfusion

injury

To investigate the effects of sulforaphane pre-treatment on cellular Nrf2 expression 70 min
MCAo and 24h reperfusion, rats were pre-treated with sulforaphane (5 mg/kg, i.p.) for 1 hour
before the start of 70 min MCAo duration. To understand Nrf2 cellular distribution, the sum of
each nuclear and cytoplasmic pair was calculated to give a value for total cellular Nrf2.
Furthermore, the spatial distribution of Nrf2 was also determined in the ischaemic brain of
animals pre-treated with sulforaphane. Although the histogram does not clearly highlight a
difference in Nrf2 protein spatial distribution (Figure 5.9 A), mean cellular Nrf2 values show a
marked increase in cells within the peri-infarct region of the sulforaphane pre-treated ischaemic
brain compared to the infarct core and contralateral brain regions (P<0.001, Figure 5.9 B).
Furthermore, mean cellular Nrf2 content was also greater in the infarct core region compared to
contralateral regions of the pre-treated brain (P<0.001, Figure 5.9 B). Moreover, a marked
reduction of cellular Nrf2 was observed in all regions of the pre-treated ischaemic brain,
compared to animals that were not pre-treated with sulforaphane, prior to 70 min MCAo and
24h reperfusion injury (P<0.001, Figure 5.9 B). Although analysis of Nrf2 content on a per-
animals basis (Figure 5.9 C) showed the same trend as in Figure 5.8 B, no significance
difference in Nrf2 content was observed between stroke-affected regions of the sulforaphane

pre-treated ischaemic brain.

5.3.2 Sulforaphane pre-treatment reduces endothelial Nrf2 content after 24h reperfusion

injury

Chapter 4 clearly demonstrated changes in endothelial Nrf2 content following ischaemia and
reperfusion injury. Hence, endothelial distribution of Nrf2 in the sulforaphane pre-treated
ischaemic brain was assessed using quantitative immunohistochemistry. The histogram shown
in figure 5.9 illustrates an increase in endothelial Nrf2 with peri-infarct regions of the

sulforaphane pre-treated ischaemic brain (Figure 5.10 A).

Calculation of the mean endothelial content interestingly reveals lower levels of Nrf2 in the
infarct core region of the stroke-affected hemisphere compared with contralateral brain regions,
although this trend is not significant (Figure 5.10 B). Mean endothelial Nrf2 levels were
elevated in the peri-infarct region of the stroke-affected hemisphere compared to the infarct core
and contralateral brain regions of sulforaphane pre-treated animals (P<0.001 Figure 5.10 B).
Moreover, endothelial Nrf2 content was markedly reduced in all regions of the pre-treated

ischaemic brain compared to animals that did not receive a sulforaphane (Figure 5.10 B).
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Figure 5.9 Spatial distribution of Nrf2 in sulforaphane pre-treated animals subjected to 70
min MCAo and 24h reperfusion injury.

(A) Histogram shows the total Nrf2 content in each cell identified in the contralateral hemisphere (n =
1317 cells) and infarct core (1368 cells) and peri-infarct (1052 cells) regions of the stroke affected
hemisphere of rats pre-treated with sulforaphane (SFN, 5 mg/kg i.p.) 1h prior to 70 min MCAo and 24h
reperfusion. (B) Summary of mean total cellular Nrf2 content in cells from control animals, 24h
sulforaphane (SFN) treated animals, and in contralateral and stroke affected regions from animals
subjected to 70 min MCAo and 24h reperfusion injury £ SFN. Cells counted in animals subjected to
70min MCAo and 24h reperfusion were identified in the forebrain, however, for SFN-pre-treated animals,
cells counted were identified in the midbrain. Data denote mean = S.E.M, *** P<0.001 within
experimental groups (contralateral vs core, contralateral vs peri and core vs peri) C) Mean Nrf2
determined per animal. Data denote mean + S.E.M., *** P<0.001 and # P<0.001 vs complementary
regions in animals subjected 70 min MCAo and 24h reperfusion injury.
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Figure 5.10 Effects of sulforaphane pre-treatment on endothelial Nrf2 content after MCAo
and reperfusion injury.

Endothelial Nrf2 content was determined structures stained positive for RECA1. (A) Histogram shows
the endothelial Nrf2 content in the contralateral hemisphere and infarct core and peri-infarct regions of
the stroke-affected hemisphere. (B) Summary of mean endothelial Nrf2 content from control animals, 24h
sulforaphane (SFN, 5 mg/kg i.p.) treated animals, and in contralateral and stroke affected regions from
animals subjected to 70 min MCAo and 24h reperfusion injury £ SFN. Cells counted in animals subjected
to 70min MCAo and 24h reperfusion were identified in the forebrain, however, for SFN-pre-treated
animals, cells counted were identified in the midbrain. Data denote mean + S.E.M., n= 5 animals in
control group, and n=3 animals for each experimental group. *** P<0.001 within groups (contralateral vs
core, contralateral vs peri, core vs peri), unless otherwise stated, and # P<0.001 vs complementary
regions in animals subjected 70 min MCAo and 24h reperfusion.
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5.4 Discussion

The dietary isothiocyanate, sulforaphane, is an inducer of the Nrf2 defense pathway. Previous
studies have reported a role of sulforaphane-mediated protection in the brain post ischaemia and
reperfusion injury. This chapter investigated how sulforaphane administration affects the
expression of Nrf2 and Nrf2-mediated genes in the naive brain, and furthermore, examined the
impact of sulforaphane pre-treatment on Nrf2 expression after 70 min MCAo and 24h
reperfusion injury. Currently, stroke research has focused on the upregulation of protective
mechanisms post-ischaemia, however, destructive mechanisms are activated almost
immediately after ischaemia. Thus, it was hypothesised that pre-conditioning will enhance basal
protective mechanisms in the brain, conferring greater protection against ischaemia-reperfusion
injury induced oxidative stress. The data presented in this chapter shows rapid induction in the
expression of Nrf2 in the brain of naive rats following SFN treatment. Moreover, 24h after
sulforaphane administration, an increase is noted in expression of two Nrf2 mediated proteins,

HO-1 and Prx1.

This chapter provides new evidence, highlighting marked attenuation of Nrf2 protein levels in
cerebral cells and endothelium within all ischaemic brain regions in rats pre-treated with the

Nrf2 inducer sulforaphane.
5.4.1  Sulforaphane rapidly induces Nrf2 expression in the naive brain

The data presented in this chapter reveals a significant increase in Nrf2 protein expression
within the brain of naive rats following 1h of sulforaphane administration (Figure 5.2 and 5.2).
Furthermore, a rapid decrease in Nrf2 expression was observed following 2h sulforaphane
administration. These results are consistent with published findings from Jazwa et al. who
demonstrated a similar response in striatal lysates of Nrf2 WT mice treated with a higher dose
of sulforaphane (50 mg/kg, i.p.) (Jazwa et al., 2011). Jazwa et al. also demonstrated that
sulforaphane crosses the BBB, attaining peak concentrations in both striatal and ventral mid-
brain tissue within 15 min of administration (Jazwa et al., 2011). It is important to highlight that
the dose of SFN used in Jazwa et al. studies with mice was 10-fold higher than the dose used in
our current study. These findings suggest that lower concentrations of sulforaphane rapidly

induce Nrf2 expression in the brains of naive rodents.

Although sulforaphane increases Nrf2 expression in the rodent brain, Nrf2 per se does not affect
the bioavailability of sulforaphane or its metabolites, (Clarke et al., 2011). LC-MS/MS analysis
of tissue revealed a dose dependent (5 — 20 pmoles) increase in accumulation of sulforaphane
and its metabolites within brain, liver and plasma tissue from mice (Clarke et al, 2011).

Therefore, it is possible that the level of Nrf2 induction observed in naive rodents is influenced
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by the concentration of sulforaphane present within tissue. However, it remains to be elucidated

whether sulforaphane or its metabolites induce Nrf2 expression.
5.4.2  Sulforaphane influences Nrf2-mediated protein expression in the naive rat brain

Our study revealed increases in HO-1 and Prx1 expression in the naive rat brain following
sulforaphane administration. Furthermore, our findings provide the first evidence for increases
in Prx1 protein expression in the naive rat brain 24h after sulforaphane administration. Zhao et
al. have shown that sulforaphane (5 mg/kg i.p.) increases HO-1 mRNA and protein expression
in the naive mouse brain after 24h (Zhao et al., 2006). Furthermore, these authors identified
increased localisation of HO-1 protein with cortical astrocytes and neurons (Zhao et al., 2006).
Our study further shows increased HO-1 expression in the cerebrovascular endothelium, 24h
after sulforaphane administration in rats. This result is consistent with the findings of Zhao et a/,
who reported increased HO-1 expression in the cerebrovascular endothelium, 18h after

sulforaphane treatment (50 mg/kg, i.p.) in mice (Zhao et al., 2007a).

As discussed earlier in Chapter 4, the promoter region of the HO-1 gene contains multiple
binding elements for various transcription factors. Hence, further experiments are required to
confirm that the observed increase in HO-1 following sulforaphane administration is mediated

via Nrf2 in Nrf2 KO mice or by silencing Nrf2 in rats using siRNA.
5.4.3  Sulforaphane pre-treatment effects Nrf2 expression after stroke

A marked attenuation of Nrf2 protein expression was observed in rats pre-treated with
sulforaphane prior to 70 min MCAo and 24h reperfusion injury. As mentioned earlier, Nrf2
levels were elevated in cerebral cells 1h after sulforaphane administration in naive rats (Figure
5.1 and 5.2). In Chapter 4, the time course of Nrf2 expression in cerebral cells was defined,
revealing peak Nrf2 protein expression after 24h reperfusion injury with peak expression of
Nrf2-mediated cytoprotective proteins attained 18 — 24h after reperfusion injury. The onset of
destructive mechanisms following cerebral ischaemia occurs almost immediately (Endres et al.,
2008), and although reperfusion is described as a protective phenomenon, an increase in ROS
generation is observed upon the re-introduction of blood-flow into the ischaemic vessel (Peters
et al., 1998). Therefore, the naive brain may be “ill-equipped” to provide sufficient protection

against ischaemia-reperfusion injury induced oxidative stress.

Zhao et al. demonstrated that sulforaphane treatment post ischaemia in mice reduced infarct
volume, (Zhao et al., 2006), however they did not investigate changes in cognitive function.
Another study exploring intracerebral hemorrhage (ICH) as a model of cerebral stroke in mice,

also highlights the protective effects of sulforaphane administration post-injury (Zhao et al.,
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2007b). These authors reported a marked improvement in neurological scores and significant

reductions in oxidative damage in mice post-treated with sulforaphane (Zhao et al., 2007b).

Both studies showed the protective effects of sulforaphane when administered after injury, and
moreover, the second study successfully highlighted that the protective effects of sulforaphane
are likely to be conferred via the Nrf2-defence pathway (Zhao et al., 2006; Zhao et al., 2007b).
However, theses studies imply that the protective effects of sulforaphane are only viable when
administered in a short time frame (15 — 30 min) following the onset of ischaemia, although
therapeutic stroke research has failed to comment on the outcomes of sulforaphane treatment if
administered 6 — 24h after ischaemia. A clinical limitation of rtPA treatment in stroke patients is
related to the short time-window of efficacy (< 3.5h after the onset of ischaemia), thus rendering
a high percentage of patients ineligible for treatment by rtPA. Pre-conditioning strategies, to
upregulate Nrf2 mediated cytoprotective enzymes, may provide an improved therapeutic

method in limiting the neurological deficits observed after stroke in high-risk patients.

Sulforaphane pre-treatment resulted in the attenuation of Nrf2 protein expression in all regions
of the ischaemic rat brain (contralateral and stroke-affected hemispheres). Furthermore, our
study also highlighted significant improvements in neurological deficits in sulforaphane pre-
treated rats (see Appendix Figure 5) (Alfieri et al., 2013). It is well established that sulforaphane
administration in rodents rapidly induces cellular Nrf2 expression after 1h, conferring increased
protection. Although we demonstrated that Nrf2 protein content was similar to basal levels, 2h
after sulforaphane administration, it is unclear how Nrf2 protein expression would be affected

by ischaemia in pre-treated rat brains, thus warranting further investigation.

Quantitative immunhistochemistry for HO-1 revealed a time-dependent increase in protein
expression 1 — 4h after sulforaphane administration in naive rat brains. This data suggests that
following sulforaphane pre-treatment, Nrf2-mediated proteins are upregulated earlier during
reperfusion-induced injury. We further demonstrated increased area of HO-1 protein expression
in the stroke-affected hemisphere of sulforaphane pre-treated rats (Alfieri et al.,, 2013).
Interestingly, the findings presented in this chapter also reports a decrease in Nrf2 protein
expression in the brains of rats pre-treated with sulforaphane for 1h before 70 min MCAo and
24h reperfusion. However, in Figure 5.1, administration of sulforaphane ip. (5 mg/kg)
increased Nrf2 protein content in the brain after 1h, thus suggesting an increase in nuclear Nrf2
content. It is therefore possible that with this activation of Nrf2 at the time of induction of
MCAo in sulforaphane pre-treated rats attenuates the later induction of Nrf2 observed in rats
subjected to MCAo and reperfusion. These findings suggest that sulforaphane pre-treatment
enhances the brain’s antioxidant capacity, affording increased protection against ischaemia-

reperfusion injury induced oxidative stress. However, further investigation is required to
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understand the time-course of Nrf2 protein expression following MCAo in sulforaphane pre-

treated animals.

In a different model of experimental stroke, Ping et al showed that pre-treatment of rat pups
with sulforaphane (5 mg/kg i.p.), 30 min prior to 90 min hypoxia-ischaemia insult, attenuated
cell death (Ping ef al., 2010). Ping et al. further demonstrated that sulforaphane pre-treatment
increased Nrf2 and HO-1 protein expression after hypoxia-ischaemic insult (Ping ef al., 2010).
Thus, although these authors have not shown the effects of sulforaphane in the naive rat brains,

the data confirms our findings.

The presented findings suggest that activation of Nrf2 pre-treatment by sulforaphane plays a
key role in protecting against ischaemic brain injury. To validate whether sulforaphane pre-
treatment protects the brain, infarct volume should be examined. Moreover, the early increase in
antioxidant enzymes protein expression affords increased protection to the brain and may
thereby limit the protein expression of Nrf2 after 24h reperfusion injury. However, to validate
the current findings, the effects of sulforaphane pre-treatment need to be assessed in the absence
of Nrf2.

5.4.4  Sulforaphane pre-treatment and the cerebral endothelium after stroke

As mentioned previously, the cerebrovascular endothelial cells and their tight junctions form a
major part of the BBB. The loss of integrity of the blood-brain barrier is due to endothelial cell
death, endothelial cell contraction and uncoupling of tight-junctional proteins. Mechanisms that
underlie BBB breakdown remains to be elucidated, however, increased ROS generation and,
oxidative stress has been shown to play a major role. Previous studies have demonstrated
exacerbated infarct volumes following MCAo and reperfusion injury in Nrf2 KO mice (Shah et
al., 2007). This therefore suggests a key role for Nrf2 in protecting the BBB following stroke.
Zhao et al. have shown that sulforaphane (5 mg/kg) treatment, post cortical brain injury in mice,
attenuates the loss of tight-junctional proteins and moreover, decreases BBB permeability (Zhao
et al., 2007a). Zhao et al further demonstrated an increase in HO-1 protein in the
cerebrovascular endothelium 18h after sulforaphane treatment in mice (Zhao et al., 2007a).
Zhao et al. also reported that sulforaphane-mediated attenuation of cerebrovascular permeability
is lost in the absence of Nrf2 (Zhao et al., 2007a) and this suggests that upregulation of Nrf2
and Nrf2-mediated proteins could limit BBB breakdown.

The studies highlighted above demonstrate sulforaphane mediated protection post-cerebral
injury. In the present study, treatment of rats with sulforaphane (5 mg/kg, i.p.) prior to 70 min
MCAo and 24h reperfusion injury attenuated Nrf2 protein expression in the cerebrovascular

endothelium. Furthermore, our findings also revealed a reduction in IgG macromolecular
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protein leak in the stroke-affected hemisphere following sulforaphane pre-treatment (Alfieri et
al., 2013). Therefore, in contrast to post-injury treatment, sulforaphane pre-conditioning can
also attenuate cerebral oedema formation. Moreover, this evidence suggests that sulforaphane
pre-conditioning elevates antioxidant defence mechanisms in the endothelium, providing
protection at an earlier stage during reperfusion injury and thereby limiting the need of later

activation of Nrf2.

The fluorescence studies of Nrf2-mediated proteins suggest a trend of increased Prx-1 and HO-
1 in the vascular endothelium 24h after sulforaphane administration. Moreover, as mentioned
previously, quantitative immunohistochemistry studies revealed a time-dependent increase in
HO-1 protein, 1 — 4 hours after sulforaphane treatment. Limited availability of brain sections
from rats pre-treated with sulforaphane prior to 70 min MCAo and 24h reperfusion injury
prevented the study of HO-1 protein expression by quantitative immunohistochemistry.
However, fluorescence studies revealed increase HO-1 protein localised with the cerebral
endothelium in the infarct core region of sulforaphane pre-treated rats subjected to stroke
(Alfieri et al., 2013). Although sulforaphane pre- or post-treatment of rodents subjected to
experimental stroke shows an induction of Nrf2 and Nrf2 mediated targets, it remains yet to be

elucidated whether pre-treatment confers greater protection that post-injury treatment.
5.4.5  Alternative mechanisms to sulforaphane-mediated protection in the brain

The expression of the astrocytic filamentous protein GFAP was used as a marker to demonstrate
the presence of the stroke-affected hemisphere, and to determine the extent of damage. GFAP is
expressed exclusively in astrocytes and is a key component of the astrocyte cytoskeleton
(Middeldorp & Hol, 2011). Furthermore, the expression of GFAP is induced upon brain injury
or the generation of a neurodegenerative state (Middeldorp & Hol, 2011). Notably, the absence
of GFAP in mice resulted in morphological and functional changes of the BBB, coupled with
increased cerebrovascular permeability (Liedtke et al., 1996; Middeldorp & Hol, 2011).
Moreover, Pekny et al. demonstrated the inability of primary astrocytes from GFAP KO mice to
induce BBB properties in co-culture in vitro with bovine aortic endothelial cells (BAEC)
(Pekny et al., 1998). It is interesting to note the use of peripheral compared to cerebral
endothelial cells in this study. However, it has been established that astrocytes can induce BBB

properties in peripheral endothelial cells.

The studies highlighted above indicate the importance of GFAP in the function and regulation
of BBB endothelial cells. Interestingly, our data revealed an increase in GFAP expression in the
naive rat brain, following sulforaphane administration. Although an increase was demonstrated
1-4h after sulforaphane treatment, further experiments would be needed to determine the time-

dependent changes in GFAP expression, by either fluorescence or quantitative
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immuhistochemistry. However this data provides evidence and suggest that the protective
actions of sulforaphane may not only underlie the upregulation of the Nrf2 defence pathway but
also mediates the expression of structural proteins, important to the integrity of the BBB. It
remains unknown whether other dietary inducers of Nrf2 are able to upregulate GFAP
expression in the naive brain. In summary, sulforaphane treatment appears to attenuate cerebral

infarct volume and limit BBB breakdown.
5.4.6  Limitations of experiments outlined in Chapter 5

The presented findings provide a strong indication that sulforaphane mediates protection via the
Nrf2-defence pathway. However, it is well established that sulforaphane can influence other
redox sensitive transcription factors, such as NF-kB and HIF-la. Hence, to validate our
findings, further experiments, in the absence of Nrf2, are required. In vivo experiment in rats,
where Nrf2 is knocked-down by siRNA, will complement and validate our current results.
However, the associated costs of conducting such experiment in rats is high, and furthermore,
the use of siRNA reagents for Nrf2 knockdown could provide further stress of the cellular
environment and thus influence the final data. Thus, to overcome such technical difficulties,
Nrf2 KO and WT mice could be used to first characterise the model MCAo and reperfusion,
and subsequently, this murine model can be utilized to investigate whether the effects of

sulforaphane treatment in vivo are mediated by Nrf2.

Another limitation of the study presented in this chapter is the absence of vehicle treatment (1%
corn oil in saline) in both naive and pre-treated rats subjected to MCAo. The data shown in
Figures 5.1 and 5.3 — 5.8 did not examine whether vehicle treatment has an effect on the protein
expression of Nrf2 and its downstream targets. However, immunoblotting experiments showed
no significant change in Nrf2 protein expression following treatment of naive rats with vehicle
(Figure 5.2). Though this data suggests that vehicle administration does not affect Nrf2
expression, the absence of brain tissue lysates from naive rats questions the validity of the

immunoblotting experiments.

Another technical limitation encountered was the limited availability of brain sections for
analysis. Due to the latter inclusion of brain sections from rats treated with sulforaphane for
24h, and furthermore, sulforaphane pre-treated rats, limited access was available to meaningful
brain sections. Thus, the brain sections used for analysis originated from the midbrain,
introducing a possible anatomical variation on protein expression. Furthermore, the degree of

damage experienced by the brain is not uniform throughout.
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The rate of uptake and metabolism of sulforaphane varies between individuals. Although
Smg/kg sulforaphane is being delivered to each rat used in this study, our experimental design

does not give us insights into the levels of sulforaphane attained in each individual brain.

5.5 Summary and conclusion

In summary, this chapter provides evidence for pre-treatment strategies for patients at a high
risk of suffering from stroke using the dietary Nrf2 inducer sulforaphane. Destructive
mechanisms, including oxidative stress, are launched almost immediately after the onset of
ischeamia and reperfusion injury. Chapter 4 provided evidence showing the time-course for
Nrf2 expression in the rat brain after ischaemia and reperfusion injury, with a peak in Nrf2
expression noted 24h after reperfusion injury. Activation of Nrf2 is required for the
upregulation of Nrf2-defence proteins. Our study suggests that Nrf2 is upregulated 24h after
ischaemia. Thus, it is possible that the late activation of Nrf2 may provide an explanation as to
why antioxidant proteins fail to provide sufficient protection against the early onset of

destructive mechanisms against stroke.

Sulforaphane administration in the naive rat brain rapidly induced Nrf2 protein expression and
hence, resulted in the upregulation of Nrf2-mediated protective proteins over a short time frame.
Thus, the delivery of sulforaphane prior to stroke, increased antioxidant defence mechanisms
and might confer greater protection against the early destructive mechanisms characteristic of

stroke pathophysiology.

Thus, sulforaphane pre-treatment provides protection for the ischaemic brain by upregulating
expression of Nrf2 and its downstream targets. Sulforaphane pre-treatment, also increased Nrf2-
mediated protein expression in the cerebrovascular endothelium, limiting lesion progression and
attenuating cerebral infarct volume after stroke. Based on our current findings, we propose that
sulforaphane mediates protection to the ischaemic brain via the Nrf2-defence pathway. Hence,
sulforaphane-preconditioning provides a potential therapeutic strategy applicable to patients at a
high-risk of suffering from stroke and will aid in limiting cerebral infarct volume and associated

neurological deficits.
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Chapter 6 — In vitro studies of brain
endothelium using bEnd.3 cells
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Chapter 6 In vitro studies of the brain endothelium using the bEnd.3 cell line

6.1 Introduction

The cerebral endothelium is a part of the neurovascular unit, and an integral component of the
blood-brain barrier (BBB) (Hawkins & Davis, 2005; Abbott et al., 2006). As mentioned
previously, the BBB is formed from a tight apposition of endothelial cells that are held together
by tight junctional proteins (Klatzo, 1987; Greenwood, 1991; Bradbury, 1993). The endothelial
barrier plays a critical role in protecting the brain parenchyma and maintains an optimal
environment for brain function. BBB breakdown and associated increased vasogenic oedema, a
consequence of endothelial cell contraction, following increased ROS generation, and
disassembly of tight-junctional proteins (Klatzo, 1987; Greenwood, 1991; Bradbury & Deane,
1993; Hirase et al., 1997; Juurlink & Sweeney, 1997). To date, various in vitro studies have
examined the response of endothelial cells following oxygen and glucose deprivation (OGD) as
an in vitro model of ischaemia and reperfusion injury (Xu et al., 2000; Lee et al., 2007,
Bulbarelli et al., 2012; Yang et al., 2013). However, the effects of Nrf2-mediated protection in

the endothelium in vitro have not been reported.

In vitro studies have also reported the effects of OGD in cultured astrocytes and neurons
(Goldberg & Choi, 1993; Almeida et al., 2002; Danilov et al., 2009; Soane et al., 2010; Qi et
al., 2012; Gu et al., 2013). Moreover, Danilov et al. and Soane et al. investigated the role of
sulforaphane-mediated protection following pre and post-treatment of astrocytes and neurons
respectively (Danilov et al., 2009; Soane et al., 2010). However, the highlighted studies did not
report or comment on the importance of the brain endothelium as an important component
required for the protection of the brain parenchyma. Hence, to address the importance of
increasing protection afforded by the brain endothelium, the murine derived transformed brain

endothelial bEnd.3 cell line was used to examine the role of Nrf2 in vascular protection.

In vivo studies from our group have recently investigated the temporal and spatial distribution of
Nrf2 in all cerebral cell types, including the cerebral endothelium, in rats subjected to MCAo
and reperfusion injury (Alfieri ef al., 2013; Srivastava et al., 2013). An increase in expression of
Nrf2 and Nrf2-mediated proteins was observed in the cerebral endothelium of sulforaphane pre-
treated rats subjected subsequently to MCAo and 24h reperfusion injury (Alfieri et al., 2013).
Sulforaphane pre-treatment significantly improved neurological deficits and also reduced
cerebrovascular permeability in rats subjected to MCAo and reperfusion injury (Alfieri et al.,
2013). This finding suggests that sulforaphane pre-treatment prior to stroke, not only increased

Nrf2-mediated defenses in astrocytes and neurons, but also in the cerebral endothelium.

In this chapter, the bEnd.3 cell line, was used to (1) establish an in vitro model of ischaemic

injury, by subjected cells to OGD, (2) to investigate the effect of sulforaphane treatment on the
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Nrf2-defence pathway in naive bEnd.3 cells, and (3) to investigate whether sulforaphane pre-
treatment protected cells against damage induced by OGD. Furthermore, the effects of OGD
were examined in bEnd.3 cells adapted long-term (5 days) to physiological oxygen levels with

the aim of establishing an improved model to study the blood brain barrier in vitro.

6.2 Characterisation of mouse brain endothelial cells

The mouse derived, immortalised brain endothelial cell line, bEnd.3, has been previously used
as an in vitro model of the blood-brain barrier (BBB) (Zhang et al., 2010; Watanabe et al.,
2013; Wuest et al., 2013). Morphology of the brain endothelium is known to be different to the
endothelial lining of other vascular beds. The brain endothelium does not have the typical
copperstone morphology as observed in human umbilical vein endothelial cells (HUVECsS), but

are tightly packed (Figure 6.1 A).

eNOS protein expression was also determined and confirmed by immunoblotting in whole cell
lysates from bEnd.3 cells (Figure 6.1 B), and by immunofluorescence (Figure 6.1 C),

confirming endothelial characteristics of the bEnd.3 brain endothelial cell line.
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Figure 6.1 Characterisation of endothelial characteristics of the mouse derived brain
endothelial cell line bEnd.3.

To characterize the endothelial properties of the mouse derived brain endothelial cell line bEnd.3, (A)
Brightfield images of bEnd.3 cells in culture were captured to confirm brain endothelial morphology. (B)
Total protein lysates from bEnd.3 cells were immunoblotted for eNOS, and alpha tubulin, which served
as the loading control. (C) eNOS expression was also assessed by immunofluorescence. bEnd.3 cells
were stained for Nuclei (DAPI, blue, left panel), eNOS (green, center panel). The right panel
demonstrates a merge of both DAPI and eNOS. Scale bar represents 5 pm.
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6.3 Oxygen-glucose deprivation responses in bEnd.3 mouse brain endothelial cells

As shown previously in this thesis, an experimental model of stroke was employed in vivo to
assess the response and expression of Nrf2 and Nrf2-linked proteins after MCAo and
reperfusion injury (Chapter 4) and sulforaphane pre-treatment (Chapter 5). Ex vivo analysis of
rat brains revealed changes in the endothelial distribution of Nrf2 content, suggesting that Nrf2
may mediate protection to the cerebral endothelium after stroke. To compliment and corroborate
our ex vivo findings, an in vitro model of cerebral ischaemia was established using bEnd.3
endothelial cells. Furthermore, the effects of sulforaphane treatment on the Nrf2 mediated
signalling in bEnd.3 cells was studied. This section describes the establishment of an in vitro
model of ischaemic damage in bEnd.3 cells and further demonstrates changes in Nrf2-linked

protein expression following OGD.

6.3.1 Oxygen-glucose deprivation mediates time-dependent cell death in bEnd.3 cells

To replicate in vivo ischaemia-reperfusion injury in vitro, an in vitro model of ischaemic injury
was established. Confluent monolayers of bEnd.3 cells, which were equilibrated in 10% FCS
and 5.5 mM glucose, were deprived of oxygen and glucose for 2 — 12 h. Following OGD, cell
death was assessed by staining cells with the ethidium bromide homodimer and annexin V
(Figure 6.2). The membrane impermeable fluorescent dye, ethidium bromide, stains the nuclei
of dying cells, whilst annexin V stains for phosphatidylserine, a phospholipid component that is
expressed on the inner surface of the cell membrane (Siow et al., 1999a). Upon cell death by

apoptosis, phosphatidylserine is exposed on the cell surface, and thus is detected by annexin V.

A time-dependent increase in both annexin V staining and ethidium bromide homodimer was
observed following OGD (Figure 6.2). Furthermore, the merged images demonstrate that not all
ethidium bromide positive cells express phosphatidylserine (Figure 6.2), hence, visually this

indicates that approximately 80 — 90% of cells are affected following longer exposure to OGD.

The number of nuclei stained positive for DAPI and ethidium bromide homodimer were
counted for each respective field of view, and a ratio for dead vs living cells calculated (Figure
6.3). Ratios were calculated for cells subjected to OGD and time-matched controls. High ratio
values indicated increased cell death following OGD. After 2h OGD, no difference was
observed in the dead to live cell ratio compared to time-matched controls. However, a time
dependent increase in cell death was observed over 6 to 12h (Figure 6.3). Notably, the cell death
ratio was significantly greater compared to time-matched controls (p<0.001, Figure 6.3). No

difference was observed in the ratio of dead versus living cells between time-matched controls.

209



Chapter 6 - In vitro studies of brain endothelial cells

DAPI Ethidium Bromide Annexin V Merge

Figure 6.2 Oxygen and glucose deprivation mediates cell death in bEnd.3 cells.
Confluent monolayer of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5mM

6h Control (0Oh)

Oxygen and glucose deprivation
8h

12h

glucose, were subjected to oxygen and glucose deprivation for 2, 6, 8 and 12h. A Nikon diaphot
microscope adapted for fluorescence was used to assess cell death using ethidium bromide homodimer
(Red) to stain nuclei of dying cells, and annexin V to stain for phosphatidylserine (green). DAPI was used
to stain all cell nuclei (blue). The final column shows a merge of each of the respective images captured.
Orange coloured nuclei indicate co-localisation of ethidium bromide and DAPI staining, suggestive of
cell death. Orange nuclei surrounded by annexin V staining indicate apoptotic cell death. Images are

representative of experiments from n =4 bEnd.3 cell cultures from passage 12 — 19.
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Figure 6.3 Effects of oxygen and glucose deprivation on bEnd.3 cell viability

Confluent monolayers of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5m M
glucose, were subjected to oxygen and glucose deprivation for 2, 6, 8 and 12h. The ratio of dead cells
(identified by ethidium bromide positive staining) to all cells in the field of view (DAPI positive staining)
was determined. Data denotes mean + S.E.M, and analysed by two-way ANOVA with Tukeys post-test. n

= 3. # P<0.0001 against time matched controls, n = 3 independent bEnd.3 cultures, passage 12 — 19.
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6.3.2 OGD increases HO-1 and NQOI protein expression in bEnd.3 cells

Whole cell lysates from bEnd.3 cells subjected to OGD for 2 — 12h were analysed by
immunoblotting for the expression of HO-1 and NQO1, two downstream protein targets of the
redox sensitive transcription factor Nrf2 (Figure 6.4). A time-dependent increase in HO-1
expression was observed after OGD (Figure 6.4 A, upper panel). Densitometric analysis of HO-
1, relative to the loading control a-tubulin (Figure 6.4 A, lower panel), revealed a significant
increase in HO-1 protein expression after 12h OGD (Figure 6.4 B). Notably, HO-1 protein

expression was similar in time-matched controls.

A time-dependent increase in NQO1 protein expression was also observed in bEnd.3 cells
subjected to OGD for 2 — 12h (Figure 6.5 A). Furthermore, similar to HO-1 protein expression,
no difference in NQO1 expression was observed in time-matched controls (Figure 6.4 A,
middle panel). Densitometric analysis of NQOI protein expression relative to a-tubulin,
revealed a similar time course for OGD induced NQO1 expression, with peak levels observed

after 12h OGD (Figure 6.4 C).
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Figure 6.4 Oxygen and glucose deprivation induces HO-1 protein expression in bEnd.3

cells.

Confluent monolayers of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5mM
glucose, were subjected to oxygen and glucose deprivation for 2, 6, 8 and 12 hours and whole cell lysates
collected to examine HO-1 protein expression by immunoblotting. (A) Representative immunoblot for
HO-1 protein expression. (B) Densitometric analysis relative to a-tubulin. Data denotes mean + S.E.M,
and were analysed by two-way ANOVA with Tukeys post-test. **P<0.01, n = 3 bEnd.3 cell independent

cultures (passage 12-18).
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Figure 6.5 Oxygen and glucose deprivation induces NQOI1 protein expression in bEnd.3

cells.
Confluent monolayers of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5m M

glucose, were subjected to oxygen and glucose deprivation for 2, 6, 8 and 12 hours and whole cell lysates
collected to examine NQOI1 protein expression by immunoblotting. (A) Representative immunoblot for
NQOL protein expression. (B) Densitometric analysis of NQO1 expression relative to o-tubulin. Data
denotes mean + S.E.M, * P<0.05 analysed by two-way ANOVA and tukeys post-test, » = 3 bEnd.3 cells

independent cultures (passage 12-18).

214



Chapter 6 - In vitro studies of brain endothelial cells

6.4 Sulforaphane mediated responses in bEnd.3 cells

Chapter 5 established that pre-treatment of rats with sulforaphane enhanced Nrf2 protein levels
prior to MCAo and 24h reperfusion injury. Furthermore, sulforaphane pre-treatment led to a
reduction in lesion progression and cerebrovascular permeability following MCAo and 24h
reperfusion injury (Alfieri et al., 2013). As these findings provided clear evidence of a link
between sulforaphane, Nrf2 and Nrf2-linked proteins in ischaemic brain damage in vivo, the

effects of sulforaphane were also examined in bEnd.3 brain endothelial cells.
6.4.1  Effects of sulforaphane treatment on viability of bEnd.3 cells

The effect of sulforaphane treatment on bEnd.3 cell viability was assessed using the MTT assay.
Confluent monolayers of bEnd.3 cells (passage 12-18) were treated with 0.5 to 10uM
sulforaphane for 24h. Cells were also treated for 30 min with 0.5M H,O,, which served as a
positive control for cell death. Sulforaphane treatment had no effect on bEnd.3 cell viability
after 24h, compared to cells treated with 0.01% DMSO (vehicle), or medium (Figure 6.6).
Notably, 30 min treatment with a high dose of H,O, (0.5M) significantly reduced bEnd.3 cell

viability, compared to control cells (Figure 6.6).
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Figure 6.6 Effect of sulforaphane on bEnd.3 cell viability.

Confluent monolayers of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5m M
glucose were treated with vehicle (0.01% DMSO), or 0.5, 1.0, 2.5, 5 and 10uM sulforaphane (SFN) for
24 hours. Cells were also treated with 0.5M H,0,, which served as a positive control for cell death. Cell
viability assessed using the MTT assay and the percentage change in viability determined relative to
vehicle. Data denote mean + S.E.M, and were analysed by one-way ANOVA with Tukeys post-test n = 4,
# P<0.001 vs control cells.
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6.4.2  Effects of sulforaphane treatment on HO-1 protein expression in bEnd.3 cells

Concentration- and time-dependent effects of sulforaphane treatment on bEnd.3 cells were
assessed by immunoblotting. Confluent monolayers of bEnd.3 cells (passage 12-20),
equilibrated in DMEM containing 5.5mM glucose and supplemented with 10% FCS, were
treated for 4 — 24h with either sulforaphane (0.5, 1.0 or 2.5uM) or 0.01% DMSO (vehicle).
Whole cell lysates analysed for HO-1 protein expression by immunoblotting and densitometric
analysis (Figure 6.7). Vehicle treatment had no effect on HO-1 expression in bEnd.3 cells over
4 — 24h, as demonstrated by immunoblotting (Figure 6.7 A) and densitometric analysis relative

to the loading control, a-tubulin (Figure 6.7 B).

Sulforaphane treatment lead to concentration- and time-dependent increases in HO-1 protein
expression, with peak HO-1 expression detected in cells treated with 2.5uM sulforaphane for
24h (Figure 6.7 A). Densitometric analysis, relative to a-tubulin revealed a significant increase
in HO-1 protein expression in cells treated with 2.5uM sulforaphane compared to control,
following 12h (p<0.01) and 24h (p<0.001). No significant increase in HO-1 protein expression
was recorded after 4h sulforaphane treatment (Figure 6.7 B). Although an increase in HO-1
protein was noted after 8h treatment with 2.5uM sulforaphane this trend was not statistically

significant.
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Figure 6.7 Time and concentration dependent effects of sulforaphane on HO-1 protein

expression in bEnd.3 cells.

Confluent monolayers of bEnd.3 cells were equilibrated in DMEM (5.5mM glucose, 10% FCS) and
treated for 4, 8, 12 and 24 h with 0.01% DMSO (vehicle) or 0.5uM, 1uM or 2.5uM sulforaphane (SFN).

(A) Representative immunoblot of HO-1 protein expression (B) Densitometric analysis of HO-1 protein

expression relative to o-tubulin. Data denote mean = S.E.M, and were analysed by two-way ANOVA

with Tukeys post test. ** P < 0.01, *** P < 0.001. n = 4 independent bEnd.3 cells cultures (passage 12 —

20).
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6.4.3  Effects of sulforaphane treatment on NQOI protein expression in bEnd.3 cells

Concentration- and time-dependent effects of sulforaphane treatment on NQOI1 protein
expression in bEnd.3 cells were assessed by immunoblotting. Confluent monolayers of bEnd.3
cells (passage 12-20), equilibrated in DMEM containing 5.5mM glucose and supplemented with
10% FCS, were treated for 4 — 24h with either sulforaphane (0.5, 1.0 or 2.5uM) or 0.01%
DMSO (vehicle). bEnd.3 whole cell lysates were analysed for NQOI1 protein expression
immunoblotting (Figure 6.8). Treatment of bEnd.3 cells with vehicle had no effect on NQOI1

protein expression over 4 — 24h (Figure 6.8 A and B).

Treatment of bEnd.3 cells with sulforaphane revealed concentration and time-dependent
increases in NQOI protein expression. NQO1 protein expression was greater in cells treated
with 2.5uM SFN (Figure 6.8 A). Densitometric analysis, relative a-tubulin, revealed a
significant increase in NQO1 protein expression in cells treated with 2.5uM sulforaphane for 8h
(p<0.01), 12 (p<0.001) and 24h (p<0.001) compared to time-matched vehicle treated cells. No
significant increase in NQO1 protein expression was observed after 4h sulforaphane treatment

(Figure 6.8).
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Figure 6.8 Time and concentration dependent effects of sulforaphane on NQO1 protein
expression in bEnd.3 cells.

Confluent bEnd3 cell monolayers were equilibrated in DMEM (5.5mM glucose, 10% FCS) and treated
for 4, 8, 12 and 24h with 0.001% DMSO (vehicle) or 0.5uM, 1uM or 2.5uM sulforaphane. (A)
Representative immunoblot of NQO1 protein expression. (B) Densitometric analysis of NQOI1 protein
expression relative to a-tubulin. Data denote mean + S.E.M, and analysed by two-way ANOVA with

Tukeys post test. ** P < 0.01, *** P <0.001. n = 3 independent bEnd.3 cultures (passage 12 — 20)
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6.4.4  Effects of sulforaphane upon intracellular glutathione

Glutathione (GSH) is a key intracellular antioxidant protein, providing the cell with a first-line
of defence against increased electrophilic or oxidative stress (Bannai & Tateishi, 1986). The
effect of sulforaphane treatment on intracellular glutathione content was assessed in bEnd.3
cells using the OPA-assay. Confluent monolayers of bEnd.3 cells were treated for 2, 4, 8 and
24h with either 2.5uM sulforaphane, or 0.01% DMSO (vehicle). Intracellular GSH was
extracted from bEnd.3 cells following treatment, and GSH content assessed by OPA-
fluorescence. After 2h and 4h, no difference was observed in intracellular GSH content between
sulforaphane and vehicle treated cells (Figure 6.9). After 8h treatment, intracellular GSH levels
were increased in sulforaphane treated cells (76 + nmol GSH/ mg protein) compared to vehicle
treated cells (57.5 + nmol GSH/ mg protein), although this trend was not significantly different
(Figure 6.9). Following 24h treatment, GSH content remained elevated in sulforaphane treated
cells (62.2 £ nmol GSH/ mg protein) compared to vehicle treated cells (45.6 £ nmol GSH/ mg

protein), albeit the trend was not statistically significant.
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Figure 6.9 Effects of sulforaphane treatment on intracellular glutathione levels in bEnd.3
endothelial cells.

Confluent monolayers of bEnd3 cells, equilibrated in 5.5mM glucose DMEM were treated with either
vehicle (DMSO 0.01%) or 1uM SFN or 2.5uM SFEN for 2, 4, 8 and 24h. Glutathione (GSH) was
extracted from whole cell lysates with 6.5% trichloroacetic acid and total cellular GSH levels measured
by O-phthaldialdehyde (OPA) fluorescence and expressed per mg protein. Data denote mean + S.E.M.
n=3 independent bEnd.3 cell cultures (passage 12 — 20).
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6.4.5  Effects of sulforaphane on mRNA expression of Nrf2 and Nrf2-linked genes

The redox sensitive transcription factor Nrf2 translocates to the nucleus to upregulate the
expression of ARE responsive genes. As shown in Figures 6.7 and 6.8, sulforaphane
upregulated NQO1 and HO-1 protein expression after 12 — 24h treatment. Moreover, findings in
Chapter 5 established significant increases in cerebral Nrf2 protein levels 1h after sulforaphane
treatment. To further examine the molecular actions of sulforaphane in brain endothelium,
quantitative RT-PCR was employed to determine whether sulforaphane induced changes in
mRNA levels of Nrf2 and Nrf2-associated genes in bEnd.3 brain endothelial cells. bEnd.3 cells

were treated with sulforaphane for 4h prior to collection of cell lysates for mRNA analysis.

No significant differences in Nrf2 mRNA expression were observed after 4h treatment with
2.5uM sulforaphane compared to vehicle treated (0.01% DMSO) or control samples (Figure
6.10 A). However, a significant increase (P<0.01) was noted in mRNA expression of both
NQO1 and HO-1 was noted after 4h sulforaphane treatment. Notably, no differences were
observed in mRNA levels for NQO1 or HO-1 between vehicle treated and control cells (Figure
6.10 B-C).

The effect of sulforaphane treatment was also examined on two known regulators of Nrf2.
Bachl is known to bind to the ARE of the HO-1 gene and represses HO-1 protein expression
(Hira et al., 2007) (Figure 6.10 D). In this study, sulforaphane treatment significantly increased
Bachl mRNA expression at 4h compared to vehicle treated or control cells (Figure 6.10 D).
Furthermore, mRNA expression of Keapl, a cytosolic repressor of Nrf2, was significantly
increased in bEnd.3.cells treated with sulforaphane compared to vehicle treated or control cells
(Figure 6.10 E). Notably, no differences were observed for either Bachl and Keapl mRNA

levels between vehicle-treated and control cells.

The above data is also represented as fold-change respective to control in Appendix 6, and

shows the same findings as that observed in Figure 6.10.

223



Chapter 6 - In vitro studies of brain endothelial cells

A Nrf2
15000+
w
< T 10000
Z Qo
gE
2%
Z 8 5000
G T T
Control Veh SFN
Treatment
B NQO1 C HO-1
100000+ * % * %
60000+
80000+
w
<3 2
Z £ 60000 < 8 400007
€ 3 x E
o Z € 2
Qo 8 -
gL 40000~ p
g @
S — T § 20000+
20000+
0 . _ o-Ld . | i 1
Control Veh SFN Control Veh SFN
Treatment Treatment
D Bach1l E Keapl
15000+ 600+ * %k
& wv
< £ 10000 25 400
€ £ < g
€ 3 €5
— %’ - Z
g 52
@ 9 5000 ¥ 8 20041
o
0 T T 0 T T
Control Veh SFN Control Veh SFN
Treatment Treatment

Figure 6.10 Effects of sulforaphane treatment on mRNA levels of Nrf2 regulated genes.

Confluent monolayers of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5m M
glucose, were treated with either vehicle (0.01% DMSO) or 2.5uM sulforaphane (SFN) for 4h and RNA
collected. qRT-PCR was employed to determine mRNA copy numbers for (A) Nrf2, (B) NQOI1, (C) HO-
1, (D) Bachl and (E) Keapl following normalization to three house keeping genes (SDHA, RPL13A and
B2M). Data denote mean + S.E.M., and were analysed by one-way ANOVA, ** P<0.01, n = 5 bEnd.3

cultures passage 10 — 19.
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6.4.6  Sulforaphane induces nuclear translocation of Nrf2 in bEnd.3 cells

Administration of sulforaphane to naive rats in vivo was followed by a rapid (1 — 2h) increase in
cellular Nrf2 levels in ex vivo brain sections (see chapter 5). However, the cerebral cell types
expressing increased Nrf2 content were not determined. As mentioned previously, a reduced
cerebrovascular permeability following sulforaphane pre-treatment of rats subjected to MCAo
suggests an increase in Nrf2-linked defences in the cerebral endothelium. Hence, Nrf2

expression was assessed in bEnd.3 cells following sulforaphane treatment in vitro.

bEnd.3 cells were treated for 1, 2 and 4 hours with either 0.01% DMSO (vehicle) or 2.5uM
sulforaphane. Nuclear lysates were collected and analysed by immunoblotting for Nrf2 protein
expression. No difference in Nrf2 protein expression was detected in nuclear lysates following
vehicle treatment (Figure 6.11 A). Densitometric analysis of Nrf2, relative to the loading control
Lamin A/C revealed no significant difference between 1 — 4h following vehicle treatment
(Figure 6.11 B). Sulforaphane treatment increased nuclear Nrf2 content after 1h, which
remained elevated after 2h and then decreased to levels similar to vehicle treated cells after 4h
(Figure 6.11 A). Densitometric analysis revealed a decreasing trend in nuclear Nrf2 content
after 1 — 4h after sulforaphane treatment, with Nrf2 content significantly lower in the nucleus

after 4h sulforaphane treatment (P<0.05).

Furthermore, nuclear Nrf2 binding activity was assessed using an ELISA based Trans AM
activity assay. Consistent with changes observed in nuclear Nrf2 protein levels, an increase in
Nrf2 activity was observed over 1 — 4 hours in nuclear extracts from bEnd.3 cells treated with
2.5 uM sulforaphane (Figure 6.12). Notably a trend of increase in nuclear Nrf2 binding activity
is observed after 1h sulforaphane treatment, albeit not significant. However, significant
increases in Nrf2 binding activity were observed following 2h and 4h sulforaphane treatment

(P<0.05).
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Figure 6.11 Time course of Nrf2 nuclear translocation in bEnd.3 cells following

sulforaphane treatment.

Confluent monolayers of bEnd.3 cells in T75 flasks were equilibrated in DMEM (5.5mM glucose, 10%

FCS) and treated for 1, 2 and 4 h with either 0.01% DMSO (vehicle), or 2.5uM sulforaphane. Nuclear

and cytosolic fractions were extracted and analysed by immunoblotting. (A) Representative immunoblot

for Nrf2 in nuclear and cytoplasmic extracts. Lamin A/C and a-tubulin served as the loading controls for

the nuclear and cytoplasmic fractions respectively. (B) Densitometric analysis of nuclear Nrf2 relative to

the loading control Lamin C. Data denote mean + S.E.M, and were analysed by one-way ANOVA with

Tukeys post-test. n = 4 independent bEnd.3 cell cultures (passage 10 — 19).
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Figure 6.12 ARE-binding activity of nuclear Nrf2 in bEnd.3 cells following sulforaphane
treatment.

Confluent monolayers of bEnd.3 cells equilibrated in DMEM supplemented with 5.5mM glucose and
10% FCS were treated with either 0.01% DMSO (vehicle) or 2.5uM sulforaphane (SFN) for 1, 2, or 4h.
Nuclear extracts were collected using the commercially available Trans AM nuclear extraction kit and
analysed for Nrf2 binding activity using an imobilised ARE oligo in an ELISA based assay. Nrf2 binding
activity was assessed at 450 nm. Data denote mean + S.E.M., and were analysed by two-way ANOVA

with Bonferroni post-test. P<0.05, n=4 independent bEnd.3 cultures (passage 10 — 19).
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6.5 Immunofluorescence and immunohistochemical localisation of Nrf2

Nrf2 expression and its cellular localisation was also assessed by immunofluorescence and
quantitiative DAB-H,0, immunohistochemistry following treatment of bEnd.3 cells with
2.5uM sulforaphane for 1, 2 and 4h. Following treatment, cells were fixed in paraformaldehyde
and incubated with a primary rabbit anti-Nrf2 antibody and then either a secondary anti-rabbit
Alexa fluor 488 antibody for fluorescence microscopy, or a biotinylated secondary antibody

conjugated to HRP for quantitative immunohistochemistry.

Captured fluorescence images demonstrated an increase in nuclear Nrf2 fluorescence lh after
sulforaphane treatment (Figure 6.13), which subsequently declined over 2 — 4h (Figure 6.13).
Quantitative immunohistochemistry in bEnd.3 cells corroborated our fluorescence findings of
increased nuclear Nrf2 content after sulforaphane treatment. The histograms in Figure 6.14
represent the nuclear to cytoplasmic ratio of Nrf2 for each respective bEnd.3 cell identified.
Sulforaphane increased Nrf2 maxiamlly after 2h compared to vehicle treated cells (Figure 6.14
A and B). Elevated nuclear to cytoplasmic ratios were maintained after 4h sulforaphane
treatment (Figure 6.14 C). Mean nuclear to cytoplasmic ratio revealed a non-significant trend
for increased nuclear localisation of Nrf2 following sulforaphane treatment, albeit this trend is

not significant (Figure 6.15).
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Figure 6.13 Sulforaphane induces nuclear translocation of Nrf2 in bEnd.3 cells.

Confluent monolayer of bEnd.3 were treated with 2.5uM SFN for 1 — 4h and protein expression
of Nrf2 assessed by immunofluorescence following incubation of paraformaldehyde fixed cells
with primary anti-Nrf2 antibody, and complimentary anti-rabbit Alexa Fluor 488 secondary
antibody (green, center panel). DAPI was used to stain cell nuclei (blue, left panel). Right hand
side panel shows a merge of the DAPI and Nrf2 channels.
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Figure 6.14 Histograms of Nrf2 nuclear to cytoplasmic ratio in sulforaphane treated
bEnd.3 cells.

bEnd.3 cells were treated with 2.5uM sulforaphane (Green bars) compared to vehicle (0.01% DMSO,
grey bars) for either (A) 1h, (B) 2h and (C) 4h and Nrf2 expression determined using quantitative
immunohistochemistry. Histograms show the nuclear to cytoplasmic ratio of Nrf2 for each respective cell

identified.
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Figure 6.15 Mean nuclear to cytoplasmic Nrf2 ratio following sulforaphane treatment of
bEnd.3 cells.

Mean nuclear to cytoplasmic ratio of Nrf2 content was determined for bEnd.3 cells treated with either
vehicle (0.01% DMSO) or 2.5uM sulforaphane (SFN) for 1, 2 or 4h, and analysed by quantitative
immunohistochemistry. Data denote mean + S.E.M., and analysed by one-way ANOVA. n=4

independent bEnd.3 cell cultures, passage 10 — 15.
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6.6 Sulforaphane mediates upregulation of HO-1 and NQOI protein via Nrf2

The current findings in bEnd.3 cells suggest that sulforaphane mediates the upregulation of HO-
1 and NQOI1 via Nrf2. Hence to confirm the current findings, we sought to determine whether
the observed upregulation is Nrf2 dependent. Nrf2 was knockdown in bEnd.3 cells following
transfection with Nrf2 siRNA for 24h. bEnd.3 cell were then treated with 2.5 uM sulforaphane
and collected whole cell lysates were immunoblotted for HO-1 (Figure 6.16) and NQO1 (Figure

6.17) protein expression.

As demonstrated in Figure 6.16, HO-1 protein expression increased significantly in control
bEnd.3 cells treated with SFN, however, this increased was significantly abrogated in Nrf2
knockdown bEnd.3 cells, thus indicating HO-1 protein expression is mainly mediated by the

Nrf2/Are pathway.

Sulforaphane treatment also increased NQO1 protein expression in control bEnd.3 cells after
24h treatment (Figure 6.17). However, a notable abrogation of NQO1 protein expression was
observed in bEnd.3 cells knocked down for Nrf2 following sulforaphane treatment (Figure
6.17). Hence, this finding suggests that NQO1 protein expression following sulforaphane

treatment is mediated via the Nrf2/Are pathway.
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Figure 6.16 Effect of Nrf2 knockdown by siRNA on sulforaphane induced HO-1 protein
expression in bEnd.3 cells.

bEnd.3 cells equi in DMEM supplemented with 10% FCS were transfected with Nrf2 siRNA for 24h,
followed by treatment with either vehicle (0.01% DMSO) or 2.5 uM sulforaphane for 24h. Whole cell
lysates were immunoblotted for HO-1 protein (A) and analysed by densitometry relative to the loading
control a-tubulin (B). Data denote mean + S.E.M., and were analysed by one-way ANOVA and Tukeys
post-test *** P<0.001. n=3 independent bEnd.3 cultures (passage 10-15).
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Figure 6.17 Effect of Nrf2 knockdown by siRNA on sulforaphane induced NQO1 protein
expression in bEnd.3 cells.

bEnd.3 cells equilibrated in DMEM supplemented with 10% FCS were transfected with Nrf2 siRNA for
24h, followed by treatment with either vehicle (0.01% DMSO) or 2.5 uM sulforaphane for 24h. Whole
cell lysates were immunoblotted for NQO1 protein (A) and analysed by densitometry relative to the
loading control a-tubulin (B). Data denote mean + S.E.M., and were analysed by one-way ANOVA and

tukeys post-test, * P<0.05. n=3 independent bEnd.3 cell cultures (passage 10-15).
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6.7 Sulforaphane pre-treatment and oxygen-glucose deprivation

The findings presented in this chapter revealed that treatment of bEnd.3 cells with sulforaphane
lead to a trend for elevated intracellular GSH levels (Figure 6.9) and HO-1 and NQO1 protein
and mRNA expression via the Nrf2-defence pathway. OGD experiments revealed a time-
dependent increase in cell death following in vitro ischaemia and moreover, a time-dependent
increase in HO-1 and NQOI protein expression. Our in vivo experiments demonstrated an
improvement in neurological function and attenuated cerebrovascular permeability in
sulforaphane pretreated rats subjected to MCAo and reperfusion injury. Thus, we investigated

the effects of sulforaphane pre-treatment in bEnd.3 cells subjected to OGD in vitro.

bEnd.3 cells were pre-treated with either vehicle (DMSO 0.01%) or 2.5uM sulforaphane for
12h, and then subjected to OGD for 2, 6, 8 and 12h. A ratio for dead versus living cells was
determined after staining cells with ethidium bromide and DAPI to identify dead cells and all
cell nuclei respectively. Vehicle and sulforaphane treatment did not affect the viability of
bEnd.3 cells in time-matched experiments (Figure 6.18), consistent with cell viability findings
determined using an MTT assay (Figure 6.6). In vehicle pretreated bEnd.3 cells, OGD resulted
in a time-dependent increase in cell death (Figure 6.18), similar to findings shown in Figure 6.3.
Notably, significant increases in cell death were only observed after 6h OGD compared to time-
matched controls. Pre-treatment of bEnd.3 cells with sulforaphane (2.5uM) for 12h significantly
reduced cell death following 6, 8 and 12 h OGD.
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Figure 6.18 Cytoprotective effects of sulforaphane pre-treatment against oxygen and
glucose deprivation induced bEnd.3 cell damage.

Confluent monolayers of bEnd.3 cells were pre-treated with vehicle (0.0001% DMSO) or 2.5uM
sulforaphane for 12h and subjected to oxygen and glucose deprivation for 2, 6, 8 and 12h in the absence
of sulforaphane. The ratio of dead cells (ethidium bromide positive staining) versus live cells (DAPI
positive staining) was determined. Data denote mean + S.E.M, and were analysed by two-way ANOVA

with Tukeys post-test. ** P<(.01, n = 3 independent bEnd.3 cell cultures (passage 12 — 20).
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6.8 Effects of OGD on bEnd.3 cells adapted to physiological oxygen levels

The in vitro experiments presented in this chapter were conducted in bEnd.3 endothelial cells
cultured under ambient oxygen (21%) in standard 5% CO, incubators. /n vivo endothelial cells
in the brain are exposed to 3 — 7% oxygen, highlighting that the majority of in vitro studies with
cultured are conducted under hyperoxic conditions. Thus, to assess whether brain endothelial
cells are affected by changes in oxygen tension, the effects of OGD on bEnd.3 cell viability

were re-examined in cells adapted to physiological oxygen levels (5%).

In bEnd.3 cells adapted to 5% O,, OGD increased cell death after 2 h compared to control cells
(Figure 6.19 A). Notably, the observed increase in cell death following 2 h OGD was greater in
bEnd.3 cells adapted to 5% O, compared to cells cultured under 21% O, (Figure 6.19 B). To
assess the effects of oxygen tension on Nrf2 mediated enzyme expression in bEnd.3 cells, HO-1
protein expression was measured in cells adapted for 5 days to either 5% or 21% O,. bEnd.3
cells were treated with either 0.01% DMSO (vehicle), 2.5 uM SFN or 100 uM DEM for either
12 h or 24 h, and whole lysates immunoblotted for HO-1 expression. DEM served as a positive
control for the induction of HO-1. No difference was observed in the induction of HO-1 in

bEnd.3 cells cultured in 5% or 21% O, (Figure 6.20).
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Figure 6.19 Effects of oxygen glucose deprivation on viability of bEnd.3 cells adapted long-
term to physiological oxygen tension.

bEnd.3 cells were maintained in 5% oxygen for 5 days and then subjected to oxygen and glucose
deprivation for 2, 6, 8 and 12 h under 5% oxygen. (A) The ratio of dead cells (ethidium bromide positive
staining) to live cells (DAPI positive staining) was determined. Data denote mean = S.E.M, n=2
independent bEnd.3 cell cultures (passage 15 — 18). (B) Comparison of cell death following OGD in
bEnd.3 cells adapted under 5% O, (red bars) and 21% O, (black bars). Data for cell death in cell after
OGD in cells cultured under 21% O, shown previously in Figure 6.3, n = 3 independent bEnd.3 cell
cultures (passage 12 — 20).
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Figure 6.20 HO-1 protein expression in bEnd.3 cells adapted long-term to either 5% or
21% oxygen.

bEnd3 cells were adapted for 5 days to either 5% or 21% oxygen and then treated under the same oxygen
tensions for 12 or 24h with either vehicle (V; DMSO 0.01%), 2.5uM SFN (S) or 100uM DEM (D). (A)
Representative immunoblot for HO-1 protein expression relative to a-tubulin. (B) Densitometric analysis
of HO-1 protein expression relative to a-tubulin. Data denote mean + S.E.M. and were analysed by one-
way ANOVA with Tukeys post-test. **¥P<0.01, ***P<0.001; #P<0.001 vs 0 h at 5% oxygen and t
P<0.001 vs 0 h at 21% oxygen, n=3 independent bEnd.3 cell cultures (passage 15 — 20).
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6.9 Discussion

The endothelium forms a major part of the BBB and plays a important role in protecting the
brain parenchyma to maintain an optimal environment for brain function. /n vitro stroke
research has focused on increasing the protection afforded to neurons and astrocytes, but has
failed to address the importance of the endothelium in protection of the brain following a stroke.
The breakdown of the BBB, following ischaemia and reperfusion injury, occurs due to the
uncoupling of endothelial tight junctions, increased endothelial cell contraction and cell death
(Greenwood, 1991; Bradbury & Deane, 1993; Abbott et al., 2006; Al Ahmad et al., 2012).
Changes in the blood-brain barrier, following cerebral ischaemia and reperfusion injury, results
in the formation vasogenic oedema, giving rise to neurological deficits observed in stroke
patients (Klatzo, 1987). Increased cerebrovascular permeability following stroke allows for
components of the plasma to enter the brain parenchyma. Following BBB breakdown, the
presence of albumin in the brain parenchyma results in increased ROS generation, mediating the
activation of pro-inflammatory pathways (Ralay Ranaivo et al., 2012). Furthermore, breakdown
of the BBB enables transfer of proteins and ions into extracellular brain compartments,
increasing oedema formation (Werner & Engelhard, 2007). These findings highlight the

importance of protecting the cerebral endothelium following cerebral stroke.

In this chapter, the mouse-derived brain endothelial cell line bEnd.3 was used as an in vitro
model of the BBB with the aim of modeling ischaemic injury in vitro using OGD. bEnd.3 cells
exhibited a time-dependent increase in cell death following OGD, however, pre-treatment with
the Nrf2 inducer sulforaphane decreased cell death. Sulforaphane treatment bEnd.3 endothelial
cells resulted in increased nuclear translocation of Nrf2 and upregulation of its downstream
targets HO-1 and NQOI1 at both mRNA and protein levels. Furthermore, knockdown of Nrf2
abrogated protein expression of NQO1 and HO-1, providing strong evidence that sulforaphane

may confer protection of brain endothelium via the Nrf2-defence pathway.
6.9.1 Invitro versus in vivo model of stroke

To further understand Nrf2 signaling in the brain endothelium, an in vitro model of the BBB
was employed following the culture of the mouse derived brain endothelial cell line bEnd.3.
Although OGD and re-oxygenation experiments in vitro would closely mimic our in vivo model
of ischaemia and reperfusion injury, as discussed in chapters 3 — 5, time restraints in the current
project did not allow for re-oxygenation experiments to be conducted. Thus the in vitro model
of OGD employed in this chapter may illustrate pathways representative of permanent
ischaemia models in vivo. Although in vivo models do not provide sufficient resolution to study
cell specific responses, a single tissue culture model cannot account for paracrine interactions

present in vivo. Therefore suggesting a need for in vitro models to closely mimic the in vivo
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environment. In this study, the brain endothelium was examined alone, hence to improve on the
current model, co-culture studies are required to understand whether the observed Nrf2 response
are endothelial dependent, or influenced by other cerebral cell types, such as astrocytes.
Nawashiro et al. demonstrated in vivo a role for GFAP, expressed on astrocytes, in modulation
of BBB endothelial cells and increased BBB permeability in GFAP KO mice (Nawashiro et al.,
2000), thus supporting the rationale for co-culture models in vitro. Moreover, Yamagata ef al.
were able to induce BBB characteristics in bovine aortic endothelial cells following culture with
astrocyte conditioned medium (Yamagata et al.,, 1997). Arthur et al. also illustrated tight-
junction formation in vitro in rat brain endothelium cultured in astrocyte conditioned medium
(Arthur et al., 1987). These studies thus provide strong evidence that paracrine interactions may

influence intracellular signaling and may have increased similarities to the in vivo model.

To further elucidate Nrf2 signaling in the brain endothelium, an ir vitro model of the BBB was
employed mouse-derived brain endothelial cell line bEnd.3. Although OGD and re-oxygenation
experiments in vitro would mimic our in vivo model of ischaemia and reperfusion injury, as
discussed in Chapters 3 — 5, time restraints in the current project did not allow for re-
oxygenation experiments to be conducted. Thus the in vifro model of OGD employed in this
chapter may provide molecular insights of relevance to permanent ischaemia models in vivo
(refs). Although in vivo models do not provide sufficient resolution to study cell specific
responses, a single tissue culture model cannot account for paracrine interactions present in
vivo. Therefore, the development of co-culture systems in vitro that mimic paracrine

interactions at the BBB in vivo are warranted.

In this study, the brain endothelium was examined in isolation to gain insights into the role of
Nrf2 in protection of endothelial cells against oxidative stress. Improvement of the current
model involving co-culture studies are required to understand whether the observed Nrf2
responses are endothelial dependent or influenced by other cerebral cell types, such as
astrocytes. Nawashiro et al. demonstrated in vivo an important role for GFAP, expressed on
astrocytes, in regulating BBB permeability (Nawashiro et al., 2000), thus supporting the
rationale for co-culture models in vitro. Moreover, Yamagata et al. were able to induce BBB
characteristics in bovine aortic endothelial cells following culture with astrocyte-conditioned
medium (Yamagata ef al., 1997). Arthur ef al. also illustrated tight-junction formation in vitro in
rat brain endothelium cultured in astrocyte-conditioned medium (Arthur et al., 1987). These
studies thus provide strong evidence that paracrine interactions at the BBB influence

intracellular signalling with similarities to in vivo conditions.
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6.9.2  Cell culture oxygen tensions affect bEnd.3 cell death after OGD

In the present study, cell death after OGD was assessed fluorescently using the apoptotic marker
annexin V for the detection of phosphatidylserine, which is expressed on the surface of cells
undergoing apoptosis (Koopman et al., 1994), and ethidium bromide, which stains the nuclei of
dying cells. The increase in cell death after 6 h OGD is consistent with previously reported
findings in bEnd.3 endothelial cells (Andjelkovic et al., 2003; Xie et al., 2012), primary bovine
cerebral endothelial cells (Xu et al., 2000), primary cortical rat astrocytes (Goldberg & Choi,
1993; Benavides et al., 2005) and primary hippocampal mouse neurons (Soane et al., 2010).
However, the index of cell death used in the highlighted studies measured either the release of
lactate dehydrogenase (LDH) or MTT activity. LDH catalyses the two-way conversion of
pyruvate to lactate and back, however, LDH is present in the plasma following its release from
dead cells. In comparison, the annexin V-ethidium bromide staining employed in the present

study identifies cells under going apoptosis.

Notably, in most in vitro models of ischaemia, a minimum 6 h of OGD is required before the
observation of significant cell death, irrespective of the cerebral cell type under investigation. In
humans and rodents in vivo, cerebral cell death occurs within minutes following the induction of
ischaemic injury (Dirnagl et al., 1999; Kunz et al., 2010), questioning whether current studies
of ischaemia in vitro are of physiological relevance to an in vivo environment. Our preliminary
studies of bEnd.3 cells subjected to OGD after adaptation in physiological O, (5% O, for 5
days) revealed a significant increase in bEnd.3 endothelial cell death 2 h after OGD (Figure
6.17) compared to bEnd.3 cells cultured under 21% O, (Figure 6.3). The majority of studies
have not assessed the effects of OGD on cerebral cells adapted and cultured under physiological

oxygen levels ranging between 5 — 7 %.

The majority of studies have using astrocytes, neurons, brain endothelium (Almeida et al.,
2002; Andjelkovic et al., 2003; Griffin et al., 2005; Soane et al., 2010; Bulbarelli et al., 2012)
and cells from other vascular beds have characterised the intracellular redox environment in
cells cultured under hyperoxic conditions, which is known to enhance Nrf2 mediated gene
expression (Takahashi ef al., 1998; Cho et al., 2002; Godman et al., 2010). Some studies have
highlighted increased survival and proliferation of neurons (Morrison et al., 2000), larger
neuronal mitochondrial networks (Tiede et al., 2011), and differences in metabolism with
increased uptake of glucose and increased activation of adenosine monophosphate activated
kinase (AMPK) (Zhu et al., 2012) in neurons cultured under physiological oxygen levels (~
5%). Furthermore, Tiede et al. also show increased cell death in neurons adapted to
physiological oxygen compared to those cultured under ambient air when treated with human

immunodeficiency virus (HIV) (Tiede et al., 2011). Albeit Tiede et al. use HIV and neurons to
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demonstrate increased cell death, our findings are consistent to increased cell death after OGD
in endothelial cells cultured under physiological O,. Thus, the present finding provides novel
evidence that cells cultured under physiological O, tension exhibit increased cell death at lower
durations of OGD. Time constraints during the course of this project have not allowed us to

determine the cause of increased cellular death in cells adapted to 5% O, following 2 h OGD.

Studies in cultured primary hippocampal neurons have shown that post-treatment of neurons
with 0.5uM sulforaphane after 60 min OGD significantly reduced neuronal cell death 24 h after
re-oxygenation (Soane et al, 2010). Moreover, Soane ef al. examined the effects of
sulforaphane pre-treatment on hemin-induced neuronal cell death and reported a significant
reduction in neuronal cell death in cells exposed to 10uM hemin (Soane et al., 2010). Notably,
increased free heme is observed in the brain after injury and contributes to oxidative injury. Pre-
treatment of primary rat cortical astrocytes with SuM sulforaphane protects against cell death
induced by 4 h OGD and 48 h re-oxygenation (Danilov et al., 2009). The cytoprotection
afforded by sulforaphane pre-treatment in the present study corroborates previous reports and
provides evidence for a therapeutic potential of sulforaphane as a pre-conditioning agent against
stroke. Hence, further studies are warranted to monitor the concentration of sulforaphane and its

metabolites reaching cerebral cells in the intact brain.
6.9.3  Sulforaphane affords cytoprotection of bEnd.3 cells

As mentioned previously, the dietary isothiocyanate sulforaphane is an electrophile and an
inducer of the Nrf2 defence pathway (Wakabayashi et al., 2004; Dinkova-Kostova & Kostov,
2012). Hence, sulforaphane may confer protection of cerebral cells via the Nrf2 defence
pathway. The present study in bEnd.3 cells revealed a time- and concentration-dependent
increase in HO-1 (Figure 6.4) and NQOI1 (Figure 6.5) protein expression following
sulforaphane treatment. Moreover, sulforaphane increased in mRNA expression of HO-1 and
NQOL1 in bEnd.3 cells. Although previous studies have shown that HO-1 expression is regulated
by multiple transcription factors (Lavrovsky et al., 1993; Ryter et al, 2006), in bEnd.3
endothelial cells, sulforaphane induced HO-1 protein expression was attenuated in Nrf2 silenced
cells (Figure 6.14). In 1998, Richmon et al. reported increased HO-1 protein expression in the
rat brain 24 h after opening of the BBB following intracarotid administration of hyperosmotic
mannitol (Richmon et al., 1998). However, as highlighted previously, Panahian et a/. illustrated
a reduction in cerebral infarct volume and improved neurological outcome following stroke in
HO-1 overexpressing animals (Panahian ef al., 1999). Although the expression of HO-1 was not
assessed in the cerebrovascular endothelium in these two studies, the findings implicate an
important role for HO-1 in protection of BBB endothelial cells. Interestingly, Bell et al.

reported HO-1 induction restricted to astrocytes in vitro following OGD in mixed
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astrocyte/neuron cultures (Bell et al., 2011), suggesting that astrocytes are responsible for HO-1
induction in the brain. However, this hypothesis warrants further investigation to determine

whether HO-1 expression is limited to astrocytes in astrocyte/endothelium co-culture models.

Sulforaphane induced NQO1 protein expression was also absent in Nrf2 silenced bEnd.3 cells
(Figure 6.15), strongly suggesting that sulforaphane induces HO-1 and NQOI1 exclusively via
Nrf2. Interestingly, Gustafson et al. reported high levels of basal NQOI activity in bEnd.3
endothelial cells compared to HUVEC (Gustafson et al., 2003). This finding is also consistent
with our observation of high levels of basal NQO1 protein expression in bEnd.3 cell lysates.
The observed increase in NQO1 enzyme activity is consistent with previously reported findings
in Hepa 1clc7 hepatoma cells (Prochaska & Santamaria, 1988), mouse skin epidermis topically
treated with sulforaphane (Dinkova-Kostova et al., 2007), and astrocytes treated with SuM
sulforaphane (Danilov et al, 2009). Moreover, Zhao et al. have shown a concentration-
dependent increase in cerebral NQO1 activity 18 h after sulforaphane treatment in vivo (Zhao et
al., 2007a). Although Zhao et al. isolated cerebral microvessels from WT and Nrf2 KO mice,

the authors did not report on either NQO1 activity or protein expression in these animals.

In this study, we examined the effects of sulforaphane treatment on intracellular GSH levels in
bEnd.3 cells. GSH is a critical antioxidant protein that provides the first line of defense to
increased oxidative stress. In vivo, Bragin et al. demonstrated elevated GSH levels in the
penumbra compared to the core in rats subjected to MCAo and reperfusion injury (Bragin ef al.,
2010). Furthermore, these authors also reported an increase in GSH levels in neurons compared
to astrocytes in the penumbral region 24 h after 90 min MCAo (Bragin ef al., 2010). Our in
vitro studies in bEnd.3 endothelial cells suggests that acute sulforaphane treatment may deplete
intracellular GSH. However, 24 h after sulforaphane treatment, an increase in intracellular GSH
content, albeit non-significant, was noted. Based on other studies in the literature, GSH may
provide a role for protection of the cerebral endothelium (Sukumari-Ramesh et al., 2010; Steele
et al., 2013). Furthermore, intracellular GSH is key in reducing and preventing apoptosis of
human brain endothelial cells following challenge with methylglyoxal (Okouchi et al., 2009).
Kevil et al. demonstrated a significant reduction in protein expression of ICAM1 in mouse
aortic endothelial cells treated with glutathione ethyl ester (GEE), known to increase
intracellular GSH content (Kevil et al., 2004). These studies illustrate that GSH may play a role
in reducing endothelial cell permeability, leukocyte adhesion and preventing apoptosis.
Although sulforaphane treatment of bEnd.3 did not lead to significant increases in GSH, it
seems likely that sulforaphane may protect the neurovascular unit by modulating intracellular

GSH levels (Alfieri et al., 2011).
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In both Chapters 5 and 6, sulforaphane was employed as a pre-treatment agent in both in vivo
and in vitro models of stroke. Notably, the duration of pre-treatment in each model varied
significantly. In Chapter 5, rats were only pre-treated with sulforaphane for 1 hour prior to the
induction of ischaemic injury. However, the in vitro studies presented in this chapter employed
12h pre-conditioning. The results in naive bEnd.3 cells (not exposed to OGD) reveal that HO-1
and NQOI protein expression was increased significantly only 8h after sulforaphane treatment.
These results are consistent with the findings of McMahon ef al., who reported that treatment of
RL34 cells with sulforaphane only leads to an increase in NQO1 protein 8h after treatment
(McMahon et al., 2003). Moreover, nuclear fractions from bEnd.3 cells treated with
sulforaphane revealed increased nuclear Nrf2 protein 1 — 4h after sulforaphane treatment.
Following stress or the induction of Nrf2 using exogenous agents, Nrf2 accumulation and
translocation to the nucleus requires at least 4h. Furthermore, mRNA has to be synthesised,
processed and translated into protein, thus requiring at least 8 — 12h following induction of Nrf2
to increase metabolically active enzymes. Although 1h sulforaphane pre-treatment improved
neurological outcome following MCAo and 24h reperfusion in rats (Chapter 5), in vitro results
suggest further experiments should also be conducted with rats pre-treated for at least 12h prior
to the induction of MCAo. Thus, the protection observed in animals pre-treated with

sulforaphane for 1h may be further enhanced in animals pre-treated with sulforaphane for 12h.
6.9.4  Regulation of Nrf2 activity following sulforaphane treatment

Activation of Nrf2 following oxidative stress or by exogenous stimuli promotes nuclear
translocation and upregulation of Nrf2 activity, leading to increased transcription of ARE
responsive genes. Up-regulation of Nrf2 is regulated by feedback mechanisms to downregulate
its activity. Two known regulators of Nrf2 activity are Keapl and Bachl. Although the current
study did not examine protein expression of these two regulators, qRT-PCR studies indicated a
significant increase in Keapl and Bachl mRNA expression following sulforaphane treatment

(Figure 6.10).

As mentioned in Chapter 1, Keapl is a cytosolic repressor of Nrf2 that promotes Nrf2
degradation via the 26S proteasome following ubiquitination (Itoh et al., 2003; Taguchi et al.,
2011; Niture et al., 2013). Oxidation of cysteine residues on Keap1 results in disassembly of the
ubiquitination complex, comprising cullin3 and ring box 1 protein, promoting nuclear
translocation of Nrf2. Controversies currently exist as to whether Keapl shuttles Nrf2 to the
nucleus following disassembly of the ubiqutination complex (Nguyen ef al., 2005) or whether
Nrf2 is stabilized following a conformational change of Keapl, promoting nuclear translocation
of free Nrf2 (McWalter et al., 2004; Kaspar et al., 2009; Jain et al., 2010a) . In Chapter 5, our in

vivo data illustrated significant increases in Nrf2 protein in the brain following 1h sulforaphane
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treatment (5 mg/kg, i.p.), which would suggest a decrease in the rate of Nrf2 ubiquitination and
increased protein stabilization, resulting in increased accumulation within the cell. QqRT-PCR
analyses revealed no significant differences in Nrf2 mRNA levels 4 h after sulforaphane
treatment compared with control or vehicle treated cells. Furthermore, these findings are
consistent with the observed decrease in nuclear Nrf2 protein levels and reduction in total cell
fluorescence for Nrf2 in vitro, and significant decrease in cerebral Nrf2 protein in vivo 4 h after
sulforaphane treatment. Our findings do not provide sufficient resolution to distinguish between

increased nuclear shuttling of Nrf2 or increased Nrf2 stabilization.

Notably, the immunoblotting data shown in Figure 6.11 suggests that Nrf2 is predominantly a
nuclear protein, whilst limited cytoplasmic Nrf2 was identified. However, Figures 4.4 and 5.8
examined the levels of total cellular Nrf2 in the brain, identifying Nrf2 protein in both nuclear
and cytoplasmic compartments. An increase in Nrf2 protein following stroke has been reported
in the brain by immunohistochemical analysis (Tanaka et al., 2011). Furthermore, the
brightfield images presented by Tanaka et al. show increased staining in a cell within an intact
brain section, but did not differentiate between nuclear and cytoplasmic Nrf2. Our
immunohistochemical studies in Chapters 4 and 5 reported similar findings in ex vivo brain
sections from male rats subjected to MCAo. Improved resolution obtained using the quantitative
immunohistochemical technique allowed for the direct identification of Nrf2 protein in both
nuclear and cytoplasmic compartments. Activation of Nrf2 results in a reduction of its
ubiquitination and subsequent proteasomal degradation, which may allow for the identification
of cytoplasmic Nrf2. Furthermore, this finding would suggest that the quantitative
immunohistochemical technique may provide an improved sensitivity for the detection of

proteins compared to traditional immunoblotting methods.

With respect to Keapl, 4h sulforaphane treatment significantly increased Keapl mRNA
expression in bEnd.3 cells, suggesting that decreased Nrf2 nuclear accumulation and cerebral
protein content 2 — 4h after sulforaphane treatment may be due to increased Keapl protein
expression and/or activity. Further study is required to examine the time-dependent changes in
Keap1 protein and its cellular localization after sulforaphane treatment. Interestingly, Sun ef al.
reported that Keapl translocates to the nucleus to export Nrf2 for degradation (Sun et al., 2007).
These authors further reported that the nuclear Keapl-Nrf2 complex is unable to bind to the
ARE (Sun et al, 2007), suggesting that Nrf2 binds to the ARE independent of Keapl.
Velichkova ef al. demonstrated nuclear translocation of Keapl protein in NIH 3T3 fibroblasts
following treatment with diethylmaleate, however, mutation of the nuclear export signal on
Keapl increased the nuclear accumulation of both Nrf2 and Keapl (Velichkova & Hasson,
2005). Sun ef al. also reported that Keapl shuttles between the nucleus and cytoplasm under

physiological conditions and is independent of Nrf2 (Sun ef al., 2011). Although in the present
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study, protein expression or cellular localization of Keapl was not examined, our observation of
increased Keapl mRNA levels following sulforaphane treatment corroborates published
findings. Furthermore, the observed increase in Keapl mRNA may occur to promote nuclear
export and increased degradation of Nrf2, providing a regulatory mechanism for Nrf2 activity

following activation.

With respect to stroke, Tanaka ef al. employed immunohistochemical analysis to demonstrate a
decrease in Keapl protein expression in ex vivo brain sections from mice subjected to MCAo
and reperfusion injury (Tanaka et al., 2011). This study however, this study did not specify the
cerebral cell types responsible for the observed changes in Keapl protein expression. Although
we did not examine Keapl and Nrf2 localisation following OGD in bEnd.3 cells, our in vivo
findings of increased Nrf2 protein expression in rats brains following cerebral ischaemia and
reperfusion injury (Chapter 4) corroborates findings reported by Tanaka et al. (2011). To
further understand the mechanisms regulating Nrf2 levels after stroke and sulforaphane
treatment, it would be important to determine parallel changes in Keapl expression and its

cellular localization.

Bachl is known to inhibit Nrf2 activity by binding to the ARE following hetrodimerisation with
small Maf proteins (Igarashi & Sun, 2006; Jyrkkanen ef al., 2011). In the presence of free heme,
the Bachl-Maf complex is disassociated, allowing for Nrf2 binding to the ARE (Hira ef al.,
2007). It is well established that Bach1 regulates cellular expression of HO-1 (Ferrando-Miguel
et al., 2003; Dohi et al., 2006; Shan et al., 2006; Sakoda et al., 2008). Following an increase in
HO-1 activity, increased iron and reduction in the levels of free heme allows for the formation
of the Bachl-Maf inhibiting complex and its binding to the ARE, thereby preventing further
transcription by Nrf2. As mentioned previously, our findings established a significant increase
in Bachl mRNA after 4 h sulforaphane treatment. Notably, Nrf2 mRNA levels were not
significantly different between sulforaphane treated, vehicle-treated or control bEnd.3 cells.
Furthermore, nuclear translocation studies of Nrf2 revealed a decrease following 4 h
sulforaphane treatment. Although Bachl protein levels were not assessed in the present study,
our data suggest that Bachl may also play a role in regulating Nrf2 nuclear accumulation and
ARE binding activity in the brain endothelium. In this context, Jyrkkanen et al. have
demonstrated a Nrf2-mediated increase in Bachl mRNA in HUVEC overexpressing Nrf2
(Jyrkkanen et al., 2011), suggesting that Nrf2 regulates Bachl expression and activity.
Jyrkkanen et al. also reported an ARE sequence in the Bachl promoter region, with sequence
homology between mouse and human Bachl promoters (Jyrkkanen et al., 2011). Although the
present study has not examined Nrf2 binding to the promoter region of specific genes, our
mRNA data for Bachl is consistent with the findings reported by Jyrkkanen et al. (2011) and

suggests that similar Nrf2 regulatory mechanism may exist in brain endothelium. Sakoda et al.
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have reported an increase in brain HO-1 mRNA levels in Bachl KO mice (Sakoda et al., 2008),
suggesting the presence of Bachl in the rodent brain and its potential involvement in regulating
Nrf2. Interestingly, MacLeod ef al. have shown that Keapl and Bachl regulate Nrf2 activity via
different mechanisms, as the knockdown of Bachl did not confer protection to immortalised
human keratinocyte HaCaT cells against a range of electrophilic stimuli and redox-cycling
agents, although the knockdown of Bachl significantly increased HO-1 gene expression
(MacLeod et al., 2009). Moreover, MacLeod et al. stated that the promoter region of HO-1
contains ARE-like sequences, enabling Bachl binding (MacLeod et al, 2009). Hence, it
remains to be determined whether Bachl plays a role in regulating other ARE-linked genes.
With respect to stroke, Perez-de-Puig et al. reported a significant decrease in Bachl protein
expression in the mouse brain after 8 h permenant MCAo, which was associated with increased
HO-1 protein and mRNA expression (Perez-de-Puig et al., 2013). Although these findings are
consistent with increased HO-1 and Nrf2 protein levels observed in ischaemic rat brain (see
Chapter 4), it remains to be elucidated whether increased Bachl activity after sulforaphane

treatment affects its potential therapeutic benefits.
6.9.5 Is oxygen and/or glucose deprivation responsible for the upregulation of HO-1?

Examination of HO-1 protein expression in bEnd.3 cells subjected to oxygen and glucose
deprivation revealed a time-dependent increase in HO-1 expression. In our model, we did not
assess the upregulation of Nrf2 following OGD, however, there remains a possibility that the
observed upregulation of HO-1 in the bEnd3 cells may occur as a result of oxygen and glucose
deprivation. Appleton ef al. (2003) reported a decrease in HO-1 protein content in extravillous
trophoblast cells exposed for 24h to low oxygen (0.5%) and low glucose (0.2 mM) (Appleton et
al., 2003). Interestingly, Appleton et al. also reported a decrease in expression of HO-2, a
constitutively expressed isoform of heme oxygenase, following exposure to lower levels of
oxygen and glucose. This suggests that an increase in HO-1 protein expression may occur to
compensate for the reduction in HO-2 protein levels. Furthermore, Chang et al. found increases
in HO-1 mRNA following glucose deprivation for 12 — 24h in HepG2 cells (Chang et al.,
2002). Moreover, Takeda et al. reported an increase in HO-1 protein expression within 1.5h of
glucose deprivation in cardiac fibroblasts (Takeda et al., 2004). Thus, activation of HO-1
following OGD may be due to the deprivation of glucose from brain endothelial cells for a
longer duration. It remains to be elucidated whether the observed changes in HO-1 protein

levels are regulated by Nrf2 following OGD.
6.9.6  Summary and conclusions

In summary, the mouse-derived brain endothelial cell line bEnd.3 was used as an in vitro model

of the brain endothelium. The effects of sulforaphane pre-treatment on bEnd.3 cell death
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following OGD was further examined as an in vitro model of ischaemia. This chapter provides
the first evidence that sulforaphane pre-treatment of bEnd.3 cells decreases cell death after
OGD, highlighting that sulforaphane mediates protection of the brain endothelium. Notably, this
chapter also reports the first experimental evidence that adaptation and culture of bEnd.3 cells

under physiological oxygen tension increases cell death after shorter durations of OGD.

In conclusion, this chapter reports for the first evidence that sulforaphane pre-treatment provides
protection to the cerebrovascular endothelium via the Nrf2 defence pathway, and hence may
serve as a potential therapeutic intervention to limit the opening of the BBB following cerebal
stroke. Moreover, to our knowledge, we also provide novel and primary evidence that the
culture of cells under physiological tensions may provide greater relevance to the in vivo
environment, and hence further experiments in primary rodent and human brain endothelial

cells are warranted.
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Chapter 7 General Discussion

7.1 Summary of the project

The redox sensitive transcription factor Nrf2 orchestrates the expression of many antioxidant
and phase II detoxifying enzymes, conferring protection against electrophilic, xenobiotic and
oxidative stress following the induction of a pathophysiological disease state, such as cerebral
ischaemia and reperfusion injury. Previous studies have highlighted the significance of Nrf2
mediated protection in the ischaemic brain, highlighting increased BBB breakdown,

cerebrovascular permeability and increased neurological deficits in Nrf2 deficient animals.

This project reports the first quantitative measurements of the temporal and spatial distribution
of Nrf2 following ischaemia and reperfusion injury in a rodent model of stroke, demonstrating
peak expression of Nrf2 protein 24h after 70 min MCAo. Notably, 1h pre-treatment of rats with
the dietary Nrf2 activator sulforaphane, reduced its expression 24h after 70 min MCAo and

conferred increased protection to the brain following ischaemia and reperfusion injury.

Chapter 3 describes the development of a novel immunohistochemical technique using DAB,
which allowed for true protein quantitation in ex vivo brain sections. Furthermore, whilst
immunoblotting techniques only deliver information over a global scale, the
immunohistochemical technique provides greater resolution to determine protein content in

particular cell types, cellular compartments and different regions of the tissue.

In Chapter 4, the novel immunohistochemical technique was used to quantify nuclear
accumulation of Nrf2 following cerebral ischaemia-reperfusion injury. Nrf2 was expressed
differentially between the contralateral hemisphere and the infarct core and peri-infarct regions
of the stroke-affected hemisphere. Nrf2 protein content was notably increased in all brain cells
in the peri-infarct region of the ischaemic brain after 24h and 72h reperfusion injury. Chapter 4
further provides the first quantitative measures of endothelial Nrf2 expression and identifies a
time-dependent increase in the spatial distribution of endothelial Nrf2 content. In parallel
studies, immunofluorescence examination of ex vivo brain sections demonstrated a clear
upregulation of the Nrf2-mediated antioxidant stress protein HO-1 after 24 - 72h reperfusion
injury. HO-1 was predominantly expressed in astrocytes in the peri-infarct region of the stroke-
affected hemisphere. Furthermore, following 24h reperfusion injury, increases were also

identified in the protein expression of NQO1 and Prx1 in the stroke-affected hemisphere.

Chapter 5 examined the effects of pre-treating rats with the Nrf2 inducer sulforaphane on Nrf2
expression after stroke. DAB immunohistochemtry clearly demonstrated that sulforaphane pre-

treatment markedly attenuated Nrf2 protein expression in all cells and the cerebrovascular
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endothelium in the stroke-affected hemisphere after 24h reperfusion injury. Moreover,
behavioural studies conducted by Dr Alessio Alfieri, Cardiovasular Division, KCL, confirmed
significant improvements in neurological deficits after stroke in sulforaphane pre-treated
animals. Notably, sulforaphane rapidly crossed the BBB and upregulated protein expression of

Nrf2, HO-1, NQO1 and Prx1 in naive rat brains.

As shown in Chapter 6, the mouse bEnd.3 endothelial cell line was employed to determine
whether sulforaphane treatment conferred protection following in vitro experimental ischaemia.
Pre-treatment of cells with sulforaphane for 12h prior to oxygen-glucose deprivation
significantly reduced cell death. Further evaluation of the effects sulforaphane on naive bEnd.3
cells revealed time- and dose-dependent increases in the protein and mRNA expression of HO-1
and NQOI1, along with increased nuclear accumulation and ARE binding activity of Nrf2.
siRNA knockdown of Nrf2 abrogated sulforaphane stimulated protein expression of HO-1 and
NQOI. As sulforaphane treatment of bEnd.3 cells increased Keapl and Bachl mRNA, this may

provide insights into the regulation Nrf2 activity following its activation.

Although data in Chapter 6 provides evidence that sulforaphane is a viable candidate to confer
protection to cerebral endothelial cells, the current set of experiments were conducted in bEnd.3
cells cultured under ambient air (21% oxygen). Preliminary OGD experiments conducted using
bEnd.3 cells cultured initially under physiological oxygen tensions (5%), revealed increased
endothelial cell death following 2h OGD, a response absent in bEnd.3 cells cultured under
ambient air. These findings demonstrate that cells cultured under ambient air may not be

representative of the in vivo environment.

7.2 Protection of the blood-brain barrier by sulforaphane

This project provides novel insights into the time-course of Nrf2 protein expression in the brain
after stroke, highlighting a significant delay in the activation and nuclear accumulation of Nrf2
post reperfusion injury. It is well established that under homeostatic conditions, the BBB
protects the neurovascular unit and the brain parenchyma (Figure 7.1A), however, following the
induction of cerebral ischaemia and reperfusion injury, we have breakdown of the BBB and
increased cerebral cell death (Figure 7.1B). Notably, we demonstrated that pre-conditioning
with the dietary Nrf2 inducer sulforaphane significantly improved neurological outcome
following stroke. This suggests that cerebral damage and endothelial cell death following stroke
was attenuated, allowing for the maintanaince of the integrity of the BBB (Figure 7.1C).
However, further investigation is required to assess the effects of sulforaphane pre-treatment on

BBB permeability to confirm this hypothesis.
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Figure 7.1 Effects of ischaemia-reperfusion injury on the neurovascular unit after stroke.

(A) Under normal conditions, a tight apposition of endothelial cells held together by tight-junctional
complexes, form the BBB, which is supported by the presence of astrocytic endfeet and neurons. (B)
Following cerebral ischaemia and reperfusion injury, the breakdown of the BBB, characterised by the loss
of tight junctional complexes, endothelial cell contraction and cell death results in the formation of
vasogenic oedema. This results in neuronal cell death and associated neurological deficits. (C)
Sulforaphane pre-conditioning reduces breakdown of the BBB and confers increased protection to
cerebral cells.
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A major contributor to the pathophysiology of cerebral ischaemia is increased oxidative stress,
resulting in increased formation of lipid peroxidation, protein carbonylation, and cell death
(Figure 7.2). However, sulforaphane pre-conditioning increases Nrf2 activity and its mediated
antioxidant and phase Il detoxifying enzymes, increasing the capacity of cerebral cells,
including the cerebrovascular endothelium, to counteract the increased oxidative stress

exhibited during ischaemia-reperfusion injury (Figure 7.2).
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Figure 7.2 Schematic representation of Nrf2 activation by sulforaphane in cerebral cells.

Cerebral ischaemia and reperfusion injury increase oxidative stress within the cell, leading to cell damage
and initiation of pro-apoptotic pathways. Pre-conditioning of the brain with sulforaphane (SFN) increases
Nrf2 activation, and its nuclear translocation. This results in the upregulation of Nrf2 regulated targets,
which include HO-1, NQO1 and Prx1. The upregulation of such antioxidant enzymes by pre-conditioning
increases the cells capacity to counteract increased oxidative stress, protecting the cell from damage.

Hence, this study highlights sulforaphane as a potential therapeutic candidate for treatment of
cerebral ischaemia and reperfusion injury. However, we delineate that pre-conditioning
strategies will aid in attenuating the cerebral damage and neurological deficits experienced after
a stroke, and aid in reducing the financial burden endured by heath services and affected

communities.
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7.3 Development of a novel immunohistochemical technique for ex vivo quantitation of

protein expression

A major aspect of this project was the development of a novel immunohistochemical technique
that could be employed for the quantitation of particular proteins in ex vivo tissue sections,
allowing for the user to identify anatomical variations in protein expression. Protein quantitation
was based on the initial rate of DAB polymer development, the product of a biochemical
reaction between DAB and H,0,, which was catalysed by HRP conjugated to a secondary
antibody. The concentration of HRP enzyme present to catalyse DAB polymer formation is
related to the amount of protein present within tissue section. Furthermore, the concentration of

the target protein with in tissue section will vary within different regions of the tissue.

Currently, studies employ the use of immunoblotting techniques to quantify changes in protein
expression following the homogenisation of tissue, and separating extracted proteins by weight
using SDS-PAGE. However, immunoblotting techniques are only able to confer information
regarding the global changes in the proteins of interest, and furthermore, only provide a semi-
quantitative measurement. However, the developed immunohistochemical technique allows for
true protein quantitation in different anatomical regions of the tissue, and moreover, in different
cell types, thus providing greater resolution compared to immunoblotting. An objective of this
project was to quantify Nrf2 protein expression in the ischaemic brain, and furthermore, to
examine Nrf2 expression in the cerebrovascular endothelium. The employment of our novel

immunohistochemical technique allowed us to fulfil these objectives.

7.4 Cerebrovascular endothelium: required for protection of the brain parenchyma

There is a consensus that the upregulation of Nrf2 regulated defences following cerebral
ischaemia affords protection to neurons and astrocytes in the brain. Neurons are integral to brain
function, and astrocytes play a critical role in maintaining a homeostatic environment in the
brain. The defined functions of these cells with in the brain milieu highlight the requirement for
enhanced protection in neurodegenerative disease states. The cerebrovascular endothelium has
however failed to receive the same amount of focus, raising the question “whether the
cerebrovascular endothelium is important for brain function?”. As defined in Chapter 1, the
cerebrovascular endothelium forms the BBB, and thus plays an important role in maintaining
brain function and brain environment by regulating the flow of blood-borne substances to and
from cerebral circulation. The loss of BBB integrity following cerebral stroke, or other
neurodegenerative disease states, results in the formation of vasogenic oedema, which is

associated with the observed neurological deficits. Hence, protection of the cerebral
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endothelium is important for maintaining the integrity of the BBB and for protection of the

brain parenchyma.

Activation of Nrf2 by a range of different stimuli results in a decrease in cerebral oedema
formation, suggesting that increased protection of the cerebrovascular endothelium maintains
integrity of the BBB (Zhao et al., 2006; Yang et al., 2009; Shah et al., 2010; Son et al., 2010;
Ren et al., 2011; Nada & Shah, 2012; Sumi et al., 2013; Wang & Cui, 2013). Furthermore, the
cerebral infarct volume, a measure of dead brain tissue, is also reduced following activation of

Nrf2.

Although the global activation of Nrf2 confers protection, a reduction in cerebral oedema
formation directly contributes to the observed reductions in cerebral infarct volume. In the
present study, sulforaphane treatment of bEnd.3 cells in vitro increased the expression two
Nrf2-linked proteins, HO-1 and NQO1 (Chapter 6). Furthermore, following in vitro ischaemia
by OGD, a reduction in cell death is apparent in bEnd.3 cells pre-treated with sulforaphane.
This data clearly illustrates that sulforaphane pre-treatment protects the brain endothelium in
vitro. Zhao et al. demonstrated that 18h sulforaphane treatment of naive mice increased HO-1
protein expression exclusively in the brain endothelium (Zhao et al., 2007a), which is consistent
with our observations for HO-1 expression in naive rats treated with sulforaphane (Alfieri et al.,

2013).

Our sulforaphane pre-conditioning studies in rats in vivo, prior to MCAo and reperfusion injury
also demonstrated increased HO-1 protein expression in the brain endothelium (Alfieri et al.,
2013). Although these in vivo findings suggest that sulforaphane mediated HO-1 protein
increase in the brain endothelium is maintained after a stroke, we also reported that pre-
conditioning improved neurological outcome and ameliorated lesion progression (Alfieri ef al.,

2013).

Upon reperfusion injury in rats, Peters et al. observed a sudden increase in ROS generation
(Peters et al., 1998), which would directly affect the integrity of the BBB (Abbott et al., 2006).
As mentioned previously in Chapter 1, GSH provides the “first-line” of cellular defence against
increased oxidative or electrophilic stress. Agarwal ef al. demonstrated an increase in BBB
permeability in rats treated with diethyl malate (DEM), an electrophile known to deplete
intracellular GSH (Agarwal & Shukla, 1999). In vitro studies using bovine brain endothelial
cells have associated a depletion of intracellular GSH levels to increase cerebrovascular
permeability following 24 — 48h hypoxia (Plateel et al., 1995). In the present studies with
bEnd.3 cells, sulforaphane treatment evoked a trend for increased intracellular GSH content. It

is thus conceivable that the maintenance of intracellular GSH levels in BBB may limit IgG
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permeability and attenuate lesion progression following MCAo and reperfusion injury (Alfieri

etal.,2013).

Hence, the present in vitro findings provide insights into the possible mechanisms of action by
which sulforaphane confers protection to the BBB endothelium in vivo. These data highlight
that protection of the endothelium will protect the brain parenchyma, and further studies are
warranted to explore therapeutic strategies to protect the BBB in neurodegenerative disease

states.

7.5 Expression of Nrf2 in the ischaemic penumbra

Current stroke research focuses on increasing the protection afforded to the ischaemic penumbra
in experimental models of stroke, with an aim to identify treatment regimes for the clinical
setting. In 1981, Astrup et al. stated that the discovery of the ischaemic penumbra may be
valuable for experimental research and also in the clinical setting (Astrup et al., 1981). As
described in Chapter 1, the penumbra is defined by changes in cerebral blood-flow, however, in
ischaemia-reperfusion injury, the ischaemic penumbra is developed further by other

pathophysiological processes.

7.5.1  Expression of Nrf2 and its mediated proteins in the ischaemic brain

Initiation of reperfusion increases the progression and formation of the ischaemic penumbra.
However, as time elaspses after a stroke, the volume of penumbral tissue decreases, signifying
increased cell death. The penumbra is defined by a deficit in blood perfusion to the tissue and
increased oxygen extraction (Robertson et al., 2011). In this study, the penumbral region in the
infarcted brain could not be defined, however, with fluorescence imaging, we were able to
define peri-infarct regions. Profiling studies examining the expression of Nrf2 within the
ischaemic brain revealed differences in Nrf2 protein expression between the infarct core and
penumbral regions of the brain. However, in our study, it is interesting to note that after 72h
reperfusion, Nrf2 protein levels remained elevated in the peri-infarct regions, albeit, less than
levels observed following 24h reperfusion injury. Based on this finding, it is conceivable that
Nrf2 remains active in the peri-infarct regions to increase the antioxidant capacity of cells in the
brain following stroke. Dirnagl ef al. have suggested that the region of the ischaemic penumbra
develops further due to depolarisation signals radiating from the ischaemic core, which is
known to increase oxidative stress (Dirnagl ef al., 1999), and this may explain the observed

increases observed for Nrf2 in the peri-infarct regions.
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7.5.2  Sulforaphane pre-treatment may reduce cerebral ischaemia-reperfusion induced

damage

As mentioned in Section 7.5.1, the penumbral region develops with increasing duration of
injury and inadequate therapy to initiate protective mechanisms at an earlier time frame. In the
present study, a significant attenuation of Nrf2 protein levels was observed in animals pre-
treated with sulforaphane prior to 70 min MCAo and 24h reperfusion. DAB
immunohistochemical analysis for Nrf2 levels in the sulforaphane pre-treated brain was only
examined after 24h reperfusion injury. However, we speculate that the volume of infarcted
tissue is reduced in rats pre-treated with sulforaphane. A possible mechanism may be due to the
increased expression of HO-1 noted in the cerebrovascular endothelium 24h after sulforaphane
administration in vivo, consistent with previously reported findings (Zhao et al., 2007a).
Furthermore, the present in vitro studies demonstrated a reduction in cell death in brain
endothelial cells subjected to OGD following 12h sulforaphane pre-treatment. Increased
endothelial HO-1 content may also enhance the capacity of the BBB to counteract increased
oxidative stress following reperfusion injury, leading to reduced BBB permeability and

formation of the infarct core.

7.6 Pre-conditioning versus post-conditioning therapeutic strategies

In the current clinical setting, treatment of stroke patients is dependent upon post-conditioning
strategies using rtPA. However, the efficacy of post-conditioning treatment protocols are
limited by a defined period in which the pharmacological intervention must be administered. In
reality, most cerebral ischaemia patients are ineligible for treatment by rtPA due to limited

access to an equipped hospital within the defined time-window of 4.5h.

Many studies have targeted the Nrf2-defence pathway to mediate protection to the ischaemic
brain. However, as highlighted in Chapter 1, the majority of these in vivo models of cerebral
ischaemia and reperfusion injury use Nrf2 activators post-ischaemic injury. Notably, Nrf2
activators are administered within minutes of either the induction of ischaemia or reperfusion
injury. Clinicians prefer the development of novel drugs that may be administered to the patient
as soon as cerebral ischaemia is identified, forcing research into post-stroke therapeutic
methods. However, rodent models of stroke cannot be directly compared to human stroke, as
the laboratory-based researcher has complete control over the duration of ischaemia, and
commencement of reperfusion injury. Although studies conducted by Zhao et al. reported that
sulforaphane administration 15 min post the induction of ischaemia in mice is protective (Zhao

et al., 2006), the likelihood that a clinical patient will be able to receive treatment within the
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same time window is unlikely. This point raises the questions whether post-conditioning

strategies are suitable for application within the clinical setting.

In the present project, pre-treatment of rats with the Nrf2 activator sulforaphane improved
neurological outcomes after stroke (Appendix 5). Furthermore, pre-conditioning studies
highlighted in Chapter 1 (Table 1.10) also demonstrate greater protection and reduced cerebral
infarct volume compared to studies that employed post-conditioning methods. This provides a
clear indication that pre-conditioning therapeutic strategies may confer increased protection to
the brain against ischaemia-reperfusion injury induced damage. With regards to the Nrf2-
defence pathway examined in this project, sulforaphane was able to increase Nrf2 protein levels
in the naive rat brain within 1h of administration. This suggests that sulforaphane treatment
results in an increase of the brain’s antioxidant capacity, affording greater protection to the brain
during and after ischaemia. Notably, in the present study, rats were only pre-treated or “pre-
conditioned” with sulforaphane for 1h prior to MCAo, hence it remains to be examined whether
longer duration of pre-treatment with of sulforaphane could confer enhanced protection to the

1schaemic brain.

A recent review published by the stroke treatment academic industry roundtable (STAIR) states
that research should focus on the development of improved thrombolytic therapies that may be
administered within 4.5h after the onset of ischaemia (Albers et al., 2011). Although the aim to
restore cerebral blood flow within this defined time window may provide efficacious results, the
question remains whether patients will be able to access such therapies within this period.
Sulforaphane and other Nrf2 activators are unable to induce thromobolytic actions within the
ischaemic core. However, such compounds are able to confer protection to the brain via
upregulation of endogenous defences. The present studies established that sulforaphane is able
to cross the blood-brain barrier following an intraperitoneal injection in vivo in rats, leading to
upregulation Nrf2 and its target antioxidant enzymes (Chapter 5). Hence, this demonstrates that
sulforaphane is able to confer global protection to the brain. Studies highlighting the protective
nature of sulforaphane when administered following ischaemic injury portray sulforaphane as

an attractive post-stroke therapeutic strategy (Zhao et al., 2006; Zhao et al., 2007b).

Unfortunately, the occurrence of stroke is an unpredictable event, and furthermore, can affect
any living human. A cohort of patients can be identified as being at an increased risk of
experiencing a cerebral stroke. These include patients that suffer from diabetes, hypertension,
atherosclerosis and other cardiovascular complications. Interestingly, statins have been shown
to reduce damage following cerebral ischaemia and reperfusion injury in vivo (Laufs et al.,
2000; Amarenco, 2001; Laufs et al., 2002; Gertz et al., 2003; Amarenco et al., 2004b; Bersano

et al., 2008). Furthermore, a meta-analysis studies by Amarenco et al. reports a 21% reduction
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in strokes in patients receiving statins (Amarenco et al., 2004a). This evidence strongly suggests
that pre-conditioning in humans may be a useful strategy to protect the brain against ischaemia-
reperfusion injury. Thus, advising high-risk patients to regularly take sulforaphane may improve

neurological outcomes after cerebral stroke.

This present study only focused on the actions of one known dietary activator of Nrf2, however,
other studies have also examined the effects of other dietary Nrf2 activators in rodent models of
stroke. These include compounds such as, AITC (Xiang ef al., 2012), plumbagin (Son et al.,
2010), epicatechin-3-gallate (Shah et al., 2010) and quercetin (Sumi et al., 2013). Studies have
only examined the protection afforded to the ischaemic brain when a single compound is
administered, but there appear to be no reports on the effects of administering a cocktail of
known Nrf2 activators. It is not known whether administration of multiple activators in
combination would further enhance Nrf2 activity. Such studies are of relevance to the human
environment, as food items are consumed in combination and multiple Nrf2 activators maybe
present within the body at anyone time. Further studies could therefore examine the
concentration-dependence of administering Nrf2 activators to determine whether actions are

additive or potentiating.

7.7 Role of sulforaphane in pre-conditioning the brain against stroke

The use of pre-conditioning strategies cannot be described as a therapeutic strategy for treating
stroke, but can be better referred to as a “safeguarding” technique, priming the Nrf2-defence
system for battle against increased oxidative stress encountered in many disease states. This
project examined the effects of the dietary isothiocyanate sulforaphane, a well characterised
activator of the Nrf2 pathway (Thimmulappa et al., 2002), as a pre-conditioning agent against
cerebral ischaemia and reperfusion injury. This PhD thesis contains little information regarding
the effects of sulforaphane pre-conditioning on animal behaviour following stroke, however
published work from our research group demonstrated a reduction in IgG permeability and
improved neurological outcome following stroke in rats pre-treated with sulforaphane for l1h
prior to 70 min MCAo and 24h reperfusion injury (Alfieri et al., 2013). The observed protection
in pre-treated animals may be due to the rapid activation of Nrf2 by sulforaphane (Chapter 5),
priming endogenous antioxidant defences prior to significant increases in ROS generation
(Srivastava et al., 2013). Once again emphasising points in Section 7.3, maintenance of the
BBB is required for protection of the brain parenchyma. The present findings thus provide a
clear demonstration that sulforaphane pre-conditioning primes the brain’s antioxidant capacity,

improving its efficiency to counteract increased oxidative stress.
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Although our studies are the first to discuss the role of sulforaphane pre-conditioning strategies
against cerebral ischaemia and reperfusion injury (Alfieri ef al., 2013; Srivastava et al., 2013),
sulforaphane has been employed to pre-condition the brain and its cells against other
neurodegenerative disease states. Table 7.1 and 7.2 highlights in vivo and in vitro models of

sulforaphane pre-conditioning respectively.

Sulforaphane pre-conditioning attenuates brain damage in multiple neurodegenerative diseases
in vivo (Table 7.1), and moreover evidence strongly suggests that the observed protection is due
to upregulation of the Nrf2 defence pathway. In vitro studies also highlight protection of
cerebral cells by sulforaphane pre-conditioning, reducing cell death (Table 7.2). It is important
to highlight the in vitro findings by Bergstrom ef al. in astrocytes that were pre-treated
transiently with repeated doses of sulforaphane over 4 days (Bergstrom ef al, 2011). The
treatment regimes of sulforaphane applied to astrocytes in vitro closely mimic the intake of such
dietary compounds by humans. Furthermore, cells were only exposed to sulforaphane for 4h,
again closely mimicking the duration of sulforaphane in the plasma until clearance (Conaway et
al., 2000). Interestingly, Bergstrom and colleagues revealed rapid induction of Nrf2 upon
transient sulforaphane stimulation (Bergstrom ef al., 2011), consistent with our findings of
increased nuclear translocation of Nrf2 in bEnd.3 cells within 4h of sulforaphane treatment, and
rapid induction of Nrf2 in vivo following sulforaphane administration. With regards to the
downstream targets of Nrf2, Bergstrom et al. reported prolonged induction of NQO1, but not
HO-1, following repeated transient stimulation of astrocytes with sulforaphane (Bergstrom et
al., 2011). This finding suggests that HO-1 may play a minor role in protection of astrocytes
subjected to repeated transient sulforaphane treatment. Thus the observed effect maybe a
consequence of the sensitisation of HO-1 to repeated sulforaphane treatment and hence warrants
further investigation. There also remains a possibility that the modulation of co-factors that
interact with Nrf2 to upregulate HO-1 mRNA expression, such as brahma related gene-1

(BRG1) (Zhang et al., 2006) maybe affected by repeated sulforaphane treatment.
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Current clinical focus is to increase public awareness of the beneficial effects of sulforaphane,
and thus further research should ascertain the bioavailability of sulforaphane following dietary
intake different vegetables. Glucoraphanin, a precursor of sulforaphane, is found in abundance
in broccoli sprouts (Fahey et al., 1997), and notably varying levels of glucoraphanin have been
found in different broccoli sub-types (Gasper et al., 2005). Clinical trails conducted in China
assessed the bioavailability of sulforaphane, from patients who either consumed sulforaphane
rich beverages for 5 says, followed by glucoraphanin, and the opposite protocol (Egner et al.,
2011). Bioavailability of sulforaphane was greater in patients during consumption of
sulforaphane rich beverages compared to gluoraphanin rich beverages, following assessment of
sulforaphane excretion in urine (Egner et al., 2011). Glucoraphanin is hydrolysed by the
enzyme myrosinase, also found in cruciferous vegetables and is converted to sulforaphane upon
mechanical breakdown or chewing (Vermeulen et al., 2008). Hence, the comsumption of
glucoraphanin alone will yield low levels of sulforaphane. Furthermore, the bioavailability of
sulforaphane is also influenced by the method of cooking (Conaway et al., 2000; Vermeulen et
al., 2008), as long durations of heat exposure denature myrosinase, required for the hydrolysis
of glucoraphanin to sulforaphane. Saha et al. also report increased bioavailability of
sulforaphane in fresh broccoli soup, compared to soup prepared from frozen or blanched
broccoli (Saha et al., 2012), thus demonstrating the importance of myrosinase in sulforaphane
bioavailability. Cramer ef al. however show an increase in sulforaphane bioavailability in
healthy subjects consuming a combination of fresh broccoli and rich glucoraphanin powder
(Cramer et al., 2011). The phenotype of individuals also influences the bioavailability of
sulforaphane, as GSTM1 positive individual showed reduced urinary excretion of sulforaphane
over 6h following consumption compared to GSTM1 null subjects (Gasper et al., 2005). Hence,
this finding thus indicates that the bioavailability of sulforaphane is also dependent upon the
composition of the gut flora, thus increasing the difficulty for researcher to define the general

concentration of broccoli that should be consumed by prospective patients.

7.8 Nrf2 and cross-talk with other redox sensitive transcription factors

In this project, temporal and spatial distribution of Nrf2 in the rat brain was monitored
following ischaemia and reperfusion injury. Nrf2 attained peak nuclear accumulation and
protein levels 24h after the induction of reperfusion injury (Alfieri et al., 2013; Srivastava et al.,
2013). An increase in the protein expression of the Nrf2 target enzymes HO-1, NQO1 and Prx1
24h after the induction of reperfusion injury strongly suggests that Nrf2 may attain peak levels
prior to 24h (Alfieri et al., 2013). However, the late induction of phase II detoxifying enzymes
and antioxidant stress proteins may be due to a delayed activation of Nrf2. The delayed

upregulation of antioxidant stress proteins and phase II detoxifying enzymes implies that limited
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protection is available to the brain at the point of reperfusion injury, characterised further by

peak generation of ROS (Peters et al., 1998).

It should be noted that oxidative stress following cerebral ischaemia and reperfusion injury in
vivo results in the activation of other redox sensitive transcription factors, and therefore cross-
talk between transcription factors may influence the time course of their activation and course
of action. Two other transcription factors known to be modulated by cerebral ischaemia and
reperfusion injury include nuclear factor kappa B (NF-kB), which regulates the expression of
pro-inflammatory processes (O'Neill & Kaltschmidt, 1997), and hypoxia inducible factor la
(HIF-1a), responsible for the upregulation of pro-angiogenic processes following the induction

of ischaemia (Semenza, 2003a).
7.8.1  NF-kB and Nrf2

NF-«kB is composed of either homo or hetrodimeric complexes which consists of either a
combination of p65 (RelA), c-Rel, RelB, p50 and p52 (Liu et al., 2008). NF-kB can be activated
by a range of stimuli, which includes viruses, cytokines and oxidative stress (Schreck et al.,
1992; Blackwell & Christman, 1997). Upregulation of NF-«xB activity results in the increased
expression of pro-inflammatory markers such as cytokines (e.g. TNFa and IL-B) and vascular
adhesion molecules (ICAM1 and VCAM1) (Stephenson et al., 2000). In 1997, Clemens et al.
established a detrimental role for NF-kB in the ischaemic brain, with activation of NF-kB noted
in dying neurons after transient forebrain ischaemia in rats (Clemens et al., 1997). Stephenson
et al. demonstrated increased nuclear localisation and DNA binding activity of NF-«kB
following 6h reperfusion in rats, subjected to 2h MCAo, however, this was abrogated in animals
treated with the exogenous antioxidant compound LY341122, a potent inhibitor of lipid
peroxidation (Stephenson et al., 2000). There is controversy whether the actions of NF-xB are
neuroprotective or detrimental following stroke. With reference to this statement, many studies
have highlighted a biphasic mode of NF-xB activation following cerebral stroke, with peak
activation recorded following 0 — 3h and then again at 12h after injury (Castillo et al., 2003;
Nijboer et al., 2008; You et al., 2012). The delayed secondary activation of NF-kB has been
implicated in the upregulation of anti-apoptotic factors, increasing the endogenous

neuroprotection afforded to the brain (Nijboer et al., 2008).

In Chapter 1, we highlighted that Nrf2 deficient mice exhibit greater infarct volumes in
comparison to their wild type counterparts (Zhao et al., 2006; Shah et al., 2007; Zhao et al.,
2007a). However, NF-«B deficient mice demonstrate the opposite result, with an increased
cerebral infarct volume following stroke (Schneider et al., 1999). In 2004, Nurmi et al.

reproduced the findings of Schneider and colleagues, and moreover showed that
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pharmacological inhibition of NF-kB with pyrrolidine dithiocarbamate ammonium salt (PDTC)
yielded similar results (Nurmi et al., 2004). The observed difference in cerebral damage
between Nrf2 and NF-kB deficient mice strongly suggests crosstalk between these two redox
sensitive transcription factors. In 2008, Liu and colleagues reported the inhibition of Nrf2-
mediated responses via NF-kB p65 subunit by two distinct mechanisms in HepG2 cells: (1)
depriving the interaction of Nrf2 with its co-factor CBP, a crucial requirement for Nrf2-ARE
binding, and (2) promoting the recruitment and interaction of histone deacetylase (HDAC3)
with either CBP or MafK and leading to local histone hypoacetylation (Liu et al., 2008).
However, it is interesting to note the findings of Yang et al. who reported a reduction in the
expression of the NF-kB subunit p50 in fibroblasts derived from Nrf2 knockout animals (Yang
et al., 2005). Hence, although the current literature provides an indication that Nrf2 regulates its
own activity via NF-kB, there is clear and convincing evidence to suggest that NF-xkB may play
a role in dampening down the initial or “early” activation of Nrf2. Although this project did not
explore the response of NF-«kB to cerebral ischaemia, the highlighted studies suggest that early
induction of NF-kB activity may in part explain the observed delay in Nrf2 activation. Hence
further studies are required to understand and define the crosstalk between Nrf2 and NF-xB

following stroke.
7.8.2  HIF-1a and Nrf2

HIF-1a is a basic helix-loop-helix domain transcription factor, which is subjected to tight
regulation under normoxic conditions. Furthermore, HIF-1a also contains the PER-ARNT-SIM
(PAS) domain, required for protein dimerisation prior to DNA binding (Semenza ef al., 1997).
HIF-1a dimerises with aryl hydrocarbon receptor (AHR) nuclear translocator protein (ARNT)
to form HIF-1 in cells subjected to hypoxia. HIF-1a is targeted for degradation by the 26S
proteasome post ubiquitination by an E3 ligase complex formed by the von Hipple-Lindau
(VHL) tumour suppressor protein (Semenza, 2000; Metzen et al., 2003). The ubiquitination of
HIF-1a is dependent upon the presence of O,, used as a substrate for the hydroxylation of
proline 402 and 564 by prolyl hydroxylase (PDH), in the presence of 2-oxoglutarate, allowing
for binding of VHL to HIF-1a (Semenza et al., 1997). Factor inhibiting HIF-1 (FIH-1) also
utilises the presence of O, to add a hydroxyl group to asparagine 803, present in the
transactivator domain of HIF-la, preventing binding of P300/CBP and thus limiting
transcriptional activity (Semenza, 2003b). Under conditions of hypoxia, limited hydroxylation
and acetylation of HIF-la reduces its degradation by the 26s proteasome, and induces its
activation. Nuclear translocation of HIF-1 induces the expression of genes, which consists of
the hypoxia-responsive elemens (HRE) in the promoter sequence. HIF-1 a results in the

upregulation of approximately 100 target genes, which include proteins involved in
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angiogenesis, iron and glucose metabolism, apoptosis, cell survival and proliferation and

vascular tone.

Bergeron ef al. identified an increase in HIF-1a protein 16h after permanent MCAo in rats, and
furthermore, increased HIF-1ao mRNA was observed 6 — 7h after permanent MCAo (Bergeron
et al., 1999). Baranova et al. argued that HIF-1 is protective following 30 min MCAo and
reperfusion injury in mice, however, they identified a bisphasic increase in HIF-1 protein
following stroke (Baranova et al., 2007). The authors report a 4-fold increase in HIF-1a protein
within 1h of MCAo and a 10-fold increase 6h after MCAo. Interestingly, HIF-1a protein
expression declined transiently 24h but was raised and remained elevated 2 — 10 days after
MCAo and reperfusion injury (Baranova et al., 2007). Notably, neuron specific knockdown of
HIF-1a in vivo decreases neuronal cell death following MCAo and reperfusion, indicating that
HIF-1 o deficiency may confer protection to the ischaemic brain (Baranova et al., 2007).
However, the early rise in HIF-1a protein expression may affect and hamper the observed delay

in Nrf2 activation following stroke.

Malec et al. has proposed a pathway of cross-talk involving Nrf2 and HIF-la, observed in
adinocarcenoma A549 epithelial cells (Malec et al., 2010). The intermittent model of hypoxia
demonstrated increased activity of Nrf2 in response to the generation of ROS by NOXI at re-
oxygenation, resulting in an increase in the expression of thioredoxin 1 (Trx1), thus leading to
the activation of increase in the activation of HIF-1 a. Malec and colleagues also demonstrated
decreases in HIF-1a in response to the ablation of Nrf2 and Trx1 (Malec et al., 2010). Proposed
mechanisms of HIF-1a induction by Trx1 include the regulation of cysteine residues in the
transactivator domain of HIF -1a mediated by Trx1. Furthermore, the increased phosphorylation
of translational activators P70S6K and 4E-BPI mediated by Trx1 results in an increase in the

synthesis of HIF-1a (Malec ef al., 2010).

With regards to endothelial cells, Laboda et al. reported that the activation of HIF-1a by either
hypoxia, or pharmacologically using dimethyloxloylglycine (DMOG), attenuated the expression
of IL-8 and HO-1 in human microvascular endothelial cells (HMEC-1) and HUVEC (Loboda et
al., 2009). Interestingly, similar results were observed following the overexpression of HIF-1a
in vitro (Loboda et al., 2009). Notably, these authors also demonstrated that increased HIF-1a
attenuated Nrf2 mRNA and protein expression, limiting the activation of HO-1 and IL-8
(Loboda et al., 2009).

Based on the reported findings of Malec ef al. and Loboda ef al. upon implicating crosstalk
between HIF-1 and Nrf2, it seems likely that pathways of communication between these two
redox sensitive transcription factors exist in the brain. Furthermore, the time course of HIF-1

expression in the ischaemic brain reported by Baranova ef al. indicates that the delayed increase
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in Nrf2 observed after stroke may in part be attributed to early increases in HIF-1 activity.
Figure 7.3 illustrates the potential crosstalk that exists between different redox sensitive
transcription factors and Nrf2 (Figure 7.3). However, with regards to HIF-1 and NF-kB, there is
strong evidence that these transcription factors may work in tandem to delay the upregulation of
antioxidant defences mediated by Nrf2, although this hypothesis remains to be validated

experimentally.
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Figure 7.3 Potential cross-talk between redox-sensitive transcription factors.

7.9 Limitations of the project

Although the current study highlights novel and significant findings, experimental limitations
were present in both the in vivo and in vitro studies. Firstly, this project focused on the protein
expression of Nrf2 following cerebral ischaemia in vivo in male Sprague Dawley rats.
Furthermore, this project examined whether sulforaphane pre-conditioning confers protection to
the brain via Nrf2. Although pre-conditioning conferred protection to the brain following stroke,
we have been unable to demonstrate that sulforaphane-mediated protection is mediated
predominantly via Nrf2. Though it is possible to knockdown proteins of interest within rats in
vivo using siRNA techniques, the cost coupled with employing such protocols were not viable
during the course of this project. Furthermore, as mentioned previously, the expression of HO-1
may be driven by multiple transcription factors. Hence, the use of Nrf2 deficient animals would

aid in determining whether Nrf2 predominantly regulates HO-1 protein expression.
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The animals used in this study were between 3 — 4 months of age, which is representative of
young adults. However, the incidence of cerebral stroke is greater in patients aged 60 and over.
Hence, this factor also serves as another valid limitation of the current study. Reported studies
highlight a decline in Nrf2-mediated defences with increasing age (Ungvari et al., 2011;
Valcarcel-Ares et al., 2012; Rahman et al., 2013; Sachdeva et al., 2014).

Studies have demonstrated (1) decreased GSH levels and Nrf2 activity (Suh et al., 2004), and
(2) declining levels of Nrf2 nuclear accumulation and ARE binding in the liver of aged rats
(Shenvi et al., 2012), as well as dysfunction of Nrf2-mediated signalling in skeletal muscle with
increase age (Miller ef al., 2012). With particular reference to the brain, increased incidence of
Parkinson’s and Alzheimer’s disease is observed with increasing age. Notably, studies have
highlighted increased ROS in the ageing brain associated to these diseases (Kumar et al., 2012),
and identified a significant decline in Nrf2 and its mediated antioxidant proteins in the aged
brain (L'Episcopo et al., 2013). Our current experimental design did not take into consideration
the effects of ageing on stroke, and hence further experiments are required to determine whether

the data are applicable to stroke in aged patients.

The identification of proteins in ex vivo brain sections was largely dependent upon the use of
polyclonal antibodies. Although polyclonal antibodies are relatively inexpensive and
commercially available, their ability to identify multiple epitopes on any one antigen and the
lack specificity of antibodies limits the technique. Though the images presented in this thesis for
HO-1, NQOI1, Prxl and Nrf2 show differential staining patterns, the specificities of these
antibodies towards their targets were not validated due to the absence of tissue from respective
knockout animals. However, this difference in staining patterns suugest that each antibody

recognised different antigens of interest.

In Chapter 6, in vitro experiments were conducted using a mouse derived brain endothelial cell
line, bEnd.3. The loss of paracrine interactions within an in vitro model of the BBB serves as a
limitation, as other cell types involved in the neurovascular unit also influence the function of
the cerebral endothelium. Furthermore, cerebral cell lines do not achieve the same levels of
TEER or “tightness” as primary brain endothelial cells, hence the use of the bEnd.3 cell line

also serves as a limitation for an in vitro model of the BBB.

7.10  Conclusion

The present studies revealed a significant delay (of up to 24h) in attaining peak protein
expression of Nrf2 following MCAo and reperfusion injury in rats. Pre-treatment of rats with
sulforaphane prior to MCAo and reperfusion injury attenuated latter increases in Nrf2 protein

expression, improved neurological outcome after stroke. In the brain endothelium in vitro,
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sulforaphane mediates an increase in HO-1 and NQOI1 protein via the Nrf2 defence pathway.
Moreover, sulforaphane pre-treatment of brain endothelial cells prior to OGD, an in vitro model
of cerebral ischaemia, significantly attenuated cerebral endothelial cell death. These findings
suggest that the Nrf2 defence pathway plays a key role in protecting the brain against
ischaemia-reperfusion injury induced oxidative stress, and implicates Nrf2 as an important
endogenous therapeutic target. Furthermore, pre-conditioning of Nrf2 by sulforaphane increased
the antioxidant capacity of the brain, conferring protection to the vascular endothelium and
brain parenchyma. Hence, pre-conditioning of the Nrf2 defence pathway with sulforaphane
provides a potential therapeutic strategy to protect the brain from ischaemia-reperfusion injury

induced damage in stroke.

7.11 Future studies

7.11.1 Future studies — in vivo

Although we provide the first quantitative measurements of the temporal and spatial distribution
of Nrf2 in the naive and sulforaphane pre-treated ischaemic rat brain, further experiments are
required to determine the importance of Nrf2 in pre-conditioning. However, using our current
model of in vivo experimental stroke will not allow us to determine the importance of Nrf2
conferring protection following sulforaphane preconditioning. Hence, the use of mice will allow
greater access to Nrf2 deficient animals, which will then be used to determine whether
sulforaphane pre-conditioning confers protection to Nrf2-deficient animals and their wild-type
counterparts. Furthermore, Nrf2-deficient animals will also allow us to determine whether
sulforaphane mediates the expression of HO-1, NQO1 and Prx1 via Nrf2, or other redox
sensitive transcription factors. Furthermore, in this present study an increase in the protein
expression of HO-1 and NQO1 in the rat brain was observed following ischaemia and
reperfusion injury and sulforaphane treatment. However, increases in protein expression are not
indicative of increase enzyme activity. Using activity assays for NQO1 and HO-1 it would be
possible to assay enzyme activity of given enzymes in ischaemic and sulforaphane treated

brains.

Our current ex vivo analysis has only focused on the protein expression of Nrf2 and its mediated
protein targets. However, the effects of ischaemia-reperfusion injury, or sulforaphane pre-
treatment on mRNA levels are yet to be determined. mRNA expression may be determined
following the employment of in sifu hybridisation protocols on ex vivo brain sections, or

following RNA extraction from tissue, and quantified by RT-qRT-PCR.

Oxidative stress plays a major role in the pathophysiology of stroke and ROS may be generated

from xanthine oxidase, mitochondria, NADPH oxidase and NOS. However the major source of
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ROS following ischaemia and reperfusion injury remains to by elucidated. The use of
pharmacological inhibitors may be used to determine the major source of ROS in the ischeamic
brain. ROS generation may then be assessed using imaging techniques (Hyun et al., 2013),
electron spin resonance (ESR) (Lee, 2013), or by luminescence. Determining the source of ROS
will aid in the design of therapeutic drugs that may be administered during ischaemia to limit

oxidative stress upon reperfusion injury.

Current stroke research has focused on modulating Nrf2 in protection of astrocytes and neurons
following cerebral ischaemia and reperfusion injury, however, our in vitro model of the BBB
using bEnd.3 cells revealed that sulforaphane modulates expression of HO-1 and NQOI via
Nrf2. Hence, to further investigate the importance of Nrf2 linked defences activated by
sulforaphane in the BBB endothelium, the effects of MCAo and reperfusion injury in

endothelial specific Nrf2 deficient mice could be studied.

This project, focused on profiling the time of Nrf2 protein expression following ischaemia and
reperfusion injury. As mentioned previously upregulation of Nrf2 following cerebral ischaemia
and reperfusion injury occurs with a dealy of approximately 24h. Studies have shown a rapid
induction in HIF-1 and NF-kB protein expression after ischaemia and reperfusion injury. Hence,
to understand whether Nrf2 expression in regulated by other redox sensitive transcription, we

propose to examine the expression of Nrf2 in HIF-1 and NF-kB deficient mice.

Nrf2 protein expression is regulated by is cytosolic repressor, Keapl, or Bachl. Limited
information is available regarding the modulation of Keapl and Bachl protein in the ischaemic
brain. Along with the reported increases in other redox-sensitive transcription factors that may
affect the time-course of Nrf2 activation, it is possible that Keapl and Bachl may also influence
Nrf2 protein expression. Hence it is important to examine the effects of ischaemia-reperfusion
injury and sulforaphane treatment on mRNA and protein expression of these proteins in the rat

brain.

A high incidence of cerebral stroke is observed in patients aged 60 or greater, however, this
project and other studies have reported findings using animals similar in age with young human
adults. Aging has been reported to affect the Nrf2-defence pathway, hence to further understand
the role of aging in ischaemia-reperfusion injury, it is necessary to conduct experimental stroke

in aged animals.
7.11.2 Future studies — in vitro

To compliment our in vivo studies and to further understand the molecular mechanism involved

in protection of the BBB endothelium, further experiments in vifro experiments are also
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required In this project, we illustrated that bEnd.3 cells cultured under 5% oxygen show
increased cell death within 2h of OGD. Although cell death following ischaemia occurs within
minutes, in vitro models show increased cell death after a minimum of 6h OGD. Hence, to
produce and conduct in vitro experiments of relevance to in vivo models of stroke should
examine cell death after 0 — 2h OGD in endothelial cells cultured under physiological oxygen
tensions. /n vitro models of stroke largely involve the study of a single cerebral cell type at any
one time. Hence, to re-introduced paracrine interactions present in vivo, it would be important to

establish a co-culture model of the neurovascular unit in vitro under physiological oxygen.
7.11.3 Investigating other sulforaphane mediated pathways

This project has not focused on the pathway of activation of Nrf2 following sulforaphane
treatment both in vivo and in vitro. There is evidence to suggest that sulforaphane may activate
Nrf2 via specific kinase pathways (Manandhar ef al., 2007; Leoncini et al., 2011; Deng et al.,
2012; Lee et al., 2012), hence future work will aim to elucidate the pathways of sulforaphane

mediated Nrf2 activation in the brain and the cerebrovascular endothelium.
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Appendix 1 — Components of cell culture medium

High glucose with phenol red DMEM, D5671, Sigma UK

Inorganic Salts mM Vitamins mM

CaCI2 0.2 Choline Chloride 0.004

Fe(NO3)3 « 9H20 0.0001 Folic Acid 0.004

MgSO4 0.09767 myo-Inositol 0.0072

KCl 0.4 Niacinamide 0.004
D-Pantothenic Acid ¢

NaHCO3 0.37 12Ca 0.004

NaCl 6.4 Pyridoxal « HCI -

NaH2PO4 0.109 Pyridoxine « HC1 0.00404

Amino Acids Riboflavin 0.0004

L-Alanyl-L-Glutamine - Thiamine « HCI 0.004

L-Arginine * HCI 0.084 Other

L-Cysteine « 2HC1 0.626 D-Glucose 4.5

L-Glutamine - HEPES -

Glycine 0.03 Phenol Red * Na 0.0159

L-Histidine « HC1 » H20 0.042 Pyruvic Acid » Na

L-Isoleucine 0.105

L-Leucine 0.105

L-Lysine « HCI 0.146

L-Methionine 0.03

L-Phenylalanine 0.066

L-Serine 0.042

L-Threonine 0.095

L-Tryptophan 0.016

L-Tyrosine * 2Na * 2H20 0.10379

L-Valine 0.094
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Low glucose, phenol red free DMEM, D5921, Sigma, UK

Inorganic Salts
CaCl2

Fe(NO3)3 « 9H20
MgSO4

KCl

NaHCO3

NaCl

NaH2PO4

Amino Acids
L-Alanyl-L-Glutamine
L-Arginine « HCI
L-Cysteine « 2HCI
L-Glutamine

Glycine

L-Histidine « HCI « H20
L-Isoleucine

L-Leucine

L-Lysine « HCI
L-Methionine
L-Phenylalanine
L-Serine

L-Threonine
L-Tryptophan
L-Tyrosine » 2Na « 2H20
L-Valine

mM
0.265
0.0001
0.09767
0.4

0.37
6.4
0.109

0.084
0.626
0.03
0.042
0.105
0.105
0.146
0.03
0.066
0.042
0.095
0.016
0.12037
0.094

Vitamins

Choline Chloride
Folic Acid
myo-Inositol
Niacinamide
D-Pantothenic Acid ¢
12Ca

Pyridoxal « HCI
Pyridoxine < HCI
Riboflavin
Thiamine *« HCI
Other
D-Glucose
HEPES

Phenol Red « Na

Pyruvic Acid ¢ Na

mM
0.004
0.004

0.0072
0.004

0.004

0.00404

0.0004

0.004

4.5

0.0159

319



Appendix

Appendix 2 — Composition of SDS-PAGE

Resolving gel:
Reagent 8% (x2) 10% (x2) 12% (x2) 13% (x2) Final con.
4xTris- 4.8 4.8 4.8 4.8 1x (375mM Tris0.1%
SDS pH SDS)
8.8 (mL)
30% 5.12 6.4 7.68 8.32 13,12, 10 or 8%,
Acrylamide respectively
(mL)
dd H20 9.28 8 6.72 6.08
(mL)
10% APS 70 70 70 70 0.04%
*(uL)
TEMED 15 15 15 15 0.08%
*(uL)
* Toxic- use in hood
Stacking gel:
Reagent Amount Final Concentration
4xTris-SDS pH 8.8 (mL) 2 Ix (375mM Tris 0.1% SDS)
30% Acrylamide (mL) 1.04 4%
dd H20 (mL) 4.88
10% APS *(uL) 40 0.05%
TEMED *(uL) 5 0.06%
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Appendix 3 — Composition of transfer buffer for SDS-PAGE

Reagent Concentration | Amount required for 500 mL
Tris Base 25 mM 1.5¢

Glycine 192 mM 1.2g
Methanol - 100 mL

ddH20 - 400 mL
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Appendix

Appendix 5 — Neurological score in rats following MCAo
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Sulforaphane pre-treatment of rats attenuates neurological dysfunction after MCAo. Neurological
dysfunction was measured in sham rats, in rats subjected to 70 min MCAo and 4h (I+4h), 24h (I+24h)
and 72h (I+72h) reperfusion, and in rats pre-treated with sulforaphane (5 mg/kg i.p.) for 1h before 70
min MCAo and 24h reperfusion (I+24h wSFN). Neurological dysfunction is increases following 24h
and 72h reperfusion, however, neurological dysfunction is reduced in SFN pre-treated animals. n= 4-8

animals, * P<0.05 vs Sham; T P<0.05 [+24h. Figure taken from (Alfieri et al., 2013).
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Appendix 6 — Effects of sulforaphane treatment on mRNA levels of Nrf2 regulated genes
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Confluent monolayers of bEnd.3 cells, equilibrated in DMEM supplemented with 10% FCS and 5.5m M glucose,
were treated with either vehicle (0.01% DMSO) or 2.5uM sulforaphane (SFN) for 4h and RNA collected. qRT-
PCR was employed to determine mRNA copy numbers for (A) Nrf2, (B) NQO1, (C) HO-1, (D) Bachl and (E)
Keapl following normalization to three house keeping genes (SDHA, RPL13A and B2M). Data are presented as
fold change relative to control. Data denote mean + S.E.M., and were analysed by students t-test, # P<0.0001, **

P<0.01, n =5 bEnd.3 cultures passage 10 — 19.
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