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SUMMARY

Brain inflammation contributes to ischaemic and reperfusion injury, and thus worsens outcome
after stroke. This thesis aimed to identify and investigate some of the inflammatory mechanisms
that occur after cerebral ischaemia-reperfusion, to further enhance our understanding of them,

and to potentially target them for future ischaemic stroke therapies.

This study primarily used C57Bl6/] mice, as well as genetically modified mice. The model of
focal cerebral ischaemia utilised was the intraluminal filament-induced middle cerebral artery
occlusion. Real-time PCR and Western blotting were used to examine mRNA and protein
expression levels, respectively, in the brain, and immunofluorescence and immunohistochemistry
were used to localise proteins and cells in the brain. T lymphocytes were isolated from the blood
and spleen using Dynal negative isolation kits, and T lymphocyte-generated superoxide was

measured using 1.-012-enhanced chemiluminescence.

Chapters 3 and 4 provided the first evidence that the larger infarct volume in males versus
females following cerebral ischaemia is reperfusion-dependent and may be due to greater neuro-
inflammation and brain infiltration of Nox2-expressing CD3" T lymphocytes in male mice.
Moreover, this gender* difference was found to be dependent on Nox2 expression. The study
also demonstrated for the first time that Nox2-expressing circulating CD3" T lymphocytes
produce ~15-fold more superoxide after stroke, compared to CD3" T lymphocytes from control
mice. These findings raise the possibility that therapies to reduce CD3" T lymphocyte infiltration
and/or the production of superoxide from these cells in ischaemic stroke patients who receive

recombinant t-PA, might be useful for reducing reperfusion injury.

*Nb. Although the term “sex” rather than “gender” may perhaps be more appropriate when referring to the
biological and physiological characteristics that define males and females, “gender” is commonly used in

publications. Therefore, I have chosen to use the term “gender” throughout the thesis.




Chapter 5 confirmed and extended the above findings and demonstrated for the first time that
circulating Nox2-containing CD4" and CD8" T lymphocytes generate substantially higher levels
of superoxide after cerebral ischaemia-reperfusion compared with similar T lymphocyte subsets

from control mice.

Chapter 6 demonstrated that the mRNA expression of various chemokines and chemokine
receptors, including the potent neutrophil chemoattractants, CXCR2, CXCL1 and CXCL2, are
increased in the brain after ischaemia-reperfusion. Administration of the CXCR2 antagonist,
SB 225002, reduced the expression of these chemokines in the brain, as well as the infiltration of
neutrophils, but did not improve outcome at 72 h after ischaemia-reperfusion. These findings

suggest that the infiltration of neutrophils do not contribute to ischaemia-reperfusion injury.

Chapter 7 examined for the first time the role of the endogenous calcineurin inhibitor, Down
syndrome candidate region 1 (DSCRT), on outcome following cerebral ischaemia-reperfusion.
We found that the over-expression of DSCR7 improves neurological outcome, and reduces
infarct and oedema volume. This protection was most likely through the inhibition of calcineurin
in neurons and also potentially in T lymphocytes, and the subsequent reduction in
pro-inflammatory mediators.  Interestingly, we also found preliminary evidence that the
deficiency of DSCRT7 improves neurological outcome and reduces infarct and oedema volume.
DSCRT-deficiency thus may also reduce calcineurin activity, however the precise mechanisms

underlying this are still unclear.

Overall, this thesis presents important findings on the role of inflammation in ischaemic injury
following cerebral ischaemia-reperfusion, and supports the concept that strategies targeting

inflammation in combination with recombinant t-PA may be a successful stroke therapy.

il
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1.1 Ischaemic stroke

Ischaemic stroke is characterised by a transient or permanent reduction in blood supply to a part
of the brain due to the blockage of a major cerebral artery. It can be caused either by an embolus
or a thrombus (Dirnagl ez a/., 1999), and accounts for approximately 80 % of all strokes (Eaker e7
al., 1993; Manolio ez al., 1996). 60,000 strokes will occur in Australia in 2010 with a stroke
occurring every 10 minutes (NSF, 2010). Furthermore, the incidence of strokes will increase
annually due to the ageing population, as the vast majority of stroke sufferers are aged over 65
(NHLBI, 2006; Senes, 2006). In Australia, stroke is the 2™ leading cause of death after ischaemic
heart disease, and the most common cause of permanent disability (AIHW, 2006). In the USA,
despite a large reduction in stroke-related death, stroke remains the 5" and 2™ leading cause of
death in males and females, respectively (Towfighi ez 4/, 2010), and approximately 14 % and 18 %
of all 65 year old males and females, respectively, will suffer at least one stroke in their lives
(Seshadri ez al., 2006). Currently the only available therapy for acute ischaemic stroke - approved
in 1996 for use within 3 hours after stroke onset - is the thrombolytic recombinant tissue
plasminogen activator (rt-PA). The use of rt-PA attempts to dissolve the clot, thus inducing
recanalisation and reperfusion, and limiting the damaging effects of stroke injury (Hacke ez al.,
1999; QSSAAN, 1996). The proportion of stroke patients that actually receive
rt-PA is =15 % (Barber e al, 2001; Johnston e al., 2001; Katzan ez al., 2004; Koennecke ez al.,
2001; van Wijngaarden ez al, 2009). In addition, the efficacy is modest and variable with 6-78 %
of cases having partial or complete recanalisation within 2 hours of iv. rt-PA infusion (78 %:
Alexandrov and Grotta, 2002; 46 %: Alexandrov ez al, 2004; 6-44 %: Saqqur e al., 2007; 17 %o:
Tsivgoulis ¢ al., 2010; 6-22 %: van Wijngaarden e al., 2009), with re-occlusion reported to occur
in 42 % of patients that experienced partial recanalisation and 22 % of patients that experienced
complete recanalisation (Alexandrov and Grotta, 2002). Furthermore, tissue reperfusion is the
ultimate aim of arterial recanalisation, and a study reported that only 19 % of patients that had

complete recanalisation, achieved complete reperfusion (Khatri ez a/, 2005). Since 1996, apart
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from the recent approval of rt-PA use for up to 4.5 hours after stroke onset (del Zoppo e? al.,
2009), there have been no new therapies approved. Hence, there remains a great need for

therapies that can prevent or reduce brain damage during and after stroke.

1.2 Influence of gender

The incidence of stroke is lower in pre-menopausal females than age-matched males. Stroke
incidence increases in females after menopause (average age of onset is 51), due to the loss of
circulating oestrogen, at a much greater rate than in males at the corresponding age. By the age
of approximately 75 to 84, the incidence of stroke in females catches up to males, and then in
those =85 years of age, stroke incidence in females surpasses that of males (NHLBI, 2006). In
addition to incidence, gender may influence stroke severity and outcome. Although, gender-
based recovery from stroke has not been heavily studied, the few clinical studies that have
examined this found that more females die from stroke then males (AIHW, 2006; NHLBI, 20006),
and that females have increased functional impairment in areas of motor and cognitive function
in the first 2 weeks after stroke and up to 1 year after (Gargano and Reeves, 2007; Wyller ez a/,
1997). However, due to many confounding factors, such as the fact that female stroke patients
are older, have a greater life expectancy, and are more likely to be permanently institutionalised
when they experience a stroke, the findings are difficult to interpret. In any case, they do suggest
that not only does the loss of oestrogen at menopause increase the incidence of stroke, but it may
also result in increased neurobehavioural dysfunction after stroke. This is perhaps not surprising,
as oestrogen is a complex, multi-faceted hormone with many actions, including the ability to
reduce oxidative stress and free radical activity (Behl ez a/, 1997), and various inflammatory
mechanisms, such as iNOS (inducible nitric oxide synthase) expression, NF-kB (nuclear factor-
kappa B) activation and leukocyte adhesion (Park ef al, 2006; Santizo et al., 2000; Wen et al.,

2004), all of which are important events in the pathogenesis of stroke (see section 1.4 below).
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Processes that oestrogen can inhibit occur during ischaemia, but also during reperfusion (see
section 1.4.5 below), and it is possible that the anti-inflammatory and anti-oxidative effects of
oestrogen may be more relevant for protection when reperfusion does occur. In addition, the
vast majority of stroke studies have been performed in male rodents, using the transient
ischaemia protocol (ischaemia with reperfusion; I-R), and only 3 studies (with conflicting
findings) have been reported comparing genders following the permanent ischaemia protocol
(ischaemia with no reperfusion; I-NR) (Cai ez al, 1998; Carswell ef al, 1999; Loihl e al., 1999).
Therefore, some of the goals of this thesis were to test whether there is a gender difference in
outcome following I-NR, to clarify the nature of mechanisms of reperfusion injury, and to

investigate whether these occur to a similar extent in males and females (Chapters 3 and 4).

1.3 Experimental models of ischaemic stroke in mice

There are numerous models of focal cerebral ischaemia that can be employed in rodents. The
middle cerebral artery (MCA) or one of its branches, are the vessels most commonly affected in
clinical ischaemic stroke (Bogousslavsky e a/., 1988). In accordance with this, the vast majority of
experimental ischaemic stroke studies utilise a model in which a segment of the MCA is
occluded. The induction of an MCA occlusion can be achieved either by surgical models (direct
ligation or cauterisation of the MCA via the eye or cranium), a thrombo-embolic model (injection
of a fibrin-rich or artificial thrombus), chemical models (direct application of the vasoconstrictor
endothelin-1 or a photochemical reaction between a photoactive dye and a light beam), or the
intraluminal filament model (introduction of a filament via the internal carotid artery which
blocks the MCA at its origin with the circle of Willis) (For reviews see Durukan ez a/, 2008;
Durukan and Tatlisumak, 2007; Hossmann, 2008). No one model is an exact replication of
human ischaemic stroke, and they each have their respective pros and cons. The thrombo-
embolic model is arguably the most relevant to human stroke, but as it has a high degree of

variability, and spontaneous reperfusion often occurs, it is quite inconsistent. The studies in this
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thesis utilise the intraluminal filament model of ischaemic stroke, which was first described by
Koizumi in 1986 (Koizumi ez al., 1986). Since then it has been modified numerous times, and is
now the most commonly used model of ischaemic stroke. One advantage of this model is that it
can be used to mimic I-NR by keeping the filament in place; or simply by retracting the filament,
it can become a model of I-R. For the studies completed in Chapters 3 and 4, this was an
important consideration, as the outcomes in male and female mice following the two protocols
are compared. The intraluminal filament model produces reproducible infarcts and is a relatively
simple, minimally invasive procedure. Some limitations to this model include occasional
subarachnoid haemorrhage and incomplete occlusion, although, with the combined use of a
silicone-coated filament and transcranial laser Doppler flowmetry, the incidence of subarachnoid
haemorrhage can be markedly reduced. Furthermore, use of the correct sized filament with laser
Doppler flowmetry will reduce the incidence of incomplete occlusion (Schmid-Elsaesser e# al,

1998).

1.4 Pathogenesis of cerebral ischaemia

Ischaemic brain injury following stroke results from a complex sequence of mechanisms that
evolve in a spatial and temporal pattern. Within minutes, in the ischaemic core - the region most
severely affected by the reduction in blood flow - energy failure and excitotoxicity lead to
necrotic cell death. Adjacent to the core region, is the zone termed the penumbra (Markus ef 4/,
2003; Quast et al., 1993; Touzani ef al., 1995). The penumbra retains structural integrity and
metabolic activity due to residual circulation provided by collateral blood vessels, but it is
functionally inactive (Ginsberg, 1997). The penumbra is potentially salvageable; however, if
blood supply is not rapidly restored (i.e. reperfusion, either if the patient is successfully treated
with rt-PA, or if the vessel spontaneously reperfuses), the disruption of cellular homeostasis in
the penumbra leads to slow apoptotic cell death, resulting in a step-by-step growth of the lesion

(see Figure 1.1).
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Figure 1.1. Step-by-step growth of the lesion and reduction of the penumbra over time.
Diagram depicting the putative time course and spatial pattern of the step-by-step growth of the

lesion and the resultant reduction in the penumbra (Adapted from Dirnagl ez 2/, 1999).

Reperfusion may be regarded as a double-edged sword because it can also cause additional brain
injury through the excessive production of reactive oxygen species (ROS) and inflammatory
products (For review see Schaller and Graf, 2004). The major pathogenic mechanisms of this
cascade will be reviewed below, and although one event triggers the following one, it is important

to note that they are inextricably linked and often occur over the same time frame (see Figure

1.2).

Excitotoxicity
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Peri-infarct . .
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Figure 1.2. Putative cascade of the pathogenesis of cerebral ischaemia.

Diagram depicting the putative time-course and impact of the different events in the pathogenic

cascade after ischaemic stroke (Adapted from Dirnagl ez 2/, 1999).
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1.4.1 Energy failure and ionic imbalance

As the brain cannot store energy, it is almost exclusively dependent on the continuous steady
flow of glucose and oxygen from the blood for energy production. During ischaemic stroke, the
reduction in cerebral blood flow causes oxygen and glucose deprivation within minutes. Initially,
this loss of energy disrupts ionic gradients, with large increases in extracellular potassium (K")
and small changes in other ion concentrations (Hansen and Zeuthen, 1981; Martin ez al., 1994;
Nedergaard and Hansen, 1993). This triggers membrane depolarisation in neurons and glia, and
further increases in intracellular sodium and chloride, and especially large increases in intracellular
calcium (Ca®") (Hansen and Zeuthen, 1981; Martin ef a/, 1994), through the activation of voltage

gated Ca”" channels (Goldin ez al., 1995).

1.4.2 Excitotoxicity

Cellular depolarisation and an increased concentration of intracellular Ca®* triggers a large and
prolonged release of excitotoxic neurotransmitters, especially glutamate, into the extracellular
compartment (Castillo ef al, 1997; Davalos ez al, 1997). There is also a loss of excitatory amino
acid transporter expression and function, impairing excitatory amino acid re-uptake, resulting in
an accumulation of these amino acids in the synapse (Huang e a/, 1993; Rao ef al., 2001; Yeh ez
al., 2005). These then activate the ionotropic NMDA (N-methyl-D-aspartate) and AMPA (-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors, as well as metabotropic
glutamate receptors. The prolonged activation of these glutamate receptors causes further
increases in intracellular Ca®" concentrations that are sufficient to trigger excitotoxic processes
(Furukawa e# al., 1997), such as the degradation of cytoskeletal and extracellular matrix proteins,
via lipases, proteases and nucleases (Chen and Strickland, 1997; Furukawa ez a/., 1997), resulting
in cell death. During and immediately after glutamate release, in the regions with the greatest
concentration of glutamate (the ischaemic core), neurons die via necrosis - the increased

intracellular Na' concentration causes a passive influx of H,O, leading to cell oedema and
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ultimately, osmotic lysis. However, neuronal cells in the penumbra survive the initial insult, as
they still receive a sufficient supply of energy. Excitotoxicity in these cells initiate molecular
events that lead to the production of ROS (see section 1.4.4 below) (Girouard ez 4/, 2009) and
inflammation (see section 1.4.5 below) (Dirnagl ez al., 1999), that eventually undergo apoptosis

(see section 1.4.6 below) (Ankarcrona ez al., 1995; Bonfoco ez al., 1995).

1.4.3 Peri-infarct depolarisations

Spreading depolarisation and repolarisation occurs in the healthy brain under control conditions.
However, repolarisation is an energy-dependent event. After depolarisation following cerebral
ischaemia, cells in the core region can no longer repolarise, due to a lack of these substrates, and
they become necrotic (Back e al, 1994). In contrast, in the penumbra, cells undergo
spontaneous tepetitive waves of depolatisations, due to the high levels of extracellular K and
glutamate (Back e7 a/., 1996; Dohmen et al., 2008; lijima ef al., 1992; Mies et al., 1993; Nedergaard
and Hansen, 1993; Strong ez al., 2000). These peri-infarct depolarisations slowly consume the
remaining oxygen and glucose, until they too can no longer repolarise (Els e al, 1997; Graf et al.,
1995). The frequency and duration of these peri-infarct depolarisations correspond to

accelerated infarct growth (Back ez a/., 1996; Busch ez al., 1996; Mies et al., 1993).

1.4.4 Reactive oxygen and nitrogen species production

The brain is especially vulnerable to oxidative stress, due to its high consumption of oxygen, high
concentration of easily oxidised lipids, and relatively low level of endogenous antioxidants (the
brain has almost no catalase and low levels of glutathione peroxidase and vitamin E) (For review
see Cul et al, 2004). During ischaemia and after reperfusion, higher levels of ROS, such as
superoxide, hydrogen peroxide and hydroxyl radicals, and reactive nitrogen species (RNS), such
as nitric oxide (NO), are generated. NO can react with superoxide to produce the highly reactive

radical, peroxynitrite (ONOO") (Blough and Zafiriou, 1985). These species are generated by a
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variety of mechanisms, including excitotoxicity, intracellular Ca®" overload, up-regulation of
cytosolic pro-oxidant enzymes such as neuronal nitric oxide synthase (nNOS) and iNOS, cyclo-
oxygenase 1 and 2 (Cox-1 and Cox-2, respectively), xanthine oxidase and NADPH oxidase, as
well as the mitochondrial respiratory chain. Bone-marrow derived immune cells, such as
neutrophils and monocytes, as well as the major resident brain immune cell, activated microglia,
also contribute to the generation of ROS, and their involvement in I-R injury will be discussed
further in the following section. Additionally, due to the energy required for the activation of
endogenous antioxidant systems, these safety mechanisms, including a number of enzymes
(superoxide dismutase, catalase, glutathione peroxidise) and chelators such as vitamin E, become
compromised. The excess ROS can directly damage lipids, protein and DNA, as well as causing
mitochondrial dysfunction, leading to apoptosis (see section 1.4.6 below) (For reviews see Chan,
2001; Schaller and Graf, 2004). Furthermore, studies in mice over-expressing antioxidants or
with a deficiency in pro-oxidant enzymes have reported smaller infarct volumes (ladecola ez 4/,
2001b; Iadecola ez al., 1997; Kinouchi ez al, 1991; Sampei ef al., 2000; Weisbrot-Lefkowitz e al.,
1998; Yang et al., 1994), and studies with antioxidant-deficient mice have reported larger infarcts
(Crack et al., 2001; Kondo e# al., 1997; Murakami ez al., 1998), confirming the contribution of ROS

to ischaemic damage.

NADPH oxidase is the major source of ROS in the vasculature (Griendling ez a/., 1994a; Miller ez
al., 2009; Miller e# al., 2005), and all cells in the vascular wall - endothelial cells, smooth muscle
cells and fibroblasts - contain at least one of the isoforms of NADPH oxidase (Griendling ez al.,
2000). Under normal conditions, the Nox2 isoform (previously named gp91phox), is expressed
throughout many regions of the brain including the hippocampus, cortex, striatum, thalamus and
amygdala (Kim ez al., 2005; Serrano ef al., 2003), in neurons (Dai e# al., 2006; Hilburger ez al., 2005;
Noh and Koh, 2000; Serrano ef al., 2003), microglia (Li e# al., 2005) and astrocytes (Abramov ez 4/,

2005; Noh and Koh, 2000). Following cerebral I-R, there is an increase in brain Nox2 expression
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(Kusaka et al., 2004; McCann ez al., 2008), and mice with a dysfunctional Nox2 subunit, or
completely lacking Nox2, attained a smaller infarct and oedema volume, less ROS production
and less blood brain barrier (BBB) disruption than their wild-type littermates, suggesting that
Nox2 is detrimental in ischaemic injury (Chen ez @/, 2009; Jackman ez al., 2009a; Kahles ez a/,
2007; Kunz et al., 2007; Walder et al., 1997). In contrast however, one study found no change in
infarct volume when utilising Nox2-deficient mice (Kleinschnitz e a/, 2010a). Nox2 is also
expressed in monocytes, neutrophils and T lymphocytes (Jackson ez al, 2004; Selemidis et al.,
2008), and can also potentially contribute to stroke damage via these immune cells (Walder e al.,
1997). Noxl mRNA has been detected in cerebellar granule neurons (Coyoy ez a/., 2008) and
microglia (Cheret ef al, 2008), but its expression after stroke has not been previously studied.
Only three studies have investigated the involvement of the Nox1 isoform of NADPH oxidase in
cerebral I-R; two reported no effect on total infarct volume in mice deficient in Nox1 (Jackman ez
al., 2009b; Kleinschnitz ez al., 2010a), whereas the other reported a smaller infarct volume and

improved outcome (Kahles e al., 2010), suggesting that it may play a role.

1.4.5 Inflammation

This thesis focuses on the complex inflaimmatory response that occurs from a few hours up to 3
days following occlusion and subsequent reperfusion of a major cerebral artery (see Figure 1.4).
However, the inflammatory response is thought to still continue for up to a few weeks after

occlusion (see Figure 1.2).

A few hours after the ischaemic insult, resident brain cells such as neurons, astrocytes, microglia
and endothelial cells, as well as circulating immune cells, become activated, and produce pro-
inflammatory genes, such as TNF-a (tumour necrosis factor-alpha), IL-1§ (interleukin-1beta),
IL-6 (interleukin-6) and IFN-y (interferon-gamma) (Buttini ez a/, 1994; Gong ez al., 1998; Hurn ez

al., 2007; Kostulas ef 2/, 1999; Liu et al., 1993; Offner et al., 2006a; Tarkowski ef 4/, 1995; Uno ef

10
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al., 1997; Wang et al., 1994; Zhang et al., 1998c). This triggers an increased expression of adhesion
molecules (eg. ICAM-1, VCAM-1, selectins) at the cerebral vascular endothelium (Connolly ez @/,
1996; Haas ef al., 2007; Haring et al., 1996; Justicia ez al., 2006; Lindsberg ez al., 1996; Zhang ¢t al.,
19982). These adhesion molecules bind to complementary cell surface receptors (eg. a- and
B-integrins, selectin ligands) on circulating immune cells, allowing for their tethering and rolling
(mediated by selectins), adhesion to the endothelium (mediated by integrins and adhesion
molecules) and transmigration into the perivascular space, and ultimately into the parenchyma
(For review see Engelhardt and Ransohoff, 2005). This transmigration is facilitated by the
disruption of the BBB that occurs after stroke (see below). Chemokines also contribute to the
infiltration of immune cells. They are produced by injured brain cells and immune cells and
guide circulating immune cells into the brain. Some of the most important pro-inflammatory
chemokines are CXCLS8 (also named interleukin-8; IL-8), CCL2 (also named monocyte
chemotactic protein-1; MCP-1) and CCL3 (also named monocyte inflammatory protein-lalpha;
MIP-1a). Increases in these and other chemokines have been reported in the brain and blood
after stroke (Chapman ez al, 2009; Ivacko et al., 1997, McColl et al., 2007; Minami and Satoh,
2003; Schmerbach ez al., 2008; Wang ez al., 1998; Wang ez al., 1999). The role of chemokines in

cerebral I-R will be investigated in Chapter 6.

Leukocytes from the innate immune system (neutrophils, monocytes, NK cells), and the adaptive
immune system (T and B lymphocytes), as well as leukocytes that do not fall into either category,
but act to link the two (dendritic cells, natural killer T cells; NKT cells), infiltrate into the brain
parenchyma and can cause ischaemic injury through the production of pro-inflammatory
cytokines and chemokines, ROS and proteolytic enzymes. This can produce direct neurotoxicity,
but can also increase the expression of adhesion molecules, and increase the infiltration of more
leukocytes to continue the damaging cycle (For review see Huang e a/., 2006). In addition to

leukocyte brain infiltration, there is also activation of glia. Microglia, the resident brain immune
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cells, as well as astrocytes, are especially activated in the penumbra. These cells can also produce
pro-inflammatory cytokines and ROS. The levels of microglial activation are higher than
neutrophil or macrophage infiltration for up to 28 days after stroke (Schilling er @/, 2003).
Gelderblom and colleagues recently completed a study investigating the time-course of resident
cell activation and immune cell infiltration after cerebral I-R (see Figure 1.3). Activated microglia
and macrophages were the first cells to increase in number in the ischaemic hemisphere and this
was found to occur 24 h after I-R. A large infiltration of neutrophils and dendritic cells, and a
smaller scale but still significant infiltration of T lymphocytes and NKT cells was observed 72 h

after I-R (Gelderblom ez a/., 2009).
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Figure 1.3. Putative immune cell infiltration after cerebral ischaemia.
A: Diagram depicting the putative time-course of immune cell brain infiltration after ischaemic
stroke. B: Diagram depicting the putative time-course of lymphocyte subset infiltration after

ischaemic stroke (Adapted from Gelderblom ez a/, 2009).
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Of particular interest for this thesis, is the contribution of T lymphocytes, which are well
established to be integral cells of the adaptive immune system. CD3" T lymphocytes account for
95 % of all mature T lymphocytes and these can be divided into two main subsets — the CD4" T
lymphocytes (the T helper lymphocytes; T}, lymphocytes) that do not kill cells directly, but boost
the capabilities of the immune system by activating and directing other cells of the immune
system (Korn et al., 2009; Santana and Rosenstein, 2003) and the CD8" T lymphocytes (the
cytotoxic T lymphocytes) that directly kill pathogen-infected cells (Barry and Bleackley, 2002;
Russell and Ley, 2002). Ty, lymphocytes can be further divided into two main subsets — the T,1
lymphocytes, which produce pro-inflammatory cytokines, such as IL-2, IFN-y and TNF-«, and
the T,2 lymphocytes, which produce anti-inflammatory cytokines, such as IL-4 and IL-10
(Arumugam ez al., 2005). Another very important T}, lymphocyte subset, which accounts for ~10
% of all Ty lymphocytes, is the regulatory T cell (T,,; CD4"CD25 Foxp3") (Zouggari et al.,
2009), which like T2 lymphocytes, reduce the pro-inflaimmatory response (Sakaguchi e a/,
20006). Stroke research with respect to immune cells has mainly focussed on neutrophils and
monocytes; however, recently, a few studies have reported smaller infarct volumes in mice
deficient in T lymphocytes (Hurn ez al, 2007; Kleinschnitz ez al., 2010b; Shichita ez al., 2009;
Yilmaz et al, 2006). T lymphocytes appear in the ischaemic hemisphere within 24 h after
ischaemia (Jander e# al, 1995), and this infiltration has been reported to peak at ~72 h after I-R
(Gelderblom ez al., 2009; Shichita ez al., 2009; Stevens ez al., 2002) (see Figure 1.3), although it is
unclear which subsets are predominant. The exact mechanism(s) of T lymphocyte-mediated
injury is currently unclear, however, T lymphocytes may exacerbate the inflammation occurring in
the brain following stroke by releasing cytokines and chemokines that increase the expression of
adhesion molecules and activate other immune cells to enter the brain, which may eventually lead
to apoptosis (l.e. T}, lymphocytes) (Arumugam ez al, 2005). Alternatively, the action of T
lymphocytes may directly cause cell necrosis as well as apoptosis via the release of cytotoxins or

the activation of the Fas receptor (i.e. cytotoxic T lymphocytes) (For review see Barry and
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Bleackley, 2002). Moreover, T lymphocytes were also recently reported to contain a functional
Nox2-containing NADPH oxidase (Jackson e# al., 2004; Purushothaman and Sarin, 2009), and
therefore may produce superoxide. T lymphocyte infiltration, localisation and superoxide
production is investigated in male and female mice following stroke in Chapter 4, and superoxide
production by the CD3", CD4" and CD8" T lymphocyte subsets after [-R will be investigated in

Chapter 5.

The transcription factor NFAT (nuclear factor of activated T cells) transcribes many
pro-inflammatory and pro-apoptotic genes (For reviews see Crabtree, 1999; Hogan ez al., 2003;
Rao et al., 1997). In line with the contribution of T lymphocytes to ischaemic injury, one of its
major target genes is interleukin-2 (IL-2), a cytokine that helps to drive T lymphocyte
proliferation (Murphy e# al., 2008). NF-kB is another transcription factor that transcribes a large
number of cytokines, chemokines and immune-related genes (For reviews see Lee and Burckart,
1998; Pahl, 1999), and is thought to be very important in inflammation following stroke. Its
activity is up-regulated after cerebral I-R (Gabriel ez a/, 1999; Schneider ef al, 1999) and it
contributes to cell death in stroke (Schneider ef al, 1999; Zhang et al., 2005). An important
activator of NFAT is calcineurin, which dephosphorylates and activates NFAT, and consequently
activates the transcription of its target genes (Crabtree, 1999; Hogan ef al, 2003; Santana et al.,
2000). Calcineurin is also thought to activate NF-kB, through the dephosphorylation of IxkB
(Frantz et al., 1994; Steffan ez al,, 1995). The Down syndrome candidate region 1 (DSCRT) gene
is an interesting endogenous calcineurin inhibitor (Rothermel ez @/, 2000), and the role of its

expression and activity in cerebral I-R will be investigated in Chapter 7.

The inflammatory cascade promotes the expression of the pro-oxidant enzymes iNOS and
Cox-2. Thus, iNOS (Iadecola ¢# al., 1996; Iadecola ef al., 1995) and Cox-2 (Iadecola ez al., 1999;

Miettinen e# al., 1997; Nogawa et al, 1997, Planas et al, 1995; Sairanen et al, 1998) protein
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expression and activity are both increased in the brain after stroke. Inflammatory cytokines can
also increase NADPH-oxidase activity (Cheranov and Jaggar, 2006; De Keulenaer e a/, 1998;
Griendling e# al., 1994b; Miller ez al., 2005), and Nox2-deficient mice were reported to have less
ICAM-1 expression and less neutrophil infiltration after cerebral I-R, compared to wild-type
littermates (Chen ef al, 2009), consistent with the established close link between Nox2 and
inflaimmation. As mentioned in section 1.4.4 (above), these enzymes produce large amounts of
NO and ROS, respectively, (as well as prostanoids), which can contribute to the continuation of

the pathogenic cascade.

It was recently established that immunodepression occurs following ischaemic stroke.  This is
defined as the suppression of the activation or efficacy of the body’s normal immune response.
Although ischaemia and reperfusion initially induce a large pro-inflammatory response, these pro-
inflaimmatory mediators in systemic and local CNS inflaimmation, are thought to trigger the
activation of the sympathetic nervous system (SNS) and the hypothalamic-pituitary axis (HPA)
producing a release of glucocorticoids and catecholamines.  This produces monocyte
de-activation, inhibits the production of additional pro-inflammatory mediators and causes a shift
from T,1 cell cytokine production (pro-inflammatory) to T2 cytokine production (anti-
inflammatory (Prass ef al., 2003). Offner and colleagues found this shift from pro-inflammatory
to anti-inflammatory cytokine release (including IL-10 and TGF-B; transforming growth factor-
beta) to occur by 96 h after I-R (Offner ef al, 2006a; Oftner et al., 2006b). The release of
glucocorticoids and catecholamines also cause increased apoptosis of immune cells in the spleen,
thymus and lymph nodes, and as a result, these secondary lymphatic organs atrophy, and the
number of circulating immune cells decrease (Haeusler ¢ a/., 2008; Liesz ez al., 2009a; Offner et al.,

2000b; Prass e al, 2003). T, cell levels were also increased by 96 h after I-R (Oftner ¢ al.,

g

20006b), and these cells have been reported to be neuroprotective in experimental stroke through

the release of the anti-inflammatory cytokine, 11.-10 (Liesz ¢f al, 2009b). As the infiltration of
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immune cells contributes to ischaemic injury, the immunosuppression that occurs is believed to
act as the body’s protective mechanism. However, this effect substantially weakens the immune
system, especially the adaptive immune system, and therefore increases the chance of infection
(Prass et al., 2003; Utrra et al., 2009). It should be noted that infection is currently the most
common cause of death in the post-acute phases of stroke (Heuschmann ez a/, 2004; Vernino ez
al., 2003). Therefore when attempting to manipulate the immune response after stroke for
therapeutic reasons, a fine balance between the inhibition of the damaging immune system with

the maintenance of the infection-fighting immune system must be met.

Reperfusion produces a large influx of leukocytes that can exacerbate the inflammatory response.
The leukocytes adhere to the endothelium, and either infiltrate into the brain parenchyma, or
accumulate in the microvessels, leading to what is known as the “no-reflow” phenomenon, which
prevents the complete restoration of cerebral blood flow (del Zoppo ez al, 1991). Furthermore,
inflammation and oxidative and nitrosative stress, which are greater after reperfusion, activate
matrix metalloproteinases (MMPs), such as MMP-9, which degrade extracellular matrix proteins,
disrupting the integrity of the vascular wall, and increasing BBB permeability (Asahi ez al, 2000,
Romanic ¢7 al., 1998). This, in addition to the movement of water from the intravascular to the
extravascular compartments, causes vasogenic cerebral oedema, which increases intracranial
pressure (For review see Ayata and Ropper, 2002), and is a major contributor to clinical

deterioration and mortality (Hacke ez a/., 1990).
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Figure 1.4. Flow chart of the inflammatory response after stroke.

The coloured boxes represent events and mechanisms that are addressed in this thesis. SNS,
sympathetic  nervous  system; HPA, hypothalamic-pituitary — axis; MMPs, matrix
metalloproteinases; ROS, reactive oxygen species; RNS, reactive nitrogen species (Adapted from

Wang ¢t al., 2007).

1.4.6 Apoptosis

Unlike necrotic cell death, which occurs due to irreversible cellular damage after a severe
ischaemic insult, apoptosis - or programmed cell death - is a controlled physiological sequence of
events that cells undergo as a type of cell suicide. Neurons undergoing apoptosis
characteristically exhibit blebbing, cell body shrinkage, chromatin condensation and DNA
fragmentation, and in contrast to necrosis, present no danger to their neighbouring cells as

macrophages and microglia recognise and phagocytose apoptotic neurons (For reviews see
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Lipton, 1999; Mattson ef al., 2000). Cell death via apoptosis is induced preferentially to necrosis,
when ischaemic injury is mild. Due to the collateral blood flow in the penumbra, this region
sustains a milder injury than the core, and consequently, if the cells ultimately die, it is apoptotic
cell death that predominates. Apoptosis begins hours after ischaemia (see Figure 1.2), and Li and
colleagues previously reported that signs of apoptosis persisted for at least 4 weeks after cerebral
I-R (Li ez al, 1995). Both the intrinsic (mitochondria-dependent pathway induced by high levels
of glutamate, intracellular Ca®>*, ROS and DNA damage) and the extrinsic (“death receptor
pathway” via the activation of the FAS and TNF receptors, induced by inflammation) apoptotic

pathways operate after ischaemia in neurons (For review see Broughton ez a/., 2009).

1.5 Lack of success for clinical neuroprotective drugs

In the late 1980’s, the first experimental studies to test neuroprotective drugs aimed at rescuing
ischaemic tissue were published. Since then, there have been more than 1800 experimental
studies and 600 clinical trials published (PubMed, 2010). However, although these clinical trials
originated from experimental studies that reported protection in models of ischaemic stroke, all
except the thrombolytic, rt-PA, have failed. This can be attributed to a number of reasons. The
first of these is the design and quality of the experimental studies the clinical trials were based on
- there is a considerable lack of randomisation, blinding and clear exclusion criteria in
experimental stroke studies (van der Worp e al., 2005). Secondly, the experimental studies that
some of the clinical trials were based on only showed weak evidence overall that the drug in
question was actually neuroprotective, and thus were probably not well justified without more
compelling rationale. Thirdly, there are large discrepancies between the general protocols of
experimental studies and clinical trials. These include the timing of drug administration
(administration is usually before or just after ischaemia in animal trials, but many hours after the
onset of ischaemia in clinical trials), the greater reliance on the reduction of infarct volume in the

animal studies versus improvement in functional tests in the clinic, and the greater reliance on
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early outcomes in experimental studies versus late assessments in clinical trials (For reviews see
Cheng ez al., 2004; Ginsberg, 2009; Gladstone ez al., 2002). Lastly, the majority of drugs tested in
clinical trials to date have targeted early metabolic events in cerebral ischaemia, especially
excitotoxic mechanisms, such as the use of glutamate receptor NMDA or AMPA) antagonists or
GABA (gamma-aminobutyric acid) agonists (For reviews see Ginsberg, 2008; Gladstone e al.,
2002; Jain, 2000). It makes sense to inhibit one of the eatliest steps in the cascade, as it triggers
the other pathogenic events, however, because excitotoxicity occurs immediately after stroke,
attempted inhibition of these mechanisms a few hours after clinical stroke onset (when the
majority of patients get to the hospital) may not be able to realistically rescue any brain tissue as
the excitotoxic processes will have already peaked, and the pathogenic cascade already progressed
too far for the inhibition to have a protective effect. Inflaimmation occurs at a later time-point in
the pathogenic cascade, and lasts for up to a few weeks (see Figure 1.2), mainly inducing
apoptotic cell death. Furthermore, the expression of many cytokines, chemokines and adhesion
molecules, as well as the infiltration of immune cells, reach peak levels in the brain between 6 and
72 h after the ischaemic insult (For review see Nilupul Perera et al, 2006). Therefore,

inflammatory processes occur at a more reasonable time-frame for therapeutic intervention.

At present, combination therapies are believed to be the best way forward for successful
neuroprotection after ischaemic stroke. There is a special interest in therapies that use
neuroprotectants in combination with rt-PA (For reviews see Gladstone e7 a/., 2002; Rogalewski ez
al., 2006), and although rt-PA is not able to be used in the majority of patients due to time
limitations and the large number of exclusion criteria, it is the best (and only) current treatment
for ischaemic stroke. Furthermore, with new technologies (Alexandrov e al., 2004; Smith ef al.,
2008; Tsivgoulis ez al., 2010) and media campaigns to educate people of the signs of stroke so that
they can get to hospital earlier (Davis e# /., 2007), the number of patients administered rt-PA, and

the number of successful recanalisations and reperfusions are slowly increasing. It also seems
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sensible to first restore cerebral blood flow and then try to protect remaining vulnerable tissue.
After recanalisation by rt-PA, reperfusion injury, which is mainly caused by inflammatory and
oxidative mechanisms, causes a large amount of tissue damage, resulting in cell death. Therefore,
the co-administration of anti-inflammatory treatments alongside rt-PA may potentially salvage at
risk brain tissue (the penumbra), as well as perhaps increasing the time-window for safe rt-PA
administration.  There have been several studies in which experimental animals were
co-administered rt-PA and anti-inflammatory drugs, specifically anti-leukocytic adhesion
molecules, that demonstrated an increased therapeutic efficacy, as well as an increase in the time
window of its administration (Bowes e# al, 1995; Zhang et al., 2003; Zhang et al., 1999).
Furthermore, although not designed to test the effect of UK-279,276, a CD11b/CD18 inhibitor,
as an adjuvant with rt-PA, a clinical trial reported neurological improvements in the small
powered subgroup where both drugs were administered together (Sughrue e a/., 2004). These
studies show potential for this type of synergistic therapy, and thus, in Chapter 6 we investigate
chemokine-related targets in the brain after stroke and examine the efficacy of administering a

CXCR2 antagonist at the time of reperfusion.

1.6 Thesis aims
The aims of this thesis focus on the contribution of the inflaimmatory response to ischaemic

injury following cerebral I-R. Specifically, the aims of this thesis were:

1. a) To examine the effects of gender and reperfusion on outcome following ischaemic

stroke (Chapter 3).

b) To examine the effect of Nox2-deficiency on outcome following cerebral I-R in male

and female mice (Chapter 3).
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2.

3.

a) To investigate whether gender has an effect on the expression of key pro-inflammatory
proteins, and the infiltration and localisation of T lymphocytes and Nox2 protein in brain

(Chapter 4).

b) To test the effect of gender, ischaemia and reperfusion on the levels of various

immune cells in the spleen and the blood (Chapter 4).

c) To assess the effect of gender and I-R on proliferation of T lymphocytes (Chapter 4).

d) To test whether T lymphocytes generate Nox2-derived superoxide, and if so, to test

whether this is altered after I-R in males and/or females (Chapter 4).

To investigate which subset(s) of CD3" T lymphocytes might be involved in the increased

superoxide production 24 h after I-R (Chapter 5).

a) To examine the brain mRNA expression profiles of a large number of chemokines,
chemokine receptors and immune-related genes 4, 24 and 72 h after cerebral I-R

(Chapter 0).

b) To identify a family of chemokines that are increased following cerebral I-R, and to
examine the effect of pharmacologically targeting them on outcome following cerebral

I-R (Chapter 6).

a) To examine the effect and the possible underlying mechanisms of DSCRT

over-expression on outcome following cerebral I-R (Chapter 7).

b) To examine the effect of DSCR7-deficiency on outcome following cerebral I-R

(Chapter 7).
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2.1 Ethics Approval
All experimental procedures were approved by the Monash University School of Biological

Sciences B Animals Ethics Committee.

2.2 Total Animals Studied

In total, 511 mice were used. These comprised 391 C57Bl6/] mice (280 male and 111 female),
26 Nox2-deficient mice (Non’/ 3 15 male and 11 female); 39 male DSCRT transgenic mice and 39
DSCRT wild-type littermate (Wtp,) mice; and 11 male DSCR7 knock-out (KO) mice and 5

DSCRT wild-type littermate (Wt,,) mice.

2.3 Focal Cerebral Ischaemia in Mice

Focal cerebral ischaemia was induced by either transient (30 min) or permanent intraluminal
filament occlusion of the right middle cerebral artery (MCA). Mice were anaesthetised with a
mixtute of ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). Rectal temperature was
monitored throughout the procedure and until animals regained consciousness. Temperature
was maintained at 37.5 £ 0.5 °C via an electronic temperature controller (Digitemp EX1310TC,
Extech Equipment Pty. Ltd.; Boronia, VIC, Australia) linked to a ceramic heat lamp (100W
PT-2046, Exo Terra, Australian Reptiles Pty. Ltd.; Hoppers Crossing, VIC, Australia). Regional
cerebral blood flow (rCBF) in the area of cerebral cortex supplied by the MCA (~2 mm posterior
and ~5 mm lateral to bregma) was monitored and recorded, beginning at the start of surgery,
which typically lasted 15-20 min and continued for 1 h after the induction of ischaemia, using
trans-cranial laser-Doppler flowmetry (PF5010 LDPM Unit, Perimed; Jarfilla, Sweden). Under a
dissecting microscope (MZ6, Leica Microsystems; Wetzlar, Germany), the right carotid
bifurcation was exposed through a ventral midline neck incision and was carefully dissected free
from surrounding connective tissue. A branch of the external carotid artery (ECA) was

cauterised with an Aaron low temperature fine tipped hot wire cautery (Bovie Medical
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Corporation; Clearwater, FL, USA), and the ECA was ligated with 6-0 silk suture (Dynek Pty Ltd;
Hendon, SA, Australia) distal to the bifurcation of the common carotid artery (CCA) and cut,
forming an ECA stump. The CCA and internal carotid artery (ICA) were carefully separated
from the adjacent vagus nerve, and a suture bridge was placed underneath the ICA. The CCA
was then clamped and tension was applied to the ICA via the suture bridge, to prevent bleeding.
A small nick was made in the ECA stump, and a 6-0 nylon monofilament with silicone-coated tip
(Doccol Co., Redlands, CA, USA) was inserted and advanced distally along the ICA (11-12 mm
distal to the carotid bifurcation), causing occlusion of the MCA at its junction with the circle of
Willis. Severe (~80 %) reduction in rCBF in the MCA territory, measured by a real time trans-
cranial laser-Doppler, confirmed accurate placement of the filament. This filament was then tied

in place, the CCA clamp removed and the suture bridge released.

In the protocol for transient ischaemia (ie. ischaemia-reperfusion; I-R), occlusion was maintained
for 30 min, and the monofilament was then retracted to allow reperfusion for 3.5, 5.5, 23.5 or
71.5 h. Reperfusion was confirmed by an immediate increase in rCBF, which reached the
pre-ischaemic level within 5 min. In the protocol for permanent ischaemia (i.e. ischaemia with no
reperfusion; I-NR), the monofilament was kept in place and the occlusion maintained for 24 h.
Sham-operated mice were anaesthetised and the right carotid bifurcation was exposed and
dissected free from surrounding connective tissue, but no arterial ligation was made or filament
was inserted. The neck and head wounds were then closed using 5-0 nylon suture (Dynek Pty
Ltd), covered with betadine and OpSite spray dressing (Smith & Nephew; Mount Waverley, VIC,

Australia), and when the mice regained consciousness they were returned to their cages.
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Figure 2.1. Occlusion of the MCA.

A. Upon insertion of the silicone-coated monofilament, the MCA is occluded, causing a sudden
drop in cerebral blood flow measured using trans-cranial laser Doppler flowmetry in the territory
of the MCA, as depicted in the representative laser Doppler trace. B. Following the ischaemic
period (0.5 h) in the protocol for transient cerebral ischaemia (I-R), the filament is retracted,
inducing reperfusion, as illustrated by the representative laser Doppler flow trace. In the case of
permanent cerebral ischaemia (I-NR), ‘A’ is maintained for the entire 24 h, and ‘B’ does not
occur (Adapted from O’Neill and Clemens, 2000). MCA, middle cerebral artery; CCA, common
carotid artery; ECA, external carotid artery; ICA, internal carotid artery; PCA, posterior

communicating artery; BA, basilar artery.
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2.4 Evaluation of Neurological Function

At the end of the experiment (either 24 or 72 h), neurological assessment was performed using a
five-point scoring system commonly used in mice to test neurological impairment after cerebral
ischaemia (Iadecola ez al., 1997). The specific scoring system we used (0 to 4), was originally
based on Bederson and colleagues, and Yang and colleagues (Bederson ez /., 1986; Yang e al.,
1994), and was modified by Iadecola and colleagues (Iadecola ¢ al, 1997). For studies conducted
in chapters 3 and 7, mice were assigned a score from 0 to 4 according to the following criteria: 0,
normal motor function; 1, flexion of torso and contralateral forelimb exclusively to the
contralateral side when mouse is lifted by the tail; 2, circling to contralateral side when mouse is
held by the tail on a flat surface, but normal posture at rest; 3, leaning to contralateral side at rest;
4, no spontaneous motor activity. Mice that were rolling uncontrollably in their cages were also
assigned a score of 4. Neurological assessment was performed by an investigator blinded to the
experimental treatment. For chapter 6 (the final study of my PhD, chronologically speaking), we
amended the five-point scoring system, due to the fact that >90 % of all the mice following
stroke — whether male or female, and whether or not reperfusion was instituted - were assigned a
score of either 3 or 4, which did not correlate with the differences found in their infarct volumes.
After personal communication with a colleague from Dr. Iadecola’s laboratory in New York, we
modified the critetia to: 0, normal motor function; 1, flexion of torso and forelimb to either side
when mouse is lifted by the tail; 2, circling to either side when mouse is held by the tail on a flat
surface, but normal posture at rest; 3, leaning to either side at rest; 4, no spontaneous motor
activity. The most important amendment was that the tests were carried out sequentially; and if a
mouse exhibited the appropriate behaviour at one step but not at the following step, it was
assigned the score of the former step. However, this was not the case when assigning a score of
4, as a score of 4 indicates that the mice were unable to move, and therefore were unable to

exhibit the appropriate behaviour for scores 1 or 2.
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At the end of the experiment (either 24 or 72 h), the hanging wire test was also performed to test
their motor function, gripping ability and forelimb strength (Hattori ez a/, 2000). Mice were
placed so that their front paws were gripping onto a wire (~1 mm diameter, tied horizontally
between two poles 60 cm apart, elevated 30 cm above a padded surface). The length of time
suspended from the wire, up to a maximum of 60 seconds was noted, and the average time of 3

trials with 5-min rests in between, was recorded.

2.5 Evaluation of Cerebral Infarct and Oedema Volume

Mice were killed at 24 or 72 h by inhalation of CO, and O, (80:20), followed by decapitation.
The brains were immediately removed, snap frozen with liquid nitrogen and stored at -80 °C.
Using a cryostat (-21 °C, CM1850, Leica Microsystems; Wetzlar, Germany), evenly spread
(separated by ~420 pum) coronal sections (30 um thick) were obtained spanning the infarct,
(which equated to ~15 sections/brain following I-R, and ~20 sections/brain following I-NR).
These sections were then thaw-mounted onto poly-L-lysine coated glass slides (0.1 % poly-L-
lysine in distilled water; dH,O). To delineate the infarct, sections were immersed in thionin
(0.1 %; 2 min), dipped a few times into two separate containers of dH,O to rinse off the excess
thionin, then immersed in 70 % ethanol (EtOH; 2 min), followed by 100 % EtOH (2 min).
Slides were then dried, dipped in xylene and cover-slipped with DPX mounting media. Images
of the sections were captured with a CCD camera (Cohu Inc., San Diego, CA, USA) mounted
above a light box (Biotec-Fischer Colour Control 5000, Reiskirchin, Germany). Total infarct
volume was quantified using image analysis software (Imagef, NIH; Bethesda, MD, USA),
correcting for brain oedema, according to the following formula: CIV = [LHA — (RHA — RIA)]
X (thickness of section + distance between sections); in which CIV is corrected infarct volume,
LHA is left hemisphere area, RHA is right hemisphere area and RIA is right hemisphere infarct
area (Tsuchiya ez al, 2003; Xia ez al., 2006). Oedema volume was calculated using the following

formula: [RHA — LHA] X (thickness of section + distance between sections). Similarly, cortical
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infarct volume was quantified, correcting for brain oedema, according to the following formula:
CCIV = [LCA — (RCA — RCIA)] X (thickness of section + distance between sections); in which
CCIV is corrected cortical infarct volume, LCA is left cortical area, RCA is right cortical area and
RCIA is right cortical infarct area. Subcortical infarct volume (CSIV) was calculated by
subtracting oedema-corrected cortical infarct volume (CCIV) from oedema-corrected total infarct
volume (CIV). Oedema-corrected infarct volumes of individual brain sections were then added
giving a three-dimensional approximation of the total (XCIV), cortical (XCCIV) or subcortical

infarct volume (XCSIV).

In order to be sure to correct for variations in apparent brain size (eg. due to strain or gender
differences, or the fixing and processing of the sections), we also estimated infarct volume as a
percentage of the hemisphere using the non-ischaemic hemisphere as a reference volume. This
was calculated according to the following formulas: (XCIV/X[LHA X (thickness of section +
distance between sections)]) X 100, for total infarct volume, and (XCCIV/XE[LCA X (thickness of
section + distance between sections)|) X 100, for cortical infarct volume; in which X[LHA X
(thickness of section + distance between sections)] is the sum of [LHA X (thickness of section +
distance between sections)| of all the individual sections, to get an approximation of the left
hemisphere volume (XLHV), and X[LCA X (thickness of section + distance between sections)] is
the sum of [LCA X (thickness of section + distance between sections)] of all the individual
sections, to get an approximation of the left cortical volume (XLCV). Subcortical infarct volume

was calculated according to the following formula: [XCSIV/(ZLHV — XLCV)] X 100.

Longitudinal distribution of the infarct area was also calculated. Using the same coronal sections
taken for infarct evaluation, with a mouse brain atlas (Paxinos and Franklin, 2001) as a guide to
the brain structures at certain stereotaxic coordinates, a coronal section was assigned the position

of bregma +1.6 mm. The CIA (oedema-corrected infarct area; LHA — [RHA — RIA]) previously
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calculated was noted down for this coordinate, as were the CIAs for every section ~840 um from
that point, spanning the entire infarct. If the infarct began at a more rostral point to bregma
+1.6 mm, the CIA of brain sections ~840 pum earlier were also recorded. The same process was
also performed for cortical infarct distribution, using CCIA (oedema-corrected cortical infarct
area; LCA — [RCA — RCIA]) instead of CIA, and subcortical infarct distribution was calculated by

subtracting the CCIA at each coordinate from the CIA.

Figure 2.2. Quantification of infarct volume.

Cartoon depicting areas measured for quantification of oedema-corrected (A) total and (B)
cortical infarct volume. LHA, left hemisphere area; RHA, right hemisphere area; RIA, right
infarct area; LCA, left cortical area; RCA, right cortical area; RCIA, right cortical infarct area.

Each small arrow represents the ‘thickness of section + distance between sections’.

2.6 Tail cuffing

Systolic blood pressure (BP) was measured in some mice prior to MCAO via tail cuffing, using a
MC4000 Blood Pressure Analysis System (Hatteras Instruments; Cary, NC, USA). The mice
were placed into the individual dark chambers on the preheated platform. The tail of each mouse
was inserted into a tail cuff, placed into a tail slot in the device and secured with a piece of
masking tape. The tail cuff was then positioned so that it was directly touching the rump of the

mouse. The mouse tail cover was then placed over the tail slot. The day before the actual
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experimental measurements were taken, each mouse was placed into the MC4000 Blood Pressure
Analysis System to undergo 15 preliminary cycles, for the mouse to become accustomed to the
process, to reduce their anxiety levels the following day. On the experimental day, the mice
firstly underwent 5 preliminary cycles, for which data was not recorded. This allowed the mouse
time to become accustomed to the chamber and to having the tail cuff inflate and deflate around
its tail, and also time to warm up which improves blood flow to the tail. Following the
preliminary cycles, 30 measurement cycles were completed. Measurements taken from cycles
lacking the ideal profile were rejected (eg. if the mouse was moving and the pulse wasn’t
consistent or if no pulse could be detected), and the average of the systolic BP measurements of
the remaining successful cycles was used. For each individual mouse we collected a minimum of
15 successful measurement cycles. If this could not be achieved, the mouse was re-positioned,
and the above procedure was repeated. In order to enhance the reliability and reproducibility of
the BP measurements, the room in which the measurements were performed was kept quiet with

no loud talking or noise.

2.7 Western Blotting

In separate mice, the expressions of various proteins were measured in homogenates of the
ischaemic (right) or non-ischaemic (left) brain hemisphere using Western blotting. Mice were
killed and brains removed and frozen as for ‘Evaluation of Cerebral Infarct and Oedema
Volume’ (see section 2.5 above). Brains were cut into hemispheres, and the ischaemic and non-
ischaemic hemispheres were homogenised over liquid nitrogen and prepared in 4 ml Laemmli
buffer (25 % Glycerin, 12.5 % B-mercaptoethanol, 7.5 % sodium docedyl sulfate, 25 % 1 M
TrisHCI pH 8.0, 0.25 mg/ml bromophenol blue). Homogenates were sonicated on ice, heated
(37 °C; 10 min) and then centrifuged (15,700 g; 10 min at 4 °C). 5 pl of the sample was taken to
determine the protein concentration, and the remainder was stored at -80 °C. Protein

concentration was determined using the RCDC protein assay (Bio-Rad; Hercules, CA, USA), as
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per the manufacturer’s instructions. Absorbance of each well was then read using a Spectra Max
340 spectrophotometer (Molecular Devices; Sunnyvale, CA, USA) set at 720 nm and analysed

with SOFTmax PRO software (Version 1.2.0, Molecular Devices).

Equal quantities of protein, along with a dual colour molecular weight marker (Bio-Rad) were
loaded onto 1 mm thick polyacrylamide gels and mounted in a mini PROTEAN® 3 cells
(Bio-Rad). Voltage was set at 60 V for migration of protein through the upper gel and raised to

100 V for migration through the lower gel.

Once the proteins had migrated the desired distance according to the molecular weight marker,
gel tanks were disassembled and gels were carefully removed from glass plates and placed in
buffer 2 (25 mM Tris, 20 % MeOH, 80 % dH,O; pH 7.4) on a shaker for 10 min. Polyvinylidene
Fluoride (PVDF) membranes were then placed in methanol (MeOH) for 10 sec, rinsed with
dH,O for 5 min followed by a further rinse with buffer 2 for 10 min. Two pieces of Whatmans
blotting paper (GE Healthcare; Waukesha, WI, USA) were soaked in buffer 1 (300 mM Ttis, 20
% MeOH, 80 % dH,O; pH 10.4), one piece in buffer 2 and two pieces in buffer 3 (38 mM Tris,
20 % MeOH, 80 % dH,O; pH 10.4). Blotting paper, PVDF membrane and gel were arranged in
a TE 77 Semi Dry Transfer Unit (Amersham Biosciences; Waukesha, WI, USA) as shown in
Figure 2.3. The proteins were then transferred by the semi dry transfer method (0.4 mA per cm?
of gel for 70 min at room temperature). Successful protein transfer was confirmed by Ponceau S

staining before washing a few times with tris-buffered saline containing 0.1 % Tween 20 (TBS-T;

20 mM Tris, 15 mM NaCl, 0.1 % Tween 20; pH 7.5).
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Figure 2.3. Arrangement of blotting paper, PVDF membrane and gel in the TE 77 Semi
Dry Transfer Unit.

Membranes were blocked in 5 % skim milk dissolved in TBS-T for 1 h (room temperature) to
reduce non-specific binding of antibodies, and were then incubated overnight (4 °C) with the
appropriate primary antibody in 5 % skim milk in TBS-T with constant gentle agitation, followed
by three 15 min washes with TBS-T. Following washes, membranes were incubated with a
horseradish peroxidase (HRP)—conjugated secondary antibody made up in 5 % skim milk with
TBS-T for 1 h (room temperature) with constant gentle agitation followed by three 15 min

washes with TBS-T.

Immunoreactive bands were detected by enhanced chemiluminescence. The membrane was
saturated in Immobilon Western Chemiluminescence HRP substrate ECL reagent (Millipore;
Billerica, MA, USA). The membrane was wrapped in a plastic pocket and placed into a
hyper-cassette. In a dark room, photographic paper (Fujifilm SuperRx, Fujifilm; Tokyo, Japan)
was placed over the membrane and exposed for 1-30 min depending on the antibody used. The
film was then developed with an AGFA CP1000 processor (AGFA; Mortsel, Belgium) and
quantified using a ChemiDoc XRS molecular imager (Bio-Rad). Relative intensities were

normalised to the intensity of corresponding bands for B-actin.
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2.8 Real-time PCR

In separate mice, the mRNA expression of various genes was measured in homogenates of the
ischaemic (right) or non-ischaemic (left) brain hemisphere using quantitative PCR. Mice were
killed and brains removed and frozen as for ‘Evaluation of Cerebral Infarct and Oedema
Volume’ (see section 2.5 above). RNA was extracted from each brain hemisphere using the
Qiagen RNeasy Mini Kit and the Qiagen RNase-free DNase Kit (Qiagen; Hilden, Germany).
Briefly, brains were cut into hemispheres, and the ischaemic and non-ischaemic hemispheres
were homogenised over liquid nitrogen until ground into a fine powder. The RLT buffer from
the kit was then added to the samples (2.5 ml RLT buffer with 0.01 % B-mercaptoethanol per
sample). Homogenates were sonicated and then centrifuged (18,400 g; 3 min at room
temperature). The pellet was discarded, and 700 pl of the supernatant (lysate) was transferred to
a 1.5 ml eppendorf tube. The remainder of the lysate was kept in the -80 °C freezer to make up
more RNA if needed. 700 ul of 70 % EtOH was added to the eppendorf tube and mixed. 700 pl
of the sample was then transferred to an RNeasy spin column and centrifuged (9,400 g; 15 s at
room temperature). The flow-through from the collection tube was then discarded. 350 pl of
Buffer RW1 (wash buffer) was added to the RNeasy spin column and centrifuged (9,400 g; 15 s
at room temperature), and then the flow-through was discarded. Next, 10 ul of DNase stock
solution was mixed with 70 ul of Buffer RDD (DNase digestion buffer) per sample, and added
directly to the RNeasy spin column membrane and incubated (15 min at room temperature).
350 wl of Buffer RW1 was then added to the RNeasy spin column. It was centrifuged (9,400 g;
15 s at room temperature) and the flow-through was discarded. Next, 500 pl of Buffer RPE
(concentrated wash buffer) was added to the RNeasy spin column and centrifuged (9,400 g; 15 s
at room temperature) and the flow-through was discarded. Another 500 ul of Buffer RPE was
then added to the RNeasy spin column and centrifuged (9,400 g; 2 min at room temperature) and
the flow-through was discarded. The RNeasy spin column was then placed into a new 2 ml

collection tube and centrifuged (18,400 g; 1 min at room temperature) to eliminate possible
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carryover of Buffer RPE or any remaining residual flow-through on the outside of the spin
column. The collection tube and the flow-through were then discarded. Next, the RNeasy spin
column was placed into an Eppendorf tube and 30 ul of RNase free water was added directly
onto the spin column membrane. It was then centrifuged (9,400 g; 1 min at room temperature)
to elute the RNA, and the spin column was discarded. RNA was measured at 260 nm using the
NanoDrop™ 1000 spectrophotometer (Thermo Scientific; Wilmington, DE, USA) and was then

stored at -80 °C until ready for use.

RNA was converted into cDNA using various kits. The mRNA expression of a range of mouse
immune genes, including cytokines and chemokines, were measured using either a PCR array
from SABiosciences (Frederick, MD, USA) or Applied Biosystems (Carlsbad, CA, USA), or

specific gene expression assays (Applied Biosystems).

To carry out the real-time PCR, the PCR mixture was prepared, added to the 96-well plate and
then placed into a real-time PCR system. The real-time PCR was then run for 40 cycles, using

the appropriate thermal-cycling parameters.

To analyse the real-time PCR data for both the PCR array and the gene expression assays, the
relative expressions of each target gene were normalised to the house-keeping gene, and then
further normalised to a control sample. This was calculated according to the following formula:
284" in which CT is the cycle threshold, ACT is CT (target gene) — CT (house-keeping gene),

and AACT = ACT (treatment sample) — ACT (average of control sample).

2.9 Immunohistochemistry and Immunofluorescence
The cellular localisation of various proteins in brain sections was performed by

immunohistochemistry or immunofluorescence. Separate mice were killed and brains removed
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and frozen as for ‘Evaluation of Cerebral Infarct and Oedema Volume’ (see section 2.5 above).
Multiple serial coronal sections of 30 um were taken throughout the forebrain, and
thaw-mounted onto poly-L-lysine coated glass slides (0.1 % poly-L-lysine in dH,O). Tissue
sections were fixed in acetone (immunohistochemistry) or 4 % paraformaldehyde (PFA;
immunofluorescence), washed in tris-buffered saline (TBS; 50 mM Tris base, 154 mM NaCl; pH
8.4; for immunohistochemistry) or 10 mM phosphate buffered saline (PBS; 5 mM Na,HPO,,
154 mM NaCl, 5 mM NaH,PO,.2H,O; pH 7.4; for immunofluorescence) and then incubated in a
mixture of primary antibodies overnight in a humid chamber. The following day, tissues were
washed in TBS or PBS (for immunohistochemistry and immunofluorescence, respectively) and
incubated with the appropriate secondary antibodies in a humid chamber. Slides were washed in
TBS or PBS (for immunohistochemistry and immunofluorescence, respectively), mounted in
mounting medium and cover-slipped. Staining was then viewed and photographed on an
Olympus light microscope (Olympus; Hamburg, Germany; for immunohistochemistry) or a
fluorescent microscope (Olympus; for immunofluorescence), and analysed. All appropriate

control experiments were performed.

2.10 Isolation of Leukocytes from Blood and Spleen

Mice were killed at 24 h following sham or stroke surgery by isoflurane inhalation and
exsanguination. A midline abdominal incision (from the base of the ribs to the bladder) was
made, the organs were retracted, and blood was withdrawn from the inferior vena cava into a
1 ml syringe containing 0.1 ml Clexane (400 U/ml), and transferred to an eppendotf tube. The
spleen was then removed, and placed in media (RPMI 1640 + 5 % foetal calf serum; FCS) if the
leukocytes were being used in ‘Fluorescence Activated Cell Sorting (FACS) Analysis’ (see section
2.11 below) or PBS + 4 % FCS if they were being used for the ‘Measurement of Superoxide
Production by T Lymphocytes’ (see section 2.13 below). Single cell suspensions of the spleen

cells were prepared either by passing the tissue through a 75 pm nylon cell strainer or by gently
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rubbing the spleen between two rough slides in a circular motion. The cells from both blood and
spleen were washed in media by centrifugation (1000 g for 5 min, 4 °C), and red cells were lysed
with red cell lysis buffer (155.17 mM NH,CI, 9.99 mM KHCO,, 0.24 mM EDTA, filter sterilised
in distilled H,O; 2 x 5 min, 37 °C) with a wash in media in between and afterwards (1000 g for
5 min, 4 °C) to stop the lysis reaction and rid the sample of lysed red cells. The cells were then
resuspended in FACS wash buffer (PBS + 2 % FCS) for the ‘Fluorescence Activated Cell Sorting
(FACS) Analysis’ or PBS + 4 % FCS if they were being used for the ‘Measurement of Superoxide
Production by T Lymphocytes’, and counted using a haemocytometer, with trypan blue dye,
whereby lymphocytes appeared small and round with a white halo, and dead cells, which were

excluded from the count, appeared dark blue.

d N

Whole Blood Spleen

Single Cell Suspension

Wash Wash
|
Lyse Reld Cells Lyse Red Cells
|
W{sh Wash
|
Resuspend in Buffer Resuspend in Buffer
Count Lymlphocytes Count Lymphocytes

Figure 2.4. Isolation of leukocytes from blood and spleen.
Flow diagram showing the steps involved in the isolation of leukocytes from the blood and

spleen.
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2.11 Fluorescence Activated Cell Sorting (FACS) Analysis

Fluorescence flow cytometric analyses were performed to determine the numbers of various
immune cells in the blood and/or spleen. Cells (~1x10°) were first incubated on ice for 10 min
in 100 pl of staining buffer (PBS containing 1 % normal mouse serum, 5 % FCS and 0.001 % rat
anti-mouse CD16/CD32, FC receptor block; BD Biosciences; North Ryde, NSW, Australia).
This was to allow the antibody time to bind, and reduce FC receptor-mediated non-specific
binding. The cells were then centrifuged (1000 g for 5 min, 4 °C) and the supernatant discarded.
Next, the cells were labelled for cytofluorimetry by resuspending in 100 pl of staining buffer
containing optimal dilutions of the appropriate primary antibodies conjugated with varying
fluorophores. The samples were vortexed and then left at room temperature for at least 30 min.
Cells were washed, by the addition of ~1 ml FACS wash buffer, vortexed, and centrifuged
(1000 g for 5 min, 4 °C), and the supernatant discarded. This was repeated three times, and after
the final wash, the cells were resuspended in 300 ul of PBS. Flow cytometry was performed
using a BD FACS Canto II flow cytometer and CELLQuest 8.0 software (BD Biosciences).
Forward height and forward area parameters were used to identify and separate single-cells from
duplicates. Forward and side scatter parameters were chosen to identify lymphocytes and
granulocytes. For each experiment, cells were stained with appropriate isotype control antibodies
to establish background staining and to set quadrants before calculating the percentage of
positive cells. In addition, there were single stained controls and an unstained control to use for

compensation. Data were analysed using Flow]Jo (V8.8.2, Tree Star, Inc.; Ashland, OR, USA).

2.12 Isolation of T Lymphocytes (Dynal negative isolation kits)

After the ‘Isolation of Leukocytes from Blood and Spleen’ (see section 2.10 above), a purified
suspension of CD3", CD4" or CD8" T lymphocytes was obtained using either the Dynal® Mouse
T Cell Negative Isolation Kit, the Dynabeads” FlowComp™ Mouse CD4"CD25" T, Cells Kit,

or the Dynal® Mouse CD8 Negative Isolation Kit (Invitrogen; Carlsbad, CA, USA), respectively.
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Briefly, a mixture of monoclonal rat anti-mouse antibodies to all immune cells (B lymphocytes, T
lymphocytes, monocytes, NK cells, dendritic cells, erythrocytes and granulocytes), except for the
T lymphocyte subset of interest, was mixed with the leukocyte suspension and then incubated for
20 min on ice. The cells were then washed by centrifugation (300 g for 8 min, 4 °C) to remove
any excess antibody. The magnetic beads, coated with a polyclonal sheep anti-rat antibody were
then added, and incubated for 15 min at room temperature with a gentle tilting and rotating
motion, to allow for binding of the cells to the antibodies. Every few minutes during the
incubation period, the cells were gently resuspended using a 1 ml pipette. Next, the 15 ml Falcon
tubes containing the samples were each placed into the DynaMag™-15 magnet (Invitrogen).
After approximately 2 min, the beads had adhered to the side of the tubes facing the magnet, and

the remaining suspension contained the purified T lymphocytes.

2.13 Superoxide Measurements (L-012-enhanced chemiluminescence)

Basal and phorbol 12,13-dibutyrate (PDB; 1 pM)-stimulated superoxide production by T
lymphocytes from blood and spleen of mice following I-R was measured by 100 umol/L
L-012-enhanced chemiluminescence (Daiber e al, 2004). In triplicates, 50 pl of the T
lymphocyte suspension (see section 2.12 ‘Isolation of T Lymphocytes (Dynal negative isolation
kits)” above) was added into separate wells of a white 96-well plate containing 150 pl L-012 in
Krebs-HEPES assay solution (99.01 mM NaCl, 4.69 mM KCI, 1.87 mM CaCl,, 1.20 mM MgSO,,
1.03 mM K,HPO,, 25.0 mM NaHCO;, 20.0 mM Na-HEPES, 11.1 mM glucose; pH 7.4). 20 pl
of PDB in Krebs-HEPES assay solution was then added to the appropriate wells. The white
plate was then carefully covered with a clear topseal. L.-012-enhanced chemiluminescence in each
well was then measured for 2 s and repeated for 30 cycles by a Plate Chameleon Luminescence
Reader (Hidex Ltd.; Turku, Finland). L.-012-enhanced chemiluminescence was also measured in
adjacent wells with 1.-012 in Krebs-HEPES assay solution devoid of cells (blank). In all

experiments, the triplicates were averaged, and the results were expressed as an average of the 30
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cycles. The chemiluminescence signal (relative light units per s) obtained in the blank wells were
then subtracted. Superoxide production per cell (for blood samples) and per 10° cells (for spleen
samples) was calculated by normalising the average chemiluminescence signal to T lymphocyte
number. FACS analysis was used to confirm purity of CD3", CD4" and CD8" T lymphocytes in

some samples.

2.14 Drugs and Chemicals

Ketamine (Parnell Laboratories; Alexandria, NSW, Australia), xylazine (Troy Laboratories;
Smithfield, NSW, Australia), poly-L-Lysine (Sigma Aldrich; St. Louis, MO, USA), thionin (Sigma
Aldrich), xylene (Scharlau Chemie; Barcelona, Spain), DPX mounting media (BDH Chemicals
Ltd.; Poole, UK), paraformaldehyde (PFA; Merck; Darmstadt, Germany), isoflurane (Baxter
Healthcare; Old Toongabbie, NSW, Australia), clexane (Sanofi-Aventis Australia Pty Ltd.;
Macquarie Park, NSW, Australia), RPMI 1640 (Sigma Aldrich), trypan blue (Fluka; Buchs,
Switzerland), foetal calf serum (FCS; Multiser; Noble Park, VIC, Australia), phorbol 12,13-
dibutyrate (PDB; Calbiochem; Gibbstown, NJ, USA), L.-012 (Wako Pure Chemical Industries;

Osaka, Japan). All other chemicals were purchased from Sigma Aldrich or Merck.

2.15 Statistical Analyses

Data are typically presented as mean * standard error. Statistical analyses were performed using
GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA). Between-group
comparisons of rCBF during the 30 min ischaemic period and rCBF during the first 30 min of
reperfusion in the I-R protocol, or rCBF during the first 60 min of ischaemia in the I-NR
protocol, were compared using a two-way analysis of variance (ANOVA). Between-group
comparisons of infarct volume, oedema volume, hanging wire, protein expression, FACS and T
lymphocyte-generated superoxide were compared using an ANOVA or a Student’s unpaired ¢

test with Bonferroni post-hoc test, as appropriate. Between-group comparisons of distribution of
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infarct area at each ‘distance relative to bregma’ point were compared using a Student’s unpaired 7
test. Neurological score was compared using a Mann-Whitney test or a Kruskal-Wallis test
followed by Dunn’s post-hoc test, as appropriate. Mortality data were analysed using a log-rank

test. Group numbers are shown in parentheses. Statistical significance was accepted when

P < 0.05.
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Chapter 3: The Effects of Gender and Reperfusion on Cerebral Infarct Size after Stroke

3.1 INTRODUCTION

Studies of experimental stroke commonly employ models of cerebral ischaemia-reperfusion (I-R;
L.e. transient ischaemia), and report that stroke severity is lower in females than males due to the
greater level of circulating oestrogen in females (Alkayed ez af., 1998; Park et al., 20006; Zhang et al.,
1998b). These experimental findings are supported by epidemiological studies indicating that
females are more resistant to cerebral ischaemia (Prencipe ez al., 1997; Sudlow and Warlow, 1997).
Studies assessing the effect of gender on outcome after cerebral ischaemia with no reperfusion
(I-NR; i.e. permanent ischaemia) are surprisingly very few, and they report conflicting findings as
to whether or not females undergo less ischaemic damage (Cai ez al., 1998; Carswell ¢ al., 1999;

Loihl ez al., 1999).

Reperfusion is well established to cause a large inflammatory response (For review see Schaller &
Graf, 2004). Oestrogen is a multi-faceted hormone which has powerful anti-inflammatory
properties, and thus may mediate most of its benefit when reperfusion occurs (Schaller and Graf,
2004). However, reperfusion often may not occur in clinical stroke. Spontaneous reperfusion is
common (=70 % within one week after ischaemia) (Bowler ez a/, 1998; Fieschi e al, 1989;
Jorgensen e al, 1994), although it is usually incomplete (Barber e a/, 1998), and re-occlusion
often occurs (Alexandrov and Grotta, 2002; Alexandrov ef al., 2004). Currently, recombinant
tissue plasminogen activator (rt-PA) is the only available clinical treatment for acute stroke, and it
has its effect by causing thrombolysis, thus allowing reperfusion to occur. rt-PA has a very
limited time window for effective therapeutic use - initially treatment was approved for within 3 h
of stroke onset, but it has recently been increased to 4.5 h (del Zoppo ez al, 2009), as it was still
found to have significant benefit when administered between 3 and 4.5 h of stroke onset (Hacke
¢t al., 2008). Due to this relatively small therapeutic time window, in addition to the large number
of exclusion criteria, which include any signs of bleeding in the brain (QSSAAN, 1996), only ~7-

16 % of all stroke patients are eligible (Batmanian e a/., 2007; Johnston e al., 2001; Katzan ef al.,
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2004), and even less receive it (Barber ¢z a/., 2001; Batmanian e @/, 2007; Johnston ez al., 2001,
Katzan et al., 2004; Koennecke ez al., 2001; van Wijngaarden ez a/, 2009). In addition, rt-PA does
not achieve reperfusion in all patients, and it has been reported that complete reperfusion within
2 hours of 1.v. infusion occurs in ~6-34 % of cases, and partial reperfusion in ~25-48 % of cases
(Alexandrov and Grotta, 2002; Alexandrov ez al, 2004; Molina ¢t al., 2009; Saqqur ez al., 2007,
Tsivgoulis ef al., 2010; van Wijngaarden e# al., 2009). Therefore, although I-NR is certainly a
clinically relevant protocol for experimental stroke, no previous study has assessed the effect of

gender on outcome after both I-R and I-NR.

Given that oestrogen is also known to be a cerebral vasodilator (Duckles and Krause, 2007), it is
conceivable that the brain is better perfused in females during ischaemia and/or reperfusion.
Because the salvage of brain tissue following post-ischaemic reperfusion may, on the one hand,
be limited by pro-inflammatory mechanisms occurring during reperfusion, but on the other hand
improved by restoration of blood flow to the ischaemic tissue, it is important to better identify
the mechanisms involved in reperfusion, which will be further elucidated in Chapter 4, and to

clarity whether females and males are equally vulnerable to reperfusion-induced damage.

NADPH oxidase is the major source of reactive oxygen species (ROS) in both systemic and
cerebral vasculatures (Griendling ez /., 1994a; Miller ez al., 2005; Miller ez al., 2009), as well as in
circulating leukocytes (eg. monocytes, neutrophils, T lymphocytes) (Jackson e al., 2004; Selemidis
et al., 2008), and NADPH oxidase-derived ROS have been implicated in brain damage following
ischaemic stroke (Kahles ez al, 2007; Kunz ef al., 2007). Specifically, the Nox2 (previously named
gp91phox) isoform of NADPH oxidase was found to contribute to damage following stroke.
After cerebral I-R, male mice either deficient in the Nox2 subunit, or with a dysfunctional Nox2
subunit, were reported to attain a 46-61 % smaller infarct than their wild-type littermates (Chen ez

al., 2009; Kabhles ¢t al, 2007, Kunz et al., 2007, Walder et al, 1997). Furthermore, apocynin
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(4-hydroxy-3-methoxy-acetophenone), a relatively selective inhibitor of Noxl- and Nox2-
containing NADPH oxidase, has also been shown to reduce infarct volume (Chen ez al., 2009;
Jackman ez al., 2009a; Tang ef al., 2007; Tang ez al., 2008), and our lab has previously reported that
apocynin reduces cerebral infarct volume via the inhibition of Nox2 (Jackman ez a/, 2009a).
These results suggest that Nox2 activity is detrimental in ischaemic injury following reperfusion
in male mice. To our knowledge, no one has yet investigated whether Nox2 also contributes to

stroke damage in females.

In this study, we performed either 30 min middle cerebral artery (MCA) occlusion with 23.5 or
71.5 h reperfusion (I-R), or 24 h MCA occlusion with no reperfusion (I-NR). Following I-NR,
full development of infarct volume is believed to be reached by 24 h (Aronowski ez al., 1997;
Iadecola e al., 2001b), however, after a 30 min MCA occlusion, infarcts may not reach their
maximum until ~48 h after reperfusion (Kunz ez al, 2007; Li et al., 2000). For this reason, it is
important to confirm what is observed at 24 h with a later time-point after the end of infarct

progression (eg. at 72 h).

The aims of this study were firstly, to test the effects of gender and reperfusion on outcome
following ischaemic stroke, and secondly, to assess the role of Nox2 expression in cerebral
infarct volume in male and female mice after cerebral I-R. We evaluated neurological
impairment, as well as infarct and oedema volume, at 24 h after I-R and I-NR in male and female
wild-type mice; at 72 h after I-R in male and female wild-type mice; and at 24 h after I-R in male

and female Nox2-deficient mice.

Chapters 3 and 4 describe two components of one larger study that was performed over the

course of this PhD. As mentioned above, Chapter 3 will discuss the effects of gender and
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reperfusion on neurological function, and infarct and oedema volume, whereas Chapter 4 will

discuss data relevant to the mechanisms underlying those results.

3.2 MATERIALS AND METHODS

3.2.1 Animals

This study was conducted in accordance with the National Health and Medical Research Council
of Australia guidelines for the care and use of animals in research.

In Chapters 3 and 4, a total of 263 mice were studied, consisting of: 126 male (weight, 23.31£0.2 ¢)

and 111 female (18.110.1 g) 6-8 week old C57BI6/] mice, and 15 male (22.5£0.9 g) and 11 female

(17.5£0.3 g) 6-8 week old Nox2-deficient (Nox2”) mice. The actual number of mice used per
experiment is indicated throughout Chapters 3 and 4. Nox2”" (AKA gp91phox”") mice were
originally generated in the laboratory of Professor Mary Dinauer and bred at Ozgene (Bentley
DC, WA, Australia) before a colony was established at Monash University. The mice had free
access to water and food pellets before and after surgery. Thirty-one mice were excluded from
the study if during the surgical procedure to induce MCAO: a) a significant volume of blood
(>0.2 ml) was lost (7 = 2); b) the filament did not stay in place for the entire 30 min of ischaemia
(n = 1); c) the regional cerebral blood flow (rfCBF) did not remain above ischaemic levels during
the 30 min recorded reperfusion period (7 = 1); d) the occluding clamp was in place for =5 min
(n = 3); or e) they died prior to the specified time for euthanasia (at 23.5 h or 71.5 h reperfusion)

(n = 24).

3.2.2 Tail cuffing
Systolic blood pressure (BP) was measured via tail cuffing, using a MC4000 Blood Pressure

Analysis System (Hatteras Instruments; Cary, NC, USA), as described in section 2.6 of General

Methods.

46



Chapter 3: The Effects of Gender and Reperfusion on Cerebral Infarct Size after Stroke

3.2.3 Evaluation of brain weight
In order to compare the brain size between genders, a number of naive male and female
wild-type mice were killed and their brains removed as described in section 2.5 of General

Methods. These brains were then immediately weighed using a sensitive scale.

3.2.4 Focal cerebral ischaemia

Focal cerebral ischaemia was induced by transient or permanent intraluminal filament occlusion
of the right middle cerebral artery (MCA) as described in section 2.3 of General Methods. In this
study, we also measured regional cerebral blood flow (rfCBF) at 24 h, in mice whose endpoint was
24 h. The laser Doppler probe holder was kept in place following surgery, and the head wound
was closed around it. Just prior to 24 h, mice were re-anaesthetised with a mixture of ketamine
(80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). The laser Dopper probe was inserted into the
probe holder, and the average rCBF measured over 1 min was recorded. We chose not to test
this in mice whose endpoint was 72 h, to avoid having a probe holder glued to the skull for more

than 24 h, in order to minimise the chance of infection.

3.2.5 Evaluation of neurological function
At the end of the experiment (either 24 or 72 h), neurological function was evaluated using a
five-point scoring system, and the hanging wire test. Please refer to section 2.4 of General

Methods for details.

3.2.6 Evaluation of cerebral infarct and oedema volume
Mice were killed, brains removed and cerebral infarct and oedema volume evaluated as described

in section 2.5 of General Methods.
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3.2.7 Drugs and chemicals

As per section 2.14 of General Methods.

3.2.8 Statistical analysis

Data are typically presented as mean * standard error. Statistical analyses were performed using
GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA). Between-group
comparisons were analysed as described in section 2.15 of General Methods. Group numbers

are shown in parentheses. Statistical significance was accepted when P < 0.05.

3.3 RESULTS

3.3.1 Effect of gender on systolic blood pressure and brain weight in naive wild-type and
Nox2-deficient mice

There tended to be higher systolic blood pressure measured by tail cuffing in male (12214
mmHg, » = 11) versus female (11115 mmHg, » = 8) wild-type mice although this did not reach
statistical significance (Figure 3.1A). There was no difference in brain weight between 6-8 week
old male and female wild-type mice (males=0.47£0.01 g, females=0.46+0.01 g; » = 5-7; Figure
3.1B). There was also no difference in systolic blood pressure measured by tail cuffing between
male (11926 mmHg, » = 8) and female (1223 mmHg, » = 12) Nox2-deficient mice (Figure

3.10).

3.3.2 Effect of reperfusion and gender on outcome 24 h after middle cerebral artery
occlusion (MCAO) in wild-type mice

3.3.2.1 Regional cerebral blood flow

Firstly, cerebral ischaemia-reperfusion (I-R) was produced by 30 min MCAO and 23.5 h

reperfusion. Regional cerebral blood flow (tCBF) decreased to ~25 % of the pre-ischaemic level
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for the duration of MCAO (Figure 3.2A). rCBF then increased initially to ~85 % upon removal
of the monofilament, and then stabilised at ~60 % after 30 min of reperfusion, and remained at a
similar level at 24 h (Figure 3.2A). Secondly, in mice subjected to permanent MCAO (i.e. no
reperfusion; I-NR), rCBF remained at 25-30 % of the pre-ischaemic level for 60 min and reduced
to ~15 % at 24 h (Figure 3.2B). No differences in rCBF profiles were observed between male

and female mice in either protocol.

3.3.2.2 Mortality and neurological function

At 24 h, mortality rates were similar in male and female mice following I-R (6/57: 11 % in males;
5/41: 12 % in females; Figure 3.2C) or I-NR (5/34: 15 % in both males and females; Figure
3.2D). Similarly, neither gender nor reperfusion had any effect on neurological score; the mice in
the stroked groups were generally given a score of 3 or 4, except for the occasional 0 or 1 (Figure
3.3A); or hanging wire times (I-R: males=22%5 s, females=24%7 s; I-NR: males=25%5 s,
females=19%£06 s; Figure 3.3B). Not surprisingly, neurological score was significantly higher and
hanging wire time significantly lower in both genders, following both I-R and I-NR, compared to
the matched sham-operated group (Neuro: all sham-operated mice were given a score of 0;

Hanging wire: males=53%3 s, females=55%2 s; P < 0.05; Figures 3.3A & B).

3.3.2.3 Brain infarct and oedema volume measured as mm’

Representative coronal sections of infarcted brain of male and female mice 24 h after I-R and
24 h after I-NR are shown in Figures 3.4A and B, respectively. Twenty-four h after I-R,
significantly larger total and subcortical infarct volumes were produced in male mice compared
with female mice (total: 55%11 vs. 24£6 mm’; subcortical: 32+6 vs. 14+3 mm®; P < 0.05;
n = 7-8; Figures 3.4C & E). There was no significant gender difference in cortical infarct volume
(23%7 vs. 1014 mm’; P = 0.12; Figure 3.4E). In both male and female mice, cortical infarct

volume accounted for ~40 % of the total infarct volume (Figure 3.4E). Surprisingly, there was
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no gender difference in oedema volume at 24 h following I-R (34%6 vs. 30£5 mm’; P = 0.60;

Figure 3.5A).

Following 24 h of I-NR, infarct volumes were larger than in mice subjected to I-R (Figures 3.4D
& I vs. 3.4C & E). Moreover, there was no gender difference produced in these mice, in either
total (88%11 vs. 8819 mm’; P = 1.00; » = 8-9; Figure 3.4D), cortical (43£5 vs. 45£3 mm’;
P = 0.67; Figure 3.4F) or subcortical infarct volume (4517 vs. 4316 mm’; P = 0.81; Figure 3.4F).
Cortical and subcortical infarct each accounted for approximately half of the total infarct in both

male and female mice (Figure 3.4F). There was also no gender difference in oedema volume

(6316 vs. 5415 mm’; P = 0.28; Figure 3.5B).

3.3.2.4 Brain infarct volume measured as % of non-ischaemic hemisphere

Infarct volumes were also estimated as a percentage of the non-ischaemic hemisphere. The
general profiles and the statistical significance achieved between groups for the total, cortical and
subcortical infarcts following both I-R and I-NR were very similar to and in agreement with

when the infarct was measured in mm’ (Figure 3.6A-D).

3.3.2.5 Brain infarct area distribution

The distribution of the infarct area throughout the brain was also plotted. Twenty-four h after
I-R, similar shaped distribution profiles were observed in male and female mice, with the peak
infarct area observed in the rostral region of the hippocampus (-0.92 to -1.76 mm from bregma)
in both the total and subcortical infarcts (Figures 3.7A & E). Both total and subcortical infarct
areas were larger in male mice than female mice at all points in the brain. These were
significantly larger in the region spanning from bregma +0.76 mm to bregma -1.76 mm in the
total infarct (Figure 3.7A), and at two points in the subcortical infarct; approximately bregma

(-0.08 mm) and bregma -0.92 mm (Figure 3.7E). No clear peak was seen in the cortical infarct
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distribution, as it showed a flatter, more constant profile (Figure 3.7C). In the cortex, male mice
also had larger infarct areas compared to female mice at most points (all except at bregma -4.28

mm), although this was only significant at bregma -0.92 mm and bregma -2.6 mm (Figure 3.7C).

The distribution of infarct area 24 h after I-NR, followed a similar profile to that of 24 h after
I-R, however, the infarct area 24 h after I-NR was more widespread, both in the anterior and
posterior parts of the forebrain. The only difference observed in the total (Figure 3.7B), cortical
(Figure 3.7D) and subcortical (Figure 3.7F) distributions between male and female mice, was a
significantly larger cortical infarct in females at one point (bregma +0.76 mm), supporting the

conclusion that no overall gender difference exists following I-NR.

3.3.3 Effect of gender on outcome 72 h after MCAO in wild-type mice

3.3.3.1 Regional cerebral blood flow

72 h cerebral I-R was produced by 30 min MCAO and 71.5 h reperfusion. rCBF decreased to
~20 % of the pre-ischaemic level for the duration of MCAO (Figure 3.8A). rCBF then increased
initially to ~115 % upon removal of the monofilament, and then stabilised at ~65 % after 30 min
of reperfusion (Figure 3.8A). No differences in rCBF profiles were observed between male and

female mice.

3.3.3.2 Mortality and neurological function

Mortality rates in the 72 h I-R studies were similar as for the 24 h I-R protocol, and not
statistically different between genders (2/12: 17 % in males; 1/12: 8 % in females; P = 0.55;
Figure 3.8B). Also, neurological score was not different between male and female mice following
I-R; 6/8 males and 7/9 females were given a score of 3, and the remaining two male mice were
given a score of 4, and the remaining two female mice were given a score of 1 (Figure 3.8C).

However, hanging wire times by female mice were significantly longer than by male mice 72 h
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after I-R (males=15%5 s, females=35%7 s; P < 0.05; Figure 3.8D). Furthermore, in both
neurological score and hanging wire time 72 h after I-R, male mice were significantly different
from control males studied 72 h post-sham surgery, whereas female mice were not different from
sham-operated females (Figures 3.8C & D). No gender difference was observed following sham

surgery in neurological score (all mice were given a score of 0; Figure 3.8C) or in hanging wire

time (males=60%£0 s, females=56+4 s; Figure 3.8D).

3.3.3.3 Brain infarct and oedema volume measured as mm’

Representative coronal sections of infarcted brain of male and female mice 72 h after I-R are
shown in Figures 3.9A and B. Seventy-two h after I-R, mean total infarct volume was ~70 %
larger in males (40+8 mm’, # = 8) versus females (245 mm’, » = 9; Figure 3.9C) although this
difference did not reach statistical significance (P = 0.11). Importantly, infarct volumes at 72 h
were no larger in ecither gender than at 24 h (i.e. males=55+11 mm’, females=24+6 mm’; see
Figure 3.4C for comparison). There was no statistically significant gender difference in cortical
(1244 vs. 512 mm’; P = 0.08; Figure 3.9D) or subcortical (27£5 vs. 1914 mm’; P = 0.24; Figure
3.9D) infarct volumes 72 h after I-R, although infarct volumes in male mice tended to be larger
than female mice. Cortical infarct accounted for approximately 30 % of the total infarct in male
mice, and ~20 % in female mice 72 h after I-R (see Figure 3.9D). Oedema volumes 72 h after
I-R also tended to be larger in males compared to females (males=32+12 mm’, females=14+4

mm?’; P = 0.14; Figure 3.9E).

3.3.3.4 Brain infarct volume measured as % of non-ischaemic hemisphere

When estimated as a percentage of the non-ischaemic hemisphere, total (P = 0.11; males vs.
females), cortical (P = 0.11) and subcortical (P = 0.21) infarcts 72 h after I-R had very similar
profiles as when measured in mm’ (Figure 3.10A-B). Again, although, there was no significant

gender difference, infarct volumes tended to be larger in male mice compared to female mice.
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3.3.3.5 Brain infarct area distribution

The distribution of infarct area 72 h after I-R followed a similar profile to that of 24 h after I-R,
with the peak at bregma -0.92 mm, in both male and female mice in the total and subcortical
infarct areas (Figures 3.11A & C). Male mice again tended to have larger infarcts than female
mice throughout the total and subcortical infarcts, although there were no statistically significant
differences between genders (Figures 3.11A & C). In the cortical infarct, male mice had a
significantly larger infarct than female mice at bregma +1.6 mm, though they were very similar at

all other points (Figure 3.11B).

3.3.4 Effect of gender on outcome 24 h after MCAO in Nox2-deficient mice

3.3.4.1 Regional cerebral blood flow

Cerebral I-R in Nox2-deficient mice was produced by 30 min MCAO and 23.5 h reperfusion.
rCBF decreased to ~15 % of the pre-ischaemic level for the duration of MCAO (Figure 3.12A).
rCBF increased initially to ~110 % upon removal of the monofilament, and then stabilised at
~65 % after 30 min of reperfusion. At 24 h after I-R, rCBF in male mice remained at a similar
level to 30 min after the induction of reperfusion, and tCBF reduced to 46 % in female mice
(Figure 3.12A). There was no difference in rCBF profile between genders of Nox2-deficient
mice during MCAO and the initial 30 min of reperfusion, or at the 24 h time-point (Figure

3.12A).

3.3.4.2 Mortality and neurological function

No deaths occurred in male or female Nox2-deficient mice 24 h after I-R (both » = 10).
Neurological score and hanging wire times were not statistically different between genders,
although male mice tended to have a lower score (ie. less impairment); the majority of males were

given a score of 3, and the majority of females were given a score of 4 (Figure 3.12B), and male
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mice also tended to hold onto the wire for longer (males=25%5 s, females=16%6 s; P = 0.22;

Figure 3.12C).

3.3.4.3 Brain infarct and oedema volume measured as mm’

Representative coronal sections of infarcted brain of male and female Nox2-deficient mice 24 h
after I-R are shown in Figures 3.13A and B. There was no significant difference between genders
of Nox2-deficient mice in the total (males=30%9 mm’, females=43+6 mm?’, P = 0.24; Figure
3.13C), cortical (males=6+4 mm’, females=10+2 mm’; P = 0.47; Figure 3.13D) or subcortical
(males=24%6 mm’, females=34+6 mm’; P = 0.21; Figure 3.13D) infarct volume produced by
I-R, although there was a trend for female mice to have larger infarcts than male mice. Cortical
infarct accounted for approximately 20 % of the total infarct following I-R in both male and
female Nox2-deficient mice (see Figure 3.13D). Oedema volumes were similar between genders

(males=2316 mm’, females=31+5 mm’; P = 0.32; Figure 3.13E).

3.3.4.4 Brain infarct volume measured as % of non-ischaemic hemisphere
Very similar profiles were seen in total (P = 0.29; males vs. females), cortical (P = 0.31), and
subcortical (P = 0.35) infarct volumes when measured as a percentage of the non-ischaemic

hemisphere, compared with when measured as mm’ (Figures 3.14A-B).

3.3.4.5 Brain infarct area distribution

The distribution of infarct area in Nox2-deficient mice followed a similar profile to that in wild-
type mice following I-R, with the peak in total and subcortical infarct area in both males and
females at bregma -1.76 mm (Figures 3.15A & C). Interestingly, infarct areas were very similar
between male and female Nox2-deficient mice from the anterior part of the brain until bregma
(-0.08 mm) (Figures 3.15A-C). However, posterior to bregma, female mice had larger infarcts

than male mice at each point, and these were significantly different at bregma -2.6 mm, -3.44
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mm, and -4.28 mm in the total infarct (Figure 3.15A), at bregma -3.44 mm and -4.28 mm in the

cortical infarct (Figure 3.15B), and at bregma -0.92 mm in the subcortical infarct (Figure 3.15C).
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Figure 3.1. Systolic blood pressure in naive wild-type and Nox2-deficient mice, and brain
weight in naive wild-type mice.

Systolic blood pressure was measured in naive wild-type mice (A; males, » = 11; females, » = 8) and
naive Nox2-deficient mice (C; males, » = 8; females, » = 12). B: The brains of male and female naive
wild-type mice were weighed (males, » = 5; females, » = 7). Systolic BP data are presented as mean +

SEM and brain weight data are presented as mean.
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Figure 3.2. Regional cerebral blood flow (rCBF) and mortality at 24 h in wild-type mice.

tCBF was recorded during and after 30 min MCAO, as well as at 24 h after MCAO, with (A;
males, » = 39; females, » = 28; I-R) or without (B; males, » = 25; females, » = 25; I-NR)
reperfusion. Mortality at 24 h after MCAO was measured in I-R (C) and I-NR (D). rCBF data are
presented as mean = SEM. Mortality data are presented as a percentage, with numbers above the

bars representing the number of animals who didn’t survive 24 h over the total number.
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Figure 3.3. Neurological score and hanging wire at 24 h in wild-type mice.

A: Neurological score 24 h following sham surgery (males, » = 18; females, » = 19), I-R (males,
n = 38; females, #» = 27), and I-NR (males, » = 25; females, » = 25; #P < 0.05 vs. gender matched
sham group, Kruskal-Wallis test with Dunn’s post-hoc test). B: Hanging wire data 24 h following
sham surgery (males, » = 10; females, » = 11), I-R (males, » = 18; females, » = 12), and I-NR
(males, # = 13; females, » = 12; P < 0.05 vs. gender matched sham group, ANOVA with

Bonferroni’s post-hoc test). Neurological score data are presented as median, and hanging wire data

are presented as mean £ SEM.
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Figure 3.4. Cerebral infarct volume at 24 h in wild-type mice (measured as mm®).

Representative coronal brain sections are shown from male and female mice after I-R (A) or
I-NR (B) with the infarct area outlined in white. Total cerebral infarct volume measured in male
and female mice 24 h after I-R (C; males, » = 8; females, » = 7; *P < 0.05, unpaired ¢ test) or
I-NR (Dj males, » = 8; females, » = 9) are shown, as are cortical and subcortical cerebral infarct

volumes 24 h after I-R (E; males, » = 8; females, » = 7; *P < 0.05, unpaired 7 test) or I-NR (F;

males, 7 = 8; females, » = 9). Infarct volume data are presented as mean = SEM.
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Figure 3.5. Cerebral oedema volume at 24 h in wild-type mice.

Cerebral oedema volume is shown 24 h after I-R (A; males, » = 8; females, » = 7) or I-NR

(B; males, # = 8; females, » = 9). Data are presented as mean £ SEM.
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Figure 3.6. Cerebral infarct volume at 24 h in wild-type mice (measured as % of non-
ischaemic hemisphere).

Total cerebral infarct volume measured in male and female mice 24 h after I-R (A; males, #» = §;
females, # = 7; *P < 0.05, unpaired 7 test) or I-NR (B; males, #» = 8; females, » = 9) are shown, as
are cortical and subcortical cerebral infarct volumes 24 h after I-R (C; males, » = 8; females,

n=T;*P < 0.05, unpaired 7 test) or I-NR (D; males, » = 8; females, » = 9). Infarct volume data

are presented as mean £ SEM.
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Figure 3.7. Cerebral infarct area distribution at 24 h in wild-type mice.

Total (A-B), cortical (C-D) and subcortical (E-F) cerebral infarct area distributions were measured
in male and female mice 24 h after I-R (A,C,E; males, » = 8; females, » = 7; *P < 0.05 at each
point, unpaired ¢ test) or I-NR (B,D,F; males, » = 8; females, » = 9; *P < 0.05 at each point,

unpaired 7 test). Infarct area data are presented as mean = SEM.
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Figure 3.8. Regional cerebral blood flow (rCBF), mortality, neurological score and
hanging wire at 72 h after I-R in wild-type mice.

rCBF was recorded during and after 30 min MCAO (A; males, » = 8; females, » = 9).
B: Mortality at 72 h after MCAO. C: Neurological score 72 h following sham surgery (males,
n = 3; females, » = 3), and I-R (males, » = 8; females, » = 9; #P < 0.05 vs. matched sham group,
Kruskal-Wallis test with Dunn’s post-hoc test). D: Hanging wire data 72 h following sham surgery
(males, # = 3; females, » = 3), and I-R (males, » = 8; females, » = 9; *P < 0.05 vs. matched male
group, unpaired 7 test; #P < 0.05 vs. matched sham group, ANOVA with Bonferroni’s post-hoc test).
Mortality data are presented as a percentage, with numbers above the bars representing the number

of animals who didn’t survive 72 h over the total number, neurological score data are presented as

median, and rCBF and hanging wire data are presented as mean £ SEM.
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Figure 3.9. Cerebral infarct and oedema volume at 72 h after I-R in wild-type mice
(measured as mm”).

Representative coronal brain sections are shown from male (A) and female (B) mice 72 h after
I-R with the infarct area outlined in white. Total (C), and cortical and subcortical (D) cerebral
infarct volumes were measured in male and female mice 72 h after I-R (males, » = 8; females,

n = 9; unpaired 7 test). E: Oedema volume measured at 72 h after I-R in male and female mice

(males, # = 8; females, » = 9; unpaired 7 test). Data are presented as mean = SEM.
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Figure 3.10. Cerebral infarct volume at 72 h after I-R in wild-type mice (measured as %
of non-ischaemic hemisphere).
Total (A), and cortical and subcortical (B) cerebral infarct volumes were measured in male and

female mice 72 h after I-R (males, » = 8; females, » = 9; unpaired 7 test). Infarct volume data are

presented as mean + SEM.
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Figure 3.11. Cerebral infarct area distribution at 72 h after I-R in wild-type mice.
Total (A), cortical (B) and subcortical (C) cerebral infarct area distributions were measured in male

and female mice 72 h after I-R (males, » = 8; females, » = 9; *P < 0.05 at each point, unpaired ¢

test). Infarct area data are presented as mean £ SEM.
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Figure 3.12. Regional cerebral blood flow (rCBF), neurological score and hanging wire at
24 h after I-R in Nox2-deficient mice.

tCBF was recorded in Nox2-deficient mice during and after 30 min MCAO, as well as at 24 h after
MCAO (A; males, » = 10; females, » = 10). B: Neurological score 24 h after I-R (males,
n = 10; females, » = 10). C: Hanging wire data 24 h following I-R (males, » = 10; females, » = 10).
Neurological score data are presented as median, and rCBF and hanging wire data are presented as

mean £ SEM.
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Figure 3.13. Cerebral infarct and oedema volume at 24 h after I-R in Nox2-deficient mice
(measured as mm”).

Representative coronal brain sections are shown from a male (A) and a female (B) Nox2-deficient
mouse 24 h after I-R with the infarct area outlined in white. Total (C), and cortical and subcortical
(D) cerebral infarct volumes were measured in male and female Nox2-deficient mice 24 h after I-R

(males, #» = 10; females, » = 10). E: Oedema volume measured at 24 h in male and female Nox2-

deficient mice (males, » = 10; females, » = 10). Data are presented as mean + SEM.
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Figure 3.14. Cerebral infarct volume at 24 h after I-R in Nox2-deficient mice (measured
as % of non-ischaemic hemisphere).
Total (A), and cortical and subcortical (B) cerebral infarct volumes were measured in male and

female mice 24 h after I-R (males, » = 10; females, » = 10). Infarct volume data are presented as

mean * SEM.
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Figure 3.15. Cerebral infarct area distribution at 24 h after I-R in Nox2-deficient mice.
Total (A), cortical (B) and subcortical (C) cerebral infarct area distributions were measured in male

and female Nox2-deficient mice 24 h after I-R (males, » = 10; females, » = 10; *P < 0.05 at each

point, unpaired 7 test). Data are presented as mean = SEM.
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3.4 DISCUSSION

This study has primarily assessed the effect of gender on the infarct volume which develops
within 24 h following cerebral ischaemia in adult mice with or without reperfusion. We have
provided evidence for the first time that the larger infarct volume present in males following
ischaemia-reperfusion (I-R) is both reperfusion- and Nox2-dependent. Importantly, the
magnitude of mean infarct volume was no greater at 72 h than at 24 h after I-R in either gender,

and neurological function was significantly greater in females versus males at 72 h.

This is the first study to compare the effects of both gender and reperfusion on cerebral infarct
volume produced after focal cerebral ischaemia. The data clearly indicate that whilst smaller
infarcts develop in females than males within 24 h after I-R, there is no such gender difference in
outcome if reperfusion is not instituted. It is clear that early (0.5 h) reperfusion leads to a
reduced infarct volume in both genders, but the degree of salvage achieved by reperfusion was
equivalent to only ~35 % in males whereas it was ~75 % in females. The smaller infarct volume
in females after I-R is thought to be either due to the anti-inflammatory effects of oestrogen
(Park et al., 2006; Santizo et al., 2000; Wen e al., 2004), which will be discussed in more detail in
Chapter 4, or its vasodilatory effects (Duckles and Krause, 2007). However, in our study, the
neuroprotection observed in females is less likely to be due to different reductions in regional
cerebral blood flow, as both genders were exposed to a similar relative ischaemic insult and

underwent a similar relative level of reperfusion.

Importantly, our data also indicate that protection against infarct development in females is
largely maintained for at least 72 h, suggesting that females ultimately do have smaller infarct

volumes than males, rather than merely a delayed infarct progression.
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It is possible that at 24 hours post-stroke, anaesthesia and surgery could still be affecting the
mice, influencing behavioural scores, and consequently not representing an accurate assessment
of differences between groups. Oedema may also be playing a role, as oedema volume is
maximal at around 24 to 48 h after MCAO, and greatly reduced by 72 h. Moreover, in the
present study at 72 h after I-R, female mice tended to have a smaller oedema volume than male
mice, whereas there was no such trend at 24 h. For that reason, we also measured neurological
deficits at 72 h, and in contrast to 24 h, where there was no difference between male and female
mice; we found females to have a significantly longer hanging wire time compared to males at
72 h. This demonstrates a positive correlation between sensorimotor function and infarct
volume, and strongly suggests that female mice have an improved outcome in both infarct size

and function compared to male mice, following I-R.

Our laboratory and others have found that Nox2-containing NADPH oxidase contributes to
infarct development in the male brain after stroke (Chen e a/, 2009; Jackman 7 al., 2009a; Kahles
et al., 2007, Kunz et al, 2007; Walder et al, 1997). The cellular source(s) of the enzyme
responsible for this brain damage is not well defined but may include circulating, bone-marrow-
derived cells (Walder e al., 1997), and we will develop this idea further in the following chapter.
No previous study has examined the role of Nox2 in females after stroke. Unlike in wild-type
mice, we found that cerebral infarct volume following I-R was not smaller in female versus male
Nox2-deficient mice, and some of the potential mechanisms behind this will be discussed at
length in the following chapter. It is unclear from the present data what role, if any, is played by
Nox2 in females after stroke. Although not statistically significant, the tendency for a worsened
stroke outcome in females versus males lacking Nox2 raises the intriguing possibility that this

protein could in some way be beneficial in females after cerebral I-R.
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Interestingly, infarcts were comprised of different proportions of cortical and subcortical tissue,
depending on whether reperfusion was instituted, the length of reperfusion (23.5 or 71.5 h), and
whether Nox2 was expressed. Reperfusion has been shown to reduce infarct development in the
cortex (Heiss ef al., 2001). The main reason for this is that within 2 hours of reperfusion after a
30 min MCA occlusion, there is a full recovery of CBF in cortical regions, although striatal CBF
still remains ~50 % lower than in the contralateral hemisphere (Takagi ef al, 1995). This is
consistent with our findings that following 24 h I-NR in wild-type mice, approximately 50 % of
the infarct comprised of cortical and subcortical tissue, whereas following I-R (whether 24 or
72 h in wild-type, or 24 h in Nox2-deficient mice), the cortical infarct accounted for less than the
subcortical infarct. This strongly suggests that in a 30 min MCA occlusion, the cortex represents
the potentially rescuable penumbral region. Furthermore, the proportion of infarct that
comprised cortical tissue was lower in Nox2-deficient mice than wild-type mice, suggesting that
Nox2 may be involved in producing reperfusion injury, which will be further discussed in

Chapter 4.

The distribution of total, cortical and subcortical infarct areas showed very similar profiles after
24 or 72 h I-R or 24 h I-NR, with the peak infarct occurring in the middle of the hippocampal
region in the total and subcortical infarcts. In wild-type mice, a similar profile between genders
was observed. Interestingly, in Nox2-deficient mice, female mice had larger infarcts only
posterior to bregma, towards the caudal extent of the infarct region. This could suggest that if
Nox2 is in fact beneficial in females, then perhaps Nox2 is expressed more in the posterior
regions of the forebrain, or that more Nox2 is entering the posterior regions of the forebrain,
possibly via infiltrating immune cells. The infiltration of Nox2-expressing immune cells will be

discussed further in the following chapter.
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Given that female mice have a smaller body size than male mice, we considered that female mice
may have a smaller brain. If this was the case, our measurements of infarct volume as mm’
would be confounded when comparing the genders. We therefore weighed brains from naive
male and female wild-type mice (ie. not subjected to stroke surgery), and found no difference. In
addition to this, we also measured infarct volume as a percentage of the non-ischaemic
hemisphere, as an alternative means of comparing genders which was independent of actual brain
size. We found very concordant results in all groups comparing total, cortical and subcortical
infarct volume measured as mm’ or as a percentage of the non-ischaemic hemisphere. Even in
Nox2-deficient mice, whose brains were not weighed, we found similar comparative data

regardless of method of calculation.

In the present study, as well as in Chapter 4, we chose to focus on the model of cerebral I-R,
rather than I-NR, because we found a gender difference following I-R, and wanted to investigate
the mechanisms further. As mentioned in the introduction, reperfusion does not often occur in
the clinic, however, revascularisation success rates are improving. rt-PA is becoming more
utilised, since the therapeutic time window increased to 4.5 hours after stroke onset. In addition,
new technologies, such as using rt-PA in combination with ultrasound (Alexandrov ez al., 2004;
Tsivgoulis e al., 2010), or using intra-arterial revascularisation techniques in patients that are
ineligible for rt-PA or who don’t achieve recanalisation through the use of i.v. rt-PA (Smith e7 al.,
2008) are increasing the number of successful revascularisations. Therefore, it is very important

to fully understand both the beneficial and detrimental consequences of reperfusion.

In summary, our study provides the first evidence that the smaller infarct volume that develops in
adult females versus males following cerebral ischaemia is reperfusion-dependent, and moreover,

this gender difference is dependent on Nox2 expression in males.
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4.1 INTRODUCTION

Experimental cerebral ischaemia-reperfusion (I-R) studies, as well as our own findings from
Chapter 3, report that stroke outcomes are better in female rodents compared to male rodents;
and this is known to be oestrogen-dependent (Alkayed ez a/, 1998; Patk ez al, 2006; Zhang et al.,
1998b). In Chapter 3, we also found that females do not have a smaller infarct volume following
ischaemia with no reperfusion (I-NR); when the occlusion remains in place. Reperfusion
typically results in an increase in inflaimmation. The anti-inflammatory effects of oestrogen are
believed to provide females protection from post-ischaemic cerebral injury via several
mechanisms which may include reductions in leukocyte adhesion (Santizo ez a/., 2000), nuclear
factor-kB (NF-kB) activation (Wen ¢# al, 2004) and/or inducible nitric oxide synthase (INOS)
expression (Park ez al, 2006; Wen ¢t al., 2004). Thus, it is perhaps not surprising that female
gender (or oestrogen treatment) is protective in the setting of cerebral I-R. However, these anti-
inflammatory properties of oestrogen may be less beneficial and less relevant to outcome in the
continued absence of blood flow to the ischaemic core (eg. in I-NR), where inflammation may

play less of a crucial role.

Increased expression of the key pro-inflammatory proteins, the NADPH oxidase catalytic
subunit Nox2 (gp91phox) (Kusaka ez al., 2004; McCann ef al., 2008), cyclo-oxygenase-2 (Cox-2)
(Miettinen ef al., 1997; Nogawa ef al., 1997; Planas e al., 1995), and the vascular cell adhesion
molecule-1 (VCAM-1) (Justicia e# al., 2006), have been reported to occur in the brains of male
rodents following I-R, but expression of these proteins have not yet been examined in females
following I-R. Furthermore, increased expression of the Cox-2 protein has been reported to
occur in the ischaemic hemisphere of male rats following I-NR (Yokota ¢ al., 2004), but this has
not yet been examined in females, nor have Nox2 or VCAM-1 protein expression been examined
in either gender following I-NR. In addition, recent work in our laboratory found that the

deletion of the NADPH oxidase catalytic subunit Nox1 in male mice produced a slightly larger
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cortical infarct, but had no effect on total infarct volume (Jackman ez a/., 2009b). The effect of

stroke on protein expression of Nox1 has not been investigated in either male or female rodents.

It is well established that local and systemic inflammatory responses occur following cerebral
ischaemia, and contribute to infarct damage (For reviews see Amantea ¢f a/, 2009; Huang ef al.,
2006). However, it was only recently recognised that changes in the immune system occur
following stroke. A generalised immunodepression in the spleen, thymus, lymph nodes and the
circulation occurs over the several days following cerebral ischaemia (Haeusler ez af., 2008; Liesz
et al., 2009a; Offner ¢ al., 20006b; Prass ez al., 2003), which then increases the risk of infection, and
consequently, mortality (Chamorro ef al, 2007). However, in rodents, this systemic
immunodepression has only been confirmed in males or a combination of males and females
(Liesz et al., 2009a; Offner ef al., 2006b; Prass et al, 2003), and the levels of specific leukocytes
have not yet been studied in female rodents or in a filament model of I-NR. The extent to
which the various leukocytes, including lymphocytes, are reduced, appears to reflect the degree of
the ischaemic insult (Liesz ¢7 al., 2009a; Oftner ¢ al., 2006b; Prass ez al., 2003), and the duration of
reperfusion (Offner ef al, 2006b). The immunodepression is largely due to increased apoptosis
of these cells in the spleen and the thymus (Liesz ez al., 2009a; Offner et al, 2006b; Prass e7 al.,
2003). However, another possible reason for the reduced circulating leukocyte levels is the

infiltration of these cells into the brain (Campanella ez a/., 2002; Stevens ez al., 2002).

Recent studies suggest that T' lymphocytes contribute to the brain damage caused by cerebral I-R
(Hurn ez al., 2007; Kleinschnitz et al, 2010b; Shichita ez al, 2009; Yilmaz et al, 2006). T
lymphocytes are believed to enter the brain parenchyma within 24 h after stroke (Jander ez al.,
1995), and to produce damage via the generation of pro-inflaimmatory mediators (Arumugam e/
al., 2005). Interestingly, impaired T lymphocyte proliferation has been observed following

ischaemic stroke in both male rodents (Gendron ef al., 2002; Oftner ef al., 2006b) and male
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humans (Czlonkowska ¢ al., 1979), which reflects a reduced function of this cell type, but has not
yet been looked at in female rodents. The degree of impaired proliferation of T lymphocytes
could thus be an important factor in the smaller infarct volume observed in female mice in

Chapter 3.

T lymphocytes express a functional NADPH oxidase containing Nox2 (Jackson ef al, 2004;
Purushothaman and Sarin, 2009), and superoxide produced by this isoform of NADPH oxidase
is now established to play a detrimental role in the brain following stroke (Jackman ez a/., 2009a;
Kahles ez al, 2007; Walder ez al, 1997), which appears to involve an effect of circulating
leukocytes (Walder ef al, 1997). Molecular mechanisms mediating the post-ischaemic brain
damage caused by infiltrating T lymphocytes are largely unknown, including whether their

generation of Nox2-derived superoxide is altered following stroke in males or females.

Hence, we first investigated whether expression of key pro-inflammatory proteins was correlated
with the gender-related degree of salvage achieved by reperfusion shown in Chapter 3. Secondly,
we examined whether gender had an effect on the infiltration and localisation of T lymphocytes
and Nox2 protein in brain sections. Thirdly, we tested the effect of gender, ischaemia and
reperfusion on the levels of various immune cells in the spleen and the blood. Fourthly, we
assessed the effect of gender and I-R on proliferation of T lymphocytes. Lastly, we tested
whether Nox2-derived superoxide generation by T lymphocytes is altered after I-R in males

and/or females.

4.2 MATERIALS AND METHODS
4.2.1 Animals

Please refer to section 3.2.1.
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4.2.2 Focal cerebral ischaemia

Focal cerebral ischaemia was induced by transient or permanent intraluminal filament occlusion
of the right middle cerebral artery (MCA) as described in section 2.3 of General Methods. At
24 h, mice were killed, and brains removed and frozen as described in section 2.5 of General

Methods.

4.2.3 Measurement of protein expression of Cox-2, Nox1, Nox2 and VCAM-1

Expression of the pro-inflammatory proteins cyclo-oxygenase-2 (Cox-2), NADPH oxidase
catalytic subunits Nox1 and Nox2, and the vascular cell adhesion molecule-1 (VCAM-1) were
measured in homogenates of the ischaemic (right) hemisphere using Western blotting. Please
refer to section 2.7 of General Methods for details. Anti-mouse Cox-2 and anti-mouse Nox2
monoclonal antibodies (mAbs) were purchased from BD Biosciences (North Ryde, NSW,
Australia), anti-human Nox1 polyclonal antibodies were purchased from Antagene (Mountain
View, CA, USA), anti-mouse VCAM-1 mAbs were purchased from Santa Cruz (Santa Cruz, CA,
USA) and anti-rabbit (-actin polyclonal antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). The 1 mm thick gels onto which the proteins were loaded
were 7.5 % polyacrylamide (for Cox-2, Nox1 and Nox2) and 10 % (for VCAM-1). The optimal
dilutions for each primary antibody were as follows: 1:500 for Cox-2, 1:1000 for Nox2, 1:250 for
VCAM-1, and 1:2000 for Nox1 and B-actin. The membranes were then incubated with a
horseradish  peroxidase—conjugated —anti-mouse (Cox-2 and Nox2; purchased from
ImmunoResearch; West Grove, PA, USA), anti-rat (VCAM-1; purchased from Santa Cruz) or
anti-rabbit (Nox1 and B-actin; purchased from Dako; Glostrup, Denmark) antibody. Relative
intensities were normalised to the intensity of corresponding bands for B-actin and, within a
single gel, bands of samples from male sham-operated and female sham-operated mice were
taken to be equal to 1, and all other bands were normalised relative to their corresponding gender

sham.
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4.2.4 Localisation of T lymphocytes and Nox2
The localisation of CD3" cells (T lymphocytes) and Nox2-expressing cells in brain sections of
sham-operated mice and mice 24 h after I-R was performed by immunohistochemistry and

immunofluorescence, as described in section 2.9 of General Methods.

Firstly, for the localisation of CD3" cells, multiple serial coronal sections of 30 um were taken at
the paraventricular nucleus (bregma -0.58 mm) and the mid hippocampus (bregma -1.82 mm),
and thaw-mounted onto poly-L-lysine coated glass slides (0.1 % poly-L-lysine in dH,0O). Tissue
sections were fixed in acetone for 15 min and washed in 50 mM tris-buffered saline (TBS; pH 8.4;
3 x 5 min) before incubation in a humid chamber in 10 % goat serum (Abcam; Cambridge, MA,
USA) in TBS for 2 h to block non-specific binding. Sections were then incubated for 1 h in
anti-rabbit CD3 polyclonal antibody (1:250; Abcam). Sections were washed in TBS (3 x 5 min),
blocked with a peroxidase blocking agent (Dako) for 15 min and stained using the DAKO
EnVision+ system (Dako). Sections were then incubated for 45 min with a peroxidase-labelled
polymer conjugated to a goat anti-rabbit antibody (Invitrogen; Carlsbad, CA, USA), washed in
TBS (3 x 5 min), and followed by incubation with diaminobenzidine (Dako) for 5 min. Sections
were then washed in TBS (3 x 5 min), mounted in aquatex (Merck; Darmstadt, Germany) and
cover-slipped. Staining was analysed on an Olympus light microscope (Olympus; Hamburg,
Germany) by two observers blinded to the identity of experimental groups, who counted CD3"
cells within five high-power (200x) fields within the infarct and peri-infarct zones of the
ipsilateral striatum and cortex. Infarct and peri-infarct zones were verified from thionin-stained

adjacent sections (see section 2.5 of General Methods for details on thionin staining).

To determine whether CD3" cells were co-localised with Nox2 protein in the infarct core of the
striatum, sections were simultaneously incubated with two primary antibodies raised in different

species. Coronal tissue sections were fixed in 4 % paraformaldehyde (PFA) for 15 min and
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washed in phosphate buffered saline (PBS; pH 7.4; 3 x 10 min). The tissue sections were then
incubated overnight in anti-mouse Nox2 mAb (1:1000; BD Biosciences) and anti-rabbit CD3
polyclonal antibody (1:50; Abcam) in a humid chamber. The following day, tissues were washed
in PBS (3 x 10 min) to remove any excess antibody, and incubated in a fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse antibody (1:200; Zymed Labratories; South San Francisco,
CA, USA) and Texas Red-labelled goat anti-rabbit antibody (1:200; Zymed Laboratories) for
3-4 h in a humid chamber. The sections were then washed in PBS (3 x 10 min), mounted in
VECTASHIELD mounting medium (Vector laboratories; Burlingame, CA, USA) and cover-
slipped. Tissue mounted slides were viewed and photographed on a Leica confocal scanning
laser system (Leica Microsystems; Wetzlar, Germany). The appropriate control experiments were
performed to ensure that no cross-reactivity occurred. This involved incubating brain sections
following stroke with all of the possible combinations of primary and secondary antibodies. Our
control experiments showed that FITC fluorescence was not visible using the Texas Red filter set
and vice versa. Thus, the Nox2 and CD3" immunoreactivity were both concluded to be specific.
Staining was analysed by counting the number of Nox2-expressing CD3" cells in the infarct core
of each section, and expressing this number as a percentage of the total number of

Nox2-expressing cells.

4.2.5 Isolation of leukocytes from spleen and blood
Mice were killed at 24 h by isofluorane inhalation and exsanguination, and leukocytes were

isolated from spleen and blood as described in section 2.10 of General Methods.

4.2.6 Analysis of cell populations
Fluorescence flow cytometric analyses were performed to determine the numbers of T
lymphocytes, B lymphocytes, monocytes and neutrophils in spleen and blood, as described in

section 2.11 of General Methods. Primary antibodies conjugated with fluorophores were: the

87



Chapter 4: Mechanisms Undetlying the Effects of Gender and Reperfusion

FITC-conjugated Armenian hamster anti-mouse CD3 (clone 145-2C11; 1:100), phycoerythrine
(PE)-conjugated anti-GR1 (clone RB6-8C5; 1:100), allophycocyanin (APC)-conjugated anti-B220
(clone RA3-6B2; 1:100) (eBioscience; San Diego, CA, USA), APC.Cy7-conjugated anti-CD4
(clone GK1.5; 1:300), PE—conjugated anti-CD8 (clone 53-6.7; 1:100), and FITC-conjugated anti-
CD11b (clone M1/70; 1:200) (BD Biosciences). All antibodies were rat anti-mouse unless
specified.  Isotype control antibodies were: the PE-conjugated anti-IgG2a (clone eBR2a;
eBioscience), FITC-conjugated anti-IgG2a-k (clone R35-95; BD Biosciences) and APC.Cy7-

conjugated anti-IgG2a-k (clone G155-178; BD Biosciences).

4.2.7 T lymphocyte proliferation assay

T lymphocytes isolated from naive mice and mice 24 h after I-R, were stimulated for 24, 48 and
72 h by exposure to the anti-mouse CD28 mAb (clone 37.51) in combination with the
immobilised anti-mouse CD3 mAb (clone 145-2C11; eBioscience). Three standard 96-well
flat-bottom tissue-culture plates were coated with anti-CD3 antibody (3 ug/ml in sterile PBS) at
50 ul/well and left overnight at 4 °C. Triplicate wells were used for each sample. Mice were
culled, the spleen aseptically removed and single-cell suspensions were prepared as described in
section 2.10 of General Methods. Once a suspension of leukocytes was prepared, it was
resuspended in RPMI 1640, supplemented with 10 % foetal calf serum (FCS), 1 %
Penicillin/Streptomycin, 1 % L-Glutamate and 0.1 % B-mercaptoethanol. The cells were then
counted with trypan blue dye exclusion and 2x10° cells were placed into each well. 2x10° cells in
triplicate were also collected in an eppendorf tube and stored at -20 °C for baseline Day 0 data.
RPMI media was added to each well, to make the volume up to 100 pl, and then 100 ul of 4
ug/ml anti-CD28 antibody in RPMI media was added to all the wells. These tissue-culture plates
were then incubated at 37 °C and 5 % CO, in air. Each day one of the plates was removed and
170 pl taken out of each well, making sure not to touch the bottom, so as not to disturb the cells.

This solution was discarded, leaving ~30 ul in each well to run the assay. The plate was then
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stored at -20 °C and the level of proliferation was determined using a CyQUANT kit
(Invitrogen), as per the manufacturer’s instructions. This assay displays a linear correlation
(= 0.999) between cell number and fluorescence. Briefly, cells were lysed, green fluorescent
dye was added, and each sample was transferred to a black 96-well plate. Cell number was
quantified as fluorescence using a plate reader (BMG Fluostar Optima; BMG LABTECH;
Offenburg, Germany), with excitation set at 480 nm and emission detection set at 520 nm, as the
dye fluoresces when bound to nucleic acids. In all experiments, the triplicates were averaged, and
the results were calculated by normalising the average fluorescence signal to the baseline Day 0

T lymphocyte number.

4.2.8 Measurement of superoxide production by T lymphocytes

After isolation of leukocytes, a purified suspension of T lymphocytes was obtained using the
Dynal® Mouse T Cell Negative Isolation Kit (Invitrogen). Please refer to section 2.12 of General
Methods for details. Basal and phorbol 12,13-dibutyrate (PDB; 1 uM)-stimulated superoxide
production by T lymphocytes from blood and spleens of mice following I-R was then measured
by 100 umol/L L.-012-enhanced chemiluminescence, as described in section 2.13 of General

Methods.

4.2.9 Drugs and chemicals

As per section 2.14 of General Methods.

4.2.10 Statistical analysis

All data are presented as mean * standard error. Statistical analyses were performed using
GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA). Between-group
comparisons were analysed as described in section 2.15 of General Methods.

Immunohistochemistry data was compared using a Student’s unpaired 7 test. T lymphocyte
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proliferation was compared using a one-way analysis of variance (ANOVA) with Bonferroni
post-hoc test.  Group numbers are shown in parentheses. Statistical significance was accepted

when P < 0.05.

4.3 RESULTS

4.3.1 Effect of gender, ischaemia and reperfusion on pro-inflammatory protein expression
To investigate molecular mechanisms underlying the gender difference in infarct volume that
occurred as a result of reperfusion, shown in Chapter 3, we examined expression of several

pro-inflammatory proteins including Cox-2, the NADPH oxidase catalytic subunits Nox1 and

Nox2, and VCAM-1, in the ischaemic hemisphere 24 h after I-R and I-NR.

Representative Western blots for Nox2 in male and female mice following sham surgery or I-R
are shown in Figure 4.1A. Densitometric analyses of the immunoreactive band intensities are
shown in Figures 4.1B and C. In male mice following I-R, Nox2 protein was expressed in the
ischaemic hemisphere at a significantly greater level compared with sham-operated mice
(P < 0.05 2 =29). In contrast, we found no significant change in Nox2 expression in the
ischaemic hemisphere of female mice following I-R (» = 6-7; Figure 4.1B). Following I-NR,
both male and female mice expressed significantly greater levels of Nox2 protein in the ischaemic
hemisphere compared with sham-operated mice (P < 0.05, » = 7-10; Figure 4.1C). There was no

significant difference between genders following I-NR (Figure 4.1C).

Representative Western blots for Cox-2 in male and female mice following sham surgery or I-R
are shown in Figure 4.1D. Densitometric analyses of the immunoreactive band intensities are
shown in Figures 4.1E and F. In male mice following I-R, Cox-2 protein was expressed at a
significantly greater level compared with sham-operated mice (P < 0.05, » = 11). In contrast, we

found no significant change in Cox-2 expression in female mice following I-R (» = 8; Figure
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4.1E). FPollowing I-NR, both male and female mice expressed significantly greater levels of
Cox-2 protein in the ischaemic hemisphere compared with sham-operated mice (P < 0.05,
n = 8-9; Figure 4.1F). There tended to be a greater Cox-2 expression in male mice compared to
female mice following I-NR, although this did not reach statistical significance (P = 0.13; Figure

4.1F).

Representative Western blots for VCAM-1 in male and female mice following sham surgery or
I-R are shown in Figure 4.2A. Densitometric analyses of the immunoreactive band intensities are
shown in Figures 4.2B and C. In male mice following I-R, VCAM-1 protein was expressed at a
significantly greater level compared with sham-operated mice (P < 0.05, » = 9). In contrast, we
found no significant change in VCAM-1 expression in female mice following I-R (#» = 9; Figure
4.2B). Following I-NR, both male and female mice expressed significantly greater levels of
VCAM-1 protein in the ischaemic hemisphere compared with sham-operated mice (P < 0.05,
n = 8-9; Figure 4.2C). There was no significant difference between genders following I-NR

(Figure 4.2C).

Representative Western blots for Nox1 in male and female mice following sham surgery or I-R
are shown in Figure 4.2D. Densitometric analyses of the immunoreactive band intensities are
shown in Figures 4.2E and F. Neither I-R (# = 3-4) nor I-NR (#» = 5) had any effect on protein

expression levels of Nox1 in the ischaemic hemisphere (Figures 4.2D-F).

4.3.2 Localisation of T lymphocytes and Nox2

Twenty-four h after I-R, CD3" cells (i.e. T lymphocytes) were found to be present within cerebral
infarct and also in peri-infarct areas at a frequency that was ~7-fold greater in males than in
females (7021 versus 1015 cells per high power field; P = 0.01; » = 15 fields from 3 mice per

group). Immunofluorescence studies confirmed the presence of Nox2-containing cells (Figures
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4.3A-B) and also CD3" cells (Figures 4.3C-D) within the striatal infarct core of males and females
24 h following I-R. When these images were overlayed, it was apparent that, at 24 h in the
infarcted core tissue of both genders, Nox2 was frequently co-localised with CD3 (Figures
4.3E-F). The frequency of Nox2-expressing cells in the infarct core that also expressed CD3 was
similarly high in males (95 % - 99 %, » = 3) and females (94 % - 100 %, » = 3) and overall was

estimated to be 97.5+1.1 % (» = 0).

4.3.3 Effect of gender, ischaemia and reperfusion on immune cell numbers in spleen and
blood

4.3.3.1 Spleen

In the spleen, 24 h after I-R or I-NR (# = 6-9), a similar profile was observed, showing reduced
levels in stroked mice of either protocol compared to sham-operated mice in all the immune cells
analysed (i.e. T lymphocytes, B lymphocytes and neutrophils), except for CD11b" cells
(monocytes), which showed a non-significant increase in the female group following I-NR
(Figure 4.4A-F). There were significantly fewer CD3" and CD4" cells (total and helper
T lymphocytes, respectively), and B220" cells (B lymphocytes) in the spleen 24 h after I-R and
I-NR in male mice in comparison to sham-operated mice (P < 0.05, Figure 4.4A, B & D). The
only statistically significant difference in female mice was a reduction in B lymphocytes following

I-R (P < 0.05, Figure 4.4D).

4.3.3.2 Blood

In the blood, no consistent profile was observed between the levels of various immune cells
following I-R and I-NR (» = 5-7; Figures 4.5A-F). Apart from a significant reduction in
B lymphocytes in male mice after I-R (Figure 4.5D), circulating levels of immune cells were not

significantly altered at 24 h following I-R or I-NR, in either male or female mice (Figures 4.5A-F).
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4.3.4 Effect of gender and I-R on T lymphocyte proliferation

Twenty-four h after stimulation by anti-CD3 and anti-CD28 antibodies, T lymphocytes isolated
from the spleens of naive male and female mice, and male and female mice 24 h after I-R,
increased in number (7 = 4 per group; Figure 4.6). However, neither gender nor I-R had any
statistically significant effect on T lymphocyte proliferation levels at 24 h. Compared to T
lymphocyte levels at 24 h, T lymphocyte levels in naive male and female mice increased by ~84
and ~94 % respectively, at 48 h, and by ~114 and ~128 % at 72 h respectively. Naive female
mice tended to have higher T lymphocyte proliferation levels at 48 h and 72 h compared to naive
male mice, although this difference did not reach statistical significance (Figure 4.6). After 48
and 72 h of stimulation, although not significantly different, there was a trend for I-R to reduce T
lymphocyte proliferation in both male and female mice. After 48 h, male and female mice had
~30 and ~42 % less T lymphocyte proliferation than male and female naive mice, respectively,
and after 72 h, male and female mice had ~24 and ~40 % less T lymphocyte proliferation,

respectively (Figure 4.06).

4.3.5 Effect of I-R on the generation of Nox2-derived superoxide by T lymphocytes

Superoxide generation by T lymphocytes (CD3" cells) isolated from the blood of control male
wild-type mice was slightly augmented (by ~4-fold above basal) by incubation with the Nox2
activator, PDB (# = 5; Figure 4.7A). However, PDB-stimulated superoxide release was
profoundly greater (a further ~15-fold) from T lymphocytes isolated from the blood of male
wild-type mice 24 h after I-R (P < 0.05 vs. PDB-stimulated control; » = 5; Figure 4.7A).
Moreover, in separate experiments we found that PDB-stimulated superoxide production after
I-R was markedly greater (~7-fold) in circulating T lymphocytes from males versus females
(P < 0.05; # = 6 per group; Figure 4.7C). The effect of PDB to stimulate superoxide release from
circulating T' lymphocytes was subsequently found to be Nox2-dependent, as neither PDB nor

I-R had any significant effect on superoxide release from T lymphocytes isolated from the blood
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of Nox2-deficient mice (# = 3-5; Figure 4.7D). After stroke, PDB-induced superoxide
generation was up to ~1,000-fold higher in T' lymphocytes from blood versus spleen (see Figures
47A and 4.7B). However, neither stroke nor PDB had any significant effect on superoxide

generation from spleen-derived T lymphocytes from wild-type male mice (# = 5; Figure 4.7B).
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Figure 4.1. Nox2 and Cox-2 protein expression.

Representative Western blots and densitometric analyses of immunoreactive band intensities
showing expression of the NADPH-oxidase catalytic subunit Nox2 (A-C), and cyclo-oxygenase-2
(Cox-2; D-F) in ischaemic hemispheres of male and female mice subjected to sham surgery or
ischaemia-reperfusion (I-R; A-B & C-D) or ischaemia-no reperfusion (I-NR; C & F). The dotted
line in C & F represents the expression level observed in the sham group of each gender. Values

are expressed as relative intensity normalised to [-actin intensity, and then normalised relative to

gender-matched control, and are presented as mean = SEM (» = 6-11; *P < 0.05 vs. matched

sham group, unpaired 7 test).
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Figure 4.2. VCAM-1 and Nox1 protein expression.

Representative Western blots and densitometric analyses of immunoreactive band intensities showing
expression of the vascular cell adhesion molecule-1 (VCAM-1; A-C), and the NADPH-oxidase
catalytic subunit Nox1 (D-F) in ischaemic hemispheres of male and female mice subjected to sham
surgery or ischaemia-reperfusion (I-R; A-B & C-D) or ischaemia-no reperfusion (I-NR; C & F). The
dotted line in C & F represents the expression level observed in the sham group of each gender.

Values are expressed as relative intensity normalised to B-actin intensity, and then normalised relative

to gender-matched control, and are presented as mean = SEM (n = 3-9; *P < 0.05 vs. matched sham

group, unpaired t test).
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Figure 4.3. Localisation of T lymphocytes and Nox2 expressing cells.

Representative photomicrographs showing immunofluorescent staining within the core of striatal
infarcts of a male and a female mouse following ischaemia-reperfusion (I-R). Approximately
7-fold more Nox2" and CD3" cells (i.e. T lymphocytes) were observed in infarcted brains of
males (A and C, respectively) than females (B and D, respectively). Overlayed images revealed

substantial co-localisation of Nox2 and CD3 (E and F). The scale bar represents 40 pm.
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Figure 4.4. Immune cell counts in the spleen.

Flow cytometric analyses are shown for CD3" (A; total T lymphocytes), CD4" (B; T helper cells),
CD8" (C; cytotoxic T cells), B220" (D; B lymphocytes), CD11b" (E; monocytes) and Grl* (F;
neutrophils) cells isolated from the spleen following sham surgery (white bars), I-R (black bars)

and I-NR (grey bars; » = 6-9; *P < 0.05 vs. matched sham group, ANOVA with Bonferroni

post-hoc test). Data are presented as mean = SEM.
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Figure 4.5. Immune cell counts in the blood.

Flow cytometric analyses are shown for CD3" (A; total T lymphocytes), CD4" (B; T helper cells),
CD8" (C; cytotoxic T cells), B220" (D; B lymphocytes), CD11b" (E; monocytes) and Grl™ (F;
neutrophils) cells isolated from the blood following sham surgery (white bars), I-R (black bars) and I-
NR (grey bars; » = 5-7; *P < 0.05 vs. matched sham group, ANOVA with Bonferroni

post-hoc test). Data are presented as mean = SEM.
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Figure 4.6. T lymphocyte proliferation.
T lymphocyte proliferation is shown for cells isolated from the spleen of naive mice and

following I-R in male and female mice, 24, 48 and 72 hours after stimulation with anti-CD3 and

anti-CD28 antibodies (7 = 4 per group). Data are presented as mean = SEM.
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Figure 4.7. Superoxide generation by T lymphocytes.

Basal and PDB-stimulated superoxide generation by T lymphocytes from control mice and from
mice 24 h after I-R. Data are shown for cells isolated from blood (A) and spleen (B) of wild-type
male mice (# = 5 per group; *P < 0.05, ANOVA with Bonferroni post-hoc test). Note the
different Y-axis scales used in A and B. C: Superoxide generation by T lymphocytes isolated
from blood of male and female wild-type mice 24 h after I-R (# = 6 per group; *P < 0.05,
ANOVA with Bonferroni post-hoc test). D: Basal and PDB-stimulated superoxide generation by
T lymphocytes isolated from the blood of male Nox2-deficient mice (control, » = 3; I-R, » = 5).

Data are presented as mean £ SEM.

105



Chapter 4: Mechanisms Undetlying the Effects of Gender and Reperfusion

4.4 DISCUSSION

This study has primarily assessed the molecular and cellular changes associated with the smaller
infarct volume in female mice 24 h after I-R, established in Chapter 3. Following I-R, in the
ischaemic hemisphere of male mice, we found an increased expression of the pro-inflammatory
proteins, Nox2, Cox-2, and VCAM-1, and an infiltration of T lymphocytes, whereas there was
little or no change in these parameters in female mice. A significant reduction in CD3" and
CD4" T lymphocyte levels in the spleen occurred in male mice following I-R, as well as a
significant reduction in B lymphocyte levels in the spleen in both males and females following
I-R. In the blood, the only significant reduction was found in B lymphocyte levels following I-R
in male mice. Interestingly, Nox2 protein was largely co-localised with T lymphocytes (CD3"
cells) within the infarct core after I-R. Neither gender nor I-R significantly altered T lymphocyte
proliferation. Moreover, we found circulating T lymphocytes to be a potentially important
source of Nox2-derived superoxide after cerebral I-R especially in males, with Nox2-dependent
superoxide production by these cells ~15-fold greater 24 h after I-R versus controls. Superoxide
production by circulating T lymphocytes after stroke was substantially greater in male mice than
in female mice. Our findings are compatible with the concept that salvage of brain tissue during
post-ischaemic reperfusion is limited in males at least in part due to generation of Nox2-derived

superoxide from T lymphocytes infiltrating the inflamed brain after stroke.

Increased expression of Nox2 (Kusaka e al., 2004; McCann ef al., 2008), Cox-2 (Miettinen ef al.,
1997; Nogawa et al, 1997; Planas et al., 1995), and VCAM-1 (Justicia ez al, 2006) have been
reported to occur in the brain following I-R in male mice and rats. Moreover, the inhibition or
genetic deletion of Nox2 and Cox-2 confers protection after focal cerebral I-R (Iadecola ez al.,
2001a; Jackman et al, 2009a; Kahles ef al, 2007, Nogawa et al, 1997; Walder et al., 1997),
indicating their detrimental roles after stroke in males. We confirmed that protein expression of

Nox2, Cox-2 and VCAM-1 are all increased in the ischaemic hemispheres of males following
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cerebral I-R, and to our knowledge for the first time these key pro-inflammatory molecules were
also examined after cerebral I-R in females. In contrast to males, compared with sham-operated
female mice, none of these proteins were expressed at higher levels after I-R in females,
consistent with the smaller infarct volume and with a protective, anti-inflammatory action of
oestrogen. We also, for the first time, examined Nox]1 protein expression in male and female
mice following I-R, and found that neither ischaemia nor gender affected its expression in the

ischaemic hemisphere.

The present study has also examined these proteins in both male and female mice after
I-NR. Increased expression of Cox-2 had been reported to occur in the brain following I-NR in
male rats (Yokota ez al., 2004). We confirmed that Cox-2 protein expression was increased in
male mice, and also found Cox-2 protein expression to be significantly increased in the ischaemic
hemisphere of female mice after I-NR. We also found for the first time, that protein expression
of both Nox2 and VCAM-1 were significantly increased after I-NR in both males and females.
This is consistent with there being no difference in infarct volume between male and female mice
following I-NR. The increase in Nox2 expression following I-NR relative to the Nox2
expression after I-R in male mice was not as large as the increase observed from I-R to I-NR in
female mice. This is again consistent with the relative difference in infarct volume, as infarct
volume in female mice increased ~270 % from its infarct size after I-R to its infarct size after
I-NR, whilst infarct volume in male mice only increased ~60 % (see Figures 3.4C & D).
However, the increased Nox2 expression following I-NR is inconsistent with the concept that
expression increases in the ischaemic hemisphere due to the infiltration of Nox2-expressing T
lymphocytes, given that our immunofluorescence studies showed no infiltration of T
lymphocytes following I-NR (data not shown; this will be discussed in more detail later). On the
other hand, our immunofluorescence studies only focussed on the infarct core region, so it

remains possible that Nox2-expressing T lymphocytes do infiltrate the periphery of the infarct
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following I-NR, but do not penetrate to the core regions. Moreover, the expression of VCAM-1
protein, which promotes adhesion and consequently, infiltration of leukocytes (discussed in more
detail in the following paragraph), similarly to Nox2, is increased more in female mice relative to
male mice following I-NR from its I-R levels. Therefore, this idea that T lymphocytes still enter
the brain when no reperfusion is instituted (i.e. I-NR) is further strengthened. However, it is also
conceivable, that different processes are important in producing damage during I-NR than I-R,
and perhaps local processes become more important, such as an increased expression of Nox2
and Cox-2 in resident brain cells (Green ef al., 2001; Yokota ef al., 2004). In contrast to Nox2 and
VCAM-1, where there was no gender-difference in expression following I-NR, there tended to
be a greater level of Cox-2 expression in male mice compared to female mice following I-NR,
although this did not reach statistical significance. Cox-2 therefore, seems more ‘gender-
dependent’ even following I-NR, which suggests that perhaps Cox-2 is not tightly linked to
infarct volume. In contrast to the other 3 proteins examined, Nox1 protein expression in male

or female mice, did not change after I-NR, compared with sham-operated mice.

In order to better understand the inflammatory consequences of stroke to the brain, we were
interested to explore further our finding of increased VCAM-1 expression. VCAM-1 promotes
adhesion of leukocytes, including lymphocytes, and is strongly expressed on activated vascular
endothelial cells in response to pro-inflaimmatory cytokines (Marui ez a/, 1993; Stins ef al., 1997),
oxidative stress (Marui e a/, 1993), and following I-R (Justicia e/ a/., 2006). VCAM-1 expression
is critical for infiltration of T lymphocytes into the brain (Baron ez a/, 1993; Engelhardt ez al.,
1995). Recent studies in T lymphocyte-deficient mice have revealed that these cells of the
adaptive immune system are surprisingly important contributors to the acute brain infarction
following cerebral I-R (Hurn ez al., 2007; Kleinschnitz e# al., 2010b; Shichita ez al., 2009; Yilmaz et
al., 2006). However, although it was recently discovered that the detrimental effects were not

related to adaptive immunity (Kleinschnitz ez a/, 2010b), the precise actions of T lymphocytes in

108



Chapter 4: Mechanisms Undetlying the Effects of Gender and Reperfusion

the brain after stroke are not well understood and are likely to be complex and somewhat specific
for the different T lymphocyte subpopulations. After migration into the ischaemic brain, certain
subsets of T lymphocytes may either directly elicit cell necrosis or apoptosis (l.e. cytotoxic
T lymphocytes; CD8") (For review see Barry and Bleackley, 2002), or release pro-inflammatory
cytokines and chemokines that propagate the cellular immune response by activating resident
cells and up-regulating the expression of adhesion molecules, thus promoting further brain injury
(i.e. T helper lymphocytes; CD4") (Arumugam e al, 2005). By contrast, the regulatory
T lymphocyte subpopulation (T, cells; CD4"CD25 Foxp3") was very recently found to play a

protective role in the brain after stroke which includes secretion of the anti-inflammatory

cytokine interleukin-10 (Liesz e# al., 2009b).

Using immunohistochemistry and immunofluorescence we documented the presence of
T lymphocytes throughout the infarcted male mouse brain following I-R, as previously reported
in male rats (Jander ef al, 1995). We noted that there were ~7-fold more T lymphocytes in
infarct and peri-infarct brain areas of males than females, consistent with the gender-dependent
expression of pro-inflammatory proteins after stroke, including the T lymphocyte adhesion
molecule VCAM-1. We found little or no evidence of T lymphocytes in brains of sham-operated
mice or within the core of ischaemic, but non-reperfused infarcts (I-NR; data not shown),
indicating that these cells do not normally reside in the brain and that their infiltration into the

infarct core occurred as a consequence of post-ischaemic reperfusion.

T lymphocytes express a functional Nox2-containing NADPH oxidase (Jackson ez al, 2004;
Purushothaman and Sarin, 2009), and interestingly, superoxide generated by the activity of this
enzyme in T lymphocytes was recently reported to contribute to angiotensin II-induced
hypertension (Guzik ef al., 2007). We and others have found that Nox2-containing NADPH

oxidase contributes to infarct development in the male brain after stroke (Chen ef al, 2009,
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Jackman ez al., 2009a; Kahles ez al, 2007, Kunz et al., 2007; Walder ¢z al, 1997). The cellular
source(s) of the enzyme responsible for this brain damage is not well defined but may include
circulating, bone-marrow-derived cells (Walder ez 4/, 1997). Having confirmed by Western
blotting that Nox2 expression was increased in male brains after I-R, we next explored whether
Nox2 in infiltrating T lymphocytes might be relevant to post-ischaemic changes in the brain.
Using immunofluorescence we found that, at least in the infarct core within the striatum, Nox2
was mostly localised in CD3" cells (i.e. infiltrated T lymphocytes), suggesting that T lymphocytes
may be an important source of Nox2-derived superoxide in the infarcted brain after I-R. We
cannot exclude the possibility that other cell types also contributed to the increased Nox2
expression, but our observations suggest that in mice, T lymphocytes may be an important
source of Nox2 within brain infarcts 24 h after I-R (see below for further discussion of the role

of various Nox2-containing circulating cells).

The flow cytometric analyses showed no change in CD8" T lymphocyte, monocyte and
neutrophil levels in the spleen in either male or female mice following I-R or I-NR compared to
sham-operated mice. ~There were however, significant reductions in CD3" and CD4"
T lymphocytes and B lymphocytes following I-R and I-NR in male mice, and also a significant
reduction in female mice of B lymphocytes after I-R in the spleen. In the blood, there were no
changes in any of the immune cells analysed, except for a significant reduction in B lymphocytes
following I-R in male mice. Twenty-four h after a 30 min ischaemic period may be too early to
see significant reductions, especially in the blood, as the extent of immunodepression is very
dependent on the degree and length of the ischaemic insult (Liesz ef a/., 2009a) and the length of
reperfusion (Offner ez al, 2006b). The extent of immunodepression also has a positive
relationship with infarct size (Liesz ez al, 2009a). This is consistent with female mice not
experiencing as severe an immunodepression as do male mice following I-R, in association with

the smaller infarct volume (see Figure 3.4C). However, this does not explain why female mice do
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not also have significantly reduced levels following I-NR, which produced the same sized infarct
volume as male mice (see Figure 3.4D); or why the degree of immunodepression was not greater
following I-NR in both genders compared to I-R. Although perhaps, given that longer periods
of reperfusion produce greater degrees of immunodepression (Offner ez 4/, 2006b), I-NR may
not produce a large immunodepression, due to the lack of reperfusion, even though it produces a
large infarct volume. It is also possible that the increased number of infiltrating T' lymphocytes in
the male brain compared to females could account for part of the reduction in CD3" (and CD4")
T lymphocytes in the spleen in male mice following I-R. Importantly, although the largest
changes were observed in B lymphocytes, these cells reportedly do not contribute to stroke-
induced inflammation, neurological impairment or infarct volume (Yilmaz ef al, 2006), and

therefore, we chose not to focus on B lymphocytes.

We next examined the 7z witro proliferation ability of splenic T lymphocytes following I-R.
T lymphocyte proliferation 3 days after stimulation was found previously to be significantly
reduced in cells isolated from the spleen 22 h after a 90 min MCAO in mice, and more
profoundly reduced when they were isolated 96 h after I-R (Offner e a/, 2006b). Although we
did not find significantly reduced levels from T lymphocytes isolated 24 h after I-R at either 1, 2
or 3 days of stimulation, which could be due to the fact that the ischaemic period we used was
one third the time Offner and colleagues used, or the fact that we had very small group sizes,
there was a trend for less proliferation when these T lymphocytes were isolated from mice
following I-R compared to naive mice. ~However, importantly, as no gender difference was
observed in proliferation levels, this data cannot account for the difference in CD3" and CD4"
T lymphocyte counts in the spleen. Nor can it account for the difference in infarct volume

following I-R.
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Next, we determined whether superoxide production could be elicited in isolated T lymphocytes
in response to a stimulus of Nox2-containing NADPH oxidase (i.e. PDB), and whether a
previous (24 h) stroke had any effect on such release. We thus used L-012-enhanced
chemiluminescence to detect superoxide generation from T lymphocytes isolated from the blood
and spleens of control and post-stroke mice. The most profound finding was the ~15-fold
increase in superoxide generation from T lymphocytes isolated from the blood of post-stroke
males versus control mice. This increase in superoxide production by circulating T lymphocytes
after I-R also occurred in cells from females, but to a much lesser degree. Importantly, PDB did
not elicit superoxide production from T lymphocytes isolated from control or post-stroke Nox2-
deficient mice, confirming that the source of superoxide generated in wild-type mice was a Nox2-
containing NADPH oxidase. Furthermore, we found that neither PDB nor stroke had any effect
on superoxide production by T lymphocytes isolated from the spleen, suggesting that only when
these cells reach the circulation are they able to generate much larger amounts of Nox2-derived
superoxide, and that this ability increases markedly after stroke. Such findings are consistent with
the novel possibility of an acute detrimental effect in brain of infiltrating T lymphocytes after I-R,
especially in males. Further studies are required to identify the precise stimuli and molecular
signalling leading to increased Nox2-derived superoxide generation by circulating T lymphocytes

after I-R.

In Chapter 3, when cerebral infarct volume was examined following I-R in male and female
Nox2-deficient mice, we found that in contrast to wild-type mice, infarct volume was not smaller
in female versus male Nox2-deficient mice. We speculate that the salvage of ischaemic brain by
reperfusion is limited by inflammation, including Nox2-derived superoxide generated by
infiltrating T' lymphocytes. Moreover, we further speculate that the reduced infarct volume and
infiltration of Nox2-containing T lymphocytes in females reflects an inhibitory effect(s) of

OCStI‘OgCI’l on these processes.
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It might be suggested that neutrophils and monocytes/macrophages — blood cells involved in
innate immunity that are well known to express Nox2 (Selemidis ¢f al, 2008) — are more likely
candidates than T lymphocytes as sources of oxidative and inflammatory damage following
cerebral I-R. However, there is evidence against a detrimental role of neutrophils in the brain
following acute stroke, in that neutrophil depletion does not reduce infarct volume (Beray-
Berthat e# al., 2003; Harris ef al., 2005; Yilmaz ef al., 2006). Neutrophils instead appear to enter
the brain as a result of damage rather than being a cause of it (Emerich e 4/, 2002), and this is
reported to not occur to a significant degree for at least 3 days after stroke (Gelderblom e al,
2009). We did detect a reduction of both monocytes and neutrophils in the spleen after I-R,
although no gender difference was present, and this did not reach significance (please note that
Chapter 6 will address some mechanisms relevant to the role of neutrophils following cerebral
I-R). Although we cannot completely exclude a role for neutrophils or circulating monocytes in
the post-stroke Nox2-dependent brain damage, our data indicate that at 24 h Nox2 appears to be
predominantly co-localised with T' lymphocytes at least in the infarct core, and Nox2-dependent
superoxide production is markedly augmented in these cells present in the circulation. It is also
possible that activated microglia could be Nox2-positive in the brain after I-R, including outside
of the infarct core. However, our co-localisation studies here were only performed in regions of
the striatal infarct core and therefore might not be representative of cell types expressing Nox2
around and beyond the infarct. Overall, we suggest that a possible scenario is that the damaging
Nox2-derived superoxide production in the male brain in the first 24 h after cerebral I-R
originates to some degree from T lymphocytes that infiltrate the brain. Furthermore, because
Nox2-deficient females do not have a smaller infarct volume than Nox2-deficient males
following cerebral I-R, Nox2-derived superoxide generated by infiltrating T lymphocytes could

account for the limited salvage achieved by reperfusion in male versus female wild-type mice.
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Here we have studied the effect of a 30 min ischaemic duration which produces a moderate
infarct volume. Further studies will be necessary to assess whether similar findings are evident
after other clinically relevant ischaemic durations that are either shorter (as in transient ischaemic
attack patients) or longer (as in patients treated with recombinant tissue plasminogen activator

[rt-PA] after up to 4.5 h ischaemia) than 30 min.

In summary, our data suggest that the salvage obtained by reperfusion may be greater in females
because of limited expression of pro-inflammatory proteins, including VCAM-1, resulting in
markedly less damage caused by superoxide from infiltrating Nox2-containing T lymphocytes.
These circulating immune cells could represent a major source of superoxide in the ischaemic
and reperfused brain. Viable new therapies for acute stroke are desperately needed. Our findings
raise the possibility that short-term therapies to reduce T lymphocyte infiltration into the brain
after transient ischaemic attack, or in acute ischaemic stroke patients who receive rt-PA, might be
useful for reducing reperfusion injury, not only in younger males but potentially in aged patients

of both genders.
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Chapter 5: Generation of Superoxide by T Lymphocytes after Cerebral I-R

5.1 INTRODUCTION

It is well established that Nox2 is detrimental in experimental models of stroke (Kahles ez a/,
2007; Kunz et al., 2007, Walder et al, 1997). More recently, T lymphocytes have also been
reported to contribute to damage during ischaemic stroke (Hurn e @/, 2007; Kleinschnitz e al.,
2010b; Shichita ez al, 2009; Yilmaz et al, 2006). Studies in mice that lack functional
T lymphocytes have reported improved outcome, including smaller infarct volumes (Hurn e al.,
2007; Kleinschnitz ez al., 2010b; Shichita ez a/, 2009; Yilmaz ez al, 2006), and when wild-type
CD3" T lymphocytes were transplanted back into these mice, this protection was lost
(Kleinschnitz ez al, 2010b; Shichita ez a/, 2009; Yilmaz e al., 2006). T lymphocytes express a
Nox2-containing NADPH oxidase (Jackson e¢7 a/., 2004; Purushothaman and Sarin, 2009), and we
in Chapter 4, as well as others (Jander e al, 1995), reported that they enter the brain within 24 h

after ischaemia-reperfusion (I-R).

In Chapter 4, we found evidence that following cerebral I-R in male mice, circulating CD3"
T lymphocytes, when stimulated by the Nox2 activator, phorbol 12,13-dibutyrate (PDB), produce
greater amounts of superoxide (~15-fold greater) than PDB-stimulated CD3" T lymphocytes
isolated from the blood of control male mice (see Figure 4.7A). Then, in studies using Nox2-
deficient mice subjected to experimental stroke, we found no such increase in superoxide (see
Figure 4.7D), suggesting that circulating T' lymphocytes may be a major source of Nox2-derived
superoxide following cerebral I-R. It is unclear which subset(s) of CD3" T lymphocytes
contribute to this augmented superoxide production. Identification of the specific T lymphocyte
subset responsible is fundamental for potentially targeting the source in order to minimise side
effects. 'This is especially crucial given that the immunodepression that occurs after stroke
(Haeusler ez al., 2008; Liesz et al., 2009a; Oftner et al, 2006b; Prass et al, 2003), facilitates
infections, which are the most common cause of death in the post-acute phases of stroke

(Heuschmann e# al., 2004; Vernino ez al., 2003).
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There are many types of T lymphocytes that each plays a slightly different role in immunity.
T lymphocyte subsets are differentiated by the expression of certain co-receptor proteins on their
surface (eg. CD3 is expressed on the cell surface of 95 % of all mature T lymphocytes — all except
vd T lymphocytes). The two main types of mature T lymphocytes are the T helper lymphocytes
(Ty; lymphocytes; also known as CD4" T lymphocytes, because they express the CD4 protein on
their cell surface) and cytotoxic T lymphocytes (also known as CD8" T lymphocytes, because
they express the cell surface protein CD8) (Harrison ef al, 2008; Seder and Ahmed, 2003). T,
lymphocytes do not kill cells directly, but help to activate other members of the immune system.
They can be further differentiated into three major types, defined by the different cytokines they
secrete (Korn ez al., 2009; Santana and Rosenstein, 2003). They can either promote cell-mediated
or inflaimmatory immunity (T;1 lymphocytes), promote humoral and allergic responses (T}2)
(Abbas ez al., 1996; Glimcher and Murphy, 2000; Santana and Rosenstein, 2003), or promote
inflaimmatory immunity to clear pathogens distinct from those handled by T;1 or T2
lymphocytes, including fungi (T17) (Korn ef al, 2009). Cytotoxic T lymphocytes directly kill
intracellular pathogens, such as cells infected with viruses, through the release of the cytotoxins
perforin and various granzymes, or by the Fas-FasL. pathway (Barry and Bleackley, 2002; Russell
and Ley, 2002). Cytotoxic T lymphocytes also produce cytokines such as interferon-y (IFN-y)
and interleukin-2 (IL-2) (Theodorou ef al, 2008). Unconventional T lymphocytes include the y3
T lymphocytes (accounting for ~5 %) and the natural killer T (NKT) cells. However these have

previously been shown not to contribute to stroke injury (Kleinschnitz ez a/, 2010b).

Few studies have investigated the roles of the different CD3" subsets of T lymphocytes in stroke.
However, one very important study, in addition to examining the effect of lymphocyte deficiency
(using recombination-activating gene 1-deficient; Ragl”" mice) on stroke outcome, investigated
the effects of deficiency in either CD4" or CD8" T lymphocytes after I-R. Yilmaz and colleagues

reported that mice deficient in either CD4" or CD8" T lymphocytes had smaller infarct volumes
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and reduced neurological deficit (Yilmaz ef al., 20006), suggesting that both T lymphocyte subsets
contribute to stroke pathology. However, with the exception of reporting reduced leukocyte and
platelet adhesion in these mice, the mechanism(s) of damage were not investigated, and could

therefore be different between the two subsets.

The aim of this study was to investigate which subset(s) of CD3" T lymphocytes (CD4" and/or
CD8" T lymphocytes) might be involved in producing the increased PDB-stimulated superoxide

levels 24 h after I-R.

5.2 MATERIALS AND METHODS

5.2.1 Animals

This study was conducted in accordance with the National Health and Medical Research Council
of Australia guidelines for the care and use of animals in research.

A total of 97 male 8-10 week old C57BI6/] mice were studied (weight, 25.440.2 g). The mice had
free access to water and food pellets before and after surgery. Two mice were excluded from the
study after receiving MCAOQ, as they died prior to the specified time for euthanasia (at 23.5 h

reperfusion).

5.2.2 Focal cerebral ischaemia
Focal cerebral ischaemia was induced by transient intraluminal filament occlusion of the right

middle cerebral artery (MCA) as described in section 2.3 of General Methods.

5.2.3 Isolation of leukocytes from blood
Mice were killed at 24 h by isofluorane inhalation and exsanguination, and leukocytes were

isolated from the blood as described in section 2.10 of General Methods.
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5.2.4 Measurement of superoxide production by T lymphocytes

After isolation of leukocytes, a purified suspension of T lymphocytes (either CD3", CD4" or
CD8") was obtained using the Dynal® Mouse T Cell Negative Isolation Kit (Invitrogen; Carlsbad,
CA, USA). Please refer to section 2.12 of General Methods for details. Basal and phorbol 12,13-
dibutyrate (PDB; 1 uM)-stimulated superoxide production by T lymphocytes from blood of
control mice (a combination of sham-operated mice, » = 13; and naive mice, » = 31) and mice
24 h after I-R (# = 39) was measured by 100 pmol/L 1.-012-enhanced chemiluminescence, as
described in section 2.13 of General Methods. In addition to results being analysed and
expressed as an average of the 30 measurement cycles, they were also expressed per cycle, and

their superoxide production at cycle 30 was analysed.

5.2.5 Analysis of cell populations

Fluorescence flow cytometric preliminary analyses were performed in blood isolated from naive
male mice to determine the purity of T lymphocyte subset isolation, following the use of the
Dynal® negative isolation kits, as described in section 2.11 of General Methods. However, in the
present study, to estimate the number of cells in each sample, cells were counted using a Coulter
Counter (Beckman Coulter; Brea, CA, USA), and labelled for cytofluorimetry with antibodies for
20 min at 4 °C in PBS containing 1 % bovine serum albumin (BSA), 3.076 mM sodium azide and
5 mM EDTA. Primary antibodies conjugated with fluorophores were: the Alexa Fluor
488-conjugated anti-NK1.1 (clone PK136; 1:500), allophycocyanin (APC)-conjugated anti-TCRf3
(clone H57-597; 1:800), Pacific Blue-conjugated anti-CD8 (clone 53-6.7; 1:1000) (BioLegend; San
Diego, CA, USA), phycoerythrine (PE)-conjugated anti-MHC Class II (clone M5/114.15.2;
1:2000), PE-conjugated anti-CD19 (clone 1D3; 1:1000), PE-conjugated CD49b (clone DXS5;
1:2000) (BD Biosciences; North Ryde, NSW, Australia), PE-conjugated anti-GR1 (clone
RB6-8C5; 1:1000; eBioscience; San Diego, CA, USA), and Pacific Orange-conjugated anti-CD4

(clone RM4-5; 1:400; Invitrogen). All antibodies were rat anti-mouse. To exclude dead cells
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from analysis, cells were stained with 1 mM 7-amino actinomycin D (7-AAD; Invitrogen) 1 min
prior to FACS processing. Isotype control antibodies were: the FITC-conjugated anti-IgG2a-«
(clone HK1.4), PE-conjugated Armenian hamster anti-mouse IgG (clone HL3), APC-conjugated
Armenian hamster anti-mouse IgG2-A (clone H57-597), Pacific Blue-conjugated anti-IgG2a
(clone 53-6.7) (Biolegend), PE-conjugated anti-IgG2a-k (clone RA3-6B2; BD Biosciences) and
Pacific Orange-conjugated anti-IgG2a (clone RM4-5; Invitrogen). The isotype controls were

used at the same concentrations as the antibodies, and were all rat anti-mouse, unless specified.

5.2.6 Drugs and chemicals

As per section 2.14 of General Methods.

5.2.7 Statistical analysis

All data are presented as mean * standard error. Statistical analyses were performed using
GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA). Between-group
comparisons were analysed as described in section 2.15 of General Methods. Superoxide
produced per cycle was compared between groups at cycle 30 (this point was chosen as the
superoxide produced had typically reached a plateau) using a one-way ANOVA with Bonferroni
post-hoc test.  Group numbers are shown in parentheses. Statistical significance was accepted

when P < 0.05.

5.3 RESULTS

5.3.1 Effect of cerebral I-R on the generation of superoxide by T lymphocyte subsets
5.3.1.1 CD3" T lymphocytes

To confirm that circulating CD3" T lymphocyte-derived superoxide is increased after cerebral

I-R in the presence of the Nox2 activator PDB (our finding from Chapter 4; see Figure 4.7A), we
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again isolated CD3" T lymphocytes from the blood of control male mice and mice after cerebral
I-R, and observed a very similar profile to that of Chapter 4. We found that superoxide
generated by purified CD3" T lymphocytes isolated from the blood of control mice was slightly
augmented (by ~3.5-fold above basal) after incubation with PDB (» = 18; Figure 5.1A). When
CD3" T lymphocytes from 24 h post-stroke mice were stimulated with PDB, superoxide release

was increased by a further ~2-fold (P < 0.05 vs. PDB-stimulated control; » = 14; Figure 5.1A).

When superoxide generated at cycle 30 was analysed, a greater amount of PDB-stimulated
superoxide was produced by CD3" T lymphocytes after cerebral I-R versus control mice

(P < 0.05; Figure 5.1B).

5.3.1.2 CD4" T lymphocytes

We also investigated whether the superoxide produced by CD3" T lymphocytes was generated by
the CD4" T lymphocyte subset. We isolated CD4" T lymphocytes from the blood of separate
control and post-stroke mice, and found a similar profile to that of CD3" cells. Superoxide
release from CD4" T lymphocytes isolated from the blood of control male mice was greatly
augmented (by ~10-fold above basal) after incubation with PDB (» = 11; Figure 5.2A). When
circulating CD4" T lymphocytes from post-stroke mice were stimulated with PDB, superoxide
release was increased by a further ~2-fold, although this effect did not reach statistical

significance (» = 10; Figure 5.2A).

Similar to what was observed with the mean superoxide production over 30 cycles, there was no
statistically significant difference in the amount of PDB-stimulated superoxide generated by
circulating CD4" T lymphocytes after cerebral I-R at cycle 30 compared to control mice, although
there was a clear trend for CD4" T lymphocytes to generate greater amounts after I-R (Figure

5.2B).
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5.3.1.3 CD§" T lymphocytes

We also investigated whether the superoxide produced by CD3" T lymphocytes was generated by
the CD8" T lymphocyte subset. We isolated CD8" T lymphocytes from the blood of separate
control and post-stroke mice, and found a similar profile to that of CD3" cells.  Superoxide
generation by CD8" T lymphocytes isolated from the blood of control male mice was slightly
augmented (by ~2-fold above basal) by incubation with PDB (# = 15; Figure 5.3A). By contrast,
in CD8" T lymphocytes isolated 24 h after cerebral I-R, PDB-stimulated superoxide release was
significantly augmented by a further ~6.5-fold (P < 0.05 vs. PDB-stimulated control; » = 15;

Figure 5.3A).

When superoxide generated at cycle 30 was analysed, PDB-stimulated superoxide produced by
circulating CD8" T lymphocytes was greater in mice after cerebral I-R versus control mice

(P < 0.05; Figure 5.3B).

5.3.2 Purity of isolated samples

The purity of T lymphocyte subset isolation following the use of Dynal® negative isolation kits
was tested in blood samples from naive male mice using fluorescence flow cytometry. The
results are shown in Table 5.1 (below). When purified suspensions of CD3", CD4" and CD8" T
lymphocytes were each analysed, 55 %, 31 % and 17 % of all live cells in the suspensions were
CD3", CD4" and CD8" T lymphocytes, respectively (7 = 4 per group). These findings were
much lower than expected. The other cells in the suspensions were natural killer T (NKT) cells,
natural killer (NK) cells and others, comprising of B lymphocytes, dendritic cells, neutrophils,

monocytes and others that were not identified.
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Isolated T % of Specific T

lymphocyte lymphocyte % NKT Cells % NK Cells % Other
subset subset
CD3" 55 % 9% 5% 31 %
CD4" 31 % 13 % 24 % 32 %
CD8" 17 % 16 % 16 % 51 %

Table 5.1. Purity of isolated samples.
The distribution of cell types within purified suspensions of CD3", CD4" and CD8"

T lymphocytes (# = 4 per group), isolated from the blood of naive male mice, using Dynal®

negative isolation kits (Invitrogen).
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CD3* T lymphocytes

A Average of 30 cycles

*
0.8+ |
< 0.6
(%]
F
E 0-4'
o
T 0.2- 1
0.0 [ I
Basal PDB Basal PDB
Control I-R
B Per Cycle
1.5-
E - Basal Control
g -+ PDB Control
L -8 Basal I-R
2 = PDBIR
1

Cycle Number

Figure 5.1. Superoxide generation by CD3" T lymphocytes.

Basal and PDB-stimulated superoxide generation by CD3" T lymphocytes isolated from the
blood of male control mice and male mice 24 h after I-R. A: Average superoxide produced
over the 30 measurement cycles (control, » = 18; I-R, » = 14; *P < 0.05, ANOVA with
Bonferroni post-hoe test). B: Superoxide produced per cycle (control, » = 18; I-R, n = 14;

*P < 0.05 vs. matched control group at cycle 30, ANOVA with Bonferroni post-hoc test). Data

are presented as mean + SEM.
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CD4* T lymphocytes
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Figure 5.2. Superoxide generation by CD4" T lymphocytes.

Basal and PDB-stimulated superoxide generation by CD4" T lymphocytes isolated from the
blood of male control mice and male mice 24 h after I-R. A: Average superoxide produced
over the 30 measurement cycles (control, » = 11; I-R, » = 10; ANOVA with Bonferroni

post-hoc test). B: Superoxide produced per cycle (control, » = 11; I-R, » = 10; ANOVA with

Bonferroni post-hoc test). Data are presented as mean £ SEM.
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CD8* T lymphocytes
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Figure 5.3. Superoxide generation by CD8" T lymphocytes.

Basal and PDB-stimulated superoxide generation by CD8" T lymphocytes isolated from the
blood of male control mice and male mice 24 h after I-R. A: Average superoxide produced
over the 30 measurement cycles (z = 15 per group; *P < 0.05, ANOVA with Bonferroni post-

hoe test). B: Superoxide produced per cycle (7 = 15 per group; *P < 0.05 vs. matched control

group at cycle 30, ANOVA with Bonferroni post-hoc test). Data are presented as mean = SEM.
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5.4 DISCUSSION

This study confirmed our Chapter 4 finding that circulating CD3" T lymphocytes generate
superoxide basally, and release greater amounts of superoxide after Nox2 is activated by PDB.
We also confirmed the exciting finding that more PDB-stimulated superoxide is produced by
circulating CD3" T lymphocytes after cerebral I-R. In addition, the present preliminary data
indicate the tentative new finding that both circulating CD4" and CD8" T lymphocytes may
produce superoxide basally, and produce greater levels of superoxide after stimulation by PDB.
However, the most important finding of this study may be that following cerebral I-R,
PDB-stimulated superoxide production from both CD4" and CD8" T lymphocytes is possibly

enhanced compared to CD4"and CDS" T lymphocytes isolated from control mice.

The generation of reactive oxygen species (ROS), including superoxide, is increased in the brain
following stroke (especially after cerebral I-R) and is well established to contribute to infarct
damage (Chan, 2001; Crack and Taylor, 2005). ROS generation after stroke has been shown to
occur in neurons, microglia, endothelial cells, as well as infiltrating neutrophils and macrophages
(Chan, 2001). However, this is the first data to suggest that CD4" and CD8" T lymphocyte
subsets each produce Nox2-depedent superoxide, and more importantly, produce a greater

amount of superoxide following stroke.

T lymphocytes play an important role in the adaptive immune system. In response to an
infection, T lymphocytes recognise ‘non-self’ antigens, proliferate into effector cells and then
produce cytokines and cytotoxins to help eliminate the antigen (For reviews see Barry and
Bleackley, 2002; Harrison ez al., 2008; Santana and Rosenstein, 2003). T lymphocytes, as well as
many other cells, are known to release pro- and anti-inflammatory cytokines in the circulation
and the brain following stroke (Arumugam e al., 2005; Hurn e al., 2007; Liesz et al., 2009b; Loihl

et al., 1999; Oftner et al., 2006a; Vila ez al., 2000). These pro-inflammatory cytokines are known to
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be deleterious in stroke (Liesz ez al., 2009b; Nawashiro ez al., 1997; Relton et al., 1996), whereas
the anti-inflammatory cytokines are protective (Liesz ef al, 2009b). Early after stroke, there is
generally more of a pro-inflammatory T lymphocyte response, which shifts to an
anti-inflammatory response in the post-acute phase (Offner e a/, 2006b; Theodorou ef al., 2008).
Brain infiltration of T lymphocytes occurs early after I-R, and infiltration of both CD4" and
CD8" T lymphocytes has been reported (Gelderblom e# al, 2009; Jander ef al., 1995). Although
we have only examined circulating T lymphocytes here, we speculate that these early infiltrated
T lymphocytes are likely to release large amounts of superoxide as well as various pro-
inflammatory cytokines. Therefore, the inhibition of both CD4" and CD8" T lymphocyte brain
infiltration, as early as possible after reperfusion, could be a potential therapeutic target.
Moreover, a recent study found that ROS produced by Nox2 caused endothelial cells to contract
through the activation of Rho-kinase, which subsequently produced increased permeability of the
blood brain barrier (BBB) (Kahles ez 2/, 2007). This finding suggests that the inhibition of Nox2-
dependent ROS production in circulating T lymphocytes may also be protective, and will
consequently reduce infiltration of other damaging immune cells via the compromised BBB.
However, a delicate balance between immunosuppression to reduce damage and an immune

response to reduce infections after stroke needs to be achieved.

In Chapter 4, when we utilised Nox2-deficient mice and observed no increase in the amount of
superoxide generated by CD3" T lymphocytes when in the presence of PDB, we verified that the
increase in superoxide release by PDB-stimulated wild-type T lymphocytes was Nox2-dependent
(see Figure 4.7D). These findings suggest than an increase in PDB-stimulated superoxide results
from an increased Nox2 expression and/or activity in these T lymphocytes. The present
relatively preliminary study found a statistically significant higher level of PDB-stimulated
superoxide production after cerebral [-R compared with control mice by circulating CD3" and

CD8" T lymphocytes, with a tendency for the same to occur in CD4" T lymphocytes. Since
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PDB-stimulated superoxide production from CD4" T lymphocytes increased the least after I-R
compared to control levels, perhaps the amount of Nox2 expression in the CD4" T lymphocyte
subset is the least affected by cerebral I-R.  Moreover, given that the greatest fold-change in
PDB-stimulated superoxide production after cerebral I-R was observed in CD8" T lymphocytes,
perhaps there is a greater increase in Nox2 protein expression in the CD8" T lymphocyte subset
following cerebral I-R. However further Western blotting studies in these T lymphocyte subsets

after stroke in purer suspensions need to be conducted to confirm this.

CD4" T lymphocytes were the only subset that produced an increase in PDB-stimulated
superoxide release after stroke that did not reach statistical significance. If this difference is real,
a closer look into the composition of T}; lymphocytes suggests two possible explanations. One
of the main subsets of CD4" T lymphocytes, the T2 subset, is known to generally produce
anti-inflammatory cytokines and part of its role is to suppress the pro-inflaimmatory immune
response. However, T2 lymphocytes are more likely to appear later in immune responses
(Abbas ez al., 1996), and therefore may not play as important a role as other subsets eatly after
stroke. However, regulatory T (T,,,; CD4"CD25 Foxp3") cells account for ~10 % of all CD4"

T lymphocytes (Zouggari et al, 2009), and are crucial in limiting T lymphocyte responses and

1!

preventing autoimmune disorders (Sakaguchi e# a/, 2006). Importantly, T, cell depletion in mice
has been reported to increase infarct volume and augment neurological deficit 7 days after both
30 min ischaemia with reperfusion (I-R) and I-NR, suggesting a neuroprotective role after stroke
(Liesz et al, 2009b). T, cell depletion was also found to elevate blood and brain
pro-inflaimmatory cytokine mRNA expression (TNF-« and IFN-y) after stroke, as well as increase
IFN-y production in brain infiltrating CD3" T lymphocytes (Liesz e¢f al, 2009b). This suggests
that T, cells do not produce pro-inflammatory cytokines, but that they may in fact play a role in

inhibiting the activation and cytokine production of the other T lymphocytes. From this, it can

be hypothesised that T, cells also do not produce damaging superoxide, but may in fact suppress
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the release of superoxide by other CD4" T lymphocytes (and possibly CD8" T lymphocytes when
they are both present), thus, dampening the overall effect. This is consistent with the finding that
mice deficient in CD8" T lymphocytes undergo smaller infarct volumes than mice deficient in
CD4" T lymphocytes (~73% and ~55% smaller than wild-type mice, respectively) (Yilmaz e al.,
2000), as it is likely that when T,, cells were deleted together with the other CD4"

T lymphocytes, it counteracted the protective effects.

In this study, as well as in Chapter 4, we utilised the Nox2 activator, PDB, in T lymphocytes. As
mentioned above, we found evidence in Chapter 4 that the effect of PDB was Nox2-dependent.
This Nox2 activation is not to be confused with conventional T lymphocyte activation. Jackson
and colleagues reported that Nox2-containing NADPH oxidase in T lymphocytes was activated
when the T cell receptor (TCR) was cross-linked (Jackson e al., 2004), which occurs during
antigen recognition, and is the first of two signals required to activate T lymphocytes (Murphy ez
al., 2008). Intriguingly however, superoxide production after TCR stimulation did not require the
expression of Nox2 (Jackson ez al, 2004). A very recent study reported that neither antigen
recognition nor co-stimulation, the first and second steps vital for T lymphocyte activation,
respectively (Murphy e# al., 2008), were required to produce the detrimental effects caused by
T lymphocytes during the early stages of cerebral I-R (Kleinschnitz ez a/, 2010b). Therefore we
hypothesise that as there is a greater amount of superoxide being produced by T lymphocytes
with PDB stimulation, this may be due to a greater expression and/or activity of Nox2 in the
T lymphocytes. Given that stroke itself causes an increase in ROS production of which the
Nox2-containing NADPH oxidase is a major source (Jackman ef a/, 2009a; Kunz e# al., 2007), a
greater production of superoxide from these circulating T lymphocytes most likely occurs
following stroke in vivo. Moreover, we postulate that the increased generation of superoxide by

T lymphocytes may account for part of the detrimental effects of T lymphocytes in stroke, and
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further speculate that this increased superoxide production also occurs after the T lymphocytes

have infiltrated the brain, thus promoting neuronal damage when inside the parenchyma.

In the present study, the apparent measured values of superoxide produced by T lymphocytes are
much lower than that found in Chapter 4 (see Figures 4.7A & 5.1A-C). The reason for this is
that here, we counted T lymphocyte number in each sample to normalise the chemiluminescence
signal at a magnification of 40x rather than 10x. Counting cells at a magnification of 40x is more
accurate, and therefore, the amount of superoxide produced per cell in the present study is likely
to be more reliable. Nonetheless, it is important to note that the increased effect of stroke on

superoxide generation was maintained and that the general profile remained.

A major limitation of this study is that the purity of the T lymphocyte suspensions was
unfortunately found to be somewhat low. As a result, it is difficult at present to exclude the
possibility that the samples prepared throughout these studies were commonly contaminated
with significant numbers of neutrophils, monocytes, B lymphocytes, dendritic cells, NKT cells
and/or NK cells. Moreover, many of these possible contaminating cell types are known to
express Nox2 protein and produce superoxide (Jackson ez al, 2004; Selemidis ez a/, 2008). In
Chapter 4, we also performed FACS on some samples after T lymphocyte isolation (data not
shown) and found >80 % purity in each sample. However, this was only performed for CD3"
T lymphocyte isolation (as this was the only T lymphocyte subset we analysed), and was also
performed following I-R, not in naive mice, as is the case in the present study. It is possible that
the Dynal® bead kits are more efficient and selective when used on blood samples after I-R given
that 24 h after I-R there was a slight trend for some immune cells in the blood to be reduced (see
Figures 4.5A-F), leading to less cells available for the beads to bind to. If this were the case, it
may be possible that the stroke samples used in the superoxide assays were purer and less

contaminated than the naive samples we performed FACS analysis on, although we would need
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to perform further routine FACS analysis on suspensions isolated from naive mice and mice after
I-R to confirm this. The low level of purity may also account for the large variability observed in
the PDB-stimulated groups, and this will need to be addressed in future work so as to clarify and
advance the current data. As such, this study remains somewhat incomplete, mainly due to the

time constraints in completing this PhD.

The preliminary findings of the present study suggest for the first time, a possible mechanism of
T lymphocyte-mediated stroke injury other than through the more traditional role of the
production of cytokines or cytotoxins, or the accumulation of these cells in the circulation.
However, the present studies need to be repeated using a more reliable cell sorting method to
increase purity, to confirm these findings. In addition, the isolation of CD4" T lymphocytes with
the exclusion of T, cells to observe whether superoxide generated levels are higher would also

be of interest.
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Chapter 6: The Role of Chemokines in Cerebral Ischaemia-Reperfusion

6.1 INTRODUCTION

Inflammatory processes are now well established to contribute to the pathophysiology of cerebral
ischaemia, especially when the brain is reperfused (ischaemia-reperfusion; I-R). A characteristic
feature of this neuro-inflammation is the attraction and brain infiltration of inflammatory cells,
and many experimental cerebral I-R studies, as well as post-mortem studies, found evidence of
neutrophils, monocytes, lymphocytes, natural killer (NK) cells and dendritic cells in the infarcted
brain (Campanella e al., 2002; Gelderblom e# al., 2009; Schwab ez al., 2001; Stevens ez al., 2002;
Wang et al, 1993). The majority of studies have focussed on neutrophils, monocytes and
T lymphocytes, and the infiltration of these immune cells has been reported to be detrimental in

stroke (Arumugam e al., 2004; Wang ez al., 2002).

Chemokines are chemotactic cytokines, and they and their receptors play a crucial role in the
migration of leukocytes under basal and inflammatory conditions (Gerard and Rollins, 2001;
Mackay, 2001; Rossi and Zlotnik, 2000; Semple ez a/., 2010; Zlotnik and Yoshie, 2000). In fact, in
mammals, chemokines are the major mediators of leukocyte migration, and are essential for the
trafficking of most cell types from the blood stream (Mackay, 2001). Chemokines are produced
by many cells including neutrophils, monocytes, macrophages, platelets, mast cells,
T lymphocytes, NK cells, fibroblasts, smooth muscle cells and endothelial cells (Armstrong ez a/,
2004; Call et al., 2001; Strieter et al., 1996), and they mainly act on bone marrow-derived cells
(Gerard and Rollins, 2001; Strieter ¢ al., 1996; Zlotnik and Yoshie, 2000). There are different
classes of chemokines differentiated by their structures. The two main classes are ‘CXC and CC’.
These ‘C’s denote the two N-terminal cysteine residues, and the classes are divided depending on
whether there is an amino acid between them (CXC), or whether they lie adjacently (CC) (Rollins,
1997; Rossi and Zlotnik, 2000; Strieter et al, 1996; Zlotnik and Yoshie, 2000). The CXC
subfamily can be further split into two groups: the better known ELR", or ELR’, based on

whether the glutamate-leucine-arginine motif is present between the N-terminus and the first
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cysteine (Bizzarri et al, 2006; Rollins, 1997; Rossi and Zlotnik, 2000). The ELR" CXC
chemokine subfamily are mainly neutrophil chemoattractants (Di Cioccio et al, 2004; Kielian ez
al, 2001; Tani et al, 1996), whereas the CC chemokines generally act on monocytes,
T lymphocytes and dendritic cells (Rollins, 1997). However, members of the chemokine
superfamily are very promiscuous, and a chemokine ligand may bind to several receptors, while a
chemokine receptor may bind multiple ligands (Gerard and Rollins, 2001; Rollins, 1997; Zlotnik

and Yoshie, 2000).

Chemokines and their receptors have been shown to be important in various inflammatory
pathologies such as I-R injury, vascular diseases including atherosclerosis, and other diseases of
the CNS (Bizzarri ef al., 2006; Gerard and Rollins, 2001; Semple ez a/, 2010; Strieter ef al., 1996).
Furthermore, the blockade or deficiency of one or more chemokine has been reported to
improve a number of these pathologies (Gerard and Rollins, 2001; Strieter ez al, 1996). Several
chemokines are reported to be increased in stroke, and also to contribute to the pathogenesis
(Semple ez al., 2010), as they recruit leukocytes into the brain, inducing a higher expression of
these or other chemokines as well as cytokines, which then recruit more leukocytes, ultimately
resulting in a very damaging and ongoing cycle (Gerard and Rollins, 2001). It is therefore
reasonable to predict that inhibition of this inflammatory cycle may reduce stroke damage, and
for this reason, chemokine ligands and receptors are potential drug targets. Each chemokine
ligand and receptor typically engages selective leukocyte subsets, and therefore, their inhibition is
likely to produce a limited side effect profile (Gerard and Rollins, 2001). The specificity of an
immunomodulatory drug is an especially desirable property for treatment following stroke, as the
chance of inhibiting other important functions of the immune system, and consequently
increasing the incidence of infection - the most common cause of death in the post-acute phase

of stroke (Heuschmann e a/, 2004; Vernino ez al., 2003) - would be reduced.
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The aims of this study were firstly, to examine the mRNA expression profiles of a large number
of chemokines and their receptors in the ischaemic and non-ischaemic brain hemispheres 4, 24
and 72 h after I-R. From this array, we sought to identify a family of chemokines that were
significantly up-regulated in the brain over 4 to 72 h following I-R, and to pharmacologically
target them in an experimental model of stroke. This time frame is a major focus for
development of new therapies for acute stroke because the only existing approved treatment
(rt-PA) must be given within 4.5 h of stroke onset, whereas it is known that neuronal injury and
death continues for up to several days to a few weeks (Dereski ef al, 1993; Kunz ef al., 2007; Li et

al., 2000; Li et al., 1995).

6.2 MATERIALS AND METHODS

6.2.1 Animals

This study was conducted in accordance with the National Health and Medical Research Council
of Australia guidelines for the care and use of animals in research.

A total of 57 male 8-10 week old C57Bl6/] mice were studied (weight, 24.9£0.3 g). The mice had
free access to water and food pellets before and after surgery. Fourteen mice were excluded from
the study as they died after MCAO but prior to the specified time for euthanasia (at 71.5 h

reperfusion).

6.2.2 Focal cerebral ischaemia

Focal cerebral ischaemia was induced by transient intraluminal filament occlusion of the right
middle cerebral artery (MCA) as described in section 2.3 of General Methods. In this study,
some mice were killed at 4 h after sham surgery and I-R, in addition to the 24 and 72 h

endpoints.
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Mice were treated ip. with vehicle (1 % dimethyl sulfoxide; DMSO) or SB 225002
(1 mg/kg) commencing at reperfusion, and then twice every 24 h, for either 24 h (i.e. a total of
2 mg/kg) or 72 h (i.e. a total of 6 mg/kg). Mice were randomly assigned a treatment group by
coin toss, once the filament was inserted. DMSO has been reported to reduce infarct volume
following I-R (Laha ef al., 1978) and I-NR (Bardutzky ez a/, 2005; Shimizu ez al., 1997), however
these studies only observed significant neuroprotection when DMSO was used at a minimum of
10 %, ten times higher than concentrations used in this study. Twenty-one mice were used to
examine the mRNA expression levels in the ischaemic hemisphere following cerebral I-R, and

were untreated.

6.2.3 Evaluation of neurological function
At the end of the experiment (72 h), neurological function was evaluated using a five-point
scoring system, and the hanging wire test. Please refer to section 2.4 of General Methods for

details.

6.2.4 Evaluation of cerebral infarct and oedema volume

Cerebral infarct and oedema volume were evaluated as described in section 2.5 of General

Methods.

6.2.5 Measurement of mRNA in brain hemispheres

Brains from untreated sham-operated and stroked mice killed at 4, 24 and 72 h, as well as vehicle-
or SB 225002-treated stroked mice killed at 24 h after I-R, were used to measure mRNA
expression levels using real-time PCR. In the ischaemic (right) and non-ischaemic (left)
hemispheres, a large number of chemokine and chemokine receptor genes were examined in a
PCR array, and Tagman gene expression assays were used to specifically measure CXCR2,

CXCL1 and CXCL2 mRNA levels. Please refer to section 2.8 of General Methods for details.
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We first used the Mouse Chemokines & Receptors PCR Array with Sybr Green (SABiosciences;
Frederick, MD, USA) to examine the expression of a large range of chemokines and their
receptors after stroke. After RNA extraction (see section 2.8 of General Methods), the RNA was
converted into cDNA, using the RT? First Strand Kit, which is part of the PCR array. First, the
volume of RNA per sample needed for 1 pg of RNA was calculated. This volume was placed
into a sterile PCR tube with 2 ul Genomic DNA (gDNA) Elimination mixture, and then
RNase-free water was added to make up the final volume to 10 pl. The contents were then
mixed gently with a pipette followed by brief centrifugation. This was then incubated at 42 °C
for 5 min using a heat block, and immediately placed on ice for at least 1 min. On ice, the reverse
transcriptase mix was made up, which per sample included 4 pul RT buffer (5x), 1 pl Primer and
external control mix, 2 pl RT Enzyme mix and 3 ul H,O. This was then added to each sample in
the PCR tubes. The contents were then gently mixed with a pipette and incubated at 42 °C for
exactly 15 min, and then immediately incubated at 95 °C for 5 min to inactivate the reverse
transcriptase. 91 pl H,O was added to each tube and mixed well. Each tube of Diluted First

Strand cDNA was then placed on ice until the next step or stored at -20 °C until ready for use.

To carry out the real-time PCR, first the Experimental Cocktail was prepared in a 5 ml tube,
containing 1350 pl 2x SABiosciences RT? qPCR Master Mix, 102 ul Diluted First Strand cDNA
Synthesis Reaction and 1248 pl H,O, and was mixed well. Next, the PCR array plate was
carefully removed from its sealed bag and 25 ul of the Experimental Cocktail was added into
each well. The PCR array plate was then tightly sealed with adhesive topseal and centrifuged
(1000 g; 1 min at room temperature) to remove bubbles. Next, the plate was inspected from
underneath to ensure that there were no bubbles, and then it was placed into the Bio-Rad
CEFX96™ Real-Time PCR Detection System (Bio-Rad; Hercules, CA, USA). The real-time PCR

was then run for 40 cycles, using the following thermal-cycling parameters:
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Stage Temperature Time

Hold 95°C 10 min
95°C 15s

Cycle 55°C 30s
72 °C 30s

Hold 95°C 10's

Melting Curve 65— 95°C (in 0.5 °C 5 s each increment
increments)

From the findings of the PCR array experiment, we then selected 2 chemokine ligands and their
receptor for further investigation. To confirm the changes we observed in the mRNA expression
of these chemokines and their receptor using the PCR array, we separately purchased
pre-designed Tagman® gene expression assays for CXCR2 (NCBI Reference Sequence; RefSeq
NM_009909.3), CXCL1 (RefSeq NM_008176.3) and CXCL2 (RefSeq NM_009140.2), as well as
B-actin (RefSeq NM_007393.1; Applied Biosystems; Carlsbad, CA, USA) for the house-keeping
gene. The same RNA samples were used, as for the PCR array. The RNA was converted into
cDNA using the Qiagen Quantitect Reverse transcription kit (Qiagen; Hilden, Germany). First,
the volume of RNA per sample needed for 1 pg of RNA was calculated and placed into an
RNase-free Eppendorf tube. Next, 2 ul gDNA wipeout buffer was added, as well as RNase-free
water to make up the final volume to 14 ul. This was then incubated at 42 °C for 2 min using a
heat block, and immediately placed on ice. On ice, the reverse transcriptase mix per sample was
made up, which included 1 ul Quantiscript Reverse Transcriptase, 4 ul Quantiscript RT buffer
(5x) and 1 pl RT Primer mix. This was then added to each sample. The samples were then
incubated at 42 °C for exactly 15 min, and then immediately incubated at 95 °C for 3 min to
inactivate the reverse transcriptase. Each tube of cDNA was then placed on ice until the next

step or stored at -20 °C until ready for use.

To carry out the real-time PCR, first the PCR mixture was prepared, containing 3.5 pl 20x

Tagman gene expression assay (Applied Biosystems), 35 pl 2x Tagman PCR Universal Master
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Mix (Applied Biosystems), 14 ul cDNA (50 ng for CXCR2, CXCL1 and CXCL2 and 10 ng for
B-actin) and 17.5 pl Nuclease-free water (Applied Biosystems). Each PCR reaction tube was
mixed and centrifuged briefly. Fach sample was run in triplicate, so 20 ul of the 70 ul PCR
mixture (10 pl extra was made up to allow for pipetting errors) was pipetted into each well of a
96-well PCR plate (3 times per sample) and carefully covered with an adhesive topseal. The plate
was then briefly centrifuged and placed into the Bio-Rad CFX96™ Real-Time PCR Detection
System (Bio-Rad). The real-time PCR was then run for 40 cycles, using the following thermal-

cycling parameters:

Stage Temperature Time
Hold 50 °C 2 min
Hold 95°C 10 min
95 °C 155
1
Cycle 60 °C 1 min

6.2.6 Localisation of neutrophils

The localisation of myeloperoxidase-positive (MPO) cells in untreated brain sections following
sham surgery, or brain sections treated with either vehicle or SB 225002 following cerebral I-R
was performed by immunohistochemistry as described in section 2.9 of General Methods.
Multiple serial coronal sections of 30 um were taken at 6 levels: bregma +1.6 mm, +1.0 mm,
+0.4 mm, -0.2 mm, -0.8 mm and -1.82 mm (the mid hippocampus), and were thaw-mounted
onto poly-L-lysine coated glass slides (0.1 % poly-L-lysine in dH,O). Four of these tissue
sections per sham-operated brain, and five to six of these tissue sections per stroked brain were
fixed in acetone for 15 min and washed in 50 mM tris-buffered saline (IBS; pH 8.4; 3 x 5 min)
before incubation in a humid chamber in 10 % goat serum (Abcam; Cambridge, MA, USA) in
TBS for 2 h to block non-specific binding. Sections were then incubated for 1 h in anti-rabbit
MPO polyclonal antibody (1:100; Abcam). Sections were washed in TBS (3 x 5 min), blocked

with a peroxidase blocking agent (Dako; Glostrup, Denmark) for 15 min and stained using the

140



Chapter 6: The Role of Chemokines in Cerebral Ischaemia-Reperfusion

DAKO EnVision+ system (Dako). Sections were then incubated for 45 min with a peroxidase-
labelled polymer conjugated to a goat anti-rabbit antibody (Invitrogen; Catlsbad, CA, USA),
washed in TBS (3 x 5 min), and followed by incubation with diaminobenzidine (Dako) for 5 min.
Sections were then washed in TBS (3 x 5 min), mounted in aquatex (Merck; Darmstadt,
Germany) and cover-slipped. Staining was analysed on an Olympus light microscope (Olympus;
Hamburg, Germany) by two observers blinded to the identity of experimental groups, who
counted MPO" cells in the ischaemic (right) hemisphere. Number of MPO" cells in the

ischaemic hemisphere were normalised to the number of sections analysed per brain.

6.2.7 Drugs and chemicals
As per section 2.14 of General Methods. SB 225002 (Sapphire Bioscience; Redfern, NSW,
Australia) was dissolved in DMSO (Merck) and diluted with 0.9 % saline (Baxter Healthcare; Old

Toongabbie, NSW, Australia), achieving a final concentration of 1 % DMSO.

6.2.8 Statistical analysis

All data are presented as mean * standard error. Statistical analyses were performed using
GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA). Between-group
comparisons were analysed as described in section 2.15 of General Methods. Group numbers are

shown in parentheses. Statistical significance was accepted when P < 0.05.

6.3 RESULTS

6.3.1 Effect of I-R on a wide range of chemokine and chemokine receptor mRNA
expression levels in the brain

Firstly, we used a PCR array with Sybr Green, to acquire a general understanding of which

chemokine and chemokine receptor expressions were changed at different time-points following
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cerebral I-R in the brain. We used the Mouse Chemokines and Receptors PCR array
(SABiosciences), which profiles the expression of 84 genes that encode mainly chemokine ligands
and receptors from the CC and CXC families, as well as other chemokine ligands and receptors,
and other related genes. Owverall, I-R affected the mRNA expression of a large number of
chemokine and chemokine related genes. The highest 10 changes at each time-point are shown

in Table 6.1 (see below). Please note that there are only 16 different genes included here, as some

genes formed part of the 10 highest changing genes at more than one time-point.

Normalised mRNA fold expression in the ischaemic hemisphere
Genes 4 h after I-R 24 h after I-R 72 h after I-R
CCL2 3 18 19
CCL4 32 34 4
CCL7 3 6
CCL11 3 12
CCL12 2 11
CCR4 1 24 0
CXCL1 1 37 14
CXCL2 3 303 8
CXCL10 3 12 35
CXCR2 2 6 13
Gdf5 5 5 1
1L-1a 11 3 3
1L-16 3 1 1
Lif 3 5 11
TNF-o 16 37 12
Trem1 1 13 13

Gdf5=growth differentiation factor 5; Lif=leukaemia inhibitory factor; Trem=triggering receptor
expressed on myeloid cells 1

Table 6.1. The mRNA expression at 4, 24 and 72 h after I-R of the genes that changed
the most (the top 10) at each time-point in the PCR array.

The mRNA expression of various chemokine, chemokine receptor and chemokine related genes
in the ischaemic (right) hemisphere at 4, 24 and 72 h after I-R, normalised to the expression in
the left hemisphere of sham-operated mice. The listed genes formed part of the top 10 changed

expressions at each time-point after I-R.
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Based on the findings from the PCR array, we chose to focus on the CXCR2 receptor (formerly
named interleukin receptor 8 type b; IL8Rb), and its ligands, CXCL1 (also named keratinocyte-
derived chemokine; KC) and CXCL2 (macrophage inflammatory protein-2; MIP-2) (Lee e al.,
1995). This subfamily was selected due to the high changes in mRNA expression of all 3
members after I-R, especially at the later time-points (24 and 72 h), because this is a desirable
time-frame for novel effective therapeutic intervention after stroke. Furthermore, although not
many commercially available chemokine antagonists are functional in mice, SB 225002, an
inhibitor of human CXCR2 (White e al, 1998) has previously been shown to reduce
experimental colitis in mice, through a reduction in neutrophil infiltration and CXCL1 and
CXCL2 expression (Bento ez al, 2008), suggesting that it is also able to inhibit mouse CXCR2.
Therefore, we focussed on this chemokine subfamily and later treated mice with SB 225002 after

stroke (see sections 6.3.3, 6.3.4 and 6.3.5).

At 4, 24 and 72 h after I-R, CXCR2 mRNA expression in the ischaemic (right) hemisphere was
increased by 2-, 6- and 13-fold, respectively, when compared to the left hemisphere of sham-
operated mice (# = 3; Figure 6.1A). There was a very small change in the non-ischaemic
hemisphere 4, 24 and 72 h after I-R (no change, 2- and 2-fold increases, respectively; Figure
6.1A). CXCR2 mRNA expression in the right hemisphere of sham-operated mice did not differ

from the left hemisphere (Figure 6.1A).

At 24 and 72 h after I-R, CXCL1 mRNA expression in the ischaemic (right) hemisphere was
increased by 37- and 14-fold, respectively, but it was unchanged at 4 h, when compared to the left
hemisphere of sham-operated mice (# = 3; Figure 6.1B). CXCL1 mRNA expression in the non-
ischaemic hemisphere of mice 4, 24 and 72 h after I-R showed a similar profile to the ischaemic

hemisphere, although the changes were smaller (no change, 15- and 4-fold increases, respectively;
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Figure 6.1B). There was no difference in expression in the right hemisphere of sham-operated

mice compared to the left (Figure 6.1B).

At 4, 24 and 72 h after I-R, CXCL2 mRNA expression in the ischaemic (right) hemisphere was
increased by 3-, 303- and 8-fold, respectively, when compared to the left hemisphere of
sham-operated mice (# = 3; Figure 6.1C). CXCL2 mRNA expression in the non-ischaemic
hemisphere of mice 4, 24 and 72 h after I-R showed a similar profile to the ischaemic
hemisphere, although the increases in expression were smaller (2-, 110- and 2-fold increases,
respectively; Figure 6.1C). Furthermore, CXCL2 mRNA expression in the right hemisphere of
sham-operated mice also slightly increased at 4 and 24 h after sham surgery by 2- and 4-fold,

respectively, but was unchanged at 72 h, compared to the left hemisphere (Figure 6.1C).

6.3.2 Effect of I-R on CXCR2, CXCL1 and CXCL2 mRNA expression levels in the brain

To confirm the changes we observed in CXCR2, CXCL1 and CXCL2 mRNA expression using
the PCR array, we measured the mRNA expression of these 3 genes in the ischaemic (right) and
non-ischaemic (left) hemisphere 4, 24 and 72 h after sham surgery or I-R, using specific

pre-designed Tagman® gene expression assays.

CXCR2 mRNA expression showed a very similar profile to that observed using the PCR array.
mRNA expression at 4, 24 and 72 h after I-R was increased by 4-, 3- and 12-fold, respectively in
the ischaemic (right) hemisphere when compared to the left hemisphere of sham-operated mice
(n = 3; Figure 6.2A). There was also a small increase in the non-ischaemic hemisphere after I-R
by 2-, 2- and 4-fold at 4, 24 and 72 h after I-R, respectively (Figure 6.2A). In contrast, CXCR2
mRNA expression in the right hemisphere of sham-operated mice did not differ from the left

hemisphere (Figure 6.2A).
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A similar profile in CXCL1 mRNA expression at 4, 24 and 72 h after I-R was observed as for the
PCR array, although changes were not as great (expression increased by 6-, 29- and 7-fold,
respectively; 7 = 3; Figure 6.2B). CXCL1 mRNA expression in the non-ischaemic hemisphere of
mice at each time-point after I-R showed a similar profile, although these increases were lower
than in the ischaemic hemisphere (6-, 18- and 4-fold increase, respectively; Figure 6.2B). There
was no difference in expression in the right hemisphere of sham-operated mice compared to the

left (Figure 6.2B).

At 4, 24 and 72 h after I-R, CXCL2 mRNA expression in the ischaemic hemisphere was
increased by 17-, 101- and 77-fold, respectively (» = 3; Figure 6.2C). Expression in the
non-ischaemic hemisphere of mice 4, 24 and 72 h after I-R showed a similar profile, although
these increases were smaller than the changes observed in the ischaemic hemisphere (17-, 62- and
10-fold, respectively; Figure 6.2C). Furthermore, CXCL2 mRNA expression in the right
hemisphere of sham-operated mice also slightly increased at 4 and 24 h after sham surgery by

0- and 2-fold, respectively, but was unchanged at 72 h, compared to the left hemisphere (Figure

6.20).

6.3.3 Effect of CXCR2 antagonist SB 225002 on CXCR2, CXCL1 and CXCL2 mRNA
expression levels in the brain 24 h after I-R

We next treated mice with vehicle (1 % DMSO) or the CXCR2 antagonist, SB 225002
(1 mg/kg ip.) commencing at reperfusion, and then administered twice every 24 h.
SB 225002 [N-(2-hydroxy-4-nitrophenyl)-N9-(2-bromophenyljurea] is a potent selective
non-peptide inhibitor of human CXCR2, reported to reduce neutrophil migration mediated by
the human and rabbit CXCL1 and CXCL2 homologue, CXCLS8 (also named IL.-8), both in vitro
and in vivo (White ez a/, 1998). Following treatment with SB 225002, expression levels of

CXCR2 mRNA in the ischaemic hemisphere 24 h after I-R were reduced to 9 % of the levels in
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vehicle-treated mice (veh=11.6£7.5, SB=1.1£0.4; » = 3; P = 0.23; Figure 6.3A). CXCL1 mRNA
expression levels in the ischaemic hemisphere 24 h after I-R in SB 225002-treated mice were
reduced to 12 % of the levels in vehicle-treated mice (veh=5.8+0.9, SB=0.5+0.1; » = 3; P = 0.15;
Figure 6.3B). Following treatment with SB 225002, CXCL2 mRNA expression levels in the
ischaemic hemisphere 24 h after I-R were reduced to 13 % of the levels in vehicle-treated mice
(veh=06.613.4, SB=0.9£0.4; » = 3; P = 0.17; Figure 6.3C). These results suggest that SB 225002

does in fact antagonise mouse CXCR2.

6.3.4 Effect of CXCR2 antagonist SB 225002 on outcome 72 h after I-R

6.3.4.1 Regional cerebral blood flow

72 h cerebral I-R was produced by 30 min MCAO and 71.5 h reperfusion. Regional cerebral
blood flow (tCBF) initially decreased to ~16 % of the pre-ischaemic level when the filament was
inserted (Figure 6.4A). In the vehicle-treated group, rCBF remained at this level for the duration
of MCAO, whereas rCBF increased to ~26 % of the pre-ischaemic level in the SB 225002-treated
group during MCAO. The rCBF curve during the 30 min of ischaemia (i.e. prior to SB 225002
administration) was slightly but significantly higher in the SB 225002-treated group versus the
vehicle-treated group (P < 0.05; Figure 6.4A). However, this occurred by chance and was not
related to the specific treatment, as a coin was flipped to assign treatment after insertion of the
filament, and the treatment was first administered at reperfusion (immediately after the 30 min
time-point). At this time-point, upon removal of the monofilament, rCBF increased initially to

~117 %, and then stabilised at ~77 % after 30 min of reperfusion (Figure 6.4A).

6.3.4.2 Mortality and neurological function
Mortality rates at 72 h after I-R were somewhat high in both the vehicle- and the SB 225002-
treated groups, however, they were not statistically different (vehicle, 6/13: 46 %; SB 225002,

5/14: 36 %; P = 0.59; Figure 6.4B). In addition, vehicle- and SB 225002-treated mice had a
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similar level of functional impairment. Neurological score was not significantly different between
vehicle- and SB 225002-treated mice following I-R, although there was a trend for SB 225002-
treated mice to be worse off, as 4/9 SB 225002-treated mice had no spontaneous movement
(were given a score of 4), whereas no vehicle-treated mice were given a score of 4 (Figure 6.4C).
Similarly, vehicle- and SB 225002-treated mice had similar hanging wire times (veh=34%7 s,

SB=27%£8 s; P = 0.50; » = 7-9; Figure 6.4D).

6.3.4.3 Brain infarct and oedema volume measured as mnr’

Representative coronal sections of infarcted brain of vehicle- and SB 225002-treated mice 72 h
after I-R are shown in Figures 6.5A and B, respectively. Seventy-two h after I-R, vehicle- and SB
225002-treated mice had very similar total (veh=18+5 mm’, SB=23+8 mm’ P = 0.63;
n = 7-9; Figure 6.5C), cortical (veh=3+1 mm’, SB=5%£3 mm’; P = 0.49; Figure 6.5D), and
subcortical (veh=15%5 mm’, SB=1746 mm’; P = 0.81; Figure 6.5D) infarct volumes. Oedema
volumes 72 h after I-R were also very similar between treatment groups (veh=14%7 mm’,

SB=16+4 mm?® P = 0.77; n = 7-9; Figure 6.5E).

6.3.4.4 Brain infarct volume measured as % of non-ischaemic hemisphere
Infarct volumes were also estimated as a percentage of the non-ischaemic hemisphere. The
general profiles between treatment groups for the total, cortical and subcortical infarcts following

I-R were very similar to when the infarct was measured in mm’ (Figures 6.6A-B).

6.3.4.5 Brain infarct area distribution
The distribution of the infarct area throughout the brain was also plotted. Seventy-two h after
I-R, similar shaped distribution profiles of the total, cortical and subcortical infarcts were

observed in vehicle- and SB 225002-treated mice (Figures 6.7A-C).
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6.3.5 Effect of CXCR2 antagonist SB 225002 on neutrophil infiltration 72 h after I-R

The number and localisation of infiltrated neutrophils in the ischaemic hemisphere was
determined using immunohistochemistry with an anti-myeloperoxidase (MPO) antibody. MPO
is abundantly expressed in neutrophils, although it is also found in monocytes and some
macrophages (Lau and Baldus, 2006). We took coronal sections at 6 levels of the forebrain:
bregma +1.6 mm, +1.0 mm, +0.4 mm, -0.2 mm, -0.8 mm and -1.82 mm (the mid hippocampus),
and counted MPO" cells in the ischaemic (right) hemisphere of 4 of these sections in the brain of
each sham-operated mouse, and 5 to 6 of these sections in the brain of each stroked mouse. At
72 h after sham surgery, MPO" cells were found to be present in the right hemisphere (4.310.8
cells per section; Figures 6.8A & D). Cerebral I-R produced a 2-3-fold increase in MPO™ cells
present in the ischaemic hemisphere (vehicle, 11.3£2.3 cells per section; Figures 6.8B & D).
MPO" staining was significantly lower in SB 225002-treated mice (5.3%1.3 cells per section;
Figures 6.8B & D) and did not differ from the sham-operated mice. In both stroked groups,

MPO" cells were present in all 5 or 6 regions throughout the forebrain (data not shown).
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Figure 6.1. CXCR2, CXCL1 and CXCL2 mRNA expression 4, 24 and 72 h after sham
surgery or I-R using the PCR array.

CXCR2 (A), CXCL1 (B) and CXCL2 (C) mRNA expression was measured in ischaemic (right;
R) and non-ischaemic (left; L) brain hemispheres 4, 24 and 72 h after sham surgery or I-R, using

a PCR array with Sybr Green (# = 3 per group). Data are presented as mean £ SEM.
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Figure 6.2. CXCR2, CXCL1 and CXCL2 mRNA expression 4, 24 and 72 h after sham surgery
or I-R using Tagman gene expression assays.
CXCR2 (A), CXCL1 (B) and CXCL2 (C) mRNA expression was measured in ischaemic (right; R) and

non-ischaemic (left; L) brain hemispheres 4, 24 and 72 h after sham surgery or I-R, using Tagman

gene expression assays (7 = 3 per group). Data are presented as mean + SEM.
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Figure 6.3. CXCR2, CXCL1 and CXCL2 mRINA expression 24 h after I-R in vehicle- or SB
225002-treated mice.

CXCR2 (A), CXCL1 (B) and CXCL2 (C) mRNA expression was measured in ischaemic (right; R) and
non-ischaemic (left; L) brain hemispheres 24 h after I-R in vehicle- (veh) or SB 225002-treated (SB)

mice using Tagman gene expression assays (7 = 3 per group). Data are presented as mean £ SEM.
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Figure 6.4. Regional cerebral blood flow (+CBF), mortality, neurological score and
hanging wire at 72 h after I-R.

tCBF was recorded during and after 30 min MCAO (A; vehicle, » = 7; SB 225002,
n=9;*P < 0.05, 2-way ANOVA). B: Mortality at 72 h after MCAO. C: Neurological score 72
h after I-R (vehicle, » = 7; SB 225002, » = 9). D: Hanging wire data 72 h after I-R (vehicle,
n =T, SB 225002, » = 9). Mortality data are presented as a percentage; with numbers above the
bars representing the number of animals who didn’t survive 72 h over the total number,

neurological score data are presented as median, and rCBF and hanging wire data are presented

as mean £ SEM.
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Figure 6.5. Cerebral infarct and oedema volume at 72 h after I-R (measured as mm”’).

Representative  coronal — brain  sections are shown from a vehicle- (A) and
SB 225002-treated (B) mouse 72 h after I-R with the infarct area outlined in white. Total (C),
and cortical and subcortical (D) cerebral infarct volumes were measured in vehicle- (veh; » = 7)

and SB 225002-treated (SB; # = 9) mice 72 h after I-R. E: Oedema volume measured at 72 h in
vehicle- (# = 7) and SB 225002-treated (# = 9) mice. Data are presented as mean = SEM.
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Figure 6.6. Cerebral infarct volume at 72 h after I-R (measured as % of non-ischaemic
hemisphere).
Total (A), and cortical and subcortical (B) cerebral infarct volumes were measured in vehicle-

(veh; » = 7) and SB 225002-treated (SB; #» = 9) mice 72 h after I-R. Infarct volume data are

presented as mean + SEM.
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Figure 6.7. Cerebral infarct area distribution at 72 h after I-R.

Total (A), cortical (B) and subcortical (C) cerebral infarct area distributions were measured in
vehicle- (# = 7) and SB 225002-treated (7 = 9) mice 72 h after I-R. Data are presented as mean +
SEM.
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Figure 6.8. Neutrophil localisation and counts.

Representative photomicrographs showing MPO immunohistochemical staining (arrows) within the
ischaemic (right) hemisphere of an untreated mouse 72 h after sham surgery (A; #» = 3), and a vehicle-
(B; 7 = 5) and SB 225002-treated (C; #» = 6) mouse 72 h after I-R. The scale bar represents 100 pm.

Quantitative analysis is shown in D (MPO" cells per section; *P < 0.05 vs. vehicle-treated group,

ANOVA with Bonferroni post- hoc test). Data are presented as mean + SEM.
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6.4 DISCUSSION

This study has shown that the mRNA expression of several chemokines and their receptors
increases in the brain after cerebral I-R, with the largest changes occurring at 24 h. We also
found that mRNA expression of important members of the ELR" CXC chemokine subfamily,
CXCR2, CXCL1 and CXCL2, is increased in the ischaemic hemisphere at 4, 24 and 72 h after
I-R. Next we administered vehicle or the CXCR2 antagonist SB 225002 to mice after I-R and
found that treatment reduced CXCR2, CXCL1 and CXCL2 mRNA levels and neutrophil
infiltration in the ischaemic hemisphere. Surprisingly, this treatment had no effect on functional

outcome, infarct or oedema volume at 72 h after I-R.

No studies have previously examined CXCR2 mRNA or protein expression following focal
cerebral ischaemia. However, several studies have reported increased mRNA expression of
CXCLL1 in the blood (Chapman ef al, 2009; McColl ¢t al., 2007) and brain (Chapman ez a/., 2009;
Schmerbach e# al,, 2008), and CXCL2 in the blood (McColl ¢z al., 2007) and the MCA (Vikman e#
al., 2007) following cerebral I-R in rodents. We have confirmed that mRNA expression of
CXCL1 is increased in the brain following cerebral I-R, and for the first time, have reported that

mRNA expression of both CXCR2 and CXCL2 are also increased in the brain after cerebral I-R.

One interpretation of the increase in CXCR2 mRNA expression after I-R may be that immune
cells expressing the receptor, predominantly neutrophils (Ludwig e# a/., 2000), but also mast cells
and some T lymphocytes (Lippert ez al., 2004), infiltrate into the brain. This idea is consistent
with studies showing not many infiltrated neutrophils at 24 h, but increased levels at 72 h after
I-R (Gelderblom ez al., 2009), matching our CXCR2 expression data. Another interpretation is
that neurons, cells that express CXCR2 under control conditions (Puma ez a/,, 2001; Valles ez al.,
20006), increase their expression of CXCR2 after I-R, and/or that other resident cells that do not

express CXCR2 under control conditions start expressing CXCR2 after cerebral I-R, such as
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activated microglial cells, which were previously reported to express CXCR2 after global
ischaemia in monkeys (Popivanova e al, 2003) and traumatic brain injury in rats (Valles e a/,
20006). Both interpretations are consistent with previous findings, and therefore, it is likely that

both immune cells and resident brain cells contribute to the increased CXCR2 expression.

When we examined mRNA levels after SB 225002 treatment, we observed drastically reduced
mRNA expression levels of CXCR2, CXCL1 and CXCL2 in the brain. In contrast, previous
studies reported that CXCR2-deficient mice exhibited increased CXCL1 mRNA levels in the
blood (~17-fold) and the brain (~4-fold), compared to Wt littermates. Similarly, CXCL2 mRNA
was up-regulated in the blood in CXCR2-deficient mice, although its expression in the brain was
not examined (Cardona ez al., 2008; Kuboki ez al., 2008). This suggests that signalling through
CXCR2 provides negative feedback for CXCL1 and CXCL2 production. In addition, it is
believed that once a ligand has bound to CXCR2, it is internalised (Feniger-Barish ez a/, 1999),
resulting in an increased expression of ligands, when the receptor is no longer present. An
important difference between the present study and the study by Cardona and colleagues, is that
we have used a CXCR2 antagonist, and have not generated mice deficient in CXCR2. It is
possible that in response to a complete deficiency of CXCR2, the body may increase the
expression of CXCL1 and CXCL2 to attempt to counteract the lack of CXCR2 binding, whereas
a 71.5 h inhibition of CXCR2 does not appear to induce this response. Therefore, we speculate
that the reduction in CXCR2, CXCL1 and CXCL2 mRNA expression, represent a reduction in
neutrophil infiltration (i.e. of CXCR2), as well as a reduction in resident brain cell expression (i.e.
possibly of CXCR2, CXCL1 and CXCL2), suggesting that the dose of SB 225002 utilised in the

present study was most likely sufficient to antagonise CXCR2.

Three previous studies have investigated the simultaneous inhibition of CXCR1 (formerly named

interleukin receptor 8 type a; IL8Ra) and CXCR2 on outcome and neutrophil infiltration
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following cerebral I-R, utilising either Reparixin (formally Repertaxin) (Garau e /., 2005; Villa ez
al., 2007), a specific non-competitive allosteric inhibitor of CXCR1 and CXCR2 (Bertini e# a.,
2004; Casilli ez al., 2005), or DF2156Y, an optimised version of Reparixin (Garau ez al, 2000).
These three studies found significant reductions in infarct volume as well as neutrophil
infiltration 24 h after I-R, either when commencing treatment at the onset of ischaemia or at the
time of reperfusion (Garau ez al., 2005; Garau ez al., 2006; Villa ef al., 2007). In the present study,
although the administration of CXCR2 antagonist, SB 225002, probably antagonised the
interaction between CXCR2 and its chemokine ligands in the ischaemic brain, evident by the
reduced CXCR2, CXCL1 and CXCL2 mRNA expression at 24 h after I-R, and the complete
abrogation of neutrophil infiltration at 72 h after I-R, it did not improve outcome at 72 h after
I-R. There are a few possible explanations for this discrepancy. Firstly, these studies all used a
90 min MCA occlusion and only analysed infarct volume and neutrophil infiltration at 24 h after
cerebral I-R. Depending on the period of ischaemia used, infarcts usually reach their maximum
within 24 to 72 hours (Dirnagl, 2009). Thus, the inhibition of CXCR1 and CXCR2 may delay the
progression of the infarct, but may not ultimately, reduce the final infarct volume. Furthermore,
in a study of hepatic I-R in CXCR2-deficient mice, neutrophil infiltration into the liver was
reduced compared to wild-type mice at 12 h, although by 24 h, neutrophil infiltration was similar
in both groups of mice and this was sustained until at least 96 h (Kuboki e a/, 2008). Therefore,
following a 90 min MCA occlusion, Reparixin or DF21560Y treatment may reduce neutrophil
infiltration up to 24 h, but it is possible that after that time, neutrophil infiltration, and
consequently infarct volume increase rapidly, to a similar level as in the wild-type mice. Secondly,
perhaps the additional inhibition of CXCR1 by Reparixin and DF2156Y plays an important role
in the protection these drugs achieved. Reparixin is much more potent at inhibiting CXCR1 than
CXCR2 (Bertini e al., 2004). It was previously believed that no functional mouse homologue of
CXCRI existed (Lee 7 al., 1995), however, recently, one was identified (Fan ez a/, 2007). Mouse

CXCL6 (also named granulocyte chemotactic protein-2; GCP-2) was shown to bind to and
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activate the novel mouse CXCRI1, to stimulate chemotaxis and activation of neutrophils, whereas
CXCL1 and CXCL2 did not (Fan e al., 2007). Mouse CXCL6 was found to be more potent than
mouse CXCL1 and CXCL2 in neutrophil recruitment (Wuyts ez @/, 1996). However, CXCLG6
was not in the PCR array we used, therefore we do not know whether it was affected by stroke or
not. In any case, if the combination of CXCR1 and CXCLG6 is important, this could explain why
the inhibition of CXCR2 alone yielded no protection, while blocking both CXCR1 and CXCR2

simultaneously did.

Another possible reason to explain why the probably successful antagonism of CXCR2 did not
reduce infarct volume or improve functional outcome, is that the contribution of neutrophils to
cerebral I-R injury is controversia. CXCR2 and its ligands, CXCL1 and CXCL2 are very
important in the adhesion and migration of neutrophils (Di Cioccio ef al., 2004; Kielian ez al,
2001; Tani et al, 1996). Neutrophils can contribute to reperfusion injury by a number of
mechanisms, including the physical plugging of microvessels resulting in the “no-reflow”
phenomenon (del Zoppo et al., 1991; Hatchell ¢f al, 1994), and the release of vasoconstrictors
(Mugge et al., 1991), reactive oxygen species (Matsuo e/ al., 1995), proteolytic enzymes, such as
elastase (Stowe ez al., 2009), and myeloperoxidase, which can react with hydrogen peroxide and
chloride ions to produce the highly damaging hypochlorous acid (Malle e# @/, 2007). Following
cerebral I-R, they infiltrate the brain early in both experimental studies of stroke (Connolly e# a/,
1996; Gelderblom ef al, 2009; Matsuo ef al., 1994) and in the clinic (Akopov et al, 1990).
However, although some studies have reported that protection from stroke injury occurs in
neutropenic rodents or when neutrophil function is inhibited (Connolly ez al., 1996; Jiang ez al.,
1998; Matsuo et al., 1994; Petrault ez al., 2005), other studies found no such neuroprotection
(Beray-Berthat ez al, 2003; Harris et al, 2005; Yilmaz et al., 2006). Given that SB 225002
treatment appears to have reduced neutrophil infiltration to similar levels as that observed in

sham-operated mice, this study is consistent with the conclusion that neutrophil infiltration does
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not adversely contribute to stroke pathology. This idea is in agreement with a review reporting
that the existing evidence does not establish a clear cause-effect relationship between the
infiltration of neutrophils and ischaemic injury (Emerich ez 4/, 2002).  Furthermore,
administration of CXCL1 and CXCL2 7z witro, have been found to provide neuroprotection
against amyloid beta (AB) (Watson and Fan, 2005) or low K (Limatola e a/, 2000) through the
activation of AMPA receptors and ERK1/2 and Akt, respectively. Also, in a model of hepatic I-
R, low concentrations of CXCL2 (<100 ng/ml) were found to increase hepatocyte survival,
whereas high concentrations (>100 ng/ml) induced cell death. These effects were mediated by
CXCR2 (Kuboki ez al., 2008), and it is therefore possible that the inhibition of CXCR2 can inhibit

some protective pathways.

Cerebral I-R increased the mRNA expression of a number of other chemokines and chemokine-
related genes in the ischaemic hemisphere. Out of the 10 genes that increased the most at each
time-point measured, the vast majority were chemokines and their receptors. Most were of the
CC class, CCL4, CCR4, CCL2, CCL7, CCL11 and CCL12, and one was from the CXC class,
CXCL10. In general, these chemokines are involved in attracting monocytes, T lymphocytes,
particularly CD4" cells, basophils and eosinophils (Abcam, 2009). CCL2 (also named MCP-1)
has been reported, through the induction of MCAO in CCL2 transgenic and knock-out mice, to
contribute to stroke injury (Chen e a/., 2003; Hughes ez /., 2002; Kumai ¢f al., 2004). CCL4 is
up-regulated after stroke, and this increase is reduced in SOD1 over-expressed mice (Nishi e# al.,
2005). CCL7 and CXCL10 expressions are increased after stroke (Wang ez al., 1998; Wang 7 al.,
1999), whereas no studies have previously examined the role of CCR4, CCL11 and CCL12 in
stroke. Other genes that were up-regulated by cerebral I-R included TNF-a (tumour necrosis
factor-alpha), an important pro-inflammatory cytokine that promotes the infiltration of
leukocytes and the production of other pro-inflammatory cytokines (Tracey and Cerami, 1994),

and is well established to contribute to I-R injury (Barone ez 4/, 1997), and IL-1a (interleukin-1
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alpha), a pro-inflammatory cytokine produced by monocytes/macrophages, fibroblasts and
dendritic cells, that when inhibited in combination with IL-13 reduces infarct volume (Boutin ez
al., 2001; Garcia ez al., 1995; Loddick and Rothwell, 1996). Treml (triggering receptor expressed
on myeloid cells 1) is expressed on neutrophils and monocytes/macrophages, and releases
pro-inflammatory cytokines and chemokines when activated. It has not been examined in
cerebral I-R, although it was reported to reduce intestinal I-R injury, via the attenuation of
TNF-a and 1L-6 expression, as well as NF-kB activity (Gibot ez a/, 2008). IL.-16 (interleukin-16)
is a pro-inflammatory cytokine that was found to be expressed at higher levels on neutrophils,
CD8" T lymphocytes and activated microglia/macrophages in the ischaemic regions in the brains
of stroke patients compared to controls (Schwab ez @/, 2001). Lif (leukaemia inhibitory factor) is
a member of the IL-6 family, and its expression is shown to increase in the brain after stroke
(Bond e# al., 2002; Slevin ef al., 2008), but it may have protective neurotrophic effects (Lemke e#
al., 1996), and Gdf5 (growth differentiation factor 5) has never been looked at in stroke or any
form of I-R, and may also play a role in increasing neuronal survival. The inhibition of any of

these genes, perhaps except for Lif and Gdf5 therefore, may be an effective treatment in stroke.

As MPO is contained within some macrophages, it is possible that some of the infiltrated MPO™
cells are macrophages. However, although CXCR2 and its ligands are known as neutrophil
chemoattractants, they are also involved in monocyte recruitment (Zernecke e al., 2001), so the

antagonism of CXCR2 by SB 225002 may also have had an effect on monocyte brain infiltration.

In all of the end-points measured at 72 h after I-R, there is evidence that SB 225002 treatment
worsens outcome. Moreover, as there was a higher rCBF level that occurred randomly during
the ischaemic period in the group that were later treated with SB 225002 versus the
vehicle-treated group, it might be expected that SB 225002-treated mice would have an improved

outcome (Takagi ez al, 1993). This suggests that, perhaps if anything, SB 225002 treatment
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caused an even worse outcome. The higher neurological scores and lower hanging wire time are
consistent with this. In addition, mortality rates in both the vehicle- and SB 225002-treated
groups were higher than in previous studies in this thesis. In contrast, the infarct volumes in the
vehicle-treated mice were surprisingly small and hanging wire time was relatively high. The
significance of these observations is unclear, but it is possible that the vehicle had a detrimental

effect on health and survival in the 3 days following stroke.

In summary, administration of SB 225002, a CXCR2 antagonist, markedly reduces mRNA
expression of CXCR2, CXCL1 and CXCIL2 in the brain, as well as neutrophil brain infiltration
following cerebral I-R. However, this reduced neutrophil-related inflammation does not improve
outcome at 72 h after cerebral I-R, and therefore is not likely to be a potential therapeutic

treatment after ischaemic stroke.

169



Chapter 7:

The Eftect of Down
Syndrome Candidate
Region 1 (DSCRY)
Gene Expression on
Outcome Following
Cerebral Ischaemia-

Repertusion




Chapter 7: The Effect of DSCR1 Gene Expression on Outcome Following Cerebral I-R

7.1 INTRODUCTION

Down syndrome results from the trisomy of all, or part of, chromosome 21. It has an incidence
of 1 in 700 births and is the most frequent genetic cause of mental retardation (Rachidi and
Lopes, 2008). Individuals with Down syndrome also have a multitude of immune system defects,
including reduced T lymphocyte function (Ugazio ef al, 1990). By the age of 35 to 40 years,
virtually all Down syndrome individuals develop the neuropathologic hallmarks of Alzheimer’s
disease (Wisniewski ez a/, 1985). It is notable that there are a number of similar pathological
features that occur in Alzheimer’s disease and cerebrovascular disease, including the deposition
of AR (Chow e al, 2007; Iadecola, 2004; Zhang et al, 1997). Interestingly, while cerebral
ischaemia is known to contribute to the pathogenesis of Alzheimer’s disease in the general
population, and individuals with Alzheimer’s disease are at increased risk for cerebral ischaemic
events (For review see Koistinaho and Koistinaho, 2005), there is little or no information about

stroke in individuals with Down syndrome.

One of the genes thought to be important in Down syndrome is Down syndrome candidate
region 1 (DSCRT; also named Adapt78), found on Chromosome 21, in the sub-region of
21q22.1-q22.2 (Fuentes et al., 1995). There are 2 isoforms of DSCRI1, due to alternative first
exons, termed isoform 1 (denoted DSCR1.1) and isoform 4 (DSCR1.4). Both of these isoforms
are widely expressed throughout the body in similar expression patterns, however, isoform 1 is
thought to be somewhat ‘brain-specific’, because it is present in the human brain, whereas
isoform 4 is not (Fuentes ¢z al, 1997). Isoform 4 however, is expressed in the mouse brain and in
the same regions as isoform 1, but at much lower levels (Porta ef al., 2007). In the adult mouse
brain, strong anti-DSCR1 immunoreactivity has been detected in the olfactory bulb, the striatum,
the CA1 and CA3 pyramidal cells of the hippocampus and the substantia nigra. Moderate-to-
strong immunoreactivity was found in the pyramidal neurons of the cerebral cortex, especially in

layer IV (Porta ez al., 2007). In addition to the brain, DSCRI1 is also expressed in T lymphocytes

171



Chapter 7: The Effect of DSCR1 Gene Expression on Outcome Following Cerebral I-R

(although the isoform is not specified and the expression has only been investigated in CD4"

T lymphocytes thus far) (Ryeom ez al., 2003).

DSCR1 mRNA and protein levels are elevated 1.9 fold (Fuentes e a4/, 2000) and 2-3 fold,
respectively, in the brains of individuals with Down syndrome compared with control brains
(Ermak e# al, 2001). DSCRI1 is also found to be increased in the brains of individuals with
Alzheimer’s disease (Cook ez al., 2005; Ermak ef al., 2002). It is induced by both calcium and
hydrogen peroxide (Crawford ez al., 1997; Ermak ez al., 2002). Consistent with such a mechanism,
a recent study examining DSCR1.4 mRNA and protein expression following ischaemia-
reperfusion (I-R) in mice, found increased mRNA expression in the ischaemic hemisphere at 6
and 24 h, but no difference at 72 h after stroke, and increased protein immunoreactivity at 24 and

72 h, but no difference at 6 h after stroke, compared to the contralateral hemisphere (Cho et al.,

2008).

DSCR1 binds to calcineurin (Fuentes e a/., 2000; Rothermel e# a/., 2000) and inhibits its activity
(Rothermel ef al, 2000). As a result, it is also known as modulatory calcineurin-interacting
protein 1 (MCIP1), calcipressin 1 (CSP1) and regulator of calcineurin 1 (RCANT). Calcineurin is
a Ca’" and Ca®'/calmodulin-dependent protein phosphatase abundant in the brain and expressed
in neurons of rodents in the same brain regions as DSCR1 (Goto 7 al., 1987; Porta ez al., 2007).
Calcineurin links calcium signaling to transcriptional responses in several cell types of the
immune and nervous systems, as well as others (Ryeom ez a/., 2003). The best characterised target
of calcineurin is the transcription factor; nuclear factor of activated T cells (NFAT). Once
activated, calcineurin  dephosphorylates NFAT, and activates the transcription of
pro-inflammatory (eg. IL-2, IL.-4, IFN-y, TNF-«) and pro-apoptotic (eg. Fas ligand) genes, in the
brain and T lymphocytes, as well as in other tissues (Crabtree, 1999; Hogan ef a/., 2003; Santana ez

al., 2000). There is limited information on the role of NFAT in stroke; however, calcineurin-
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induced nuclear NFAT translocation has recently been suggested to mediate the delayed
apoptotic neuronal cell death following brain ischaemia (Shioda ez /., 2007; Shioda ez al., 20006).
Many reports have also implicated calcineurin in the activation of the important transcription
factor, nuclear factor-kappa B (NF-«xB), through the dephosphorylation and subsequent
inactivation of its predominant inhibitory molecule, IkBa (Frantz ef al, 1994; Steffan e al., 1995).
This occurs in a variety of cells, including neurons and T lymphocytes (Frantz ef al, 1994,
Lilienbaum and Israel, 2003; Steffan ez a/., 1995; Trushin ef al., 1999). Furthermore, DSCR1 was
also recently found to stabilise IkBa, and consequently attenuate the transcriptional activity of

NF-«B (Kim et al., 20006), through a calcineurin-independent pathway.

The expression and activation of NF-kB is increased in the brain after cerebral I-R (Gabriel ¢ 4/,
1999; Schneider e al., 1999), and it promotes cell death following stroke (Schneider ez al, 1999;
Zhang et al., 2005). Inflammation is well established to contribute to cerebral damage after I-R,
and thus, as might be expected, pharmacological inhibitors of calcineurin, such as cyclosporin A
and FK506 (Tacrolimus), are reported to reduce neuronal cell death following cerebral I-R
(Bochelen ez al., 1999; Sharkey and Butcher, 1994; Sharkey 7 al., 1996; Uchino et al., 1998; Vachon
et al., 2002; Yoshimoto and Siesjo, 1999). Therefore, through the increased inhibition of
calcineurin in brain cells and/or in circulating T' lymphocytes, we hypothesise that DSCR7
transgenic (Tg) mice may be protected from stroke. Conversely, in DSCR7 knock-out (KO)

mice, stroke may be exacerbated.

Thus, using a DSCR7 Tg mouse that over-expresses isoform 1 of the human DSCR7 gene with
the same temporal- and tissue-specific expression of the endogenous gene, we examined the
effect of DSCR7 over-expression on outcome following cerebral I-R, and investigated the

possible mechanisms underlying this effect. In addition, we performed some similar studies in
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DSCR17 KO mice, and examined the effect of DSCR7-deficiency on outcome following cerebral

I-R.

7.2 MATERIALS AND METHODS

7.2.1 Animals

This study was conducted in accordance with the National Health and Medical Research Council
of Australia guidelines for the care and use of animals in research.

A total of 94 male 8-14 week old mice were studied, consisting of: 39 DSCRT7 Transgenic (Tg)
mice (weight, 22.4%0.4 g), and 39 DSCR7 matched wild-type (Wt;,) mice (22.9£0.5 g), and 11

DSCRT knock-out (KO) mice (25.0+0.7 g) and 5 DSCR7 matched Wt (Wt,,) mice (28.2+0.7 g).
DSCRT Tg and KO mice were generated in the laboratory of Dr. Melanie Pritchard (Department
of Biochemistry and Molecular Biology, Monash University). The DSCR7 over-expressing Tg
mice were generated on a mixed genetic background of C57Bl6/] x CBA using human DSCRT
cDNA encoding the exon 1 splice variant (isoform 1) (Refer to Keating ef al, 2008). The KO
mice were generated on a mixed genetic background of C57Bl6/] x SV129. Thus, the
appropriate Wt control strain was studied in each case. The mice had free access to water and
food pellets before and after surgery. Fourteen mice were excluded from the study if during the
surgical procedure to induce MCAO: a) the filament did not stay in place for the entire 30 min of
ischaemia (7 = 3); b) the occluding clamp was in place for =25 min (# = 1); ¢) the regional cerebral
blood flow (rCBF) dropped to >90 % of pre-ischaemic levels (7 = 8); or d) they died prior to the

specified time for euthanasia (at 23.5 h reperfusion) (7 = 2).
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7.2.2 Tail cuffing
Systolic blood pressure (BP) was measured in mice prior to surgery via tail cuffing, using a
MC4000 Blood Pressure Analysis System (Hatteras Instruments; Cary, NC, USA), as described in

section 2.6 of General Methods.

7.2.3 Isolation of leukocytes from blood and spleen
Mice were killed at 24 h by isofluorane inhalation and exsanguination, and leukocytes were

isolated from the blood as described in section 2.10 of General Methods.

7.2.4 Analysis of cell populations

Fluorescence flow cytometric analyses were performed to determine the numbers of circulating
T lymphocytes (CD3", CD4" and CD8") and B lymphocytes as described in section 2.11 of
General Methods. Primary antibodies conjugated with fluorophores were: the fluorescein
isothiocyanate (FITC)-conjugated Armenian hamster anti-mouse CD3 (clone 145-2C11; 1:100),
phycoerythrine (PE)-conjugated anti-CD8 (clone 53-6.7; 1:100), PE—conjugated anti-B220 (clone
RA3-6B2; 1:100) (BD Biosciences; North Ryde, NSW, Australia), and allophycocyanin (APC)-
conjugated anti-CD4 (clone RM4-5; 1:300) (eBioscience; San Diego, CA, USA). All antibodies

were rat anti-mouse, unless specified.

7.2.5 Focal cerebral ischaemia

Focal cerebral ischaemia was induced by transient intraluminal filament occlusion of the right
middle cerebral artery (MCA) as described in section 2.3 of General Methods. In the DSCR7 Tg
and Wt;, mice, regional cerebral blood flow (tCBF) at 24 h was also measured. The laser
Doppler probe holder was kept in place following surgery, and the head wound was closed

around it. Just prior to 24 h, mice wete re-anaesthetised with a mixture of ketamine (80 mg/kg,
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i.p.) and xylazine (10 mg/kg, i.p.). The laser Dopper probe was inserted into the probe holder,

and the average rCBF measured over 1 min was recorded.

7.2.6 Evaluation of neurological function
At the end of the experiment (24 h), neurological function was evaluated using a five-point

scoring system, and the hanging wire test. Please refer to section 2.4 of General Methods for

details.

7.2.7 Evaluation of cerebral infarct and oedema volume
Mice were killed, brains removed and cerebral infarct and oedema volume evaluated as described

in section 2.5 of General Methods.

7.2.8 Localisation of von Willebrand factor

The localisation of von Willebrand factor (vWF) in brain sections from naive Wt;, and Tg mice
was performed by immunofluorescence as described in section 2.9 of General Methods. Multiple
serial coronal sections of 20 um were taken at 3 different levels: bregma -0.08 mm, -1.76 mm and
-3.44 mm, and were thaw-mounted onto poly-L-lysine coated glass slides (0.1 % poly-L-lysine in
dH,0). Tissue sections were fixed in acetone for 15 min and washed in 0.01 M phosphate
buffered saline (PBS, 0.01 M phosphate buffer and 0.15 M NaCl; pH 7.4) (3 x 10 min). Tissue
mounted sections were incubated in an anti-rabbit vWF polyclonal antibody (1:500, Abcam;
Cambridge, MA, USA) overnight in a humid box. The following day, the tissues were washed in
0.01 M PBS (3 x 10 min) to remove any excess antibody, and incubated in a Texas Red-
conjugated goat anti-rabbit antibody (1:200; Zymed Labratories; South San Francisco, CA, USA)
for 3-4 h in a humid box. The sections were then washed in 0.01 M PBS (3 x 10 min), mounted in

VECTASHIELD mounting medium (Vector Laboratories; Burlingame, CA, USA) and cover-

176



Chapter 7: The Effect of DSCR1 Gene Expression on Outcome Following Cerebral I-R

slipped. Tissue mounted slides were viewed and photographed on an Olympus light microscope

(Olympus; Hamburg, Germany).

7.2.9 Measurement of mRNA in brain hemispheres
The ischaemic (right) hemispheres from naive and stroked DSCR7 Wt,, and Tg mice, killed at 6
and 24 h, were used to measure the mRNA expression of various inflammatory genes using

real-time PCR, as described in section 2.8 of General Methods.

Ninety-six immune-related genes were examined using the Tagman® Mouse Immune Array
(Applied Biosciences; Carlsbad, CA, USA), which included cytokines, chemokines, growth
factors, immune regulators, apoptosis markers and ischaemia markers. We also separately
purchased pre-designed Tagman® gene expression assays for DSCR1 isoform 1 (NCBI Reference
Sequence; RefSeq NM_001081549.1), DSCR1 isoform 4 (RefSeq NM_019466.3), CXCL1
(RefSeq NM_008176.3), and matrix metalloproteinase-9 (MMP-9; RefSeq NM_013599.2), as well
as GAPDH (RefSeq NM_008084.2; Applied Biosystems; Carlsbad, CA, USA) for the house-

keeping gene.

The PCR was performed in Dr. Melanie Pritchard’s laboratory by Katherine Martin (PhD
student). Firstly, all RNA solutions were treated with 0.1 % diethyl pyrocarbonate (DEPC;
Sigma Aldrich; St. Louis, MO, USA) overnight and autoclaved prior to use. After RNA
extraction (see section 2.8 of General Methods), the total RNA (2 pg) was treated with DNase
(Promega; Madison, WI, USA) for 45 min at 37 °C to remove any gDNA contamination. Half
of the RNA (1 ug) was then converted into cDNA, using Superscript III Reverse Transcriptase
(Invitrogen; Carlsbad, CA, USA) and random hexamers (Promega), according to the
manufacturer’s instructions. The remaining 1 pg of RNA was used in a reaction without the

reverse transcriptase enzyme, which acted as a negative control to assess the levels of gDNA
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contamination. A GAPDH PCR was used to confirm the successful generation of cDNA and to
identify gDNA contamination. The PCRs were then carried out using the ABI 7900HT Fast

Real-Time PCR System (Applied Biosystems).

7.2.10 Measurement of DSCRI1 protein expression

In separate mice, expression of DSCR1 protein was measured in homogenates of the ischaemic
(right) and non-ischaemic (left) hemispheres using Western blotting. Please refer to section 2.7
of General Methods for details. The Polyvinylidene Fluoride (PVDF) membranes were sent to
Drs. Mariona Arbones and Maria Jose Barallobre (Centre de Regulaci6 Genomica, Barcelona,
Spain), where they used the anti-DSCR1.1 and anti-DSCR1.4 antibodies they designed. To see
bands in the DSCR1.4 blots, a longer exposure time was required. Relative intensities were
normalised to the intensity of corresponding bands for Vinculin and, within a single gel, all bands

were quantitated relative to the naive Wt;, mice.

7.2.11 Drugs and chemicals

As per section 2.14 of General Methods.

7.2.12 Statistical analysis

All data are presented as mean * standard error. Statistical analyses were performed using
GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA). Between-group
comparisons were analysed as described in section 2.15 of General Methods. Group numbers are

shown in parentheses. Statistical significance was accepted when P < 0.05.
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7.3 RESULTS
7.3.1 Effect of DSCR1 over-expression on systolic blood pressure
No significant difference was observed in systolic blood pressure (BP) between naive DSCRT

Wtp, and Tg mice (Wty,, 121 * 4 mmHg; Tg, 129 * 3 mmHg; » = 10-13; P = 0.14; Figure 7.1).

7.3.2 Effect of DSCRI1 over-expression on circulating T and B lymphocyte levels

There were significantly fewer circulating CD3", CD4" and CD8" T lymphocytes in naive DSCR7
Tg mice in comparison to naive Wt;, mice (P < 0.05; » = 3 per group; Figures 7.2A-C). There
was a trend for fewer circulating B lymphocytes in DSCR7 Tg mice compared to their Wt;,

littermates, but this did not reach statistical significance (P = 0.15; #» = 3; Figure 7.2D).

7.3.3 Effect of DSCRI1 over-expression on outcome following I-R

7.3.3.1 Regional cerebral blood flow

Cerebral I-R was produced by 30 min MCAO and 23.5 h reperfusion. rCBF decreased to ~25 %
of the pre-ischaemic level following insertion of the monofilament for the duration of MCAO
(Figure 7.3A). rCBF then increased initially to ~95 % of the pre-ischaemic level upon removal of
the monofilament, and then stabilised at ~70 % after 30 min of reperfusion (# = 14 per group;
Figure 7.3A). No difference in tCBF profile was observed between DSCR7 Wt,, and Tg mice.
However, tCBF levels at 24 h were significantly higher in Tg mice than Wt,, littermates

(W, =378 %, Tg=76%9 % pre-ischaemia; P < 0.05; » = 14 per group; Figure 7.3A).

7.3.3.2 Mortality and neurological function
Mortality rates at 24 h after cerebral I-R were lower in DSCR7 Tg mice in which no deaths
occurred (0/19; 0 %) compared to Wt mice (2/19; 10.5 %; Figure 7.3B), although this did not

reach statistical significance. DSCR7 Tg mice had less neurological impairment, with a
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significantly lower neurological score (P < 0.05; Figure 7.3C) and a significantly longer hanging

wire time (Wt =175 s, Tg=4015 s; P < 0.05; Figure 7.3D) than Wt;, littermates.

7.3.3.3 Brain infarct and oedema volume measured as mm’

Representative coronal sections of infarcted brain of DSCR7 Wt;, and Tg mice 24 h after I-R are
shown in Figures 7.4A and B, respectively. Following I-R, significantly smaller total infarct
volumes were produced in DSCR7 Tg mice compared with Wt;, littermates (185 vs. 3615 mm’;
P < 0.05; # =11 per group; Figure 7.4C). This corresponded to a significantly smaller subcortical
infarct volume (1212 vs. 3315 mm’; P < 0.05; Figure 7.4D), but no difference in cortical infarct
volume (6+3 vs. 31 mm’; P = 0.48; Figure 7.4D). Cerebral oedema volume was also
significantly smaller in DSCR7 Tg mice compared to Wty littermates (112 vs. 2314 mm’;

P < 0.05; Figure 7.4E).

Interestingly, none of the DSCR7 Tg brains contained infarcts in the hippocampus. In the 11
DSCR7 Tg mice, 0 out of 50 coronal sections comprising the hippocampus contained
hippocampal lesions, whereas, in the 11 DSCR7 WT,, mice, 37 out of 53 (69.8 %) coronal

sections comprising the hippocampus contained hippocampal lesions.

7.3.3.4 Brain infarct volume measured as % of non-ischaemic hemisphere

Infarct volumes were also measured as a percentage of the non-ischaemic hemisphere. The
general profiles and statistical significance achieved between DSCR7 Wt and Tg mice for the
total (P < 0.05), cortical (P = 0.42) and subcortical (P < 0.05) infarcts following I-R were very

similar to when the infarct was measured in mm?’ (Figures 7.5A-B).
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7.3.3.5 Brain infarct area distribution

The distribution of the infarct area throughout the brain was also plotted. I-R produced different
cerebral infarct distributions in DSCR7 Wt and Tg mice, with a more rostral infarct in Tg mice
than Wt;, mice. In DSCR7 Wt;, mice, peak infarct area was observed at bregma
-1.76 mm, whereas in DSCRT7 Tg mice, the infarct was largest at bregma (-0.08 mm; Figure 7.06A).
Representative coronal sections of infarcted brain at these two points, and at bregma
-3.44 mm, where there is no longer an infarct in DSCR7 Tg brains but still a large infarct in W,
mice, are shown in Figures 7.7A-F. DSCR7 Wt;, and Tg mice had similar sized total infarcts at
regions spanning bregma +1.60 mm to -0.08 mm, but posterior to bregma -0.08 mm, DSCR7 Tg
mice had significantly smaller infarcts (Figure 7.6A). The same profile is seen for subcortical
infarct distribution (Figure 7.6C), whereas there is no significant difference in cortical infarct

distributions (Figure 7.6B).

7.3.3.6 von Willebrand factor (vWF) immunofluorescence

To assess whether the difference in infarct distribution could have been due to increased
vascularisation (and hence blood flow) in the brains of DSCR7 Tg mice, von Willebrand factor
(vWF, indicative of endothelium) immunofluorescence was performed on sections at bregma
-0.08, -1.76 and -3.44 mm on naive DSCR7 Wt,, and Tg mice. These 3 sections were chosen to
assess a range throughout the brain that included a region where there was no difference in
infarct area (bregma -0.08 mm), and regions with differences between infarct areas (bregma
-1.76 mm and -3.44 mm; see Figures 7.6A & C). Representative coronal sections of infarcted
brain of DSCR7 Wt,, and Tg mice at these regions 24 h after [-R are shown in Figures 7.7A-F.
No difference was observed in vWF immunofluorescent staining between naive DSCR7 Wt,, and

Tg mice in any of the sections examined (» = 2-3; Figure 7.7G-H).
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7.3.4 Effect of I-R and DSCRI1 over-expression on DSCR1 mRNA and protein expression
7.3.4.1 mRNA

To investigate the effect of stroke on DSCR1.1 mRNA expression, and to test whether DSCR1.4
mRNA expression increases following I-R in our studies (c.f. Cho ez al., 2008), we performed
real-time PCR on the ischaemic (right) hemispheres of naive Wt mice, as well as in Wt mice 6
and 24 h after cerebral I-R. DSCR1.1 mRNA expression was increased by 2- and 12-fold, 6 and
24 h after I-R, respectively, when compared to naive Wty mice (# = 3; Figure 7.8A). In contrast,
DSCR1.4 mRNA was not altered by I-R at either 6 or 24 h (no change and 0.6-fold compared to

naive Wt mice, respectively; Figure 7.8B).

To investigate the effect of human DSCRT7.7 over-expression on mouse DSCR1.1 and DSCR1.4
mRNA expression, we performed real-time PCR on the ischaemic (right) hemispheres of naive
DSCRT Tg mice, as well as at 6 and 24 h after cerebral I-R. There was no change in DSCRI1.1
mRNA expression in the naive Tg mice compared with the naive Wt,,, mice. At 6 and 24 h after
[-R, DSCR1.1 mRNA expression increased to a similar level to the Wt;, mice (2- and 11-fold
increase, respectively compared to naive Wt;, mice; # = 3; Figure 7.8A). It is important to note
that the DSCR1.1 primers only bind to mouse DSCR1.1. The DSCR7 Tg mice over-express the
human isoform 1, and have normal levels of mouse DSCR1.1. DSCR1.4 mRNA expression did
not change either at 6 or 24 h after I-R in the Tg mice (naive, 0.6-fold; 6 h, 0.5-fold; 24 h, 0.4-fold
compared to naive Wt;, mice; Figure 7.8B), however, it is important to note, that the DSCR1.4

mRNA was lower in the Tg mice compared to the Wt,, mice (Figure 7.8B).

7.3.4.2 Protein
To investigate the effect of stroke on DSCR1.1 protein expression, and to test whether DSCR1.4
protein expression increases following I-R in our studies (c.f. Cho e a/., 2008), Western blotting

was performed on the ischaemic (right) hemisphere of naive Wt,, mice, in addition to the
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ischaemic (right) and non-ischaemic (left) hemispheres of Wt;, mice 6 and 24 h after cerebral I-R.
Representative Western blots for DSCR1.1 and DSCR1.4 in the right hemisphere of naive Wty
and Tg mice, as well as at 6 and 24 h after cerebral I-R in both the ischaemic (right) and non-
ischaemic (left) hemispheres are shown in Figure 7.8C. DSCRI1.1 protein expression did not
change either at 6 or 24 h after I-R (0.8- and 0.6-fold, respectively, compared to naive Wty, mice;
n = 3; Figure 7.8D). Similarly, DSCR1.4 protein was not altered by I-R at either 6 or 24 h (0.6-
and 0.7-fold compared to naive Wt;, mice, respectively; Figure 7.8E). It is important to note that
DSCR1.4 protein was expressed in the brain at a much lower level to DSCR1.1 protein (see

Figure 7.8C, where the representative DSCR1.4 blot was exposed for a longer period of time).

To investigate the effect of human DSCRT7.7 over-expression on DSCR1.1 and DSCR1.4 protein
expression, Western blotting was performed on the right hemisphere of naive DSCR7 Tg mice,
as well as the ischaemic (right) and non-ischaemic (left) hemispheres of DSCR7 Tg mice at 6 and
24 h after cerebral I-R. It is important to note, that in contrast to the DSCR1.1 primers, the
DSCRI1.1 antibody detects both the endogenous mouse protein and the human transgene. There
was a 0-fold increase in DSCR1.1 protein expression in the naive Tg mice compared with the
naive Wt;, mice, confirming that DSCRT.7 is over-expressed in these mice. DSCR1.1 expression
was not affected by stroke in DSCR7 Tg mice, which can further be seen in the blots for
DSCRI1.1 (see Figure 7.8C), where there was no difference between the expression in the left and
right brain hemispheres at each time-point. At 6 and 24 h after I-R, DSCR1.1 protein expression
was lower than in naive Tg mice, but was still 4-5-fold higher than in Wt;, mice at both time-
points (7 = 3; Figure 7.8D). DSCR1.4 protein expression did not change in naive Tg mice, or at
6 or 24 h after I-R (naive, 0.7-fold; 6 h, no change; 24 h, 2-fold compared to naive Wt;, mice),

although it tended to be lower in naive mice and increase after I-R (#» = 3; Figure 7.8E).
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7.3.5 Effect of I-R and DSCRI over-expression on cetebral cytokine and chemokine
mRNA expression

The mRNA expression of 61 cytokines, chemokines and immune-related genes were altered after
cerebral I-R and/or DSCRT ovet-expression. Table 7.1 (below) shows the changes that occurred

in 20 genes of interest.

Normalised mRNA fold expression in the ischaemic hemisphere
Naive 6 h after I-R 24 h after I-R
Genes Wt Tg Wt Tg Wt Tg
CCL2 1 2 45 22 77 136
CCL3 1 1 42 15 52 36
CCL5/RANTES 1 1 2 1 3 12
CD28 1 2 1 2 3
CD68 1 2 1 2 2 4
CD80 1 2 4 4 12 13
Cox-2 1 1 4 4 6 3
CXCL1 UD UD 1 0 32
CXCL10 1 2 3 2 8 28
CXCL11 1 0 4 0 1
Endothelin-1 1 2 4 5 5 6
HMOX1 1 1 4 4 5 10
IL-18 1 1 2 1 4 7
IL-6 1 3 5 3 11 04
MMP-9 UD UD 1 1 5 6
NF-kB1 1 1 1 1 1
NF-xB2 1 1 2 2 2 3
TBX21 1 8 6 21 15 33
TGF-$ 1 1 1 1 1 1
TNF-o 1 1 14 8 32 20

UD=undetected; HMOX1=heme-oxygenase-1; TBX21=T box transcription factor 21

Table 7.1. The mRNA expression of immune-related genes in naive DSCR1 Wt;, and Tg
mice, and at 6 and 24 h after cerebral I-R.

The mRNA expression of 20 cytokines, chemokines and immune-related genes in the ischaemic
(right) hemisphere of naive DSCR7 Wt;, and Tg mice, and at 6 and 24 h after I-R, normalised to
the expression in the right hemisphere of naive Wt;, mice (however if expression was undetected

in naive mice, expression was normalised to the right hemisphere of Wt mice at 6 h after I-R).
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7.3.6 Effect of DSCRI-deficiency on outcome following I-R

7.3.6.1 Regional cerebral blood flow

Cerebral I-R was produced by 30 min MCAO and 23.5 h reperfusion. Regional cerebral blood
flow (rCBF) in DSCR7 Wty mice initially decreased to ~22 % of the pre-ischaemic level and
remained at 27-33 % of the pre-ischaemic level for the remainder of the ischaemic period (Figure
7.9A). rCBF then increased to ~100 % upon removal of the monofilament, and then stabilised at
~65 % after 30 min of reperfusion (Figure 7.9A). In DSCR7 KO mice, rCBF initially decreased
to ~20 % of the pre-ischaemic level and remained at 35-42 % of the pre-ischaemic level for the
remainder of the ischaemic period (Figure 7.9A). rCBF then increased initially to ~90 % upon
removal of the monofilament, and then stabilised at ~53 % after 30 min of reperfusion (Figure

7.9A). No differences in rCBF profiles were observed between DSCR7 Wt,, and KO mice.

In our other studies (Chapters 3, 5 and 6), mice that did not undergo a reduction of >70 % in
rCBF when the filament was inserted, were excluded. With the DSCR7 Wt,., and KO mice, such
a modest reduction in rCBF inexplicably accounted for a large proportion of the mice from each
group (Wtye, 7 = 3, 60 % of all Wt,, mice used in this study; KO, » = 7, 64 % of all KO mice
used in this study). I had previously attempted to perform cerebral I-R on DSCR7 KO mice
without being able to achieve any drop in rCBF (# = 5; data not shown), suggesting that these
mice were resistant to ischaemia performed using the 6-0 sized filament. It is possible that this
could perhaps be due to a larger diameter in the MCA, although this has not been examined.
However, the left and right posterior communicating arteries were found to be larger in SV129
mice compared to C57Bl6/] mice, although the basilar artery was smaller in SV129 mice
compated to C57Bl6/] mice (Wellons ef al, 2000). For this reason, as well as other housing
issues, the DSCR7 Wt and KO mice were re-generated. Therefore, these newly generated mice
may still have larger cerebral blood vessels than C57B16/] mice, that could account for the larger

proportion of <70 % reductions in rCBF. These mice were not excluded in this study, as we did
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not have time to perform enough surgeries to achieve acceptable group numbers. Importantly
however, I have also analysed total infarct volume separately in mice that achieved a <70 %
reduction in rCBF and those that achieved an >70 % reduction in rCBF (see section 7.3.6.3

below).

7.3.6.2 Mortality and neurological function

No deaths occurred in DSCR7 Wt,, or KO mice 24 h after cerebral I-R (Wt,, #» = 5; KO,
n = 11). Neurological score and hanging wire times were not statistically different between
groups (Figures 7.9B & C), although DSCR7 KO mice tended to have a lower score (ie. less
impairment) with the majority of KO mice given a score of 0, and the majority of Wt mice

given a score of 3 (P = 0.06; Figure 7.9B).

7.3.6.3 Brain infarct and oedema volume measured as mm’

Representative coronal sections of infarcted brain of DSCR7 Wt,, and KO mice 24 h after I-R
are shown in Figures 7.10A and B, respectively. Twenty-four h after I-R, significantly smaller
total and subcortical infarct volumes were produced in DSCR7 KO mice compared with their
Wty littermates (total: 19+5 vs. 49110 mm’; subcortical: 164 vs. 38210 mm’; P < 0.05;
n = 5-11; Figures 7.10C & D). DSCR7 KO mice also had smaller cortical infarct volumes
compared to Wiy, mice, although this did not reach statistical significance (3+1 vs. 1147 mm?;
P = 0.11; Figure 7.10D). Oedema volume was also smaller in DSCR7 KO mice compared to
Wiy, mice, however, this did not reach statistical significance (11£3 vs. 247 mm?’, P = 0.08;

Figure 7.10E).

Importantly, when data from DSCR7 Wt,, and KO mice were separated into subsets that
achieved a reduction in rCBF of <70 % (P = 0.06; Wt,q, 7 = 3; KO, n=7) or >70 % (P = 0.08;

Wteo, 7 = 2; KO, #n = 4), DSCR7 KO mice still appeared to have smaller total infarct volumes
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compared to their Wt littermates, although of course these did not reach statistical significance

with such low n values.

7.3.6.4 Brain infarct volume measured as % of non-ischaemic hemisphere
When measured as a percentage of the non-ischaemic hemisphere, total (P < 0.05; DSCR7 Wt
vs. KO), cortical (P = 0.13) and subcortical (P < 0.05) infarcts 24 h after I-R had very similar

profiles compared to when the infarct was measured in mm’ (Figures 7.11A-B).

7.3.6.5 Brain infarct area distribution

Twenty-four h after cerebral I-R, similar shaped distribution profiles were observed in DSCR7
Wty and KO mice, with the peak in total and subcortical infarct area in both groups at bregma
-0.92 mm (Figures 7.12A & C). Both total and subcortical infarct areas were significantly smaller
in DSCR7 KO mice than Wt,, mice in the region spanning from bregma -0.08 mm to bregma
-4.28 mm (Figures 7.12A & C). No significant difference was observed in the cortical infarct
distribution, although DSCR7 KO mice tended to have smaller cortical infarct areas throughout

the lesion (Figure 7.12B).
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Figure 7.1. Systolic blood pressure in naive DSCR1 Wt,, and Tg mice.
Systolic blood pressure was measuted in naive DSCR1 Wty, (# = 10) and Tg (» = 13) mice. Data

are presented as mean = SEM.
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Figure 7.2. T and B lymphocyte counts in the blood of naive DSCR1 Wt;, and Tg mice.
Flow cytometric analyses are shown for CD3" (A), CD4" (B), and CD8" (C) T lymphocytes, and
B220" B lymphocytes (D) isolated from the blood of naive DSCR1 Wt,, and Tg mice

(n = 3 per group; *P < 0.05, unpaired #test). Data are presented as mean + SEM.
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Figure 7.3. Regional cerebral blood flow (rCBF), mortality, neurological score and
hanging wite at 24 h after I-R in DSCR1 Wt;, and Tg mice.

tCBF was recorded during and after 30 min MCAO, as well as at 24 h after MCAO
(A; 7 = 14 per group; *P < 0.05 at 24 h after I-R, unpaired 7 test). B: Mortality at 24 h after
MCAO. C: Neurological score 24 h following I-R (» = 14 per group; *P < 0.05, Mann-Whitney
test). D: Hanging wire data 24 h following I-R (#» = 14 per group; *P < 0.05, unpaired ¢ test).
Mortality data are presented as a percentage, with numbers above the bars representing the

number of animals who didn’t survive 24 h over the total number, neurological score data are

presented as median, and rCBF and hanging wire data are presented as mean £ SEM.
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Figure 7.4. Cerebral infarct and oedema volume at 24 h after I-R in DSCRI1 Wt;, and Tg
mice (measured as mm®).

Representative coronal brain sections are shown from a DSCR7 Wt (A) and a DSCR7 Tg (B)
mouse 24 h after I-R with the infarct area outlined in white. Total (C), and cortical and
subcortical (D) cerebral infarct volumes were measured in DSCR7 Wty and Tg mice 24 h after
R (Wty,, n=11; Tg, n = 11; *P < 0.05, unpaired 7 test). E: Oedema volume measured at 24 h in
DSCRT Wty and Tg mice (Wty,, n = 11; Tg, n = 11; *P < 0.05, unpaired 7 test). Data are

presented as mean + SEM.
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Figure 7.5. Cerebral infarct volume at 24 h after I-R in DSCR1 Wt,, and Tg mice

(measured as % of non-ischaemic hemisphere).

Total (A), and cortical and subcortical (B) cerebral infarct volumes were measured in DSCR1

Wtp, and Tg mice 24 h after I-R (Wey,, » = 11; Tg, » = 11; *P < 0.05, unpaired 7 test). Infarct

volume data are presented as mean £ SEM.
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Figure 7.6. Cerebral infarct area distribution at 24 h after I-R in DSCRI Wt;, and Tg
mice.

Total (A), cortical (B) and subcortical (C) cerebral infarct area distributions were measured in
DSCRT Wtp, and Tg mice 24 h after I-R (W, » = 11; Tg, » = 11; *P < 0.05 at each point,

unpaired 7 test). Data are presented as mean £ SEM.
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Figure 7.7. von Willebrand factor Immunofluorescence.

Representative coronal brain sections are shown from DSCR1 Wt;, and Tg mice after
I-R at bregma -0.08 mm (A-B), -1.76 mm (C-D) and -3.44 mm (E-F), with the infarct area
outlined in white (tepresentative of Wt;,, » = 2; Tg, » = 3). Representative photomicrographs
taken from bregma -1.76mm, showing vWF immunofluorescent staining within the right

hemisphere of a naive DSCR1 Wt (G) and Tg (H) mouse. The scale bar represents 50 pm.
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Figure 7.8. DSCR1 mRNA and protein expression in naive DSCRIWt,, and Tg mice, and
at 6 and 24 h after I-R.

DSCR1.1 (A) and DSCR1.4 (B) mRNA expression was measured in the ischaemic (right)
hemisphere of naive DSCR7 Wt;, and Tg mice, as well as at 6 and 24 h after
[-R. Values are expressed as relative intensity normalised relative to naive Wt;, control, and are
presented as mean + SEM (» = 3 per group; *P < 0.05 vs. matched Wt,, group, unpaired 7 test).
Representative Western blots of DSCR1.1 and DSCR1.4 protein measured in the ischaemic
(right; R) and non-ischaemic (left; I) hemispheres are shown in C. Note that the DSCR1.4 blot
had a longer exposure time compared to the DSCR1.1 and Vinculin. Densitometric analyses of
immunoreactive band intensities of DSCR1.1 (D) and DSCR1.4 (E) protein expression was
measured in the ischaemic (right) hemisphere of naive DSCR7 Wt and Tg mice, as well as at 6
and 24 h after I-R. Values are expressed as relative intensity normalised to Vinculin intensity, and
then normalised relative to naive Wt;, control, and are presented as mean + SEM (» = 3 per

group; *P < 0.05 vs. matched Wty, group, unpaired 7 test).
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Figure 7.9. Regional cerebral blood flow (tCBF), neurological score and hanging wire at
24 h after I-R in DSCR1 Wt and KO mice.

tCBF was recorded in DSCR1 Wt,, and KO mice during and after 30 min MCAO (A; Wt
n = 5; KO, n = 11). B: Neurological score 24 h after I-R (Wty, » = 5; KO, » = 11; Kruskal-
Wallis test with Dunn’s post-hoc test). C: Hanging wire data 24 h after I-R (Wty,,

n = 5; KO, n=11). Neurological score data is presented as median, and rCBF and hanging wire

data are presented as mean £ SEM.
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Figure 7.10. Cerebral infarct and oedema volume at 24 h after I-R in DSCRI Wt,, and KO
mice (measured as mm®).

Representative coronal brain sections are shown from a DSCR7 Wt,, (A) and a DSCR7 KO (B)
mouse 24 h after I-R with the infarct area outlined in white. Total (C), and cortical and subcortical
(D) cerebral infarct volumes were measured in DSCR7 Wt, and KO mice 24 h after I-R (Wt,,,
n=5; KO, n=11; *P < 0.05, unpaired 7 test). E: Oedema volume measured at 24 h in DSCR7 Wt

and KO mice (Wtyp, # = 5; KO, 7 = 11; unpaired 7 test). Data are presented as mean = SEM.
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Figure 7.11. Cerebral infarct volume at 24 h after I-R in DSCR1 Wt,, and KO mice
(measured as % of non-ischaemic hemisphere).
Total (A), and cortical and subcortical (B) cerebral infarct volumes were measured in DSCR1

Wty and KO mice 24 h after I-R (Wt, # = 5; KO, 7 = 11; *P < 0.05, unpaired 7 test). Infarct

volume data are presented as mean £ SEM.
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Figure 7.12. Cerebral infarct area distribution at 24 h after I-R in DSCR1 Wt and KO mice.
Total (A), cortical (B) and subcortical (C) cerebral infarct area distributions were measured in DSCR7

Wt and KO mice 24 h after I-R (Wt,, # = 5; KO, » = 11; *P < 0.05 at each point, unpaired 7 test).

Data are presented as mean £ SEM.
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7.4 DISCUSSION

This is the first study to investigate the contribution of the Down syndrome candidate region 1
(DSCRT) gene on outcome following stroke.  We have provided evidence that the
over-expression of DSCRT protects against cerebral ischaemia-reperfusion (I-R). In addition,
somewhat surprisingly, preliminary findings suggest that DSCR7 knock-out (KO) mice also may

have an improved outcome following I-R.

Here, for the first time, we report that the over-expression of human DSCR7 in mice improves
neurological function, and reduces cerebral infarct and oedema volume following cerebral I-R.
DSCR1 is a calcineurin inhibitor (Rothermel e al, 2000), and previous studies that have
administered pharmacological calcineurin inhibitors following cerebral I-R, such as cyclosporin A
and FK506 (Tacrolimus), have reported reduced lesion size and neurological deficit (Bochelen ez
al., 1999; Sharkey and Butcher, 1994; Sharkey ¢z al., 1996; Uchino e# al., 1998; Vachon ez al., 2002;
Yoshimoto and Siesjo, 1999). These drugs are known as potent immunosuppressants that are
used therapeutically in patients following organ transplantation to reduce rejection. ILocal
inflammatory responses are well known to play an important role in the exacerbation of neuronal
loss after stroke (Dirnagl e al., 1999), so it is perhaps not surprising that these drugs, and the

over-expression of DSCRIT, are reported to improve outcome.

As DSCRI1 is highly expressed in neuronal cells as well as circulating T lymphocytes, the
improved outcome following stroke could be from the over-expression of DSCR1 in one or both
of these cell types. The smaller total cerebral infarct volume correlated with a reduced
subcortical, but not cortical infarct volume. This was unexpected, given that the cortex usually
pertains to the penumbra in the mouse model of MCA occlusion. However, DSCR1 is highly
expressed in the subcortical regions (Porta ef al, 2007), consistent with the possibility that

neuronal cell over-expression of DSCRT contributed to the protection observed. DSCRI is also
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moderately expressed in the cortex (Porta ef al., 2007), and that expression is increased after I-R
(Cho et al.,, 2008). However, cortical infarct is very small in the Wt;, mice, and perhaps could not
be reduced further. Furthermore, DSCR7 Tg mice were found to have a more rostral spatial
infarct profile than Wt;,, mice. In the more caudal part of the forebrain, where DSCR7 Tg mice
have significantly smaller infarcts than Wt;, mice, strong DSCR1 immunoreactivity occurs in the
striatum and the CA1 and CA3 pyramidal cells of the hippocampus, as well as in the cerebral
cortex (Porta ez al, 2007), further strengthening this idea of neuronal over-expression of DSCRT7
contributing to the protection from ischaemic damage. Another important feature of this
protection is the fact that there were no hippocampal lesions in the brains of DSCR7 Tg mice.
The hippocampus is normally especially sensitive to reductions in oxygen, and is therefore quite
sensitive to damage by cerebral ischaemia (Kirino, 2000). Interestingly, calcineurin is most highly
expressed in the regions of brain that are most susceptible to ischaemia, and high levels of
calcineurin activity predispose neurons to apoptosis (Asai ez a/., 1999). DSCRI1 also has strong
immunoreactivity in these regions, including the hippocampus. This again points to the
plausibility of neuronal over-expression of DSCRT7 as being important for the smaller infarct

volume observed in Tg mice.

Abnormal T lymphocyte function may also have played a role in the reduced infarct damage and
improved neurological function. Recent studies utilising T lymphocyte-deficient mice have
reported that T lymphocytes contribute to infarct size development (Hurn er al, 2007,
Kleinschnitz e al., 2010b; Shichita e al., 2009; Yilmaz ef al, 2006). This could be through the
increased release of inflammatory cytokines and chemokines (Offner ¢/ a/, 2006a), the increased
production of superoxide (see Chapters 4 and 5), or other mechanisms resulting in microvascular
dysfunction (Arumugam ef al, 2004). We found fewer circulating CD3", CD4" and CD8"
T lymphocytes in DSCR7 Tg mice than Wt littermates. Therefore, reduced T lymphocyte

numbers in the blood, and consequently, less brain infiltration, may be one way in which DSCR7
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Tg mice were protected. However, less T lymphocyte infiltration probably cannot account for
the dramatically different spatial infarct distribution. For that reason, we speculate that the main
mechanism of protection was through the over-expression of DSCRT in neurons, especially in
the forebrain structures posterior to bregma -0.92 mm, although lower circulating T lymphocyte
levels may also have played a role. Future studies, including the generation of chimeras by bone
marrow transplantation in gamma-irradiated DSCR7 Tg and KO mice will help determine if the
cellular source(s) of DSCR1 that affects stroke outcome is confined to neurons and/or involves

circulating leukocytes.

DSCR1.4 mRNA expression was previously found to be increased in the ischaemic cortex of the
brain at 6 h, and decreased afterwards, but was still elevated at 24 and 72 h after cerebral I-R in
mice. Increased expression of DSCR1.4 protein was also previously found to be increased in the
ischaemic cortex at 24 and 72 h after I-R in mice, whereas there was no change at 6 h (Cho ez 4/,
2008). In contrast, the present study found no significant change in DSCR1.4 mRNA or protein
expression at either 6 or 24 h after I-R. Importantly, the Cho and colleagues study analysed the
mRNA expression in the cortex, whereas we homogenised the entire hemisphere. Therefore, it is
possible that the expression of DSCR1.4 increases in the cortex following I-R, but not in the
much larger subcortex, such that the cortical signal was diluted in our samples. In addition, we
also examined DSCR1.1 mRNA and protein expression in the ischaemic hemisphere, and found
evidence for a small increase in mRNA expression at 6 h and a greater increase at 24 h after I-R.
Protein expression however, did not change after stroke, although it was expressed at a much
higher level compared to DSCR1.4 protein, consistent with a previous study (Porta e al., 2007).
This suggests that the increase in mRINA either precedes a later increase in protein expression, or

occurs independently of any change in protein expression.
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When using primers that only detect mouse DSCR1.1, we found that the over-expression of
human DSCR7.7 in these mice had no effect on mouse DSCR1.1 brain mRNA expression in
either naive mice, or at 6 or 24 h after cerebral I-R. DSCR1.1 protein expression in Tg mice was
not affected by I-R, although DSCRI1.1 protein expression was expressed at ~4-6-fold higher
than in the Wt;, mice at all time-points measured, confirming the over-expression of this isoform
in the Tg mice. DSCR1.4 mRNA and protein expression in Tg mice, was not greatly affected by
stroke. Hence, the protective effects we see of DSCR7.7 over-expression in Tg mice at 24 h after
I-R is not dependent on the up-regulation of DSCR1 protein following stroke. It was however,
interesting to note that there was less DSCR1.4 mRNA expression in the brains of Tg mice at all
time-points measured, as well as a slightly lower expression of DSCR1.4 protein in naive Tg mice,
compared to their matched Wt;, mice. DSCR1 expression is induced by activated calcineurin
(Yang ez al., 2000), and has therefore been proposed to function in a negative feedback loop to
modulate calcineurin activity, suggesting that DSCR1 regulates its own expression. The lower
expression of DSCR1.4 in naive Tg mice compared to Wt;, mice, strongly suggests that DSCR1.1
negatively regulates the expression of DSCR1.4. Interestingly however, it does not appear to

regulate its own expression.

Cerebral I-R increased the mRNA expression of many cytokines, chemokines and immune-
related genes in the ischaemic hemisphere. The largest increases were observed in CCL2, CCL3,
CXCL1, TBX21 (T-box 21) and TNF-a. CCL2 (also named MCP-1) and CCL3 (also named
monocyte inflammatory protein-1; MIP-1a) are monocyte chemoattractants that have been
previously reported to be increased after stroke (Minami and Satoh, 2003). CXCL1 (see Chapter
0) is a chemokine that attracts neutrophils (Rollins, 1997) and TBX21 is a Ty1 cell-specific
transcription factor that is essential for the production of IFN-y (interferon-gamma) (Kaminuma
et al., 2009). TNF-o (tumour necrosis factor-alpha) is an important inflammatory mediator that

promotes the infiltration of leukocytes and triggers local production of other pro-inflammatory
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cytokines (Tracey and Cerami, 1994), and is also well established to be increased after stroke
(Gong ¢t al., 1998; Uno et al., 1997, Wang e¢f al., 1994). The increased expression of these genes

further supports the well established concept of stroke producing a pro-inflammatory response.

DSCR1 is known to inhibit calcineurin (Rothermel e 4/, 2000), and consequently reduce
activation of the transcription factors NFAT and NF-«kB (Alzuherri and Chang, 2003; Arron ez
al., 2000), resulting in less transcription of their target genes. The present study found that many
cytokines, chemokines and immune-related genes, most of which are regulated by either NFAT,
NF-«B or both (For reviews see Hogan e al., 2003; Lee and Burckart, 1998; Pahl, 1999; Rao ez 4/,
1997), were affected by the over-expression of DSCR7. However, the majority were in fact
increased more in the Tg mice than in the Wt;, mice. These findings indicate that either DSCR1
does not inhibit all genes regulated by NFAT and NF-kB, or perhaps the genes with increased
expression are also target genes of other transcription factors that are induced after stroke, but
are not affected by DSCR1. Interestingly, some of the changes caused by DSCR7 over-
expression appear contradictory. For example, we observed lower expression of monocyte,
neutrophil and T lymphocyte chemoattractants (eg. CCL3, CXCL1 and CXCL11, respectively),
but also reported increased expression of other monocyte and T lymphocyte chemoattractants
(eg., CCL2 and CXCL10, respectively), and CCL2 has previously been shown to contribute to
stroke damage (Chen e7 a/,, 2003; Hughes ez al., 2002; Kumai ef al., 2004). The reason for these
opposing findings is currently unclear, although after stroke, there is a release of both pro- and
anti-inflammatory cytokines (Arumugam ez a/., 2005; Hurn e al., 2007; Liesz et al., 2009b; Loihl ez
al., 1999; Oftner ez al., 2006a; Vila e al., 2000), suggesting that the critical balance of inflammation
is very complex. Furthermore, the mRNA expression of CD28 (a T lymphocyte cell surface
receptor), CDG68 (a monocyte/macrophage cell surface receptor) and CDS80 (a
B lymphocyte/monocyte cell surface receptor) can function as markers of infiltration of the

respective immune cells. There were only small changes in expression of CD28 and CD68;
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however, CD80 expression had a greater increase, 6 and 24 h after I-R, although it was still
relatively small, and there were no real differences between DSCR7 Wt;, and Tg mice. This is
again surprising because previous studies have reported infiltration of T lymphocytes and
macrophages 24 h after stroke (Gelderblom ez al, 2009; Jander ez al, 1995; and Chapter 4).
Further immunohistochemistry studies are required to increase our understanding of the
infiltration of these cells and to clarify whether the mRNA expression of cell surface markers or

chemokines that attract these cells, correlate better with the infiltration of these cells.

The active NF-kB dimeric complex is either made up of NF-kB1 (formerly termed p50) or
NF-kB2 (formertly termed p52), bound to a Rel protein. The most common form consists of
NF-kB1 and RelA (formerly termed p65) (Lee & Burckart, 1998). In the present study, neither
stroke nor DSCRT over-expression affected the mRNA expression of NF-kB1; however there
was a very small increase in NF-kB2 after I-R. Although previous studies have shown that
NF-«B expression and activity increase after stroke, they found increases in the expression of the
RelA protein (Gabriel ez al, 1999; Schneider ez al., 1999), but did not find any changes in the
protein expression levels of NF-kB1. This suggests that no new synthesis is induced, but rather,
that existing NF-kB1 protein forms the dimer with newly synthesised RelA protein (Gabriel ez a/.,
1999). This indicates that stroke may still have increased NF-kB1/RelA expression and activity,

and that DSCRT over-expression may still be acting through the inhibition of NF-«B.

It should be pointed out that the DSCR7 Tg mice are not a model of Down syndrome. They do
not have intellectual or physical disabilities, and they also do not display Alzheimer’s disease-like
pathology when aged. However, they do have impaired immune cell function, like individuals
with Down syndrome. DSCRT is an important gene in Down syndrome but because an entire
chromosome is usually replicated, DSCR7 on its own is not sufficient to cause Down syndrome.

Another difference between individuals with Down syndrome and the DSCR7 Tg mice is that
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DSCR1 protein is up-regulated by 2-3-fold in Down syndrome individuals, whereas it is
up-regulated by ~06-fold in Tg mice. However, the present study is not examining Down
syndrome and stroke as such, but is attempting to further enhance our understanding of the
damaging inflammatory mechanisms in stroke, and find potential therapeutic targets, such as the

DSCRT1 signalling mechanism in key cell types.

The data from the DSCR7 KO mice is somewhat preliminary, as we have low numbers of
matched wild-type mice. Nonetheless, we have so far found that when DSCR7 KO mice are
subjected to cerebral I-R, they appear to also have a smaller infarct volume, and less neurological
impairment, as indicated by the neurological score. Intriguingly, although the majority of DSCR7
KO mice achieved a superior neurological score of 0 (i.e. normal), they did not hang onto the
wire for longer than the Wt mice. This is currently difficult to explain, but the Wt group is
still very small with only 5 mice. More substantial group sizes are required to see if these findings

persist or change.

It is somewhat surprising that both DSCR7 Tg and KO mice achieve similarly smaller infarct
volumes following cerebral I-R. Given that DSCR1 suppresses calcineurin, it was hypothesised
that calcineurin activity would be at its maximum in DSCR7 KO mice, and hence these mice may
suffer larger infarcts. In the heart, calcineurin activity leads to hypertrophy in response to
pressure overload. However, in DSCR7 KO mice, reduced hypertrophy after pressure overload
was reported (Sanna et al, 2006; Vega et al, 2003), and calcineurin activity was found to be
surprisingly ~45 % lower in the hearts of these mice (Vega ¢z al, 2003). Similarly, mice deficient
in both DSCR7 and DSCR7L7 (DSCR1-like 1; another member of the DSCR1 family), were
reported to have skeletal muscle and brain phenotypes similar to mice lacking calcineurin (Sanna
et al., 2000). Furthermore, mouse embryonic fibroblasts deficient in DSCR7 were found to have

lower levels of calcineurin-NFAT coupling (Sanna ef a/, 2006), and deletion of 7 in yeast (a
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homologue of DSCRT) produced a phenotype that was similar to rnl over-expression
(Kingsbury and Cunningham, 2000). These data strongly suggest that DSCR1 expression is
required for normal activation of calcineurin. Moreover, although no gross abnormalities in the
immune system were reported in DSCR7 KO mice (all immune organs appeared normal and
there were normal numbers of T and B lymphocytes) (Ryeom ez a/., 2003; Sanna ef al., 2006), one
of these studies reported a 50 % reduction in CD4" T lymphocyte proliferation compared to in
matched wild-type mice, and these mice were also found to have a defective T;1 population with
a decreased IFN-y production when stimulated (Ryeom ef /., 2003). In contrast, the Sanna and
colleagues study reported no difference in CD4" T lymphocyte proliferation or IFN-y production
(Sanna ez al., 2006). However, both studies found that these cells were undergoing premature cell
death (Ryeom ez al., 2003; Sanna ez al., 2006), and this was found to be due to the premature
expression of the Fas ligand (an NFAT target gene) (Ryeom et al, 2003). This suggests that
calcineurin can regulate expression of genes that control opposing actions such as T lymphocyte
proliferation and death. It has been suggested that the genes involved in T lymphocyte
proliferation have low calcineurin thresholds, whereas genes involved in T lymphocyte apoptosis
have high thresholds. In T lymphocytes deficient of DSCRT, there is a shift in the calcineurin
thresholds required, resulting in less calcineurin activity being necessary for their activation,
leading to a faster proliferation, but more premature Fas ligand expression. This suggests that
DSCRI1, depending on its level of expression, may in fact modulate calcineurin activation rather
than simply inhibiting it (Ryeom e# a/, 2003). This idea is consistent with our PCR results
demonstrating that the mRNA expression of many inflammatory cytokines and chemokines were
increased in DSCR7 Tg mice. Further studies into the mechanisms behind the protection in
DSCR7 KO mice are needed, but at present, it appears that DSCR7-deficiency may in fact result

in reduced calcineurin activity, similar to that found when DSCRT is over-expressed.
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This study strongly suggests that reduced calcineurin activity, whether through the
over-expression of its inhibitor DSCR7, or intriguingly, through the deficiency of DSCRI,
improves outcome after cerebral I-R. However, a large problem with global immunodepression
is the increased risk of infection, which even without pharmacological intervention is already the
greatest cause of death in the post-acute stages of ischaemic stroke (Heuschmann ez a/., 2004;
Vernino et al, 2003). Importantly, lymphocytes have ~5,000 calcineurin molecules per cell
whereas hippocampal neurons and cardiac muscle cells have ~200,000. Thus, it is interesting to
speculate that it may be possible to inhibit calcineurin activity selectively in T' lymphocytes by
administering lower concentrations of calcineurin inhibitors (Crabtree, 1999). If further studies
were to discover that DSCRT7 over-expression in T lymphocytes mediates the majority of the
protection demonstrated in this study, low concentrations of calcineurin inhibitors could be
administered to possibly reduce T lymphocyte-mediated damage without jeopardising the balance

of the immune system.

In summary, our study provides the first evidence that DSCR7 over-expression improves
outcome following cerebral I-R. This protection was seen in all endpoints measured, including
sensorimotor assessment and cerebral infarct and oedema volume. We speculate that the
mechanism behind this protection from stroke comes from the inhibition of calcineurin by
DSCRI1 expressed in both neurons and T lymphocytes, thus reducing the transcription of some
pro-inflaimmatory and pro-apoptotic cytokines, as well as reducing T lymphocyte infiltration
through the lower numbers of circulating T' lymphocytes; although further studies need to be
undertaken to confirm this. The findings of the present study also suggest that the deficiency of
DSCRT in mice may also lead to improved outcome following cerebral I-R. More studies are
needed to confirm these findings and to understand the mechanisms involved. For now, we
speculate that both DSCR7-deficiency in neurons and in T' lymphocytes may play an important

role in protection after stroke.
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8.1 Summary of major findings

Overall, data presented in this thesis provides insight into the inflammatory processes that occur
following focal cerebral ischaemia-reperfusion (I-R). We specifically examined the influence of
gender on various mechanisms of inflammation occurring after I-R (Chapters 3 and 4), the role
of superoxide generated by CD3", CD4" and CD8" T lymphocytes after I-R (Chapters 4 and 5),
and the contributions of the CXCR2 chemokine subfamily (Chapter 6) and calcineurin

(Chapter 7) to outcome after I-R. The major findings of this thesis are as follows:

1. a) Female mice have a smaller infarct volume if reperfusion is instituted (i.e. in the I-R
protocol) when assessed at either 24 or 72 h after MCAO. By contrast, there is no
difference in infarct volume between male and female mice following I-NR. Thus, the

smaller infarct volume in females following stroke is strictly reperfusion-dependent.

b) Male mice deficient in Nox2 have a reduced infarct volume following I-R versus their
wild-type controls, which is comparable to the infarct volume in either wild-type or
Nox2-deficient female mice. Therefore, the data suggest that Nox2 expression is
detrimental for stroke outcome in male mice only, and the larger infarct volume in males
following I-R is Nox2-dependent. Interestingly, unlike in wild-type mice, there tended to
be a greater infarct volume in female versus male Nox2-deficient mice, suggesting that
Nox2 may not have a detrimental role in female mice, but it could even play a beneficial

role.

2. a) After I-R, protein expression of Nox2, Cox-2 and VCAM-1 increase in the ischaemic
hemisphere of male mice, whereas female mice subjected to I-R do not have an increased
expression of these proteins. In male mice there was significant infiltration of

Nox2-containing T lymphocytes into the ischaemic hemisphere, whereas female mice had
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less infiltration of these cells. This is consistent with a generally lower inflammatory
response in female mice, most likely due to the well established anti-inflammatory effects
of oestrogen. Within the infarct core, Nox2 protein was found to be solely co-localised

with T lymphocytes.

b) Evidence of immunodepression was observed in male and female mice, in terms of
immune cell number in the spleen after both I-R and I-NR. The reduced levels of
immune cells were found to be statistically significant for CD3" and CD4" T lymphocytes
and B lymphocytes in male mice after both I-R and I-NR, and for B lymphocytes after
I-R in female mice. However, 24 h after I-R is likely to be too early for substantial

reductions in circulating leukocyte levels to become evident.

¢) Consistent with a developing depression of immune cell function, there tended to be

lower levels of T lymphocyte proliferation after I-R in both male and female mice.

d) T lymphocytes generated superoxide under basal conditions, and produced greater
amounts when Nox2 activity was stimulated with PDB. Following I-R, T' lymphocytes
generated markedly enhanced amounts of Nox2-derived superoxide, in both male and
female mice. More superoxide was produced by T lymphocytes in male mice after stroke,
when compared to female mice. Interestingly, this increase in superoxide generation only
occurred in circulating T lymphocytes, and not from T lymphocytes isolated from the

spleen of the same animals.

A significantly greater amount of Nox2-dependent, T lymphocyte-generated superoxide
was produced after stroke by circulating CD3" and CD8" T lymphocytes isolated from
male mice, when compared to control male mice, and there was also a trend for the same

general profile to occur in circulating CD4" T lymphocytes after stroke. However, these
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findings in T lymphocyte subsets are only preliminary and need to be repeated with a

purer cell isolation method.

a) Chemokine and chemokine-related gene expression, including the potent neutrophil
chemoattractant subfamily, CXCR2, CXCL1 and CXCL2, is increased in the ischaemic
hemisphere following cerebral I-R, consistent with the concept that an initial

pro-inflammatory response occurs in the brain after stroke.

b) SB 225002, a CXCR2 antagonist, administered at the beginning of reperfusion
markedly reduced both mRNA expression of CXCR2, CXCL1 and CXCL2 in the
ischaemic hemisphere, and neutrophil infiltration following cerebral I-R, indicating
successful antagonism of the receptor. However, this antagonism did not ultimately
improve outcome following cerebral I-R, either in infarct volume or functional
impairment, consistent with the possibility that neutrophil infiltration does not contribute

to I-R injury.

a) Mice over-expressing DSCR7 have improved outcome following cerebral I-R. This
was seen in a lower neurological score, longer hanging wire time, and smaller cerebral
infarct and oedema volumes. This protection was most likely through the inhibition of
calcineurin in neurons, although the reduction in circulating levels of T lymphocytes may

also have contributed.

b) Preliminary data indicate that mice deficient in DSCRT7 also have improved outcome

following cerebral I-R. The mechanism(s) underlying this protection is currently unclear.
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8.2 Clinical implications of major findings

8.2.1 Influence of Gender

Our findings from Chapters 3 and 4, suggest that young adult females have a smaller infarct
volume and a reduced inflammatory response after cerebral I-R, further reinforcing the concept
that post-ischaemic inflaimmation contributes to ischaemic injury, especially in age-matched
males. Reperfusion injury is mainly due to the influx of oxidative and inflammatory mediators,
overwhelming already impaired antioxidant enzymes and increasing cytokine and chemokine
production, and adhesion and infiltration of immune cells (For review see Schaller and Graf,
2004). Therefore, there may be less reperfusion injury (and thus, more salvaged brain) in
pre-menopausal women when administered rt-PA;, due to the anti-oxidative and
anti-inflammatory effects of oestrogen. It therefore follows, that it may be possible to administer
rt-PA at a later time-point (i.e. later than 4.5 h after stroke onset) in pre-menopausal women.
However, the vast majority of females experiencing ischaemic strokes are post-menopausal
(NHLBI, 2006), and thus no longer have high circulating levels of oestrogen. Therefore they are
most likely to undergo similar mechanisms of damage to males, and the advantage of the
suppressed inflammatory mechanisms and less reperfusion injury would not be relevant to many
individuals experiencing stroke. Indeed, for this reason, the more severe consequences of stroke
observed here in young adult males versus females are likely to apply to elderly men and women
who suffer stroke. Thus, these findings can also be applied to the use of combination therapies

(see section 8.2.3 below).

8.2.2 Role of T lymphocytes in cerebral ischaemia

T lymphocytes were previously shown to contribute to I-R injury (Hurn ez /., 2007; Kleinschnitz
et al., 2010b; Shichita ez al., 2009; Yilmaz ez al., 2000), although the exact mechanisms underlying
this damage remain unknown. In Chapters 4 and 5, we reported an increase in Nox2-dependent

superoxide generation by circulating T' lymphocytes after cerebral I-R, and in Chapter 4, found
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high levels of superoxide production in T lymphocytes isolated from male versus female mice,
which had an association with larger infarct volumes, suggesting that the superoxide generated by
circulating T lymphocytes after I-R may play a role in the progression of infarct volume. In light
of the recent Kleinschnitz and colleagues study (2010b), which shows that the contribution of
T lymphocytes to ischaemic injury does not depend on the activation of the adaptive immune
system — i.e. no antigen recognition, nor co-stimulation of T lymphocytes are required for their
detrimental effects after stroke — our novel findings, that circulating T lymphocytes generate
more superoxide after cerebral I-R, could emerge as one of the main mechanisms by which
T lymphocytes mediate post-stroke brain damage, as the generation of superoxide from
Nox2-containing NADPH oxidase in T lymphocytes does not rely on T lymphocyte activation.
The superoxide production from circulating T lymphocytes may also represent a major part of
Nox2-mediated damage after stroke, which was previously reported to contribute to ischaemic
injury in male mice (Chen e# a/., 2009; Jackman et al., 2009a; Kahles e al., 2007; Kunz et al., 2007,

Walder et al., 1997).

8.2.3 Potential therapies using anti-inflammatory drugs in combination with rt-PA

It seems that novel stroke therapies will be most realistic if administered together with, rather
than instead of, rt-PA. Combination therapies thus represent a promising new concept for
ischaemic stroke therapy. As mentioned above, inflammation is well established to contribute to
ischaemic injury, as well as reperfusion-associated injury following stroke. Therefore, the
administration of an anti-inflammatory drug with rt-PA, would be a valid combination, likely to
reduce reperfusion injury, and hence further improve outcome following cerebral I-R.  Our
findings from Chapters 4 and 5 raise the possibility that the combination of rt-PA and a drug that
reduces T lymphocyte infiltration into the brain or the production of superoxide from these cells
may be a beneficial therapy. In Chapter 7, we have provided evidence that over-expression of

DSCR1, an endogenous calcineurin inhibitor, reduces infarct volume, and improves functional
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outcome. Intriguingly, DSCR7 KO mice were also protected following stroke. This was initially
surprising, but was actually compatible with other studies that have curiously found that the
deficiency of DSCRT can reduce calcineurin activity (Vega ez al., 2003) or produce a phenotype of
reduced calcineurin activity (Kingsbury and Cunningham, 2000; Sanna ez @/, 2006). This suggests
that targeting calcineurin pharmacologically, alongside rt-PA could be beneficial in stroke.
Although in Chapter 6, our findings indicated that the successful antagonism of CXCR2 did not
ameliorate infarct damage or improve functional outcome, the concept of a combination of anti-
chemokine therapies with rt-PA remain a potential therapeutic. Our findings strongly suggest
that neutrophils do not contribute to damage in I-R, however, we found that many chemokines
and their receptors are increased in the brain after stroke, and some of these attract and activate
other leukocytes, such as monocytes and T lymphocytes. Therefore, the administration of
antagonists for appropriate key chemokine receptor targets, could possibly successfully reduce
the infiltration of these cells, and ultimately reduce reperfusion injury, infarct volume and
neurological impairment. However, severe immunodepression and infection are of great concern
over the days following stroke, and need to be taken into account when investigating optimally

timed and targeted immunomodulatory therapies.

8.3 Limitations of these studies

Outcome in some studies (Chapters 4, 5 and 7) is analysed at 24 h only, although infarcts may not
reach their maximum until ~48 h after reperfusion (Kunz ez al., 2007; Li et al., 2000). It should be
noted however, that data in Chapter 3 indicated that infarct volume did not increase from 24 to
72 h in these studies. Furthermore, Chapters 4 and 5 do not analyse infarct volume, but examine
mechanisms that may be activated and ultimately contribute to the cerebral infarct. For that

reason, it can be argued that 24 h after I-R is a valid time-point.
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The majority of patients that experience an ischaemic stroke are elderly (NHLBI, 2006; Senes,
2000), and also have co-morbidities. The most common is hypertension, but diabetes and
cardiac related problems are also common in individuals that experience an ischaemic stroke
(Fang and Alderman, 2001; Ostwald e# al., 2006; Shuaib ez al., 2007). Therefore, experimental
stroke studies would be more relevant to the clinical situation if the rodents utilised in the studies

were aged, and also had these diseases.

The intraluminal filament model of ischaemic stroke is versatile, as it can mimic I-NR by keeping
the filament in place, but also, with the withdrawal of the filament, it can mimic I-R. The
withdrawal of the filament however, produces a sudden reperfusion, whereas spontaneous or
rt-PA-induced reperfusion is much slower progressing, as the clot is gradually broken down
(Hossmann, 2008). In addition, many individuals who experience a stroke and are administered
rt-PA, only achieve partial recanalisation (Alexandrov and Grotta, 2002; Alexandrov e al., 2004;
Saqqur e al, 2007), which cannot be mimicked using this model. Therefore, potential
therapeutics designed to be used in combination with rt-PA, should ideally be tested in animals
using the thrombo-embolic model and rt-PA administration, as this best mimics the clinical

situation.

Another limitation of the filament model of ischaemic stroke is that it requires the stroke to be
induced under general anaesthetic. The anaesthetic utilised in these studies was a mixture of
ketamine and xylazine. However, ketamine has been reported to reduce the number of
circulating neutrophils, as well as suppress their release of superoxide (Zilberstein e# al, 2002).
Another commonly used anaesthetic is isofluorane gas, but this has also been shown to have
neuroprotective effects, resulting in smaller infarct volumes following ischaemia-reperfusion

(Kapinya e# al,, 2002). For these reasons, as well as the fact that people are generally conscious
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when they suffer an ischaemic stroke, a model of ischaemic stroke that allows the induction of

stroke to occur while the animal is conscious, such as the endothelin-1 model, would be superior.

8.4 Conclusion

Overall, this thesis presents important findings on the role of inflammation in ischaemic brain
injury following cerebral I-R. Collectively, the work suggests that reductions in inflammation in
the early stages after the induction of reperfusion, are associated with reduced infarct volume and
possibly improved functional outcome. While the majority of neuroprotective drugs have failed
in clinical trials, careful therapeutic strategies targeting specific aspects of inflimmation in

combination with rt-PA administration could prove to be successful.
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