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SUMMARY
Clinical therapeutic agents to directly inhibit ischaemic neuronal death are presently
unavailable. One approach to developing therapeutics is based upon the identification
of proteins up-regulated by ‘preconditioning’, a natural adaptive response utilised by the
neural cells to counter damaging insults, such as ischaemia. Thus, my project aimed to
firstly identify proteins differentially expressed following erythropoietin (EPO)
mediated neuronal preconditioning and secondly to assess whether any of these proteins
possessed neuroprotective activity using in vitro ischaemia like models. To achieve the
first aim, it was shown that in vitro neuronal EPO preconditioning could: (i) induce cell
signal changes in neuronal cultures, (ii) protect neurons against in vitro ischaemia and
(iii) induce differential protein expression. Overall, 40 differentially expressed proteins
were identified in cortical neuronal cultures following EPO preconditioning.
In order to investigate the neuroprotective or neurodamaging activity of proteins
induced by EPO preconditioning I developed an adenoviral expression system for use in
neuronal cultures.

To this end, I assessed the suitability of four promoters

(cytomegalovirus [CMV], rous sarcoma virus [RSV], human synapsin 1 [hSYN1], rat
synapsin 1 [rSYN1]) previously used to express proteins in neuronal cultures and
demonstrated the superiority of the RSV promoter for this purpose. The woodchuck
post-transcriptional regulatory element (WPRE) was incorporated to enhance protein
expression and a green fluorescent protein (EGFP) reporter cassette was incorporated to
enable tracking of the virus. Finally, in order to validate this adenoviral expression
system, I over-expressed the anti-apoptotic protein Bcl-XL in neuronal cultures and
subsequently confirmed its neuroprotective activity in the in vitro ischaemia and
oxidative stress models used in my project.
Using this adenoviral vector system and the in vitro oxidative stress model I assessed a
number of proteins up-regulated by EPO preconditioning.

The results of this

preliminary study indicated that cyclophilin A (CyPA), peroxiredoxin 2 (PRDX2) and
superoxide dismutase 1 (SOD1) over-expression were neuroprotective.

It was

subsequently verified that adenoviral mediated over-expression of CyPA and PRDX2,
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but not SOD1 in cortical neuronal cultures could protect neurons from in vitro
ischaemia. I also confirmed that CyPA mRNA increased in the rat hippocampus in
response to 3 minutes of global cerebral ischaemia. Interestingly, an increase in CyPA,
PRDX2 or SOD1 protein was not observed in the same experimental paradigm.
To investigate CyPA’s mode of action I confirmed that cultured neurons, but not
astrocytes, express the CyPA receptor, CD147.

It was also demonstrated that

administration of exogenous CyPA protein to neuronal cultures could protect neurons
against oxidative and ischaemic injury.

I further demonstrated that exogenous

administration of CyPA induces a rapid and transient activation of the extracellular
signal-regulated kinase (ERK) 1/2 pathway in neuronal cultures. From this observation,
I have proposed that the extracellular mediated neuroprotective activity of CyPA occurs
via CD147 receptor signalling and activation of ERK1/2 pro-survival pathways.
Based on the findings reported in this thesis, the neuroprotective activities of PRDX2
and CyPA warrant further investigation as targets for the development of new therapies
to treat cerebral ischaemia.
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Chapter One

General introduction and aims

INTRODUCTION

1.00

Cerebral ischaemia

Cerebral ischaemia can cause serious injury to the brain and occurs when blood flow to
the whole (global cerebral ischaemia) or part of the brain (focal cerebral
ischaemia/stroke) is interrupted. Focal cerebral ischaemia/stroke, the most common
type of cerebral ischaemia, occurs following thrombo-embolic occlusion or rupture of a
cerebral artery. Global cerebral ischaemia occurs following cardiac arrest, hypotension,
closed head injury and subarachnoid haemorrhage. The central pathological feature of
cerebral ischaemia is neuronal cell death (Siesjo, 1992a, Johnson et al, 1995; Linnik,
1995). This neuronal loss results in serious memory disturbances, neurological deficits
and death (Davis et al, 1986; Siesjo, 1992b).

In Australia, cerebral ischaemia

(focal/global) affects over 100,000 people annually and accounts for a third of all
deaths, and the majority of new disabilities (Stroke-National Goals, Targets &
Strategies, 1995).

Each year the direct and indirect cost of stroke alone to the

Australian community is estimated to exceed $2 billion. Clearly, cerebral ischaemia has
a profound social and economic impact on our community.

Hence, minimising

neuronal death following cerebral ischaemia would improve patient quality of life and
lessen the social and economic impact to the community.

1.01

Available neuroprotective therapies

Currently there is no totally effective neuroprotective treatment that can directly inhibit
the neuronal death that occurs following cerebral ischaemia. To date, the only FDA
approved treatment for stroke is the clot dissolving agent tissue plasminogen activator
(tPA) to re-establish blood flow to the affected brain region. However, tPA is only
useful following thrombo-embolic stroke and must be administered within 3 hours of
stroke onset. Unfortunately, most stroke patients do not attend medical care until 4-6
hours after stroke symptoms commence (Saver et al, 2004), and for these reasons, it is
estimated that tPA is only administered in 1-3% of stroke patients (Armstead et al,
2006). Inducing hypothermia (33C) can be beneficial, but its use is presently limited
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to comatose cardiac-arrest patients (Bernard et al, 2002). Therefore, there is an urgent
need to identify new drug targets in order to develop alternative treatment approaches
capable of reducing brain damage following cerebral ischaemia.

1.02

Brain injury following cerebral ischaemia

Brain injury following cerebral ischaemia can be either acute or delayed. In focal
cerebral ischaemia, the so-called ischaemic core encounters the severest blood flow
deficits which results in low ATP levels, ionic disruption and metabolic failure. The
combination of these factors causes ‘acute cell death’ which occurs within minutes to
hours (Lipton, 1999; Lo et al, 2003; Trendelenburg and Dirnagl, 2005). Surrounding
the ischaemic core is the less densely ischaemic ‘penumbra’, which receives residual
perfusion from collateral blood vessels, and therefore, experiences a relatively milder
insult.

Depending on the degree and duration of ischaemia, neurons within the

penumbra may recover or eventually die in a delayed fashion over hours to days (Astrup
et al, 1981: Lipton, 1999). Following transient global cerebral ischaemia (usually 3-15
minutes), the damage is more diffuse with only the most vulnerable regions of the brain
affected, such as the CA1 hippocampal pyramidal neurons, cortical neurons (in layers 3
and 5), the Purkinje cells of the cerebellum, and dorsolateral striatum neurons (Lo et al,
2003). Neuronal damage resulting from global cerebral ischaemia generally leads to
delayed cell death which occurs over several hours to days.

1.03

Modes of neuronal cell death following cerebral ischaemia

It is now apparent that neuronal cell death occurring within ischaemic tissue is
heterogeneous and can arise via necrosis, apoptosis, autophagy and by the recently
identified process termed ‘necroptosis’ (Lipton, 1999; Yuan et al, 2003; Degterev et al,
2005).

Moreover, within and between affected neuronal populations, individual

neurons may undergo different cell death mechanisms and exhibit characteristics of
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more than one mode of cell death (Unal-Cevik et al, 2004). Non-neuronal cells are also
affected by ischaemia, with oligodendrocytes being particularly vulnerable, followed
by, but in no particular order, astrocytes, microglia and endothelial cells (Lo et al,
2003).

1.04

Mechanisms involved in ischaemic neuronal death

The molecular and biochemical events that initiate ischaemic cell damage and death are
multiple and consist mainly of processes related to excitotoxicity, calcium
dysregulation, oxidative/nitrosative stress, protease activation, cell death signalling,
altered gene expression and inflammation.

1.04.1

Disruption of calcium homeostasis

Calcium ions are involved in many important cellular functions such as modulating
enzyme activity, signalling, cell growth, differentiation, neurotransmitter release,
synaptic plasticity and membrane excitability.

Thus, in order to maintain normal

cellular activity, it is vital that intracellular calcium is tightly regulated within neurons,
especially since the extracellular level of calcium is around 10,000 fold higher than the
intracellular level. Neuronal calcium homeostasis, which is heavily dependent on ATP,
is achieved by balancing calcium influx, extrusion and storage (Pringle, 2004).
Following cerebral ischaemia, this fine balance becomes compromised and calcium
levels rise rapidly. Several mechanisms account for this rise and include; calcium
influx due to increased ion channel permeability; release from intracellular stores
(predominantly the endoplasmic reticulum and mitochondria), impaired calcium
extrusion across the plasma membrane (which is mediated by calcium-ATPase and
sodium/calcium exchangers), and altered calcium sequestration by the calcium binding
proteins calbindin and calmodulin (Won et al, 2002; Pringle 2004). Finally, because of
its central role in many cellular process, the dysregulation of calcium homeostasis leads
to the activation of many damaging processes, some of which are discussed below.
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1.04.1.1

Activation of calcium permeable ion channels

As mentioned above, whilst a number of processes lead to increased calcium levels
following cerebral ischaemia, probably the most important mechanism is calcium entry
following the activation of calcium permeable channels and transporters. Those known
to be involved in cerebral ischaemia include the glutamate receptor ion channels,
voltage dependent calcium channels (VDCCs), acid sensitive ion channels (ASICs),
sodium calcium exchangers (NCXs) and the transient receptor potential (TRP) channels.

1.04.1.1a Glutamate sensitive calcium channels and receptors
Glutamate, which is the principal excitory neurotransmitter of the brain, interacts with
cell membrane bound ionotropic glutamate gated ion channel receptors.

These

ionotropic glutamate receptors are referred to by the agents which selectively activate
them:

NMDA

(N-methyl-D-aspartate),

AMPA

(-amino-3-hydroxy-5-methyl-4-

isoazolepropionic acid) and kainic acid receptors. Depending on the receptor, activation
by glutamate generally causes calcium and/or sodium ion influx. Glutamate also binds
and stimulates a fourth, non-ion channel (metabotropic) receptor, selectively activated
by quisqualate (QA), which induces G-protein activation of phospholipase C (PLC) and
subsequent endoplasmic release of calcium.

Ischaemia leads to membrane

depolarisation and a pathological increase in presynaptic glutamate release.

The

elevation in glutamate is proportional to the severity of ischaemia, and this receptor
mediated over-stimulation is known as excitotoxicity (Lipton and Rosenberg, 1994).
Whilst sodium and its associated water influx contribute to neuronal swelling, the influx
of calcium is regarded as the major neurotoxic trigger (Choi, 1987). The peculiarities of
each glutamate receptor subtype, their cellular prevalence, and co-occurrence with other
receptors, presumably gives rise to the differing vulnerabilities of neuronal populations
to excitotoxic damage (Lipton and Rosenberg, 1994).
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For example, the CA1

hippocampal neurons, which exhibit high NMDA concentrations, a receptor whose brief
activation (<3min) can lead to neuronal death, are highly susceptible to cerebral
ischaemia (Benveniste et al, 1984, Takagi et al, 1993).

1.04.1.1b Activation of other calcium channels
In addition to glutamate receptor activation, ischaemic neuronal cell death is also
associated with the activation of other calcium channels. For example, the VDCCs,
which occur on both pre and post-synaptic neuronal terminals, are involved in
ischaemic neuronal cell death, although the precise mechanism is yet to be determined
(Pringle, 2004). The transient receptor potential melastatin (TRPM) channels, and in
particular, TRPM7 and TRPM2, which are highly expressed in brain, are also associated
with calcium dependent neurotoxicity (Aarts et al, 2003; Aarts and Tymianski, 2005;
Kaneko et al, 2006). These two receptors increase intracellular calcium following
reactive oxygen species (ROS) mediated activation (Aarts et al, 2003). Finally, the
ASICs, which become activated at low extracellular pH, become permeable to calcium
and thus cause intracellular levels to rise. Since acidosis occurs following ischaemia, it
is thought that activation of ASICs contributes to neuronal injury (Xiong et al, 2006).

1.04.2

Calcium overload and general damaging processes

As already mentioned, elevated intracellular calcium can lead to a range of disturbances
affecting protein function, cell signalling and enzyme activity.

Presumably, the

combination of these distinct damaging processes has a cumulative impact on neuronal
cell viability. Some of the more important processes are summarised below.

1.04.2.1

Activation of proteolytic enzymes
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Excess calcium activates a number of proteolytic enzymes including the calpain and
cathepsin group of proteins. The best understood member of this group, calpain I, is a
calcium dependent cysteine protease (Sorimachi et al, 1997) which can cleave vital
proteins such as -spectrin, calcium dependent-ATPase, protein kinase C, NCX,
apoptosis inducing factor (AIF) and nuclear factor kappa B (NF-B). Damage to these
particular proteins can affect dendrite activity, cellular transportation, gene expression
and neuronal survival. Cathepsins, which are released from lysosomes, also contribute
to proteolytic damage following cerebral ischaemia, although their contribution to cell
death is not yet known (Won et al, 2002; Golstein and Kroemer, 2007).

1.04.2.2

Activation of neuronal nitric oxide synthase (nNOS)

Calcium influx caused by NMDA receptor activation leads to the activation of neuronal
NOS nitric oxide synthase (nNOS) and hence nitric oxide (NO) production. In addition,
although NO is a normal cellular messenger, following ischaemia and over-activation of
the NMDA receptor, NO is over-produced which is likely to contribute to neuronal cell
death (Dawson et al, 1991; Dawson et al, 1996, Dawson and Dawson, 1996). The cell
damaging effects of NO are mediated by peroxynitrite (ONOO-), which arises through
the interaction of NO with the superoxide anion (O2¯; Lipton et al, 1993; Bonfoco et al,
1995). In addition, excess NO also leads to neuronal damage through the activation of
the nuclear protein, poly (ADP-ribose) polymerase (PARP; Dawson, 1995).

The

damaging effects of nNOS activation are evident in animal studies which report that
nitric oxide synthase knockout mice have smaller infarcts compared to their normal
littermates (Dawson et al, 1991).

1.04.2.3

Activation of phospholipase A2
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Calcium can activate the cytosolic enzyme phospholipase A2 which is associated with
increased neuronal damage following cerebral ischaemia (Clapp et al, 1995; Bonventre
et al, 1997). Phospholipase A2 cleaves cellular glycerophospholipids, causing the
release of free fatty acids, such as arachidonic acid, which can act as precursors for the
synthesis of potentially neurotoxic metabolites, such as prostaglandins and leukotrienes
which are involved in post-ischaemic inflammation (Bazan et al, 1995; Won et al,
2002).

1.04.2.4

Activation of endonucleases

Calcium overload or acidification can activate calcium/magnesium dependent
endonucleases and DNAse II respectively, which proceed to cleave DNA at nonnucleosome sites (Won et al, 2002). The net effect is DNA fragmentation, which can
sometimes produce a characteristic DNA ladder of 200 bp intervals when visualised by
agarose gel electrophoresis (Robertson et al, 2000).

1.04.2.5

Protein kinase activation and cell death signalling

It is well recognised that the mitogen-activated protein kinases (MAPK), which can be
activated by calcium (as well as ROS) also play an important role in the fate of neurons
following ischaemia (Sugino et al, 2000; Nozaki et al, 2001). This family comprises
three major members; the extracellular regulated kinases (ERK), p38 and the stress
activated protein kinase (SAPK) also referred to as c-Jun N-terminal kinase (JNK). In
the context of ischaemia, p38 and JNK can mediate cellular stress by the transcriptional
activation of cell death processes, post-translational modification of apoptotic proteins
and by inducing pro-inflammatory cytokine transcription (Mehta et al, 2007). By
contrast, the activation of ERK1/2 (p42/p44) in cerebral ischaemia is less clear, with
some studies supporting a pro-survival role and others a pro-death role. Depending on
the time of administration and the injury paradigm, inhibitors of ERK1/2 can be either
neuroprotective or neurodamaging (Hetman and Gozdz, 2004; Chu et al, 2004). One
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ERK1/2 activated pathway thought to enhance neuronal survival involves the activation
of the cAMP-response element-binding protein (CREB) transcription factor, which
enhances the expression of pro-survival proteins such as Bcl-2 and BDNF (Han and
Holtzman, 2000; Jin et al, 2002; Alonso et al, 2004; Costes et al, 2006; Sahin et al,
2006).

Although elevated calcium is detrimental, evidence suggests that at least one prosurvival signalling pathway is also activated by calcium following mild cerebral
ischaemia.

In this case, excess calcium binds calmodulin (CaM), which in turn

activates a family of both substrate restricted and unrestricted calcium dependent/CaM
kinases (Cheng et al, 2003; Xu et al, 2007). It is believed that some of these kinases,
CaMKI, CaMKII and CaMKIV may be involved in the phosphorylation of CREB,
enabling its translocation to the nucleus, thereby increasing the expression of prosurvival proteins described previously (Shieh et al, 1998)

1.05

Oxidative/nitrosative stress

1.05.1

Mitochondrial derived ROS

In order to maintain a high metabolic activity and an extensive transmembrane ion
conveyor system, neurons require a continuous supply of ATP. The production of ATP
relies on a high oxygen turnover within the brain which drives mitochondrial oxidative
phosphorylation. However, the generation of ROS such as the hydroxyl ion (OH¯),
hydrogen peroxide (H2O2) and O2¯ ion that occurs during oxidative phosphorylation are
themselves toxic to cells. In order to inactivate ROS, cells have evolved specific
mechanisms which include amongst others, the superoxide dismutases (Cu/Zn
SOD/SOD1 and Mn SOD/SOD2), glutathione, catalase, and glutathione peroxidase.
Paradoxically, even during ischaemia, at least in the early stages, mitochondria are able
to generate potentially damaging ROS, presumably from residual oxygen levels
(Abramov et al, 2007).

However, when blood flow and oxygen is resupplied
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(reperfusion) following cerebral ischaemia, ROS levels can rise to the extent that the
natural coping mechanisms are seriously overwhelmed. As a result, these potentially
injurious species begin to accumulate and cause protein, lipid, DNA/RNA and
carbohydrate damage (Lo et al, 2003). This process, which is widely known as
oxidative stress or reperfusion injury, is an important contributor of neuronal cell death.

In one example oxidative stress is thought to contribute to the formation of toxic protein
aggregates. Indeed, the up-regulation of molecular chaperones such as heat shock
protein 70 (HSP70) can significantly reduce brain damage following cerebral ischaemia
presumably by disaggregating and refolding damaged proteins (Giffard et al, 2004).
Alternatively, damage to the lipid components of neuronal cell membranes such as
arachidonic acid, causes lipid peroxidation, which not only compromises the cell
membrane, but results in the formation of highly toxic by-products such as
malondialdehyde (Bagenholm et al, 1997). To this end, enhancing ROS scavenging
defences by increasing SOD1, catalase or glutathione peroxidase expression has been
shown to reduce brain injury in animal stroke models (Chan et al, 1998; Guegan, 1999;
Crack et al, 2001; Ishibashi et al, 2002; Gu et al, 2004).

1.05.2

Non-mitochondrial sources of ROS

Reactive oxygen species production can also result from the activity of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and xanthine oxidase (XO), which
appear to contribute to overall ROS levels at distinct phases during ischaemiareperfusion (Abramov et al, 2007).

Nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase activity, which is calcium dependent, appears to contribute to ROS at
the late or reperfusion phase (Abramov et al, 2007). Xanthine oxidase is normally
inactive but increased calcium causes the proteolytic mediated conversion of xanthine
dehydrogenase (XDH) into XO, which is capable of converting oxygen at low tension
into O2¯ (Granger et al, 1981; Harrison, 2004; Abramov et al, 2007). In addition to its
ROS generating activity, XO has also recently been shown to cause the production of
reactive nitrogen species (RNS; Harrison, 2004), another important group of cell
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damaging chemical species associated with ischaemic injury.

Finally, specific

inhibitors of XO and NADPH are highly neuroprotective in both in vitro and in vivo
ischaemia models, thus confirming their contribution to ROS/RNS generation in
ischaemic neuronal injury (Manning et al, 1984; Palmer et al, 1990; Abramov et al,
2007).

1.05.3

Nitric oxide synthase and ROS/RNS

As described previously (1.04.2.2), increased ROS levels can stimulate nNOS which
can lead to the formation of RNS, such as the highly toxic agent peroxynitrite (Dawson,
1995).

1.05.4

Other ROS related pathways

Increased ROS production also causes activation of the mitogen-activated protein
kinase (MAPK) signalling pathways, some of which can initiate cell death (see
1.04.2.5).

Finally, cell death can be directly linked to oxidative stress, as ROS

generation can facilitate mitochondrial transition pore formation (MTP), a step which
inhibits oxidative phosphorylation and ATP production, eventually triggering the
release of apoptotic factors (see below, programmed cell death) from the inner and outer
mitochondrial membranes (Kroemer and Reed, 2000).

1.06

Types of cell death following cerebral ischaemia

The culmination of damaging processes initiated by cerebral ischaemia can eventually
lead to cell death. In general, the duration and severity of the ischaemic insult often
dictates the mode and time course of cell death. As mentioned earlier, neurons can die
by one or more processes resembling necrosis, apoptosis, autophagy or necroptosis. A
brief summary describing features of the different forms of cell death is provided below.
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1.06.1

Necrosis

Necrosis, which is generally regarded as the haphazard disintegration of the cell, is
preceded by cell swelling, which terminates in rupture of the cell membrane and the
release of potentially inflammatory cellular factors.

This at least has been the

conventional view of necrosis, however, new evidence is challenging this assumption.
Indeed, Golstein and Kroemer (2006) suggest that necrosis exhibits features typical of
controlled processes such as mitochondrial dysfunction, enhanced ROS generation,
ATP depletion and proteolysis by calpains and cathepsins (Golstein and Kroemer,
2006). Intriguingly, simultaneous inhibition of apoptosis and autophagy can lead to
necrosis, which was recently proposed as the evolutionary default pathway of cell death
(Golstein and Kroemer, 2007).

1.06.2

Autophagy

Autophagy (‘meaning eats oneself’ - Greek) is a normal house-keeping process enabling
eukaryotes to eliminate used or damaged proteins and cytoplasmic organelles and to
recycle proteins during nutrient starvation and stress (Larsen and Sulzer, 2002; Levine
and Klionsky, 2004; Meijer and Codogno, 2004; Klionsky, 2006). This outcome is
achieved

via

the

formation

of

double-membrane

vacuoles

known

as

the

autophagosomes, which fuse with lysosomes whose degrading enzymes proceed to
breakdown the contents (Levine and Klionsky, 2004; Levine, 2005; Levine and Yuan,
2005). Autophagy not only provides a mechanism for neurons to eliminate potentially
toxic protein aggregates (Hara et al, 2006; Komatstu et al, 2006a; Komatstu et al,
200b), but it also functions as a cell death pathway for neuronal development
(Schweichel and Merker, 1973) and in some pathological situations (Rubinsztein et al,
2005). Whilst the contribution of autophagy to cell death following ischaemia is still
unknown it appears that ‘autophagic cell death’ does occur in some in vitro and in vivo
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ischaemia models (Lipton, 1999; Larsen and Sulzer, 2002; Mizushima et al, 2002;
Adhami et al, 2006).

1.06.3

Necroptosis

Necroptosis is a recently described cell death pathway which shares morphological
features of both necrosis and autophagy (Degterev et al, 2005). In order to further
characterise necroptosis, Degterev et al (2005) identified an inhibitor of necroptosis
they called necrostatin-1 (Nec-1). They subsequently showed that administration of
Nec-1 could reduce infarct size in a mouse model of focal cerebral ischaemia, thus
confirming the involvement of necroptosis in ischaemic injury (Degterev et al, 2005).

1.06.4

Apoptosis

By far the best characterised mode of cell death following cerebral ischaemia is
apoptosis and hence warrants considerable attention. Apoptosis is a biological process
involving many proteins and cellular elements that orchestrate the manner in which a
cell degenerates and eventually dies. Controlling the process of cell death, is believed
to limit damage to neighbouring tissue by preventing the leakage of potentially harmful
cellular components. Within the brain, apoptosis appears to plays a central role in
normal embryonic brain development.

By contrast, ischaemic induced neuronal

apoptosis is a pathobiological event, triggered by a host of death signals including
calcium influx, ROS production, DNA damage, death receptor (DR) activation,
mitochondrial damage and growth factor depletion (Mehta et al, 2006).
Cells undergoing apoptosis display a range of morphological characteristics distinct
from other modes of cell death.

During apoptosis the following features may be

present; cell shrinkage, membrane blebbing and cell fragmentation (apoptotic bodies).
Simultaneously, DNA is specifically cleaved at internucleosomal zones revealing a
characteristic ‘laddering pattern’, which can be visualised by DNA gel electrophoresis
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or comet assay. Apoptotic cells may also externalise membrane phosphatidyl serine
(PS) residues, which prompts macrophages to ingest them, thereby preventing the
release of cellular factors capable of triggering inflammation.

1.06.4.1

Caspases

Apoptosis can be either caspase-dependent or caspase-independent. Caspases, which
are responsible for the degradation of key cellular proteins, comprise a family of some
14 cysteine proteases, which play a central role in apoptosis (Ellis and Horvitz, 1986;
Shi, 2004). Normally present as inactive zymogens (or pro-enzymes) they undergo
specific proteolytic cleavage in response to apoptotic signalling, which renders them
active. Activated caspases are categorised as either initiator (caspase-2, -8, -9, -10 and 12), or effector (caspase-3, -6 and -7) caspases depending on whether they merely
initiate a ‘caspase cascade’ (the former) or actually participate in proteolysis (the latter).
Caspase-3 is activated following ischaemia and peptide inhibitors which mimic
substrate cleavage sites can significantly reduce tissue damage in animal models of
stroke (Namura et al, 1998; Loddick et al, 1996; Fink et al, 1998; Himi et al, 1998).

1.6.4.2

Mitochondrial dependent apoptosis – Intrinsic pathway

Mitochondria are central to apoptosis, primarily because of their role as a reservoir for a
host of apoptogenic proteins including cytochrome c (cyt c), AIF, the inhibitor of
apoptosis (IAP) and the procaspases-2, -3, -8 and -9. A key step in the initiation of
apoptosis is the release of cyt c and caspase-9 from the mitochondria which combine to
form and stabilise the apoptosome with apoptotic protease activating factor (Apaf1). In
the presence of ATP, procaspase-9 is converted to caspase-9, which cleaves and
activates caspase-3, -6 and -7, which then proceed to degrade their respective substrate
which includes lamin-, -spectrin and PARP (Nath et al, 1996; Zhao et al, 2001; De
Blasio et al, 2003).
1.06.4.3

Bcl-2 family protein regulators of apoptosis
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At the mitochondrial level, apoptosis is regulated by the interaction between pro- and
anti-apoptotic proteins belonging to the so-called Bcl-2 family. The cardinal member of
this family, Bcl-2, originally cloned as an oncogene from follicular B-cell lymphoma,
was found by Vaux et al, (1988) to prevent apoptosis. Members of this family possess
Bcl-2 homology (BH) in a number of discrete domains referred to as BH1, BH2, BH3
and BH4.

Members are further subgrouped according to the combination and

arrangement of BH domains, which ultimately determines the structure and functions of
the member protein. For example, the pro-apoptotic proteins BAD and BID belong to
the BH3-only group, whereas, Bcl-2 and Bcl-XL are anti-apoptotic BH multi-domain
proteins. The third subgroup comprises the BH multi-domain pro-apoptotic proteins,
which include BAX and BAK.

In the final step preceding cyt c release, Bax (a

cytosolic protein) and Bak (which is located in the mitochondrial membrane) become
‘activated’, undergo oligomerisation, and in the case of Bax, become inserted into the
mitochondrial membrane. Exactly how cyt c or other apoptogenic proteins are released
from the mitochondria is not clear, but evidence indicates that oligomeric forms of BAX
and BAK may act as membrane pores (Muchmore et al, 1996; Schlesinger and Saito,
2006).

1.06.4.4

Death receptor mediated apoptosis – extrinsic pathway

Evidence of death receptor mediated apoptosis, has also demonstrated in cerebral
ischaemia (Jin et al, 2001). This mode of apoptosis involves specific ligands such as
Fas ligand (FasL), tumour necrosis factor (TNF) and TNF-related apoptosis-inducing
ligand (TRAIL), which bind to cell surface DRs containing death domain sequences
belonging to the tumour necrosis factor receptor (TNFR) family. In this case multiple
procaspase-8 and/or procaspase-2 molecules are recruited and activated by the activated
receptor, eventually leading to formation of the death inducing signalling complex
(DISC). Caspase-8/2 intern activates procaspase-3 which initiates the caspase cascade.
Inhibition of TNF and FasL binding results in a dramatic reduction in infarct volume
(Martin-Villalba et al, 2001), suggesting an important role in ischaemic neuronal death.
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1.06.4.5

Caspase independent neuronal cell death

Apoptotic neuronal death following cerebral ischaemia can also occur independently of
caspase activation, via a pathway involving the mitochondrial AIF protein. Following
ischaemia, AIF exits the mitochondria and traverses the nuclear membrane, causing
chromatin condensation and extensive DNA fragmentation, presumably by recruiting
nucleases and proteases, which bind and degrade DNA/protein complexes (Ye et al,
2002; Cande et al, 2002; Hong et al, 2004, Mehta et al, 2007). The mitochondrial
release of AIF is partly regulated by PARP, a DNA-repair and protein modifying
enzyme, which becomes activated following DNA damage induced by cerebral
ischaemia (Mehta et al, 2007). Mice carrying homozygous deletions of the PARP gene
are protected from stroke (Endres et al, 1997), whereas recombinant virus mediated
gene transfer of PARP renders PARP-/- recipient mice more susceptible to ischaemic
damage (Goto et al, 2002).

1.07

The inflammatory response following cerebral ischaemia

An inflammatory response associated with cerebral ischemia can significantly
exacerbate brain injury. The main inflammatory events contributing to brain damage in
cerebral ischaemia are described below.

1.07.1

Cytokine/chemokine release

The generation of ROS associated with ischaemia-reperfusion and degenerating tissue
initiates the secretion of a number of inflammatory cytokines including TNF and
interlukin-1 (IL-1; Wang et al, 2006). In addition, chemokines such as monocyte
chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-1 (MIP-1)
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are also released. The combined action of a number of cytokines/chemokines results in
the recruitment of more immune cells from the circulatory system (Chen et al, 2003).

1.07.2

Immune cell infiltration

Inflammatory modulators released by infarcted tissue signal endothelial cells to express
adhesion molecules (E-selectin, P-selectin, intercellular adhesion molecule-1 [ICAM1]) enabling circulating leukocytes (predominantly neutrophils) and other inflammatory
cells (lymphocytes) to attach to, and infiltrate the brain parenchyma. These immune
cells then secrete and generate more inflammatory cytokines and cytotoxic agents, such
as matrix metalloproteinases (MMPs), NO and ROS (Wang et al, 2006).

1.07.3

Microglia and astrocyte activation

Within the brain microglia and astrocytes become activated and secrete damaging
substances further exacerbating neuronal cell death. The role of microglia and damage
in ischaemic stroke is less conclusive, and whilst some studies suggest they contribute
to brain injury, others suggest otherwise (Wang et al, 2007).

1.07.4

Disruption of blood brain barrier function and brain oedema

Another group of factors associated with brain inflammation are the prostaglandins.
These inflammatory mediators are generated when arachidonic acid, released following
breakdown of the phospholipid cell membrane bilayer, is converted by cyclooxygenase
(COX) into the precursor prostaglandin H2 (PGH2). Prostaglandin production within
the brain leads to brain oedema and increased blood brain barrier (BBB) permeability
(Wang et al, 2006).
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The combined effects of these distinct inflammatory processes culminate in secondary
tissue damage and exacerbation of the initial ischaemic episode.

1.08

Neuroprotection

As described above, following cerebral ischaemia a number of complex and interrelated
processes and cell death mechanisms are set in motion which eventually culminate in
neuronal cell death.

A major goal of stroke research is the development of

neuroprotective drugs that inhibit neuronal death. Despite significant efforts, at present
no neuroprotective drug therapy is available clinically to prevent neuronal cell death
following cerebral ischaemia. Thus, there is an urgent need to explore and develop new
treatments.
In addressing the need for neuroprotective therapy it is now widely recognised that
neuroprotection will rely on the administration of multiple drugs, to target a number of
key cell death or cell survival processes. Such strategies may utilise agents which
activate cell survival mechanisms, block cell death pathways, limit oxidative stress,
antagonise calcium mediated toxicity, reduce inflammation and enhance post-ischaemic
neuro-regeneration. Thus, it is essential that new targets be identified and characterised
in order for the development of neuroprotective drugs. One approach to identify new
therapeutic targets is to explore the molecular events involved in neuronal
preconditioning.

1.09

Neuronal preconditioning

Preconditioning occurs when cells exposed to a sub-lethal stress or agent become
resistant to a subsequent damaging insult. Preconditioning was first observed in the
nervous system by Dahl and Balfour (1964), who demonstrated that rats exposed to
brief anoxia develop an increased capacity to resist a more prolonged and damaging
anoxic exposure. This phenomenon, broadly referred to as cerebral ‘preconditioning’ or
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‘ischaemic tolerance’, has come to include exposure to both non-damaging ischaemia as
well as other non-damaging stimuli, which induces the acquisition of tolerance to
damaging external stress (Kitagawa et al, 1990; Kitagawa et al, 1991). Neuronal
preconditioning also occurs in vitro in brain slices and in neuronal cultures.

The induction of preconditioning can be either acute or delayed.

Although acute

preconditioning develops rapidly, it is acquired by post-translational modifications and
its effects are only short-lived. By contrast, delayed preconditioning, which involves
transcriptional changes and de novo protein synthesis takes hours and days to develop,
and can provide protection for up to 7 days.

1.09.1

Neuronal preconditioning, gene expression and mechanisms

Studies utilising both microarray and proteomics have confirmed that preconditioning
involves many gene families, affecting cell cycle regulation, metabolism, inflammation,
excitoxicity, ion homeostasis and signal transduction. Thus preconditioning is not
simply the activation of dormant survival genes, but a coordinated marshalling of
complex cellular processes for the purpose of priming the cell against an impending
insult (Gidday, 2006).

Patterns of gene regulation induced by preconditioning are distinct from the brain’s
response to stress and can involve a selective dampening of potentially damaging
pathways (Stenzel-Poore et al, 2003; Stenzel-Poore et al, 2007).

For example,

preconditioning can inhibit both pro-inflammatory cytokine and pro-apoptotic protein
synthesis (Pera et al, 2004; Zhan et al, 2002; Qi et al, 2001). Conversely, mechanisms
imparting resistance to injury are enhanced. For example, increased expression of
inhibitory neurotransmitters retard calcium influx (Grabb et al, 2002; Dave et al, 2005)
whilst increases in SOD1, SOD2, glutathione peroxidase and haeme oxygenase
suppress ROS levels (Arthur et al, 2004, Gidday, 2006). In this way, excitotoxic and
oxidative impacts on the cell are minimised.

Additionally protein synthesis is

maintained, protein aggregation is moderated and DNA repair mechanisms are
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facilitated (Nakagomi et al, 1993; Sugawara et al, 2001; Liu et al, 2005).
Preconditioning can also preserve and stabilise brain mitochondria enabling sustained
oxidative phosphorylation with minimal respiratory chain dysfunction (Dave et al,
2001; Zhang et al, 2003).
Exemplifying the highly coordinated and deliberate nature of the response to
preconditioning stimuli, protein expression appears to exhibit characteristic temporal
patterns. For example, some genes are activated within minutes to hours such as
vascular endothelial growth factor (VEGF) and erythropoietin (EPO), days later such as
-actin, transiently such as metallothionen II, and still others in a protracted fashion
such as Bcl-2 and the heat shock proteins (Gidday, 2006).

1.09.2

Preconditioning, neurotrophic factors and programmed cell survival

Many neurotrophic factors have been directly implicated in development of the tolerant
phenotype. Amongst those shown to be involved are, EPO, VEGF, nerve growth factor
(NGF), brain derived neurotrophic factor (BDNF), basic fibroblast growth factor
(bFGF) and insulin like growth factor-1 (IGF-1; Sakaki et al, 1995; Truettner et al,
2002; Ruscher et al, 2002; Prass et al, 2003; Yanamoto et al, 2004; Wang et al, 2004).
These factors appear to impart what has been termed ‘programmed cell survival’
(Gidday, 2006). The associated cell-signalling changes initiated by these factors appear
to affect gene expression involved in pathways relevant to neuronal cell death and
survival in ischaemia.

In neurons, trophic factors associated with preconditioning such as EPO and BDNF,
initiate some of their pro-survival signalling through a common pathway, which
involves the activation of phosphotidylinositol-3-kinase (PI3K) and Akt (also referred
to as protein kinase B). This step is thought crucial for the induction of ischaemic
tolerance (Miao et al, 2005; Yin et al, 2005; Gidday, 2006) and neurotrophic support
(Datta et al, 1997). Once activated, Akt phosphorylates the pro-apoptotic factor BAD,
which is promptly captured by the cytoplasmic protein 14-3-3 (Zha et al, 1996; Datta et
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al, 1997). In this way BAD is prevented from binding and inactivating the antiapoptotic binding Bcl-XL.

Importantly, besides blocking cell death processes,

preconditioning is also capable of increasing the expression of anti-apoptotic proteins.
For example, evidence indicates that preconditioning activates the transcriptional factor
CREB, which increases Bcl-2 and Bcl-XL synthesis (Meller et al, 2005).

1.09.3

Non-neuronal effects of preconditioning

Within the brain, the effects on the vasculature, such as endothelial cells and smooth
muscle represent an important aspect of ischaemic tolerance. Indeed, Dawson et al
(1999) demonstrated that intravenous administration of lipopolysaccharide (LPS)
induced significant ischaemic tolerance against focal cerebral ischaemia which was
associated with improved microvascular perfusion, but not collateral blood flow. They
hypothesised that secondary ischemic damage was abrogated at least partly by the effect
on the microvasculature. Furthermore, in a later study, Rosenzweig et al (2004) found
evidence that LPS mediated preconditioning could attenuate the inflammatory response
and that TNF was involved in mediating this tolerance (Rosenzweig et al, 2007). Thus,
preconditioning can act at many levels, and on many systems, and in response to
different stimuli.

1.10

EPO and the central nervous system

Erythropoietin is a 30 kDa cytokine produced mainly in adult kidney, which acts
primarily to stimulate red blood cell production in response to low oxygen tension or
oxygen deficiency due to anaemia. However, EPO, which is also expressed in the brain
(Digicaylioglu et al, 1995; Marti et al, 1996; Bernaudin et al, 1999), is thought to be
critical for normal brain development where it acts by preventing neuronal apoptosis,
stimulating neurogenesis and directing neuronal migration (Konishi et al, 1993; Yu et
al, 2002; Tsai et al, 2006; Noguchi et al, 2007).
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Within the central nervous system, neurons and astrocytes both produce EPO under low
oxygen tension (Masuda et al, 1994; Marti et al, 1996; Masuda et al, 1997). By
contrast, the EPO receptor (EPO-R), which also increases in response to hypoxia, is
expressed by neurons, astrocytes, microglia, oligodendrocytes and brain derived
endothelial cells (Masuda et al, 1993; Digicaylioglu et al, 1995; Marti et al, 1996;
Masuda et al, 1997; Morishita et al, 1997; Bernaudin et al, 1999; Nagai et al, 2001).
Erythropoietin expression is controlled via the cytoplasmic hypoxia inducible
transcription factor (HIF-1), which under normoxic conditions is degraded. Hypoxia
leads to the stabilisation of the HIF-1 subunit, which forms a dimer with the HIF-1
subunit that translocates to the nucleus and initiates EPO expression (Wang and
Semenza, 1995; Wang et al, 1995; Masson and Ratcliffe, 2004). By contrast, EPO-R
expression is directly regulated by EPO. In this instance, EPO induces the expression
of the transcriptional factor GATA-3, which binds to a GATA consensus sequence
within the EPO-R promoter and initiates transcription (Noguchi et al, 2007).

Of particular relevance, EPO has been shown to be neuroprotective both in vivo and in
vitro and can ameliorate injury caused by hypoxia, ischaemia, glutamate toxicity and
free radical injury (Morishita et al, 1997; Sakanaka, et al, 1998; Sadamoto et al, 1998;
Kawakami et al, 2001). For example, both prior and post-ischaemic administration
exposure of EPO has been shown to reduce brain damage following global and focal
ischaemia, and in preventing ischaemic induced learning disability in animal models
(Bernaudin et al, 1999; Sadamoto et al, 1998; Calapai et al, 2000; Sakanaka et al,
1998). Mechanisms underlying the preconditioning and post-injury neuroprotective
behaviour of EPO appear to differ, reflecting the diverse roles played by EPO. For
example, whereas preconditioning events predominantly, but not exclusively target cell
survival signalling (Digicaylioglu and Lipton 2001; Ruscher et al, 2002), post-injury
neuroprotection occurs indirectly and can involve angiogenesis (Marti et al 2004; Wang
et al, 2004), neurogenesis and neural migration (Tsai et al, 2006). More importantly, in
a recent pilot proof-of-concept clinical study of patients suffering acute stroke
(Göttingen EPO Stroke-Trial), those who received intravenous recombinant human
EPO, had reduced infarct size and improved clinical outcome (Ehrenreich et al, 2002).
Furthermore, non-erthyropoietic derivatives of EPO, such as carbamylerythropoietin
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and asialoerythropoietin, which do not increase hematocrit levels, are also
neuroprotective in animal stroke models (Erbayraktar et al, 2003; Villa et al, 2007).

1.10.1

EPO mediated preconditioning/neuroprotection

Erythropoietin appears particularly important to the development of ischaemic tolerance
in the brain (Ruscher et al, 2002). Its effects are mediated following its binding to the
EPO-R and possibly the common beta receptor (betacR; Brines et al, 2004). Following
its induction by ischaemia/hypoxia, full EPO mediated preconditioning, which requires
some new protein synthesis, is achieved after 8 hours (Morishita et al, 1997). Whilst
the mechanism(s) underlying EPO mediated neuroprotection are not fully known, it
appears that a number of pathways are activated following receptor binding and include
the modulation of apoptotic pathways as well as de-novo protein synthesis (Morishita et
al, 1997).

1.10.2

EPO induced signalling and protein expression

Originally, much of our knowledge of EPO mediated intracellular signalling and its
phenotypic effects were gleaned from studies of erythropoiesis.

Nevertheless,

preconditioning/neuroprotection is thought to be initiated, at least in part, by the binding
of EPO to the EPO-R, an event which induces receptor dimerisation and autophosphorylation and activation of the Janus tyrosine kinase 2 (JAK2). Once activated,
JAK2 activates the PI3K signalling pathways (Digicaylioglu and Lipton, 2001; Chong
et al, 2002), which mediates neuroprotection by promoting NF- driven transcription
and Akt signalling which promotes BAD inactivation (Digicaylioglu and Lipton, 2001;
Chong et al, 2002; Chong et al, 2003a/b; Digicaylioglu et al, 2004). In addition, JAK2
also activates ERK1/2 signalling and the transcription factor signal transducer and
activator of transcription 5A (STAT5), both of which can increase the expression of
anti-apoptotic proteins (Kilic et al, 2005a; Kilic et al, 2005b; Um and Lodish, 2006;
Park et al, 2006; Zhang et al, 2007).
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Whilst EPO stimulates at least four known signalling pathways and several protein
changes involved in neuronal protection (Chong et al, 2002; Um and Lodish, 2006),
little is known about other potential neuroprotective proteins that may be up- or downregulated as a consequence of EPO preconditioning in neurons. Thus, despite our
knowledge of EPO biology, which suggests a potential therapeutic benefit for EPO in
cerebral ischaemia, the underlying mechanism(s) of EPO mediated neuroprotection are
not fully understood. Furthermore, it is very likely that some of these neuroprotective
mechanisms will be mediated, at least in part, by changes in neuronal protein
expression.

Therefore, identifying and assigning functions to these proteins will

contribute to our understanding of EPO mediated neuroprotection and potentially reveal
new targets for drug development.

1.11

General and specific aims

The aim of my project was to identify proteins involved in EPO induced
preconditioning and characterise their potential as targets for the development of drugs
to reduce brain damage following cerebral ischaemia.
The specific aims of my project are:
(i)

To identify proteins differentially expressed in neuronal culture following
exposure to EPO,

(ii)

To develop a reliable and efficient adenoviral vector system to over-express
proteins in neuronal culture* and,

(iii)

Over-express selected candidate proteins differentially expressed following
EPO preconditioning in neuronal cultures and determine their influence on
neuronal survival using in vitro models of neuronal cell death relevant to
ischaemia.

* The rationale behind the need to develop an adenoviral vector expression system is
outlined in the introduction of Chapter 3.
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Chapter Two

Materials and methods

MATERIALS
Materials not listed here can be found in the relevant chapters.

2.01.1

Mammalian cell lines, bacterial strains, adenoviral and
plasmid DNA

Descriptions, sources and uses for E.coli strains, mammalian cell lines, adenoviral
genomes and plasmids are listed in tables 2.1, 2.2 and 2.3.

Table 2.1 Escherichia coli strains
Strain
JM109

Genotype
e14-(McrA-) recA1 endA1
gyrA96 thi-1 hsdR17(rKmK+) supE44 relA1 D(lacproAB) [F’ traD36 proAB
lacIqZDM15]

Source
Promega

Purpose
General host for plasmid
preparation, plasmid
transformation, cDNA
cloning and sequencing

BJ5183

endA sbcBC rec BC galK
met thi- 1 bioT hsdR (Strr)
(host for pAd Easy
Adenoviral vector)

QBiogene

Recombination permissive
host to produce recombinant
adenoviral plasmid DNA

Table 2.2 Cell lines
Strain

Genotype

Source

Purpose

HEK293

Complements adenoviral
replication

QBiogene

Cell line for viral
preparation and
amplification

Table 2.3 Plasmids
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Strain

Description

Source

Purpose

pGEM.TEasy

Allows blue/white
selection of clones for
identification of
recombinants, contains T7
and Sp6 RNA polymerase
sequences for sequencing,
and Ampicillin resistance
(AmpR) selection marker
Contains CMV promoter,
multiple cloning sites and
SV40 polyadenylation
signal sequence plus sites
for directed recombination
with pAd Easy-1 and
Kanamycin resistance
(KmR) selection marker
Avirulent viral genome
containing site specific
recombination sequences
matching those on pCMVShuttle vector, ∆E1 gene
and ∆E2 gene, AmpR
CMV promoter, multiple
cloning site with
downstream EGFP cDNA
sequence and SV40
polyadenylation sequence
and KmR selection marker
CMV promoter, with
DsRed-Express cDNA,
downstream multiple
cloning site and SV40
polyadenylation sequence
and KmR selection marker

Promega

T/A cloning and
sequencing plasmid

QBiogene

Original adenoviral
vector cloning plasmid

QBiogene

Plasmid/genome for
generating adenoviral
vectors

Clontech

Source of EGFP cDNA,
CMV promoter, and
SV40 polyadenylation
sequence

Clontech

Source of DsRedExpress cDNA

pCMV-Shuttle

pAdEasy-1

pEGFP-N1

pDsRedExpress-C1

2.01.2

Chemicals and enzymes
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Chemicals and enzymes were obtained from the sources listed in Table 2.4. Unless
otherwise indicated, all reagents were of analytical or biochemical grade.

Table 2.4 Chemicals and Enzymes
Item
Adenosine triphosphate
(ATP)
Agarose (Biotechnology
grade)
Antarctic phosphatase
Antibiotics
Bacterial culture media
Bovine serum albumin
(BSA)
5-bromo-4-chloro-3-indolyl-galactopyranoside (X-gal)
Bradford reagent
Calcium chloride
Chloroform
Deoxynucleotide
triphosphates (dNTPs)
N1N-dimethylformamide
Dimethylsulphoxide
(DMSO)
Di-sodium hydrogen
orthophosphate
DNA molecular weight
marker standard (1.0 kb
ladder)
DNA molecular weight
marker standard (Lambda
HindIII digest)
EDTA
EGTA
Ethanol
Ethidium bromide
Glacial acetic acid
D-(+)-Glucose
Glycerol
Human recombinant
cyclophin A (hrCyPA)
Hydrochloric acid

Supplier
Sigma

Details

Ameresco
NEB Biolabs
Sigma
Sigma
Amresco
Difco
Difco
Sigma
Promega
Promega
Bio-Rad
BDH
BDH
Promega

Ampicillin (sodium salt)
Kanamycin sulphate
Agar
Bacto-tryptone
Bacto-Yeast extract
Powdered
At 10 mg/ml in water

Bio-Rad protein assay reagent
dATP, dGTP, dCTP, dTTP

BDH
Sigma
Sigma
Promega
Promega
BDH
BDH
BDH
Sigma
BDH
BDH
Sigma
Biomol
BDH

28

IPEGAL
Isopropyl alchol
Isopropylthio--Dgalactoside (IPTG)
Klenow polymerase
Magnesium chloride
Manganese chloride
Methanol
M-MLV Reverse
transcriptase, RNase H minus
Point mutant
Pfu DNA polymerase
Potassium chloride
Protein molecular weight
marker
Protease inhibitors
Restriction enzymes

Sigma
BDH
Boehringer
Mannheim
Promega
BDH
BDH
BDH
Promega

RNasin ribonuclease
Inhibitor
Sodium acetate
Sodium dihydrogen
orthophosphate
Sodium dodecyl sulphate
(SDS)
Sodium hydroxide
Taq DNA polymerase
Triton X-100
Trizol reagent
Trizma base
Tween20
T4 DNA ligase

Promega

2.01.3

Promega
BDH
Invitrogen
Roche
Promega, New
England (NEB)
Biolabs

Complete cocktail
Afl II, Apa I, Bam HI, Eco RI,
Eco RV, Hind III, Kpn I, Mlu I,
Nhe I, Not I, Pac I, Pme I, Sal I,
Sca I, Spe I, Sma I, Stu I, Xba I,
Xho I, Xma I

BDH
Sigma
Sigma
BDH
Promega
Sigma
Invitrogen
Sigma
Sigma
Promega

Antibodies

Antibodies and their sources used in this thesis are listed in Table 2.5.
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Table 2.5 Antibodies
Antibody (anti-)
Bcl-XL
CD147
Cyclophilin A (CyPA)
Extracellular signal regulated
kinase (ERK) 1 and 2
Green fluorescent protein (GFP)
Glial fibrillary acidic protein
(GFAP)
Goat (secondary) conjugated with
horse radish peroxidase (HRP)
Mouse (secondary) conjugated
with horse radish peroxidase
(HRP)
Mouse Alexa 488 (secondary)
Neuron specific enolase (NSE)
Peroxiredoxin II (PRDX2)
Phosphatidylethanolaminebinding protein (PEBP)
Phosphorylated extracellular
signal regulated kinase (ERK) 1/2
Protein kinase C  (PKCZ)

Source
Rabbit
Goat
Rabbit
Rabbit

Supplier
BD Biosciences
Santa Cruz
Biomol
Santa Cruz

Rabbit
Mouse monoclonal

BD Biosciences
Sigma

Rabbit

Zymed

Sheep

Amersham

Goat
Rabbit
Rabbit
Goat

Molecular Probes
DAKO
LabFrontier, Korea
Santa Cruz

Mouse monoclonal

Santa Cruz

Rabbit

Santa Cruz

Red fluorescent protein (RFP)
Rabbit (secondary) conjugated
with horse radish peroxidase
(HRP)
Rabbit Alexa 546 (secondary)
Rho guanine dissociation inhibitor
(GDI-1)
Superoxide dismutase 1 (SOD1)

Rabbit
Donkey

BD Biosciences
Amersham

Goat
Rabbit

Molecular Probes
Santa Cruz

Rabbit

Stressgen Bioreagents,
USA
Pharmagen
Santa Cruz

Mouse (monoclonal)
-Tubulin
Voltage dependent anion channel Goat
(VADC1)
Note: Antibodies not listed here can be found in the relevant section

2.02

Solutions and culture media
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Unless otherwise stated, all general purpose solutions and media were prepared using
Milli-Q water, autoclaved and stored at room temperature. All media and solutions
used in the preparation of chemically competent and electrocompetent bacterial cells
were prepared in sterile water for irrigation (WFI: Baxter). Antibiotic stock solutions
were prepared using WFI and sterilised by microfiltration/0.2 m. Commonly used
solutions and their composition are listed in Table 2.6.

Table 2.6 Commonly used solutions
Solutions
2xYT media

Composition
Bacto-tryptone (15 g), Bacto-yeast (10 g),
NaCl (5 g) dissolved in Milli-Q water to a
final volume of one litre
50 mg/ml stock; dissolved in WFI,
sterilised by microfiltration (0.2 m) and
stored at -20C
6x stock prepared in 1 x TAE buffer and
containing bromophenol blue (0.25%),
xylene cyanol ff (0.25%) and 30%
glycerol
10 mM stock solution was prepared by
mixing 100 l of each constituent (dATP,
dTTP, dCTP and dGTP each at 100 mM)
with 600 l of WFI, dispensing 100 l
aliquots and stored at -20C
Prepared as 10 mg/ml stock with WFI.
Stored in the dark, at 4C
Dissolved in WFI and sterilised by
microfiltration/0.2 m
Dissolved in WFI and sterilised by
microfiltration/0.2 m
Supplied as 20x stock (Invitrogen) and
composed of MOPS (1 M); Tris Base (1
M); SDS (69.3 mM); EDTA (20.5 mM)
made up in ultrapure water. Unadjusted 1x
buffer is pH 7.7

Ampicillin

DNA loading dye

dNTPs

Ethidium bromide
MgCl2 (1M)
MgSO4 (1M)
MOPS SDS running buffer

NuPAGE lauryl dodecyl sulphate (LDS)
sample buffer

Supplied as 4x stock (Invitrogen) and
composed of glycerol (4 g); Tris-Base
(0.682 g); Tris HCl (0.666 g); LDS (0.8
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g); EDTA (0.006 g); Serva Blue G250
(0.75 ml of 1% solution); phenol red (0.25
ml of 1% solution) made up in 10ml of
ultrapure water. Unadjusted 1x buffer is
pH 8.5
NuPAGE transfer buffer
Supplied as 20x stock (Invitrogen) and
composed of bicine (500 mM); Bis-Tris
(500 mM); EDTA (20.5 mM);
chlorobutanol (1 mM) made up in
ultrapure water. Unadjusted1x buffer is
pH 7.2
Oligonucleotides (Custom)
Synthetic oligonucleotides were ordered
as 250ng/ml solutions from Proligo
(USA) and stored at -20C
Phosphate buffered saline (PBS) pH7.5
10x stock was prepared by dissolving 11.5
g of di-sodium hydrogen orthophosphate
anhydrous (80 mM), 2.96 g sodium
dihydrogen orthophosphate (20 mM), 5.84
g sodium chloride (100 mM) in Milli-Q
water to1000 ml
SOB++
Bacto-tryptone (20 g), Bacto-yeast (5 g),
NaCl (0.5 g) and KCl (0.186 g) dissolved
in WFI to a final one litre volume and
sterilised. Prior to use, 20 ml of MgCl2 (1
M stock) and MgSO4 (1 M stock) was
added to a final concentration of 10 mM
Sodium acetate
Prepared as 3 M solution (pH 5.2) in
Milli-Q, adjusted with glacial acetic acid
and autoclaved
TAE
A one litre, 50x stock solution was
prepared by combining Trizma base (242
g), 57.1 ml of glacial acetic acid and 100
ml of 0.5 M EDTA (pH 8.0) with Milli-Q
water
TB Buffer
HEPES (10 mM), CaCl2 (15 mM), KCl
(250 mM) were dissolved in WFI and the
pH adjusted to 6.7 with KOH, prior to
adding MnCl2 (55 mM). The solution was
sterilised by microfiltration/0.2 m and
stored at -4C
a
15g/L of agar was added to liquid media for preparation of solid media

METHODS
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Methods not listed in this section are described in detail in the relevant chapters.

2.03

DNA procedures

2.03.1

General handling

All plasticware, solutions and buffers used in conjunction with DNA or RNA were
either certified free of DNases or RNases as supplied by the manufacturer or prepared
in-house and sterilised appropriately. In general, preparations of oligonucleotides, DNA
and RNA were reconstituted in sterile WFI and stored at -20C. For analytical or
preparative work, oligonucleotides, DNA or RNA samples were handled aseptically,
and were thawed and maintained on ice when in use.

2.03.2

Preparative procedures

2.03.2.1

RNA extraction

Total RNA was extracted from tissue cultures or animal tissue samples using TRIZOL
Reagent, a mono-phasic solution of phenol and isothiocyanate and used according to the
manufacturer’s instructions. Total RNA was resuspended in sterile WFI at 0.2 to 1.0
g/ml and stored at -80C

2.03.2.2

Genomic DNA extraction

Total genomic DNA was extracted from cells grown in culture using the MasterPure
Complete DNA and RNA Purification Kit from Epicentre Technologies. Total genomic
DNA was resuspended in sterile WFI and stored at -20C.
2.03.2.3

Plasmid extractions
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Small-scale isolation of purified plasmid DNA from E.coli was performed with the
Wizard Plus SV Minipreps DNA Purification System Kit (Promega). Single colonies
were inoculated into 1.8 ml of 2xYT medium (containing an appropriate antibiotic) in
microfuge tubes fitted with a PTFE membrane lid (LidBacEppendorf) and grown 16-18
hours at 37C with shaking at 1400 rpm. Cells were pelleted by centrifugation and
plasmid DNA was recovered by following the manufacturer’s instructions. Plasmid
DNA was eluted from the mini-column in 80-100 l sterile WFI.

2.03.2.4 First strand synthesis of cDNA
In the annealing step, total RNA (typically 1.0 g) was combined with the appropriate
primer in WFI, incubated at 80C for 5 minutes and cooled rapidly on ice for 5 minutes
to prevent secondary structures reforming. Primers for isolating full length cDNA
sequences consisted of either 100-500 ng of Oligo (dT)15 (Promega) or 100 ng of gene
specific primer. For analysing RNA transcript levels, 100 ng of random hexamers
(Promega) were used.
For first strand synthesis, annealed primer-templates were gently mixed with 1x MMLV Reverse Transcriptase Reaction buffer (Promega), RNasin Ribonuclease
Inhibitor (1 Unit; Promega), dNTP (0.5 mM), M-MLV Reverse Transcriptase, RNase H
Minus, Point Mutant (Promega) 200 Units.

Reactions using Oligo (dT)15 were

incubated at 40C for 60 minutes, gene-specific primers were incubated at 40-55C for
60 minutes and random hexamers were initially incubated at room temperature for 10
minutes, followed by 40-55C for 50 minutes. Reactions were inactivated by heating to
70C for 15 minutes. cDNA was used as the template for second strand synthesis and
PCR amplification or otherwise stored at -20C.

2.03.2.5

Polymerase chain reaction (PCR)
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Polymerase chain reaction was used to generate fragments for vector construction, for
cloning and for assessing transgene transcript levels. Routinely, reaction components
were combined with sterile WFI in a total volume of 50 l and comprised: 50-500 pg of
template (genomic DNA, plasmid DNA or first strand cDNA), 1x enzyme specific
reaction buffer (as supplied by the enzyme manufacturer), 200 M of dNTPs, 100 ng of
each forward and reverse oligonucleotide primers and 1-2 Units of the DNA
synthesising enzyme.

For reactions utilising Taq DNA polymerase, a Mg2+

concentration of 1.5 mM was used. Selection of a DNA polymerase was based on the
final product and was chosen from either Taq DNA polymerase (Promega), high fidelity
ThermalAce (Invitrogen), or high fidelity Pfu DNA polymerase (Promega). Cycling
conditions for each reaction were dependent on the template source and GC ratio,
primer to template annealing temperature, DNA polymerase and expected length and
eventual use of the PCR product. Generally, after initial denaturation at 94-98C of 2-3
minutes (1x), reactions were exposed to 20-35 cycles of denaturation at 94-98C for 3045 seconds, primer template annealing at 50-60C for 30-45 seconds and extension at
68-74C for a time calculation based on enzyme processivity and expected product
length. A further 10 minute extension completed the cycling protocol.

2.03.2.6

PCR and restriction fragment purification

PCR products and DNA fragments generated by restriction enzyme digestion were
purified from reactions or agarose gel slices using the Wizard SV Gel and PCR CleanUp System (Promega). Purified DNA was eluted from the mini-column in sterile WFI
and was suitable for subsequent cloning.

2.03.3

DNA modifying procedures
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2.03.3.1

Restriction enzyme digestion

Restriction enzyme reactions were performed on plasmid DNA for both preparative and
analytical purposes. In general, restriction digests comprised DNA (0.2-3.0 g) in
sterile WFI and combined in a 20-80 l reaction volume with 1x restriction enzyme
buffer (supplied as a 10x stock by the enzyme manufacturer) and at least 4 Units of
enzyme per g of DNA. Reactions were allowed to proceed for at least 2 hours at the
temperature specified by the manufacturer. For double or triple digests, reactions were
either conducted separately followed by purification (as described in section 2.3.2.6) or
simultaneously if enzyme buffer conditions were compatible. Linearisation of plasmid
vector DNA by restriction digestion was performed for 12-18 hours using excess
restriction enzyme. For directional cloning into expression vectors, whereby the use of
two different restriction enzymes was necessary, digests were always performed
sequentially.

2.03.3.2

Ligations

For ligation reactions, insert DNA (100-250 ng) was combined with sterile WFI in a
volume of 25 l with: 1x T4 DNA ligase ligation buffer (supplied as a 10x stock by the
enzyme manufacturer, Promega); linearised plasmid vector DNA (25-50 ng) and T4
DNA ligase 4.5 Units. Ligation mixtures were incubated at room temperature for 12-18
hours and stored at -20C. Insert to plasmid DNA ratios were kept at a minimum of
3:1.

2.03.3.3

A-tailing

To increase ligation efficiency into the T/A cloning vector pGEM.TE, blunt-ended PCR
products generated using high fidelity (proofreading) DNA polymerases were first Atailed prior to ligation. In this reaction, Taq DNA polymerase transfers a 3’ terminal
deoxyadenosine to the PCR product to create an overhang, which is complementary to a
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5’ deoxythymidine in the modified linearised pGEM.TE vector. For A-tailing, gel or
PCR purified fragments were combined with sterile WFI in a 25 l reaction volume
with: 1x Taq DNA polymerase reaction buffer; Mg2+ at a concentration of 3.0 mM;
dATP (10 M) and 1 unit of Taq DNA polymerase and incubated at 70C for 30
minutes. The reaction product was purified by the method described in section 2.3.2.6.

2.03.3.4

Dephosphorylation of 5’ ends

Whenever plasmid vector DNA digestion resulted in the formation of blunt-ends or
cohesive complementary overhangs, alkaline phosphatase was used to remove 5’ end
phosphate groups to prevent vector recircularisation. Following plasmid digestion, the
reaction mix was combined with 1x antarctic phosphatase reaction buffer (supplied as a
10x stock by the manufacturer, NEB Biolabs) and antarctic phosphatase (5 Units),
incubated at 37C for 15 minutes (5’ extensions or blunt ends) or 60 minutes (for 3’
extensions) and heat inactivated at 65C for 5 minutes. Vector DNA was purified using
the method described in section 2.3.2.6 prior to ligation.

2.03.3.5

Creating blunt end termini from 5’ and 3’ overhangs

DNA polymerase large (Klenow) fragment was used to convert both 5’ and 3’
protruding ends into blunt-ended linearised plasmid vector following restriction enzyme
digestion. Klenow catalyses in-fill DNA polymerisation for 5’ overhangs and can also
remove 3’ overhangs by exonuclease digestion. In this procedure, Klenow (1-5 Units)
and excess dNTPs (0.5 mM) were added to restriction digests, incubated at 30C for 15
minutes and then 75C for 10 minutes to inactivate Klenow. The resulting DNA was
subsequently purified as described in section 2.3.2.6.

2.03.3.6

Site directed mutagenesis
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Where necessary, site directed mutagenesis was used to modify the nucleotide
sequences of plasmid vector constructs (see Chapters 4 and 5) and for correcting
sequence errors introduced during PCR amplification. Mutation of the target sequence
is achieved using an oligonucleotide, engineered to carry the mutation, as a primer to
synthesise double-stranded copies of the complete plasmid DNA by PCR. Methylated
parental plasmid DNA is selectively degraded by the methylation dependent Dpn1
cleavage, leaving the newly synthesised mutated daughter plasmid DNA, which is
recovered following bacterial transformation of a suitable host. Plasmid DNA, purified
from E.coli strain JM109 (dam+) and carrying the target sequence, was combined in
sterile WFI in a reaction volume of 50 μl with 1x Pfu DNA polymerase buffer (supplied
as a 10x stock by the manufacturer, Promega); dNTPs (200 μM); complementary
forward and reverse primers (designed with a Tm value  78C), and Pfu DNA
polymerase (2 Units). Cycling conditions and primer design were according to the
Quick-Change protocol of Stratagene. On completion of cycling, Dpn1 (5 Units) was
added to the reaction mix and incubated for at least 2 hours at 37C, and 1-2 l was
used to transform E.coli strain JM109.

2.03.4

Analytical procedures

2.03.4.1

Agarose gel electrophoresis

Plasmid DNA, RNA, restriction enzyme fragments and PCR products were mixed with
DNA loading dye and electrophoresed in agarose gels (0.7-2.5% w/v) using a TAE
buffer system. Gels were pre-stained with ethidium bromide (0.5 g/ml) and bands
were visualised by UV transillumination (Foto/UV21, Fotodyne transilluminator), sized
against DNA molecular weight markers and imaged/digitised following capture with a
digital camera (brand, Kodak).

2.03.4.2

Quantitation of DNA and RNA
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Where necessary, DNA and RNA samples were quantified spectrophotometrically by
measuring absorbance at two wavelengths, 260 nm and 280 nm. The instrument used
for this purpose was the NanoDrop (Analytical Technologies) and the protocols
followed were described by the manufacturer. The concentration and purity of nucleic
acid in the sample is automatically calculated by the instrument, and whilst
concentrations were dependent on the quantity of starting material, pure preparations of
RNA and DNA routinely gave OD260/OD280 ratio’s of approximately 1.8.

2.03.4.3

DNA sequencing

The ABI PrisimBig Dye Terminator version 3.1 reaction ready fluorescent labelling
sequencing mix, employing Ampli Taq DNA Polymerase, was used to sequence
double-stranded DNA. Briefly, 2.0 l of stock reaction mixture was combined with: 25
ng of DNA oligonucleotide sequencing primer; 500-750 ng of purified double-stranded
plasmid DNA template and made up to 10 l with WFI. Cycling conditions used were:
initial denaturation at 96C for 1 minute, followed by 25 amplification cycles (96C for
30 seconds, 50C for 30 seconds and 60C for 4 minutes) and a final 11C hold. To
precipitate the resulting DNA product, samples were mixed with 20 l of WFI, 3 l of
sodium acetate (pH 5.2) and 75 l of ice-cold 100% ethanol. The samples were held at
room temperature (protected from light) for 20 minutes, and centrifuged at 18,500 g for
30 minutes.

The entire supernatant was carefully aspirated and discarded.

Two

hundred and fifty microlitres of 75% ethanol were added to the tube containing the
DNA pellet. The tube was gently inverted several times and centrifuged at 14 000 rpm
for 10 minutes. The entire supernatant was carefully aspirated and the DNA pellet dried
at 65C for 2 minutes. Dried samples were submitted to the Department of Clinical
Immunology (Royal Perth Hospital) or the Australian Neuromuscular Research Institute
(Queen Elizabeth II Medical Centre) sequencing facilities. Table 2.7 summarizes the
common sequencing primers of the various plasmid vector constructs.

Table 2.7 Sequencing primers used in this thesis
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Primer

Sequence (5’->3’)

T7

taatacgactcactataggg

Plasmid
type
derivative
pGEM-TEasy

Sp6

atttaggtgacactatagaa

pGEM-TEasy

RSV forward

cattgcagagatattgtatttaag

pShuttle-RSV: plasmids

WPRE reverse

gtaaaaagcaacatag

pShuttle plasmids

2.04

Bacterial cell procedures

2.04.1

Maintenance of bacterial cells

or

For long-term storage, both recombinant and non-recombinant bacterial cells were
resuspended in 2xYT medium containing 15% glycerol, aliquoted out into sterile 2 ml
cryotubes (Nunc), snap frozen in liquid nitrogen and stored at -70C. Cells were
recovered from slightly thawed frozen aliquots using sterile loops or micropipette tips
and used to inoculate agar or liquid culture media.

2.04.2

Transformation

2.04.2.1

Preparation of chemically competent JM109 E.coli cells

The calcium chloride method described by Inoue et al (1990) was used to prepare
competent JM109 cells suitable for plasmid DNA transformation. Three millilitres
from an overnight culture of JM109 grown in 2xYT media at 37C were used to
inoculate 500 ml of fresh SOB++ media in a 3 l conical flask. The cells were grown at
28C with vigorous shaking (220 rpm) to an OD (600 nm) of between 0.4-0.6. The
cells were chilled on ice for at least 10 minutes, pelleted by centrifugation (4C) for 10
minutes at 2500 g, gently resuspended in 100 ml of ice-cold TB buffer, and incubated a
further 10 minutes on wet-ice. The cells were re-centrifuged (4C) for 10 minutes at
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2500 g, gently resuspended in 18.6 ml of ice-cold TB buffer and 1.4 ml of DMSO, and
incubated a further 10 minutes on ice. The cell suspension was aliquoted into sterile 1.5
ml centrifuge tubes, snap frozen in liquid nitrogen and stored at -70C.

2.04.2.2

Preparation of electro-competent BJ5183 E.coli cells carrying

pAdeasy
A 3 ml aliquot from a fresh overnight culture of E.coli BJ5183 (pAdeasy) grown in LB
broth was inoculated into 500 ml of fresh LB broth containing ampicillin (50 g/ml).
Cells were grown at 37C, with vigorous shaking, to an OD (600 nm) of between 0.50.8. The cells were chilled on ice for 30 minutes and then pelleted by centrifugation for
15 minutes at 4C x 4000g. After resuspension in 500 ml of ice cold WFI, the cells
were re-pelleted by centrifugation.

This step was repeated and the cells were

resuspended in 10 ml of ice-cold 10% glycerol (v/v in WFI). As a final step, the
bacteria were re-pelleted, resuspended in 1.5 ml of fresh ice-cold 10% glycerol,
aliquoted (40 l) into fresh 0.6 ml tubes and snap-frozen in liquid nitrogen for storage at
-80C.

2.04.2.3

Transformation of DNA into bacteria

Use of chemically competent cells: 5-20 l volumes of either unligated, undigested
plasmid DNA (10-100 ng) or ligation mixtures containing cDNA inserts and linearised
plasmid DNA were gently mixed with 50-200 l of freshly thawed ice-cold chemically
competent E.coli cells in sterile 1.5 ml tubes. Cell/DNA mixtures were incubated on ice
for 10 minutes, heat-shocked at 42C for 45 seconds in a bench-top incubator
(Thermomixer Comfort, Eppendorf) and then placed on ice for a further 2 minutes. One
millilitre of fresh 2xYT broth kept at room temperature was added to the cells and the
culture incubated at 37C for 1 hour. Cells were pelleted by centrifugation at 18500 g
for 1 minute and resuspended in 100 l of 2xYT. Aliquots of the bacterial suspensions
were plated onto 2xYT agar selection plates containing the appropriate antibiotic and
grown for 16-20 hours at 37C. When the identification of DNA inserts was necessary,
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cells transformed with derivatives of pGEM-Teasy were plated onto agar supplemented
with 0.1 mM IPGT and 40 g/ml of X-gal.
Use of electro-competent cells: a 40 l aliquot of electro-competent E.coli BJ5183
(pAdeasy) cells was thawed on ice and then gently diluted with fresh ice cold 10%
glycerol. Five microlitres of recombinant plasmid DNA were added to the cells and
gently mixed. The cell/DNA suspension was carefully transferred to a fresh sterile 2
mm electroporation cuvette (Biorad) and electroporated (2.5kV, 200 Ohms, 25 F)
using a Biorad electroporator. Cells were resuspended in 1 ml of 2xYT, transferred to a
1.5 ml tube, incubated with gentle shaking at 37C for 1 hour and then plated as
described above.
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Chapter Three

Erythropoietin preconditioning in neuronal cultures: signalling,
protection from in vitro ischemia and proteomic analysis

This document:
A. Outlines the contribution made by each author for the following publication:
Meloni BP, Tilbrook PA, Boulos S, Arthur PG and Knuckey NW (2006).
Erythropoietin preconditioning in neuronal cultures: signaling, protection from in vitro
ischaemia and proteomic analysis. J Neurosci Res 83(4):584-93.
and
B. Signifies that each of the authors allows permission for the published work to be
included in the PhD thesis by Sherif Boulos
Contribution by each author:
Bruno Meloni

60%

Peta Tilbrook

15%

Sherif Boulos

10%

Peter Arthur

10%

Neville Knuckey

5%

Bruno Meloni (co-ordinating supervisor) on behalf of all authors

44

Journal of Neuroscience Research 83:584–593 (2006)

Erythropoietin Preconditioning in
Neuronal Cultures: Signaling, Protection
From In Vitro Ischemia, and Proteomic
Analysis
Bruno P. Meloni,1* Peta A. Tilbrook,2 Sherif Boulos,1,3
Peter G. Arthur,3 and Neville W. Knuckey1
1

Department of Neurosurgery/Sir Charles Gairdner Hospital, Centre for Neuromuscular and Neurological
Disorders/The University of Western Australia, and Australian Neuromuscular Research Institute,
Perth, Western Australia, Australia
2
Western Australian Institute for Medical Research and Centre for Medical Research/The University of
Western Australia, Perth, Western Australia, Australia
3
School of Biochemical and Chemical Sciences, The University of Western Australia,
Perth, Western Australia, Australia

In this study we conﬁrmed the presence of the erythropoietin (EPO) receptor on both cultured cortical neurons
and PC12 cells and showed that EPO can induce
changes in p38, ERK, and JNK signaling molecules in
these cells. We induced EPO preconditioning in cortical
neuronal cultures that protected neurons from a subsequent in vitro ischemic insult (transient oxygen-glucose
deprivation). To investigate downstream changes in
protein expression in EPO-preconditioned cortical neuronal cultures, we used two-dimensional gel electrophoresis. Overall, EPO preconditioning resulted in protein up-regulation, and, from 84 of the most differentially expressed proteins selected for identiﬁcation, the
proteins or tentative proteins were identiﬁed in 57
cases, representing 40 different proteins. Different protein spots representing the same or closely related protein(s) occurred for 13 of the identiﬁed proteins and are
likely to represent posttranslational modiﬁcations or
proteolytic fragments of the protein. Two proteins (78kD glucose-regulated protein and tropomyosin, ﬁbroblast isoform 1) were detected in control neuronal cultures, but not following EPO preconditioning treatment,
whereas one protein (40S ribosomal protein SA) was
detected only following EPO preconditioning. Most of
the other proteins identiﬁed had not previously been
associated with EPO preconditioning and will aid in the
understanding of EPO’s neuroprotective response and
possibly the development of new therapeutic interventions to inhibit neuronal death in acute and chronic
neurodegenerative diseases. VC 2006 Wiley-Liss, Inc.
Key words: proteomics; neuroprotection; two-dimensional
electrophoresis; oxygen-glucose deprivation

system (CNS). Liver and kidney production stimulates
erythropoiesis, whereas, in the CNS, EPO is involved in
brain maturation and neuronal protection and repair
(Genc et al., 2004). EPO production is stimulated by hypoxia, hypoglycemia, and oxidative stress, and its biological effects are mediated via the EPO receptor (EPO-R)
and other uncharacterized receptors (Genc et al., 2004;
Leist et al., 2004). Neuroprotective effects of EPO have
been shown to occur in the brain and in neuronal cell
cultures and require endogenous or exogenous EPO exposure (Genc et al., 2004). Some studies have shown that,
to induce a neuroprotective effect, a preexposure interval
of 3–8 hr is required, whereas other studies have produced positive outcomes with shorter preexposure times
and exposure during and after insult (Morishita et al.,
1997; Sakanaka et al., 1998; Ruscher et al., 2002). EPO
preconditioning and/or treatment in vivo and in vitro
have been shown to protect neuronal tissue or cells in
models of hypoxia; ischemia; excitotoxicity; trauma; and
oxidative, light and, metabolic stress (Morishita et al.,
1997; Sakanaka et al., 1998; Bernaudin et al., 1999; Brines
et al., 2000; Sinor and Greenberg, 2000; Digicaylioglu
and Lipton, 2001; Siren et al., 2001; Grimm et al., 2002;
Wen et al., 2002).
Upon receptor activation, EPO triggers signaling
pathways that ultimately result in new protein expression
and/or protein posttranslational changes required for neuroprotection. Signaling pathways implicated in EPO*Correspondence to: Bruno P. Meloni, Australian Neuromuscular
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induced neuroprotection include Janus kinase-2 (Jak2),
Stat5, nuclear factor-jB (NFjB), extracellular signalregulated kinases (ERK1, ERK2), protein kinase B (Akt1), mitogen-activated protein kinase (MAPK), and phosphatidylinositol 3-kinase [PI(3)K; Digicaylioglu and Lipton, 2001; Siren et al., 2001; Kretz et al., 2005; Liu et al.,
2005]. Although it is likely that these signaling pathways
ultimately up-regulate neuroprotective proteins, only a
few proteins (XIAP, IAP2, Bcl-xL, BDNF) have been
shown to be up-regulated following EPO exposure in the
brain or neurons (Digicaylioglu and Lipton, 2001; Wang
et al., 2004; Sola et al., 2005; Viviani et al., 2005).
Further characterization of the proteins involved in
EPO’s neuroprotective response has signiﬁcant clinical
implications. The identiﬁcation of neuroprotective proteins may be used to reﬁne and increase further the potency of neuroprotective treatments. This is especially relevant for prophylactic treatment or long-term treatment
of neurodegenerative diseases, insofar as high EPO plasma
levels may be ineffective and associated with undesirable
side effects (Kennedy and Buchan, 2005). In addition,
although it has been shown in animal models that administration of EPO 6 hr after brain injury is beneﬁcial
(Brines et al., 2000), identifying the speciﬁc neuroprotective mechanisms may allow an even wider therapeutic
window. To this end, it is likely EPO stimulates the synthesis of proteins that block cell death pathways and stimulate cell survival pathways. Understanding the signaling
molecules and proteins involved in these pathways will
allow the development of agents that mimic or block
these neuroprotective and neurodamaging responses.
In this study, we have identiﬁed signaling molecules
activated in neurons and PC12 cells following EPO exposure, evaluated EPO preconditioning in a neuronal in
vitro model of ischemia, and used two-dimensional electrophoresis to identify differential protein expression in
cortical neuronal cultures following EPO exposure.
MATERIALS AND METHODS
Cultivation of Cortical Neurons and
EPO Preconditioning
Establishment of cortical cultures was as previously
described (Meloni et al., 2002) and is brieﬂy outlined below.
Cortical tissue (four or ﬁve hemispheres) from E18–E19 rats
was dissociated in 2 ml of Hibernate E medium (Invitrogen,
Carlsbad, CA) supplemented with 1.3 mM L-cysteine, 10 U/
ml papain (Sigma, St. Louis, MO), and 50 U/ml DNase
(Sigma) by trituration. Dissociated neurons were washed in 13
ml cold Dulbecco’s modiﬁed Eagle’s medium (DMEM; Invitrogen)/10% horse serum (Life Technologies, Bethesda, MD);
centrifuged; and gently resuspended in Neurobasal (NB; Invitrogen)/2% B27 supplement (Invitrogen), 1.6% fetal bovine
serum (Invitrogen), 0.4% horse serum, 25 lM glutamate, 10
lM 2-mercaptoethanol, 12 lg/ml penicillin, and 20 lg/ml
streptomycin. The neuronal cell concentration was adjusted to
1.8–2 million neurons/2 ml, and 2 ml was inoculated into
each well of a six-well plate (9 cm2; Costar, Cambridge, MA)
or 35-mm glass dish precoated with poly-D-lysine (40 lg/ml;
Journal of Neuroscience Research DOI 10.1002/jnr
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70–150K; Sigma). Neuronal cultures were maintained in a
CO2 incubator (5% CO2, 95% air balance, 98% humidity) at
378C. On day in vitro (DIV) 4, one-third of the culture medium was removed and replaced with fresh NB/2% B27 containing the mitotic inhibitor cytosine arabinofuranoside (ﬁnal
concentration 1 lM; Sigma), and on DIV 8 one-half of the
culture medium was replaced with NB/2% B27. At DIV 11
between 1% and 2% of cells in neuronal cultures stain positively for glial ﬁbrillary acidic protein. Neuronal cultures were
exposed to EPO preconditioning (0.5 U/ml) on DIV 11 and
in vitro ischemia on DIV 12. EPO preconditioning consisted
of adding a 3100 concentrated stock of EPO (human
recombinant; Janssen Cilag, Australia) prepared in balanced salt
solution (BSS: mM 88.7 NaCl, 5.4 KCl, 1.8 CaCl2, 0.8
MgSO4, 1 NaH2PO4, 20 HEPES, pH 7.4) directly to neuronal cultures. EPO exposure was for 8, 12, or 24 hr before in
vitro ischemia and for 12 hr before protein isolation for twodimensional electrophoresis. Controls consisted of DIV 12
cortical neuronal cultures treated with an equivalent volume
of BSS.
In Vitro Ischemia Model
Exposure of neuronal cultures maintained in 35-mm
glass dishes to in vitro ischemia to induce delayed programmed cell death was as described previously (Arthur et al.,
2004). Brieﬂy, culture media were replaced with 2 ml BSS
supplemented with 2 mM lactate. Neuronal dishes were
gassed directly with 100% nitrogen for 40 min at 378C. After
nitrogen gassing, 1.75 ml of BSS was removed from the culture dish, 0.25 ml of NB supplemented with 2% N2 was
added, and the cultures were placed into a CO2 incubator at
378C. Nonischemic control cultures received the same BSS
wash procedures and media additions as ischemic cultures but
were maintained in a CO2 incubator.
EPO Stimulation in Cortical Neurons and PC12 Cells
DIV 12 cortical neuronal cultures were maintained as
described above, and PC12 cultures were maintained in
RPMI supplemented with 10% horse serum and 5% fetal calf
serum. For EPO signaling experiments, neurons and PC12
cells were plated onto 22-mm glass coverslips or 24-well
plates. PC12 cells were serum starved by incubation overnight
in RPMI supplemented with 0.1% horse serum and 0.05% fetal calf serum. Cortical neurons were starved by replacing
two-thirds of the medium with DMEM. Cells were stimulated with EPO (5 U/ml) for 15 min before being ﬁxed and
used for immunocytochemistry or for 15 or 30 min before
being lysed and having protein isolated for immunoblotting. A
5 U/ml stimulation dose of EPO was used to ensure saturation of EPO-R and to elicit a maximum signaling response
(Tilbrook et al., 1996). Immunocytochemistry for the EPO-R
was performed on cells not stimulated with EPO.
Immunoblotting and Immunocytochemistry
Cells were lysed and 100 lg protein separated by SDSPAGE, transferred to nitrocellulose membranes and analyzed
by immunoblotting followed by incubation with horseradish
peroxidase-conjugated antibodies. Visualization was by enhanced
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chemiluminescence (Amersham, Bucks, United Kingdom). To
quantify the expression of each protein, autoradiographs were
scanned into Adobe Photoshop 5.0, and quantiﬁcation of
band intensity was determined in NIH Image 1.62. Levels of
phosphorylated proteins detected were compared against the
loading controls of either unactivated ERK2 and p46/p54
JNK.
Cells were grown on coverslips, ﬁxed in 2.5% paraformaldehyde, and incubated in the presence of antibodies, followed by a ﬂuorescein isothiocyanate-conjugating secondary
antibody (Amersham). Coverslips were mounted in 2.5%
Dabco (Fluka Chemika, Buchs, Switzerland)/10% glycerol/
TBS and examined by immunoﬂuorescence.
Primary antibodies used were antiphospho-p38 [sc7973; Santa Cruz Biotechnology (sc), Santa Cruz, CA], antiphospho-p46/p54 JNK (sc-6254), anti-JNK (sc-571), antiphosphotyrosine (sc-7020), antiphospho-ERK1/2 (sc-7383),
and the loading control antibody anti-ERK2 (sc-154). A rabbit antibody was made to the whole extracellular domain of
the murine EPO-R. Controls for immunocytochemistry consisted of preimmune sera for the rabbit EPO-R and omitting
primary antibody.
Assessment of Neuronal Viability and
Statistical Analysis
Neuronal viability was assessed 24 hr after in vitro ischemia by using nuclear morphology following staining with the
ﬂuorescent dye 4,6-diamidino-2-phenylindole (DAPI; Sigma)
as described previously (Arthur et al., 2004). Although we did
not distinguish between apoptotic and necrotic cell death in
our model, on light microscopy and nuclear staining approximately 60% of neurons have features resembling apoptosis,
15% have features resembling necrosis, and 25% appear viable.
One hundred cells were counted in each culture dish for all
treatments. Neuronal viability in control cultures was treated
as 100%. Viability data were analyzed by ANOVA, followed
by post hoc Fisher’s PLSD test. P < 0.05 was considered to
be statistically signiﬁcant.
Protein Isolation for Two-Dimensional
Gel Electrophoresis
Total protein was isolated from control and EPO-preconditioned neuronal cultures by removing all the media from
wells and washing once with phosphate-buffered saline, before
the addition of lysis buffer [7 M urea, 2 M thiourea, 40 mM
Tris-HCl, 1% sulfobetaine 3-10, 2% CHAPS, 65 mM dithiothreitol (DTT), 1% Bio-Lyte carrier ampholytes, pH 3–10;
Bio-Rad, Hercules, CA]. Sample was recovered from culture
vessels and probe sonicated for 30 sec (Branson Soniﬁer 450
constant duty cycle). Insoluble material was removed by centrifugation at 20,000g for 10 min at room temperature. Samples were stored at –808C. Protein content was determined by
amino acid analysis using Waters AccQ Tag chemistry (Millipore, Milford, MA) as previously described (Cohen et al.,
1993).
Two-Dimensional Gel Electrophoresis
Two-dimensional electrophoresis was carried out on a
Multiphor II ﬂatbed electrophoresis system (Amersham Bio-

sciences, Piscataway, NJ) using 18-cm IPG gel strips with pH
ranges of 4–7, 4.5–5.5, and 6–11 (Amersham Biosciences).
Sample corresponding to 80 lg protein was loaded onto pH
4–7 and pH 4.5–5.5 IPG strips via in-gel rehydration, and pH
6–11 strips were loaded at the anode using sample cups. Isoelectric focusing was carried out for a total of 95,000 V/hr at
208C. Voltage was slowly increased from 300 to 5,000 V over
8 hr and maintained at 5,000 V until the ﬁnal V/hr product
was achieved. Each protein sample was run in triplicate. After
isoelectric focusing, strips were equilibrated for 30 min in
6 M urea, 2% SDS, 20% glycerol, 0.375 M Tris-HCl, pH 8.8,
5 mM tributylphosphine, 2.5% acrylamide. Second-dimension
SDS-PAGE was performed by using 8–18% T 16- 3 18-cm
polyacrylamide slab gels run in a Protean II XL multicell apparatus (Bio-Rad) at 48C. Current conditions were 3 mA per
gel for 6 hr, followed by 15 mA per gel for 14 hr. Following
second-dimension electrophoresis proteins were ﬂuorescently
stained with Sypro Ruby (Molecular Probes, Eugene, OR)
according to the manufacturer’s instructions.
Image Analysis of Two-Dimensional Gels
Gels were scanned with a Molecular Imager FX (BioRad) equipped with a 488-nm external laser. Differential protein expression proﬁles were analyzed by using Z3 V 2.0
image-analysis software (Compugen Israel). Triplicate images
from each of the preconditioning treatment and control samples were used to compile a raw master reference gel composite. The composite gels generated from each group and pH
gradient were then used to compare the protein proﬁles
between control and preconditioning treatments. The acquired image-analysis data were used to identify protein spots
down-/up-regulated in preconditioning for subsequent identiﬁcation by MALDI-TOF mass spectrometry. Changes greater
than 1.7-fold in protein expression compared with control
were considered signiﬁcant. Differences in protein expression
at the 1.7-fold level analyzed by unpaired t-test, conﬁrmed
statistical signiﬁcance at the 95% conﬁdence limit.
Tryptic Digestion of Protein Spots
Protein spots were excised and placed in a 96-well
microtiter plate for digestion. Gel pieces were washed three
times in 50% v/v acetonitrile, 25 mM NH4HCO3, pH 7.8,
and dried in a SpeedVac centrifuge. Protein in gel pieces was
subjected to tryptic digestion at 378C for 16 hr in 8 ll (0.014
lg/ll in 25 mM NH4HCO3, pH 7.8) sequencing-grade trypsin (Promega, Madison, WI) solution. Peptides were extracted
from the gel pieces by using 8 ll of 10% (v/v) acetonitrile,
1% (v/v) triﬂuoroacetic acid solution, and then desalted and
concentrated using ZipTips (Millipore, Bedford, MA). A 1-ll
aliquot was spotted onto a MALDI sample plate with 1 ll of
matrix (a-cyano-hydroxycinnamic acid, 8 mg/ml in 50% v/v
acetonitrile, 1% v/v triﬂuoroacetic acid) and allowed to air
dry.
MALDI-TOF Mass Spectrometry
MALDI mass spectrometry was performed with a
Micromass TofSpec 2E Time of Flight Mass Spectrometer. A
nitrogen laser (337 nm) was used to irradiate the sample.
Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 1. Immunocytochemistry of cultured cortical neurons and PC12 cells for EPO receptor
(EPO-R) and signaling molecules before and 15 min following EPO stimulation (5 U/ml). Cortical neurons and PC12 cells stained with anti-EPO-R, antiphosphotyrosine (p-tyrosine), antiphospho-p38 (p-p38), antiphospho-ERK1/2 (p-ERK), and antiphospho-JNK (p-JNK).
Journal of Neuroscience Research DOI 10.1002/jnr
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Spectra were acquired in reﬂectron mode in the mass range
600–3,500 Da. A near-point calibration was applied and a
mass tolerance of 50 ppm used. The peptide masses generated
were used to search against Rodentia entries in SwissProt by
using ProteinProbe on MassLynx.

RESULTS
EPO Signaling in Neurons and PC12 Cells
By using immunocytochemistry, we compared
EPO-R expression and the activation of several signaling
proteins in cortical neuronal and PC12 cultures (Fig. 1).
The EPO-R was detected in both cortical neurons and
PC12 cells. In EPO-stimulated cortical neurons, staining
of phosphorylated (p-) p-p38 and p-ERK1/2 increased in
intensity throughout the cytoplasm and/or nucleus, pp46/p54 JNK produced intense spots in the nucleus, and
p-tyrosine increased throughout the cytoplasm. In EPOstimulated PC12 cells, staining of p-p38 did not increase
and remained cytoplasmic, p-ERK1/2 decreased in intensity throughout the cytoplasm and produced intense spots
in the nucleus, p-p46/p54 JNK produced intense spots in
the nucleus, and p-tyrosine localized to the membrane.
To examine EPO signaling further and to conﬁrm
results obtained via immunocytochemistry in neurons and
PC12 cells, we used immunoblotting (Fig. 2). In EPOstimulated cortical neurons, immunoblot analysis at 15
and 30 min poststimulation showed altered levels of p-tyrosine. In addition, levels of p-p38 (1.2- and 1.8-fold), pERK1 (1.7- and 2.1-fold), and p-ERK2 (1.7- and 2.2fold) increased at both time points, whereas p-p46 JNK
and p-p54 JNK and loading control ERK2, p46 JNK and
p54 JNK levels remained relatively unchanged. In EPOstimulated PC12 cells, immunoblot analysis at 15 and 30
min poststimulation showed increased levels of p-tyrosine
and decreased levels of p-p38 (2.2- and 1.4-fold), pERK1 (4.3- and 3.0-fold), and p-ERK2 (2.8- and 3.2fold) at both time points, whereas p-p46 JNK and p-p54
JNK levels remained unchanged, as did loading controls
ERK2, p46 JNK, and p54 JNK.
EPO Preconditioning and Neuroprotection
EPO preconditioning in cortical neuronal cultures
provided substantial protection from in vitro ischemia
(Fig. 3). An 8-hr preconditioning interval increased neuronal survival from 26% to 61%, whereas 12- and 24-hr
preconditioning periods resulted in 89% neuronal survival.
EPO Preconditioning and Two-Dimensional
Gel Electrophoresis
Overall EPO preconditioning in cortical neuronal
cultures resulted in protein up-regulation; representative
gels are shown in Figure 4. From the composite gel
images, 84 of the most differentially expressed proteins
were selected for protein identiﬁcation, and the protein
or tentative protein(s) were identiﬁed in 57 cases, representing 40 different proteins. The degrees of up-/down-

Fig. 2. Effects of EPO stimulation (5 U/ml) on phosphotyrosine,
p38, ERK, and JNK in cortical neurons and PC12 cells. A: Lysates
from unstimulated (–) or EPO-stimulated cortical neuronal and PC12
cell cultures were immunoblotted with antiphosphotyrosine (p-tyrosine). B: Lysates from unstimulated (–) or EPO-stimulated cortical
neuronal and PC12 cell cultures were immunoblotted with antiphospho-p38 (p-p38), antiphospho-ERK1/2 (p-ERK1 and p-ERK2), and
anti-ERK1/2. C: Lysates from unstimulated (–) or EPO-stimulated
cortical neuronal and PC12 cell cultures were immunoblotted with
anti-JNK (p46 JNK and p54 JNK) and antiphospho-JNK (p-p46
JNK and p-p54 JNK).

regulation of the 40 different proteins for each preconditioning treatment are summarized in Table I.
For two different, closely related protein families
(ACTB/ACTG, HSC70/HSPA2), peptide masses generated from protein spots were not able to distinguish the
speciﬁc proteins. Different protein spots representing the
Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 3. Efﬁcacy of different EPO preconditioning intervals to protect
cortical neurons from in vitro ischemia (transient oxygen-glucose deprivation). EPO (0.5 U/ml) was added to cortical neuronal cultures
8, 12, or 24 hr prior to induction of in vitro ischemia, and neuronal
viability was assessed via DAPI staining 24 hr after in vitro ischemia.
Neuronal cells counts were expressed as percentage viable cells, with
the normal control taken as 100% viability. Data are expressed as
mean 6 SEM; n ¼ 5; *P < 0.05 compared with in vitro ischemia
without EPO.

same protein or closely related protein(s) occurred for 13
of the identiﬁed proteins and are likely to represent posttranslational modiﬁcations or proteolytic fragments of the
protein (Table I). For three proteins (HSC70, STMN1,
TPM5) different protein spots representing posttranslational or proteolytic modiﬁcations of the same protein
were observed to be up- and down-regulated. Two proteins (GRP78, TPM5) were detected in control neuronal
cultures, but not following EPO preconditioning treatment, and one protein (RPSA) was detected only following EPO preconditioning.
DISCUSSION
We have shown in this study that EPO preconditioning can protect cortical neuronal cultures from a transient oxygen-glucose deprivation model of in vitro ischemia. Our ﬁndings are in line with previous in vitro studies
showing that EPO preconditioning can protect neurons
in a variety of cell death models (Morishita et al., 1997;
Sakanaka et al., 1998; Siren et al., 2001; Ruscher et al.,
2002; Wen et al., 2002; Chong et al., 2003). We observed
that an 8-hr preconditioning interval prior to in vitro ischemia increased neuronal survival from 26% to 61%, and
a 12- or 24-hr interval increased neuronal survival from
26% to 89%. The increased level of neuronal survival over
extended post-EPO exposure times is in line with EPO’s
neuroprotective response being reliant on the expression
of proteins involved in preconditioning.
EPO-R-activated signaling mechanisms are likely to
be responsible for the protein expression-mediated neuroprotective response. In support of this, we conﬁrmed the
presence of the EPO-R on cultured cortical neurons and
PC12 cells. Also, we detected activation and/or nuclear
Journal of Neuroscience Research DOI 10.1002/jnr
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translocation of phosphotyrosine-containing proteins,
ERK, p38, and JNK, in EPO-stimulated cortical neuronal
cultures. Similar signaling changes were detected in PC12
cells; however, p-p38 and p-ERK1/2 were down-regulated following EPO stimulation. These differences likely
reﬂect divergent signaling pathways activated in cortical
neurons and PC12 cells. Alternatively, it is possible that
neurons and/or PC12 cells possess different EPO-Rinteracting signaling molecules that are responsible for
these signaling differences (Leist et al., 2004). Although
several of these signaling molecules have previously been
implicated in EPO neuronal cell signaling, p-p38 activation had not previously been shown, nor EPO-induced
nuclear translocation of JNK. Interestingly, Chong et al.
(2003) did not observe signiﬁcant p-p38 activation in primary hippocampal cultures 10 min after EPO exposure.
Our positive signaling ﬁndings conﬁrm that EPO-Rmediated signaling events occur in cortical neuronal cultures and that these and other signaling pathways are likely
to lead to downstream changes in protein expression.
Proteomic analysis of protein expression in primary
cortical neuronal cultures 12 hr after EPO preconditioning identiﬁed 28 proteins as being either up- or downregulated. Most of the proteins identiﬁed have not previously been shown to be inﬂuenced by EPO and represent
proteins potentially involved in neuroprotective and neurodamaging pathways. Furthermore, many of the proteins
identiﬁed following EPO preconditioning were identiﬁed
in an earlier proteomic study from our laboratory following cycloheximide, heat stress, and MK801 preconditioning, which suggests that similar neuroprotective pathways
are activated following different preconditioning treatments (Meloni et al., 2005). However, six proteins identiﬁed to be up-regulated following EPO preconditioning
(PRDX2, ATP5A, PKCZ, CRMP1, LAMR1, ATP6E)
were not observed to be differentially expressed in our
previous proteomic study and are discussed below.
Peroxiredoxin 2 (PRDX2) belongs to a family of
proteins involved in redox regulation, because of their
antioxidant functions associated with the removal of cellular peroxides, including hydrogen peroxide and peroxynitrite (Wood et al., 2003). Hence, peroxiredoxin proteins are considered to provide protective roles against
oxidative stress and are linked to oxidant-mediated signaling pathways associated with cell survival and death.
PRDX2 is expressed in neurons (Saraﬁan et al., 1999), so
it is conceivable that up-regulation of PRDX2 is an
EPO-mediated neuroprotective response. This is supported by studies showing that overexpression of PRDX2
can protect cells from oxidative stress-related insults
(Zhang et al., 1997).
The ATP synthase alpha chain (ATP5A) is a regulatory unit of the ATP synthase complex (complex V) that is
responsible for generating mitochondrial ATP via oxidative
phosphorylation. Hence, up-regulation of this protein may
be suggestive that EPO stimulation in neurons can improve
ATP generation and in doing so enable cells to maintain
ATP levels better during energy-compromising conditions,
such as ischemia. Interestingly, cytoplasmic accumulation of

Fig. 4. Two-dimensional gels of proteins from control and EPO-preconditioned cortical neuronal
cultures. A: Proteins separated using ﬁrst-dimension pH 4–7 IPG strips. B: Proteins separated
using ﬁrst-dimension pH 4.5–5.5 IPG strips. C: Proteins separated using ﬁrst-dimension pH 6–11
IPG strips. Note: protein spots circled in control gels represent proteins down-regulated, whereas
protein spots circled in EPO gels represent up-regulated proteins.
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TABLE I. Differential Protein Expression Levels for Protein Spots Identiﬁed Following EPO Preconditioning
Spot number
Stress/chaperone/antioxidant
160
98
38, 39, 40, 100
38, 39, 40
78
65
140
Mitochondrial
176
5
102
101
84, 85
Metabolic/biochemical
79
117
135
177
187
184
80, 179
Signaling
60
181
18, 63
49
62
Cytoskeletal
58, 59, 67, 68, 70, 125
67, 68, 70
20, 93
81
142
23, 34, 52, 54
48, 118
108
55
Miscellaneous
172, 174
74
129
24, 66
116
123, 162
183

Protein (gene name/Genebank No.)

Fold up-/down-regulateda

Fatty acid-binding protein, brain (FABP7/U02096)
78 kD glucose-regulated protein-precursor (GRP78/M14050)
Heat shock cognate protein 70 (HSC70/M19141)
Heat shock protein (HSPA2/X15705)
Peptidyl-prolyl cis-transisomerase A (PPIA/M19533)
Peroxiredoxin 2 (PRDX2/U06099)
Cu/Zn superoxide dismutase (SOD1/Y00404)

1.7
A
1.7, 1.7, 1.7, 1.7
1.7, 1.7, 1.7
7.8
2.0
1.8

ATP synthase alpha (ATP5A/L01062)
ATP synthase beta (ATP5B/M25301)
Heat shock protein 60 mitochondrial (HSP60/X54793)
Mitochondrial stress-70 protein (GRP75/S75280)
Voltage-dependent anion channel 1 (VDAC1/AF048828)

2.0
2.5
1.7
2.8
1.7, 2.5

Citrate synthase (CS/AK012151)
Creatine kinase B chain (CKB/M14400)
Fructose 1 6 biphosphatase (FBP1/J04112)
Fructose-biphosphate aldolase A (ALDOA/M12919)
Phosphoglycerate kinase-testis speciﬁc (PGK2/M31788)
Proteasome subunit alpha type 7 (AF019662)
Glyceraldehyde 3-phosphate dehydrogenase (GAPD/M17701)

2.1
1.7
1.7
2.1
2.2
1.8
1.8, 3.1

Guanine nucleotide-binding protein G (O) (GNAO1/M17526)
Protein kinase C zeta type (PKCZ/J04532)
Rho GDP dissociation inhibitor 1 (GDI-1/AB055070)
14-3-3 Protein epsilon (YWHAE/M84416)
14-3-3 Protein gamma (YWHAG/S55305)

2.5
1.8
2.9, 1.9
1.8
1.8

Actin cytoplasmic 1 (ACTB/X03672)
Actin cytoplasmic 2 (ACTG/X52815)
Coﬁlin, nonmuscle isoform (CFL1/X62908)
Elongation factor 1-alpha 1 (EEFIA1/X03558)
Alpha-internexin (INX/X52017)
Stathmin (STMN1/J04979)
Tropomyosin, ﬁbroblast isoform 1 (TPM5/X53753)
Tubulin alpha 1 (TUBA1/V01227)
Tubulin beta chain (TBB1/X03369)

3.2, 2.6, 1.9, 1.9, 1.8, 4.5
1.9, 1.9, 1.8
2.2, 2.2
5.4
1.7
2.0, 1.9, 1.7, 1.7
A, 2.0
2.0
1.8

Collapsin response-mediator protein 1 (CRMP1/U52102)
Heterogeneous nuclear ribonucleoproteins A2/B1 (HNRPA2B1/AF073993)
H-2 Class 1 histocompatibility antigen, D-P alpha chain (HA14/M12381)
Phosphatidylethanolamine-binding protein (PEBP/X75253)
40S Ribosomal protein SA (RPSA/D25224)
Vacuolar ATP synthase catalytic subunit A (VAA1/U13837)
Vacuolar ATP synthase catalytic subunit E (ATP6E/U13841)

2.2, 1.8
9.3
1.9
1.9, 2.2
N
4.2, 1.8
1.8

Values for fold up-/down-regulation  1.7 are statistically signiﬁcant (P < 0.05). A, protein spot absent in EPO treatment gel; N, protein spot new
in EPO treatment gel.
a

ATP5A has been associated with tau aggregates of neuroﬁbrillary tangles in Alzheimer’s disease (Sergeant et al., 2003).
Therefore, it is possible that, after cell stress and mitochondrial dysfunction, ATP5A translocates to the cytosol and
adopts other cellular functions associated with neurodegeneration. Deceased protein levels of ATP5A have been
detected in the hippocampus of transgenic mice overexpressing human Cu/Zn superoxide dismutase and displaying mitochondrial swelling and vacuolization in neural tissue and neurological deﬁcits (Shin et al., 2004).
Journal of Neuroscience Research DOI 10.1002/jnr

Protein kinase Cf (PKCf) is a calcium-independent,
phospholipid-dependent, serine- and threonine-speciﬁc kinase, which phosphorylates a range of cellular proteins. It is
an atypical PKC isoform and plays a key role in neuronal
differentiation and the NFjB signaling cell survival pathway
(Wooten et al., 1999; Tan and Parker, 2003; Duran et al.,
2003). Recent data also indicate that PCKf can be involved
in neuronal cell death (Koponen et al., 2003; Crisanti et al.,
2005). After N-methyl-D-aspartate (NMDA) excitotoxicity
in PC12 cells, caspase-mediated cleavage of PKC resulted
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in the generation of a 50-kDa kinase active fragment that
translocates to the nucleus, an event associated with apoptosis (Crisanti et al., 2005). In an earlier study, inhibition of
PKCf prevented NMDA-induced death of cortical neurons
(Koponen et al., 2003). This ﬁnding indicates that PKCf
may play a role in neuronal survival under normal cellular
conditions and mild stress but switches to a prodeath role
during more severe cellular insults.
Collapsin response-mediator protein 1 (CRMP1)
belongs to a family of proteins expressed throughout the
brain during development and is involved in axonal guidance, neurite extension, and growth cone collapse (Charrier et al., 2003). Based on studies relating to the collapsin
response mediator protein family member CRPM2, there
is also evidence that they may be involved in the neurodegenerative structural changes that occur in dying neurons following cerebral ischemia, Parkinson’s disease, and
Alzheimer’s disease (Shirvan et al., 1999; Gu et al., 2000;
Chung et al., 2005).
The 40S ribosomal protein SA (RPSA), also known
as laminin receptor precursor and p40, is a component of the
small ribosomal subunit and belongs to the ribosomal protein S2P family. Its overexpression is associated with tumor growth and metastasis (Clausse et al., 1996). Antisense-mediated down-regulation of RPSA in Hela cells
results in apoptosis, whereas overexpression in these cells
results in survival in serum-depleted media (Kaneda et al.,
1998). The prosurvival features of RPSA indicate that
EPO up-regulation of this protein in neurons may protect
neurons from apoptosis-inducing stimuli.
Vacuolar ATP synthase subunit E (ATP6E) is a component of the vacuolar proton pump ATPase, which is responsible for acidifying a variety of intracellular compartments. Neurons use the vacuolar proton pump to accumulate neurotransmitters in synaptic vesicles (Morel, 2003).
EPO-mediated up-regulation of the E subunit may be a cellular response in order to improve neurotransmiter uptake
by the proton pump and thus reduce the level of extracellular excitatory transmitters. It is unknown whether the
ATP6E has other cellular functions unrelated to the vacuolar proton pump that may be involved in neuroprotection.
In summary, we have induced EPO preconditioning
in cortical neuronal cultures and identiﬁed changes in signaling molecules in cortical neurons and PC12 cells after
EPO stimulation. Also, we identiﬁed 40 proteins differentially expressed in EPO-preconditioned cortical neuronal
cultures. Although many of these differentially expressed
proteins were identiﬁed by us in a previous proteomic
preconditioning study (Meloni et al., 2005), most of the
proteins identiﬁed in the current study had not been implicated in EPO preconditioning. Six proteins were up-regulated in neuronal cultures in response to EPO preconditioning that were not identiﬁed in our previous study. It is
likely that one or more of the identiﬁed proteins are
involved in cellular pathways that promote cell survival and
inhibit cell death. Further characterization of these proteins
will provide cellular targets for the development of new
therapeutic agents for the treatment of CNS injury.
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Introduction

Dissociated primary neuronal cultures are typically resistant to high rates of plasmid transfection. Consequently,
neurobiologists have become increasingly reliant on the use
of attenuated viral vectors such as adenovirus (Simons et
al., 1999; Kugler et al., 2001; Matsuoka et al., 2000),
lentivirus (Duale et al., 2004), herpes simplex virus (Lawrence et al., 1996; Harvey et al., 2003), and adeno-associated
virus (Sun et al., 2003) to introduce genetic material into
neuronal cells. Adenovirus vectors are popular because they
permit the introduction of relatively large DNA sequences,
are easy to construct and propagate, are safe to use, and
can be cultivated to high titers. To this end, adenovirus
vectors have been used to manipulate gene expression in
vitro and in vivo in various cell types of the peripheral and
central nervous systems (Glatzel et al., 2000; Glover et al.,
2002; Kilic et al., 2002; Matsuoka et al., 2003) and have been
used to investigate the functions of various proteins in
neuronal death (Tamatani et al., 2001), embryonic develop-

ment (Okuda et al., 2004; Canzoniere et al., 2004), and
normal cellular physiology (Li et al., 2005). Hence, due to
the advantages of adenovirus vectors over other viral
vectors and their increasing use in neurobiology, any
modifications in vector design need to be assessed for
use in neuronal cell studies.
In this study, we made modifications to an existing
adenoviral vector expression system by first incorporating a
CMV/EGFP reporter cassette. Next, we assessed the influence
of the woodchuck post-transcriptional regulatory element
(WPRE) on the rous sarcoma virus (RSV) promoter-mediated
DsRed-X transgene expression in cortical neuronal cultures.
We also compared the capacity of the cytomegalovirus
(CMV), RSV and the rat and human synapsin 1 (SYN1) gene
promoters, in conjunction with the WPRE, to drive DsRed-X
expression in cortical neuronal cultures. Finally, to validate
the vector system developed for this study, we generated a
recombinant adenovirus incorporating the RSV promoter
and WPRE to overexpress the anti-apoptotic protein, Bcl-XL,
in cortical neuronal cultures. We used this virus to

Fig. 1 – Assembly of transgene and enhanced green fluorescent protein (EGFP) reporter expression cassettes by modification of
the original pCMV-shuttle vector (He et al., 1998); see Experimental procedures for detailed descriptions of vector derivation.
Promoters are: human cytomegalovirus (CMV, 530 bp); human synapsin 1 (hSYN1, 495 bp); rat synapsin 1 (rSYN1, 495 bp); rous
sarcoma virus (RSV, 329 bp). The woodchuck post-transcriptional regulatory element (WPRE, 592 bp) was inserted immediately
downstream of the polylinker. The polyadenylation sequence was derived from SV40 (He et al., 1998). The locations of
restriction enzyme sites are indicated. Sequences are not drawn to scale.
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investigate the neuroprotective properties of Bcl-XL in an in
vitro model of ischemia and oxidative stress.

2.

Results

2.1.

Construction of adenoviral vectors

All the shuttle plasmids constructed to generate adenovirus in
this study are shown diagrammatically in Fig. 1. The modular
design of the shuttle plasmid enables easy promoter and
transgene replacement, with or without the WPRE. As
expected, all adenovirus constructs exhibited CMV-mediated
EGFP reporter expression during passage in HEK293 cells.
Similarly, AdRSV:DsRed-X, AdRSV:DsRed-X/WPRE, and
AdCMV:DsRed-X/WPRE adenovirus constructs exhibited
DsRed-X expression in HEK293 cells. In comparison to the
AdRSV:Empty adenovirus vector, which exhibited no observable red fluorescence (DsRed-X), we noted that AdhSYN1:
DsRed-X/WPRE and AdrSYN1:DsRed-X/WPRE constructs induced a low level of red fluorescence in some HEK293 cells
(data not shown). This was a surprising finding and a possible
explanation is provided in the discussion.
In preliminary testing using the AdRSV:DsRed-X/WPRE
vector, we obtained transduction rates of around 60–80% in
neurons using a moi of 100 (data not shown), a finding
consistent with published data on adenoviral transduction of
dissociated neurons (Easton et al., 1998). It should be noted
that our neuronal cultures contain less than 2% astrocytes
(Meloni et al., 2001), which are easily distinguished from
neurons when transduced with our adenoviral constructs due
to their morphological appearance and stronger CMV-driven
EGFP expression, detected by fluorescence microscopy.

2.2.
The woodchuck post-transcriptional regulatory
element (WPRE) enhances transgene expression in a time
dependent fashion
To characterize the effect of the WPRE on RSV promoter
activity, we compared DsRed-X expression in adenoviral
constructs with and without the WPRE in neuronal cultures.
The RSV promoter was selected for this experiment as
preliminary work involving plasmid transfection of shuttle
vector constructs in neuronal cultures showed that the RSV
promoter exhibited the highest neuronal activity compared to
the CMV and SYN1 promoters. In addition, the influence of the
WPRE on the RSV promoter had not been previously reported.
At 24 h post-transduction, CMV-mediated EGFP reporter
expression was evident and demonstrated equivalent transduction levels between the AdRSV:DsRed-X and AdRSV:
DsRed-X/WPRE adenovirus constructs (Fig. 2B). By contrast,
at 24 h post-transduction, DsRed-X protein was undetectable
by Western blotting (Fig. 2A) and was just visible by
fluorescence microscopy, with cultures transduced with the
WPRE containing construct showing slightly stronger DsRed-X
fluorescence (Fig. 2B panel g). At 48 h post-transduction, the
WPRE induced only a slight increase in DsRed-X expression
(Fig. 2A and B). However, by 72 and 96 h post-transduction, the
WPRE had increased DsRed-X expression by 2.6-fold and 5.6fold respectively (Figs. 2A and B).
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2.3.
Comparison of adenovirus-mediated transgene
expression by different promoters in cortical neuronal cultures
We firstly tested the validity of measuring gene expression as a
function of fluorescence by correlating specific protein expression determined fluorometrically and by Western analysis for
each promoter construct (AdRSV:Empty, AdRSV:DsRed-X/
WPRE, AdCMV:DsRed-X/WPRE, AdhSYN1:DsRed-X/WPRE, AdrSYN1:DsRed-X/WPRE). A combined plot of relative protein
expression attained for the two methods show matching
profiles for each construct (Fig. 3A). Fluorescence imaging
(Fig. 3D) provided additional qualitative data supporting good
correlation between fluorometric and Western analysis. Thus,
we confirmed that fluorescence provided a reliable and
accurate measure of transgene expression.
Since the CMV promoter displays preferential activity in
non-neuronal cells (Kugler et al., 2001), EGFP expressing
astrocytes were determined for each neuronal culture set and
were expressed as a percentage of total cells. Results comparing
adenovirus-mediated DsRed-X expression from different promoters using Western analysis and/or fluorescence in neuronal
cultures containing different populations of astrocytes are
summarized in Figs. 3A–D. In neuronal cultures containing
0.5% astrocytes, the RSV promoter induced the greatest DsRedX expression (Fig. 3A) at 2.2-fold above the CMV promoter, 5.9fold above the hSYN1 promoter, and 13.5-fold above the rSYN1
promoter. The human SYN1 promoter induced slightly higher
DsRed-X expression compared with the rat SYN1 promoter in
neuronal cultures containing 0.5% astrocytes (Fig. 3A). However,
both SYN1 promoters exhibited comparable activity in neuronal cultures with 2.0% astrocytes (Fig. 3B). Nevertheless, both
SYN1 promoters displayed considerably lower activity compared to the RSV and CMV promoters. The RSV promoter
exhibited similar DsRed-X expression as observed in cultures
irrespective of the astrocyte population (Figs. 3A and B). By
contrast, cultures containing 2.0% astrocytes caused CMV
promoter-mediated DsRed-X expression to increase 7.2-fold
(Figs. 3B and D). The increase in fluorescence induced by CMVmediated DsRed-X expression was attributable to high level
expression in astrocytes (Fig. 3D, panel k). Thus, for the CMV
promoter, small changes in astrocyte cell numbers can
dramatically shift total transgene expression in cortical neuronal cultures. To explore this further, we compared the behavior
of each promoter in neuronal cultures enriched for astrocytes.

2.4.
Comparison of adenovirus-mediated transgene
expression by different promoters in cortical neuronal cultures
enriched for astrocytes
Since adenovirus transduced astrocytes at high efficiency in
these experiments (data not shown), the moi was reduced to
12.5 in astrocyte enriched cultures. The relative DsRed-X
expression levels mediated by the CMV promoter were 10fold above RSV promoter-driven levels (Fig. 3C). This result
reflected fluorescence imaging, which revealed intense CMV
promoter-mediated DsRed-X expression (Fig. 3D; panel l). By
fluorometric analysis, the human and rat SYN1 promoters
exhibited no apparent DsRed-X expression (Fig. 3C), however,
under fluorescence microscopy, we observed low level promoter activity in some astrocytes (equivalent data are shown

30

BR A IN RE S EA RCH 1 1 02 ( 20 0 6 ) 2 7 –38

below: Section 2.5, Fig. 4). As the SYN 1 promoter is regarded as
a neuron restrictive promoter, we decided to investigate this
finding further.

2.5.
Residual synapsin 1 gene promoter activity in
astrocytes
To clarify whether the SYN1 promoter was active in astrocytes,
we re-transduced (moi 12.5) astrocyte enriched neuronal
cultures with the AdhSYN:DsRed-X/WPRE and again observed
SYN1-mediated DsRed-X expression using fluorescence microscopy. Fig. 4A clearly shows astrocytes infected with the
AdhSYN:DsRed-X/WPRE construct showing DsRed-X and EGFP
co-expression (encircled). A control culture transduced with
AdRSV:Empty displayed only EGFP expression. Using immunocytochemistry, we showed co-localization of specific glial
fibrillary acidic protein (GFAP) staining (Fig. 4B panel f, arrow)
and hSYN1-mediated DsRed-X expression by fluorescence
microscopy in astrocytes (Fig. 4B panel e, arrow). To provide
additional confirmation, we detected DsRed-X immunoreactivity in neurons and astrocytes (Fig. 4C panels g and h;
astrocytes are indicated by arrows). At the same time, these
experiments were conducted using the rat SYN1 promoter
adenovirus with identical results (data not shown).

2.6.
Adenovirus-mediated Bcl-XL overexpression
attenuates neuronal death from in vitro ischemia and
oxidative stress
To test the adenoviral vector system developed in this study,
we selected the Bcl-XL protein as a transgene for use in
functional experiments. The Bcl-XL protein exhibits both antiapoptotic and anti-necrotic behavior (Lee et al., 1999; Kugler et
al., 2001; Kilic et al., 2002; Jordan et al., 2004). Since the RSV
promoter and WPRE displayed the strongest neuronal activity,
we generated a Bcl-XL adenovirus vector based on this
combination (AdRSV:Bcl-XL/WPRE; Fig. 1). We confirmed that
neuronal cultures transduced with AdRSV:Bcl-XL/WPRE overexpressed the Bcl-XL protein (Fig. 5A). Next, cortical neuronal
cultures were transduced with AdRSV:Bcl-XL/WPRE and the
AdRSV:Empty control vector prior to cumene hydroperoxide
exposure or in vitro ischemia. In both models, adenovirusmediated Bcl-XL overexpression significantly increased neuronal survival compared to control cultures transduced with
AdRSV:Empty (Figs. 5B and C).

3.

Discussion

In order to perform gene functional studies in cortical
neuronal cultures, we modified the expression cassette of an

existing adenoviral vector system by incorporating several
features. These features included the insertion of suitable
restriction enzyme cloning sites to enable the exchange of
promoters, transgenes, regulatory elements, and polyadenylation sequences. The inclusion of the WPRE supports
enhanced transgene expression, and the independent EGFP
reporter assists in monitoring viral propagation, titer determinations, normalization of transduction efficiency and
allows direct visualization of cell morphology and viability
(Lawrence et al., 1996; Yenari et al., 2001). While these features
have been described separately elsewhere, we have combined
these elements into a single adenovirus vector and demonstrated their efficacy in assessing transgene expression and
promoter strength and specificity in cortical neuronal
cultures.
Strategies to improve transgene expression seek to use
strong promoters and/or incorporate transcriptional enhancing elements. Brun et al. (2003) tested several post-transciptional elements and found the WPRE to be the most active in a
neuronal background. The WPRE (≈600 bp in size) is a cis-acting
tripartite structure derived from the woodchuck hepatitis
virus (WHV) DNA genome, which acts posttranscriptionally to
increase both nuclear and cytoplasmic unspliced RNA levels
when inserted in the 3′ untranslated region (Donello et al.,
1998). It is thought that the WPRE acts early to increase
transgene expression, possibly by directing post-transcriptional processing (Zufferey et al., 1999). Furthermore, the
WPRE has been shown to increase CMV and hSYN1 promotermediated expression in hippocampal neuronal cultures (Glover et al., 2002). While it reportedly functions to increase gene
expression, irrespective of the promoter used (Zufferey et al.,
1999), we wanted to confirm and characterize this behavior
using the RSV promoter, in cortical neuronal cultures. We
have demonstrated that the WPRE increases RSV promotermediated transgene expression, in a time-dependent manner,
up to at least 96 h after viral transduction. While Glover et al.
(2002) reported the WPRE affected transgene expression at all
time points investigated, we only observed a substantial effect
of the WPRE on RSV-mediated expression after 48 h. This
discrepancy may reflect natural promoter behavior as we
(data not shown), and others have noted (Smith et al., 2000)
that the RSV promoter lags behind that of the CMV promoter.
A review of recent studies indicates the widespread use of
the CMV promoter to drive adenoviral-mediated neuronal
gene expression both in vitro and in vivo (Pi et al., 2004;
Schmidt et al., 2005; Ebert et al., 2005). Despite this, we
demonstrated only weak to moderate CMV promoter activity
in neurons and very strong activity in astrocytes, a finding
consistent with other published reports (Kugler et al., 2001).
These findings argue against using the CMV promoter for
transgene expression in neuronal cultures or at least that care

Fig. 2 – Time course of RSV-mediated DsRed-X expression in primary cortical neuronal cultures transduced at a moi of 100 with
either AdRSV:DsRed-X or AdRSV:DsRed-X/WPRE. (A) Quantitation of DsRed-X protein at 24-, 48-, 72-, and 96-h time points as
determined by Western analysis. The vertical axis denotes DsRed-X expression relative to β-tubulin expression.
(B) Fluorescence photomicrographs of representative cultures expressing EGFP at 24 h post-transduction and DsRed-X from
24–96 h post-transduction. Images labeled a–e and f–j correspond to cultures transduced with AdRSV:DsRed-X and
AdRSV:DsRed-X/WPRE respectively. Photomicrographs taken at 24 h show comparable EGFP expression indicating similar
levels of transduction efficiency. To avoid saturation of fluorescence signal, images e and j (highlighted in box frame) were
taken at a shutter speed of 200 ms, while the other images were taken at 500 ms.
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should be taken in selecting this promoter. By contrast, the
RSV viral promoter has been less utilized, and few studies
have assessed its strength and specificity in neuronal cultures
compared with the CMV promoter. We observed that the RSV
promoter exhibited robust neuronal expression, but only
moderate activity in astrocytes, compared with the CMV
promoter. Interestingly, using an adeno-associated virus
(serotype 2) vector, Shimazaki et al. (2000) found RSVmediated bcl-2 expression in the gerbil hippocampus was
confined to the CA1 pyramidal cells with no apparent
astrocyte or microglia activity. However, in the case of the
adeno-associated virus, a major contributing factor for the
apparent promoter preferences may have been due to viral
tropism. Indeed in another study, viral tropism accounted for
differences in adenoviral (human serotype 5) CMV-mediated
expression, which occurred preferentially in non-neuronal
cells, while the opposite was true for lentivirus-mediated CMV
expression (Duale et al., 2004).
No previous study had directly compared human and rat
SYN1 promoter activity. This is despite the fact that the
human and rat SYN1 promoter differ in their sequence and
that the human SYN1 promoter is commonly used in gene
functional studies performed on rodents and/or neuronal
cultures derived from rodents. We observed a slight difference
in promoter activity between the human and rat SYN1
promoters, but only in neuronal cultures containing 0.5%
astrocytes. Despite this, our findings support the notion that
both promoters are similarly effective in neurons of rodent
origin. However, comparison of SYN1, CMV and RSV promoter
activity based on DsRed-X expression in near pure neuronal
cultures revealed that SYN1 promoter activity was considerably lower than CMV or RSV promoter activity, despite the
presence of the WPRE in all four promoter expression
cassettes.
The SYN1 promoter is reported to be neuron specific alone
(Kugler et al., 2001), or in conjunction with the WPRE (Glover et
al., 2002). While SYN1-driven expression was prominent in
neurons, we observed occasional low level expression in
astrocytes. It is unlikely that excess viral loads are responsible,
as SYNI promoter-mediated DsRed-X expression in astrocytes
occurred following adenoviral transduction at a moi of 12.5
and 100, and in astrocytes following transfection with naked
shuttle plasmid DNA (data not shown). This suggests that the
SYN1 promoter is either leaky, at least within dissociated
neuronal cultures, or less restricted, as has been observed for
the neuron specific enolase (NSE) promoter (Kugler et al.,
2001). NSE-mediated neuron-specific expression relies on the
presence of a neuron-restrictive silencer factor (NRSE) motif
within the NSE promoter. In non-neuronal cells, a zinc finger
transcriptional factor binds to this motif blocking transcription. It has been postulated that the SYN1 gene promoter
possesses a motif comparable in function to the NSRE
element. Indeed, Sauerwald et al. (1990) identified a sequence
within the SYN1 promoter, beginning at nucleotide position
−225 and extending to position 105 of the 5′ untranslated
sequence, as sufficient for cell-type-specific expression in
neuroblastoma cells. This putative neuron restrictive sequence was included in both SYN1 promoters used in this
study. Our data suggest that either additional sequences are
required to obtain strict neuronal expression or, alternatively,

the SYN1 promoter used in this study, within the context of
our adenoviral construct, is insufficient to render full neuronal
restrictive expression. In support of our findings, Kilic et al.
(2002) reported that both neuronal and non-neuronal cells
were protected by adenoviral vector-mediated Bcl-XL delivery
in a mouse model of focal ischemia, despite the use of the
SYN1 promoter to drive expression. Furthermore, we have
observed weak SYN1 promoter-mediated expression during
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Fig. 3 – Expression of DsRed-X in cortical neuronal cultures transduced with: AdRSV:Empty; AdRSV:DsRed-X/WPRE; AdCMV:
DsRed-X/WPRE; AdhSYN1:DsRed-X/WPRE; AdrSYN1:DsRed-X/WPRE. (A) On DIV 9, neuronal cultures were transduced with
adenovirus at a moi of 100 (n = 8). Fluorescence was measured 72 h post-transduction. Fluorescence images were captured
before collection of protein samples used in Western analysis. The astrocyte population was estimated at 0.5%. (B) On DIV 9,
neuronal cultures were transduced with adenovirus at a moi of 100 (n = 8). Fluorescence was measured 72 h post-transduction
and prior to fluorescence imaging. The astrocyte population was estimated at 2.0%. (C) On DIV 9, cortical neuronal cultures
enriched for astrocytes were transduced with adenovirus at a moi of 12.5 (n = 8). Fluorescence was measured 72 h
post-transduction and prior to fluorescence imaging. (D) Fluorescent images of representative fields corresponding to cultures
analyzed by fluorescence and Western analysis (A–C). The vertical axis denotes DsRed-X expression relative to EGFP
expression.
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HEK293 cells express many neuronally specific proteins,
including neurofilament (NF), which suggests this cell line
has some neuronal characteristics (Shaw et al., 2002).
Previous studies comparing adenoviral-mediated promoter
activity in neuronal cultures have relied on viral titre determinations to normalize transduction levels, which are usually

Fig. 4 – Photomicrographs of cortical neuronal cultures
transduced on DIV 9 with AdRSV:Empty and AdhSYN:
DsRed-X/WPRE and examined 72 hours later. (A) High
magnification fluorescent images of identical fields showing
co-expression of DsRed-X and EGFP by cells (encircled)
displaying astrocytic morphology transduced with AdhSYN:
DsRed-X/WPRE (panels c and d) at a moi of 12.5. Control
cultures transduced with AdRSV:Empty (panels a and b)
exhibited only EGFP reporter expression when viewed under
green and red filters. (B) High magnification of an astrocyte
(denoted by arrow) showing co-localization of DsRed-X
expression, as revealed by fluorescence imaging (panel e),
and immunoreactivity with anti-GFAP antibody following
DAB staining (panel f). (C) Immunohistochemical staining of
neuronal cultures (at low and high magnification) transduced
with AdhSYN:DsRed-X/WPRE, probed with anti-DsRed
antibody, and stained with DAB. NOTE: DsRed-X staining in
cells displaying neuronal and astrocytic morphologies.

adenoviral passage in HEK293 cells, a finding also reported by
Kugler et al. (2001). The reason for this behavior was not
investigated but may be explained by a recent finding that

Fig. 5 – Transduction of neuronal cultures with
AdRSV:Bcl-XL/WPRE and control vectors AdRSV:Empty and
AdRSV:DsRed-X/WPRE: (A) Immunoblotting of protein
lysates prepared from neuronal cultures transduced with
AdRSV:Bcl-XL/WPRE and control vector AdRSV:DsRed-X /
WPRE (moi of 100) and probed with anti-Bcl-XL antibody
showing overexpression of Bcl-XL. (B) Cortical neuronal
cultures were transduced with recombinant adenovirus (moi
of 75) on DIV 9 and 72 h post-transduction, cultures were
exposed to cumene hydroperoxide (20 μM). Neuronal
survival was assessed 24 h later (n = 4, *P < 0.05). (C) Cortical
neuronal cultures were transduced with recombinant
adenovirus (moi of 75) on DIV 9 and 72 h post-transduction,
cultures were exposed to in vitro ischaemia. Neuronal
survival was assessed 24 h later (n = 4, *P < 0.05).
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performed in HEK cells and not in neurons. To our knowledge,
this is the first study to quantify and compare different
promoters by assaying activity as a function of viral transduction efficiency using a reporter to normalize for transgene
expression. Thus, our approach prevents erroneous results
due to potential differences in neuronal transduction efficiencies of individual adenoviral vector constructs.
In order to evaluate the suitability of the RSV promoter for
testing gene function in neuronal culture, we generated a
recombinant adenovirus expressing the anti-apoptotic protein Bcl-XL under the control of this promoter. Adenoviralmediated Bcl-XL expression has previously been shown to
protect neurons from glutamate induced cell death in vitro
(Matsuoka et al., 2002) and from ischemia in vivo (Wiessner et
al., 1999). In the present study, we demonstrated that cortical
neuronal cultures transduced with Bcl-XL adenovirus were
significantly protected following in vitro ischemia and
cumene hydroperoxide exposure. The in vitro model of
ischemia used in this study induces predominantly apoptotic
cell death and has been described elsewhere (Meloni et al.,
2001). Cumene hydroperoxide is a lipophilic form of hydrogen
peroxide that localizes to the plasma membrane, where it
decomposes to the alkoxyl radical and hydroxy radicals
(Halliwell and Gutteridge, 1999) and generates the reactive
aldehyde malondialdehyde (MDA) (Gavino et al., 1981; Tsai et
al., 1997; O'Neil et al., 1999), which contributes to oxidative
stress and lipid peroxidation (Gavino et al., 1981; Koster and
Slee, 1983; Persoon-Rothert et al., 1992; Vroegop et al., 1995). In
this model, we observed neurons dying acutely by necrosis
(cell swelling and lysis) and in a delayed fashion (cell and
nuclear fragmentation), suggestive of apoptosis. Although the
MTS assay does not differentiate between neuronal and
astrocyte viability, since our cortical neuronal cultures contain
greater than 98% neurons, the cell viability data derived in this
study provide a good overall reflection of neuronal survival.
Thus, our modified recombinant adenovirus RSV expression
cassette is ideally suited for functional studies in near pure
neuronal cultures and mixed neuronal/astrocyte cultures.
Furthermore, at just 329 bp in size, the truncated RSV
promoter engineered for this study has the advantage of
being smaller than its parent wildtype, and the CMV and SYN1
promoters, and thereby enables the insertion of larger
transgenes into the expression cassette.

4.

Experimental procedures

4.1.
Construction and preparation of dual expression
adenovirus vectors
All DNA sequences were PCR derived, and wherever necessary,
oligonucleotides contained appropriate restriction enzyme
recognition sites (indicated below by underlining). Resulting
PCR products were gel purified then cloned into pGEM-Teasy
(Promega, USA) for bi-directional sequence verification.

4.1.1.

Shuttle vector modifications

The adenoviral shuttle vector, pShuttle-CMV, originally described by He et al. (1998), was modified by inserting an EGFP
reporter, under CMV promoter control, downstream of the
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existing polylinker. To allow insertion of different promoters
into pShuttle-CMV, an MluI site was created by site directed
mutagenesis at map position 399 using oligonucleotides 5′
gcccatatatggagttacgcgttacataacttacgg3′ and 5′ccgtaagttatgtaacgcgtaactccatatatgggc3′. Next, a second SV-40 polyadenylation signal sequence, derived using oligonucleotides 5′
aggcctccgctagctaatcagccataccac3′ and 5′aggcctcttaagcactagtatgagtttggacaaaccacaac3′, and incorporating StuI, SpeI, and
AflII restriction enzyme sites was digested with StuI and
cloned into the EcoRV site of pShuttle-CMV. The CMV-EGFP
and polylinker sequence of pEGFP-N1 (BD Biosciences, USA)
was derived using oligonucleotides 5′actagttagttattaatagtaatcaattacggg3′ and 5′cttaagttacttgtacagctcgtc3′ incorporating,
SpeI and AflII restriction sites. Following removal of the
polylinker by restriction enzyme digestion, klenow treatment
and blunt-ended ligation, the CMV-EGFP fragment was
excised by SpeI and AflII digestion and directionally cloned
into the modified pShuttle-CMV. A 562 bp region of the WPRE
derived using oligonucleotides 5′aagcttaatcaacctctggattac3′
incorporating a HindIII site and 5′tctagacaggcggggaggcggccc3′
incorporating an XbaI site was inserted immediately downstream of the modified pShuttle-CMV polylinker.

4.1.2.

Cloning of RSV promoter

The 329 bp truncated RSV sequence specifically designed for this
study was derived from the cloning vector pRc/RSV (Invitrogen)
using oligonucleotides 5′acgcgtaaagcggggcttcggttgtac3′ incorporating a MluI site and 5′ggtaccaatgtggtgaatggtcaaatggcg3′ incorporating a KpnI site. According to the web-based promoter
prediction computation software, Neural Network Promoter
Prediction, bases 269–319 returned a score of 0.81.

4.1.3.

Cloning of SYN1 promoters

A 495 bp region from the distal most 3′ end of the human SYN1
promoter was amplified from genomic DNA prepared from
human embryonic kidney (HEK) cells by nested PCR. External
oligonucleotides were 5′gcctgtgtggatgtgggagactaat3′ and 5′
tgcaggtctgtcatgtacccatttg3′ and internal oligonucleotides were 5′
acgcgttgacgaccgaccccg3′ incorporating a MluI site and 5′
ggtaccggctgcgacttgggg3′ incorporating a KpnI site. A 495 bp region
from the distal 3′ end of the rat SYN1 promoter was derived by PCR
amplification from genomic DNA prepared from a Sprague–
Dawley rat using oligonucleotides 5′acgcgttaggagccttactacgggtcc3′ incorporating a MluI site and 5′ggtaccggtggcagcttggggc3′ incorporating a KpnI site. The human SYN1
promoter sequence selected for this study corresponded to a
region that reportedly drives neuron-specific expression (Ralph et
al., 2000; Glover et al., 2002). Although the human and rat SYN1
promoter sequences differ along their ≈4.3 kb length, the rat and
human sequences used in this study shared extensive homology,
and reportedly contained motifs critical for neuronal restricted
expression (Sauerwald et al., 1990).

4.1.4.

Cloning of DsRed-Express cDNA

The cDNA sequence of DsRed-Express (abbreviated DsRed-X;
from pDsRed-Express-C1, BD Biosciences) was derived using
the oligonucleotides 5′gtcgacgccaccatggcctc3′ incorporating a
SalI site and 5′gcggcccgcctacaggaacaggtggtg3′ incorporating a
Not1 site. Supported by our own findings (data not shown)
the DsRed-X red fluorescent protein displayed accelerated
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maturation, reduced aggregation and brighter fluorescence
compared with the original DsRed protein (BD Biosciences).

4.3.

Adenoviral transduction

Total RNA isolated from a Sprague–Dawley rat brain was purified
by the Trizol (Invitrogen) extraction method and subjected to RTPCR. The cDNA sequence of the rat Bcl-XL gene was derived using
the oligonucleotides 5′gtcgacgccaccatgtctcagagc3′ incorporating
a SalI site and 5′ctcgagtcacttccgactgaagagtggc3′ incorporating a
Xho1 site.

On DIV 9, the media were removed from cortical neuronal
cultures and purified virus in 50 μl of NB/2% B27 was added to
each well and incubated for 3 h at 37 °C. The virus solution was
removed and replaced by an equal mix of conditioned media
and fresh NB/2% B27. Unless otherwise stated, on DIV 11,
transduced neuronal cultures were imaged by fluorescence
microscopy or subjected to either cumene hydroperoxide
treatment or in vitro ischemia.

4.1.6.

4.4.

4.1.5.

Cloning of Bcl-XL cDNA

Preparation of recombinant adenovirus

Recombinant adenovirus (human adenovirus, serotype 5) were
prepared using the AdEasy vector system (Qbiogene) originally
described by He et al. (1998), with some modifications. pShuttle
plasmid DNA was linearized by PmeI digestion and introduced
into E. coli strain BJ5183 carrying pAdeasy (Zeng et al., 2001), by
electroporation (Gene Pulser II, Biorad). Recombinants were
selected on media containing 50 μg/ml kanamycin, and their
plasmid DNA checked by PacI digestion. HEK293 cells grown to
90% confluence in 25-cm2 flasks were transfected with 3 μg of PacI
linearized recombinant plasmid DNA using Lipofectamine2000
(Invitrogen). Viral plaques appeared within 5–10 days and viral
material used for subsequent amplification of the virus in HEK293
before purification and concentration using the Adeno-X virus
purification kit (BD Biosciences). Infectious viral titers were
determined by end-point dilution assay, as indicated by EGFP
reporter expression.

4.2.

Preparation of cortical neuronal cultures

All animal procedures were approved by the University of
Western Australia Animal Ethics Committee. Establishment
of cortical cultures was previously described (Meloni et al.,
2001), but briefly, cortical tissue from E18–E19 rats was
dissociated in Dulbelcco's modified Eagle medium (DMEM;
Invitrogen, USA) supplemented with 1.3 mM L-cysteine,
0.9 mM NaHCO3 10 U/ml papain (Sigma, USA) and 50 U/ml
DNase (Sigma) and washed in cold DMEM/10% horse serum.
Neurons were resuspended in Neurobasal (NB; Invitrogen)
containing 2% B27 supplement (B27; Invitrogen). Before
seeding, culture vessels, consisting of either 96 well-sized
plastic or glass wells (6 mm Dia.) were coated with poly-Dlysine (50 μg/ml; 70–150 K; Sigma) and incubated overnight at
room temperature (RT). The poly-D-lysine was removed and
replaced with NB (containing 2% B27; 4% fetal bovine serum;
1% horse serum; 62.5 μM glutamate; 25 μM 2-mercaptoethanol; and 30 μg/ml streptomycin and 30 μg/ml penicillin).
Neurons were plated to obtain around 10,000 viable neurons
per well on day in vitro (DIV) 9. Neuronal cultures were
maintained in a CO2 incubator (5% CO2, 95% air balance, 98%
humidity) at 37 °C. On day DIV 4 one third of the culture
medium was removed and replaced with fresh NB/2% B27
containing the mitotic inhibitor, cytosine arabinofuranoside
(CARA; Sigma) at 1 μM and on DIV 8 one half of the culture
medium was replaced with NB/2% B27. On DIV 11, between
0.5 and 2% of cells in neuronal cultures stain positively for
glial fibrillary acidic protein (GFAP; Meloni et al., 2001). For
astrocyte enriched neuronal cultures, CARA was omitted
during cultivation.

Western blotting

To isolate protein, neuronal cultures were treated with lysis
buffer (50 mM Tris–HCl pH 7.5, 100 mM NaCl, 20 mM EDTA,
0.1% SDS, 0.2% deoxycholic acid, containing Complete™
protein inhibitor, Roche) and lysates centrifuged. Protein
concentrations were determined by the Bradford assay
(Biorad, USA). Equivalent amounts of protein (5–10 μg per
lane) were loaded and separated on 4–12% gradient SDS
poly-acrylamide Bis-Tris mini-gels (NuPAGE; Invitrogen) and
transferred to a PVDF membrane. Membranes were blocked
in PBS/T containing ovalbumin (1 mg/ml) for 1 h at RT before
washing in PBS/T and PBS. Membranes were incubated at
4 °C overnight in blocking solution containing primary
antibody, washed, and incubated in blocking solution containing horseradish peroxidase (HRP) conjugated secondary
antibody (donkey anti-rabbit or rabbit anti-mouse) for 1 h at
RT. Protein bands were detected using ECL Plus (Amersham,
UK), visualized by exposure to X-ray film (Hyperfilm;
Amersham), scanned, and quantified using NIH image.
Primary antibodies used were rabbit polyclonal anti-DsRed
(1:16000; BD Biosciences), rabbit polyclonal anti-GFP (1:2000;
BD Biosciences), mouse monoclonal anti-β-tubulin (0.5 μg/
ml, Pharmingen, USA), and rabbit polyclonal anti-Bcl-XL
(1:1000: BD Biosciences). The detection and quantitation of
β-tubulin and EGFP were used to normalize for protein
loading and adenovirus transduction levels, respectively.
EGFP protein loading was corrected using β-tubulin levels
and subsequently used to normalize for DsRed-X protein
values.

4.5.

Imaging and fluorometric analysis

4.5.1.

Bright field and fluorescence imaging

Image acquisition was performed using an Olympus IX70
fluorescent microscope fitted with a cooled CCD digital
camera (DP70, Olympus) under software control (DP controller, Olympus).

4.5.2.

Quantitation of fluorescence

Cortical neuronal cultures plated in black 96 well microtitre
plates were transduced (n = 8) at a moi of 100, as described
above, with the following recombinant adenoviruses; AdRSV:
DsRedX/WPRE; AdCMV:DsRedX/WPRE; AdhSYN1:DsRed-X/
WPRE, AdrSYN1:DsRed-X/WPRE. Seventy-two hours posttransduction, fluorescence was measured (FLUOstar OPTIMA;
BMG Labtechnologies, Germany) using green and red excitation/emission wavelength filter pairs of 485P/520P and 560–
10/590EM, respectively. Autofluorescence emitted by non-
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transduced controls was subtracted from total fluorescence
values for each wavelength. To account for potential
variation in adenovirus transduction efficiency, relative
DsRed-X expression was normalized against total EGFP
fluorescence.

4.6.

Immunocytochemistry

Neuronal cultures were fixed in PBS/formalin (4%, pH 7.5) for
1 h, washed 3 times in PBS, treated with hydrogen peroxide
(3%, in PBS) for 5–10 min to neutralize endogenous peroxidase activity, and washed in PBS/Tween 20 (0.1%; PBS/T).
After blocking with horse serum for 20 min, cells were
incubated in primary antibody overnight at 4 °C. Cells were
washed in PBS/T then probed with a biotin conjugated
secondary antibody (DAKO kit). Immunoreactivity was
detected using HRP conjugated to streptavidin (DAKO) and
DAB substrate (SigmaFast). A mouse monoclonal (I:500; IgG1
isotype clone G-A-5; Sigma) detected GFAP while a rabbit
polyclonal DsRed antibody (1:16000; BD Biosciences) was used
to detect DsRed-X protein expression.

4.7.

Cell death assays of neuronal cultures

4.7.1.

In vitro ischemia

Exposure of neuronal cultures to in vitro ischemia was
performed by removing media from each well, washing in
315 μl balanced salt solution (BSS; mM: 116 NaCl, 5.4 KCL,
1.8 CaCl2, 0.8 MgSO4, 1 NaH2PO4; pH 7.0) and re-adding
50 μl of BSS. Neuronal cultures were placed into an
anaerobic chamber (Don Whitely Scientific, England) with
an atmosphere of 5% CO2, 10% H2 and 85% argon, 98%
humidity at 37 °C for 50 min. Following anaerobic
incubation an equal volume of DMEM containing 2% N2
supplement (Invitrogen) was added before placing culture
wells into a CO2 incubator at 37 °C. Control cultures
received the same BSS wash procedures and media
additions as ischemic cultures but were maintained in a
CO2 incubator. Neuronal viability was assessed 48 h after in
vitro ischemia using the MTS assay (Promega). The MTS
viability assay measures the mitochondrial conversion of
the tetrazolium salt to a water-soluble brown formazan
salt, which is measured spectrophotometrically (495 nm).
Although we do not distinguish between apoptotic and
necrotic cell death following in vitro ischemia, as reported
previously (Meloni et al., 2001; Arthur et al., 2004), based on
light microscopy and nuclear staining, this model results in
predominantly apoptotic-like neuronal death. Neuronal
viability in control cultures was treated as 100%. Viability
data was analyzed by ANOVA, followed by post hoc
Fischer's PLSD test. P values <0.05% were considered
statistically significant.

4.7.2.

Cumene hydroperoxide treatment

The culture media from transduced neuronal cultures were
removed and replaced with 100 μl of DMEM/N2 1% containing freshly prepared cumene hydroperoxide (Sigma) at a
final concentration of 25 μM. Cumene hydroperoxide was
diluted in ethanol as a 100× stock. Cell survival was assessed
24 h later using the MTS assay.
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Correction

Neuronal viability was assessed 24 h after in vitro ischaemia using the MTS assay
(Promega). This line should replace line 14 in subsection 4.7.1

Chapter Five

Cloning, adenoviral mediated expression, and preliminary
assessment of the neuroprotective activity of proteins differentially
expressed in cortical neuronal cultures following erythropoietin
exposure

5.01

Introduction

As reported in Chapter 2, 40 proteins were identified which were differentially
expressed in cortical neuronal cultures following exposure to EPO. Thus, a major aim
of this present study was to generate recombinant adenoviral vectors expressing
selected proteins. The next step of this study was to over-express these proteins in
neuronal cultures and to assess their impact on cell viability in the cumene model of
oxidative stress described in Chapter 4. Of the 40 proteins originally identified, 12
(Table 1) were selected for investigation on the basis that they fulfilled one or more of
the following criteria: (i) they exhibited a significant change in protein level compared
with the untreated control group and other differentially expressed proteins, (ii) the
scientific literature alluded to its involvement in cytoprotection, (iii) the protein is
known to reside in a cellular compartment previously reported to be involved in
neuronal cell death (i.e. VDAC and mitochondria) or, (iv) expression of the protein was
known to change in response to other preconditioning stimuli (Meloni et al, 2006).

5.02

Materials and methods

5.02.1

DNA and cloning methods

With the exception of SOD1, all cDNA coding sequences were derived by RT-PCR
using total rat RNA (rattus norvegicus sp.) as a template (see methods Chapter 2) and
gene specific primers (Table 1). Each forward and reverse primer encoded unique
restriction enzyme sites for directional cloning into the pRSV-shuttle plasmid (see
Chapter 4). In addition, to ensure optimal expression, each forward primer contained
the Kozak (CCACCATGG) consensus sequence. Polymerase chain reaction products
were ligated into pGEM-Teasy plasmid and sequence verified prior to insertion into the
pRSV-shuttle plasmid. Superoxide dismutase 1 cDNA was derived as described in
Chapter 6. Once inserted into the pRSV-shuttle plasmid, the 5’ and 3’ cDNA insertion
sites were checked for orientation and integrity.
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This was achieved using vector

specific forward and reverse squencing primers (3’RSV and 5’ WPRE see methods
2.3.4.3)

5.02.2

Cell culture, adenovirus methods and statistical analysis

Methodologies for recombinant adenovirus amplification and transduction (an moi of
75 was used in this study), preparation of cortical neuronal cultures and neuronal cell
death assays are described in Chapter 4 (see experimental procedures). Cultures
transduced with adenovirus did not display any toxicity when used within 4 days, which
is consistent with a previous finding on adenoviral mediated neuronal transduction
(Easton et al, 1998). Viability data are presented as meanSEM. The value of n refers
to the number of replicants per experiment. Differences between groups (empty vector
versus treatment group) were determined by ANOVA, followed by post-hoc Fischer’s
PLSD test. P values <0.05% were considered statistically significant. Unless otherwise
stated, all experiments were conducted at least three times.

5.02.3

Western blotting

General methods for western blotting are described in Chapter 4. Protein for western
analysis was collected 72 hours following adenoviral transduction. For antibodies and
immunoblot images not shown here, refer to Chapters 6 and 7.

Other primary

antibodies used were rabbit polyclonal anti-GDI-1 (1:400; Santa Cruz), rabbit
polyclonal anti-VDAC (1:400; Santa Cruz), goat polyclonal anti-PEBP (1:200; Santa
Cruz) and goat polyclonal anti-PKC (1:200; Santa Cruz). Secondary antibodies used
were horseradish peroxidase (HRP) conjugated to either rabbit anti-goat (1:20000;
Zymed) or donkey anti-rabbit (1:40000; Amersham).
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5.03

Results

5.03.1

Derivation of cDNA and generation of recombinant adenovirus

The cDNAs encoding all 12 proteins selected for investigation were successfully
derived and sequence verified (Table 1). As listed in Table 1, a recombinant adenovirus
was generated for each protein. Western analysis confirmed that 7 adenoviral vectors
(AdRSV:SOD1, AdRSV:CyPA, AdRSV:PRDX2, AdRSV:PEBP, AdRSV:PKCZ,
AdRSV:GDI-1, AdRSV:VADC1) specifically increased protein expression in either
cortical neurons or HEK293 cells (Figure 1, Table 1, Chapters 6 and 7). No specific
EEF1A1

protein

over-expression

was

detected

following

transduction

of

AdRSV:EEF1A1 in either HEK293 cells or neurons. The remaining adenoviral vectors
(AdRSV:FABP7, AdRSV:G(O), AdRSV:NME1 and AdRSV:STMN1) were not
subjected to western analysis.

5.03.2

Preliminary assessment of selected recombinant adenoviral vectors

A number of experiments were undertaken to assess the neuroprotective or
neurodamaging activity of adenoviral mediated over-expression of CyPA, PRDX2,
SOD1 and VDAC in the cumene model of oxidative stress. These studies demonstrated
that adenoviral mediated over-expression of CyPA, PRDX2 and SOD1 increased cell
viability, compared to the empty vector control, and in line with Bcl-XL protein overexpression (Figure 2). By contrast, VDAC over-expression increased neuronal cell
death compared to the empty vector control (Figure 3). In the VDAC over-expression
experiment, glutamate receptor antagonists and adenoviral mediated CyPA overexpression were included as positive controls (Figure 3).
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5.04

Discussion

This study provided evidence that adenovirus mediated over-expression of CyPA,
PRDX2 and SOD1 could protect neuronal cultures from cumene mediated oxidative
stress.

By contrast, adenoviral mediated over-expression of VDAC appeared to

increase neuronal cell death following oxidative stress. Evidence that VDAC overexpression can increase neuronal cell death has previously been reported (Baines et al,
2005; Zaid et al, 2005; Abu-Hamad et al, 2006) and possible explanations include the
promotion of increased mitochondrial leakage, disruption of hydrogen ion gradient
integrity and increased MTP formation associated with apoptotic cell death.
Two attempts to generate a functional pRSV:EEF1A1 adenovirus were unsuccessful.
Whilst both attempts yielded adenovirus particles expressing normal GFP levels (as
indicated by fluorescence), neither could increase EEF1A1 protein expression. The
reasons for this are unknown, but it is possible that EEF1A1 is toxic to HEK293 cells,
which favoured the selection and growth of EEF1A1 expression defective adenovirus
particles.
Following the observation that CyPA, PRDX2 and SOD1 over-expression were
neuroprotective, I decided to focus my attention on these three proteins for the
remainder of the thesis. Thus, the adenoviral vectors AdRSV:GDI-1, AdRSV:PKC, or
AdRSV:PEBP were not assessed in the oxidative stress model and the adenoviral
vectors encoding G(o), NME1, FABP7 and STMN1 sequences were not tested for their
capacity to increase specific protein expression but these will be assessed in a future
study.
In summary, these preliminary findings indicated that CyPA, PRDX2 and SOD1 were
neuroprotective when over-expressed and they were consequently selected for further
characterisation, the results of which are reported in Chapters 6 and 7.
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A: Western blot analysis of cortical neuronal cultures

transduced with AdRSV:Empty (moi of 75) and AdRSV:GDI-1 (moi
of 75) and probed with anti-GDI-1 antibody. B: Western blot analysis
of cortical neuronal cultures transduced with AdRSV:Empty (moi of
75) and AdRSV:VDAC (moi of 75) and probed with anti-VDAC
antibody. C: Western blot analysis of HEK293 cultures transduced
with AdRSV:Empty (moi of 75) and AdRSV:PEBP (moi of 75) and
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Chapter Six

Peroxiredoxin 2 over-expression protects cortical neuronal cultures
from ischaemic and oxidative injury but not glutamate exposure,
whilst Cu/Zn superoxide dismutase 1 over-expression only protects
against oxidative injury
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Peroxiredoxin 2 Overexpression Protects
Cortical Neuronal Cultures From Ischemic
and Oxidative Injury but Not Glutamate
Excitotoxicity, Whereas Cu/Zn Superoxide
Dismutase 1 Overexpression Protects Only
Against Oxidative Injury
Sherif Boulos,1,2* Bruno P. Meloni,1,3 Peter G. Arthur,2 Christina Bojarski,1,3
and Neville W. Knuckey1,3
1
Centre for Neuromuscular and Neurological Disorders, The University of Western Australia,
Australian Neuromuscular Research Institute, Nedlands, Western Australia, Australia
2
School of Biomedical and Chemical Sciences, The University of Western Australia,
Nedlands, Western Australia, Australia
3
Department of Neurosurgery, Sir Charles Gairdner Hospital, Nedlands, Western Australia, Australia

We previously reported that peroxiredoxin 2 (PRDX2)
and Cu/Zn superoxide dismutase 1 (SOD1) proteins are
up-regulated in rat primary neuronal cultures following
erythropoietin (EPO) preconditioning. In the present
study, we have demonstrated that adenovirally mediated overexpression of PRDX2 in cortical neuronal cultures can protect neurons from in vitro ischemia (oxygen-glucose deprivation) and an oxidative insult (cumene hydroperoxide) but not glutamate excitotoxicity.
We have also demonstrated that adenovirally mediated
overexpression of SOD1 in cortical neuronal cultures
protected neurons only against the oxidative insult.
Interestingly, we did not detect up-regulation of PRDX2
or SOD1 protein in the rat hippocampus following exposure to either 3 min or 8 min of global cerebral ischemia. Further characterization of PRDX2’s neuroprotective mechanisms may aid in the development of a neuroprotective therapy. VC 2007 Wiley-Liss, Inc.
Key words: neuroprotection; cumene hydroperoxide;
oxygen-glucose deprivation; in vitro; adenovirus

A clinically effective treatment that directly inhibits
the neuronal death following cerebral ischemia and
stroke remains elusive. However, in a process termed
‘‘preconditioning,’’ neurons can become temporarily resistant to normally lethal levels of ischemia (Kitagawa
et al., 1990; Pringle et al., 1999; Meloni et al., 2002;
Dirnagl et al., 2003). Because preconditioning is reliant
on new protein synthesis, identiﬁcation of the proteins
involved may provide therapeutic targets for the development of drugs to inhibit ischemic neuronal death. To
this end, we reported that Cu/Zn superoxide dismutase
' 2007 Wiley-Liss, Inc.

(SOD1) and peroxiredoxin 2 (PRDX2) are both upregulated in cortical neuronal cultures following preconditioning with erythropoietin (EPO; Meloni et al.,
2006). However, although the neuroprotective effects of
SOD1 overexpression in primary neuronal culture injury
models have been investigated (Ying et al., 2000; Borg
and London, 2002), the effects of PRDX2 overexpression have not.
Peroxiredoxins are a family of intracellular antioxidant enzymes found in the cytosol, mitochondria, peroxisome, endoplasmic reticulum, and plasma membrane
(Wood et al., 2003). Six distinct mammalian isozymes
(PRDX 1–6) have been identiﬁed that share an N-terminal catalytic cysteine residue responsible for peroxidase
activity (Fujii and Ikeda, 2002; Wood et al., 2003;
Schroder et al., 2003). Along with SOD, catalase, and
glutathione peroxidase, the peroxiredoxins form an integral component of the cellular antioxidant defense system. In conjunction with thiol-speciﬁc reducing agents
such as thioredoxin and/or glutathione, peroxiredoxins
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are able to scavenge hydrogen peroxide (Fujii and Ikeda,
2002), peroxynitrite (Bryk et al., 2000), and organic
hydroperoxides (Wood et al., 2003). Peroxiredoxins are
also implicated in cellular differentiation (Choi et al.,
2005), proliferation (Prosperi et al., 1998), modulation
of H2O2-mediated signalling (Kang et al., 1998, 2004),
and, more recently, protein chaperoning (Jang et al.,
2004; Moon et al., 2005; Rand and Grant, 2006).
Peroxiredoxin 2, originally named ‘‘thiol-speciﬁc
antioxidant’’ (TSA), is also called ‘‘thioredoxin peroxidase 1,’’ ‘‘thioredoxin-dependent peroxide reductase 1,’’
‘‘thiol-speciﬁc antioxidant protein,’’ ‘‘RSA,’’ ‘‘PRP,’’
‘‘porcine natural killer cell-enhancing factor B,’’ and
‘‘calpromotin’’ (Schroder et al., 1998; Kristensen et al.,
1999). Peroxiredoxin 2 is highly expressed in the brain
(Moore et al., 1991; Matsumoto et al., 1999) and is the
predominant cytosolic neuronal isozyme (Saraﬁan et al.,
1999; Jin et al., 2005). Recent evidence suggests that
PRDX2 might also play an important role in the defense
against neurodegenerative diseases. For example, in
amyotrophic lateral sclerosis (ALS), in which oxidative
stress is implicated in the selective death of motor neurons, PRDX2 protein levels are increased in surviving
neurons, presumably as a compensatory response (Kato
et al., 2005). However, at the terminal stage of disease,
which is associated with accelerated neuronal degeneration and neuronal death, PRDX2 overexpression is lost
(Kato et al., 2005). Similarly, increased PRDX2 levels
have also been observed in post-mortem brain tissue
from individuals with Down’s syndrome, Alzheimer’s
Parkinson’s, and Pick’s disease (Krapfenbauer et al.,
2003; Basso et al., 2004).
Overexpression of PRDX2 has been shown to inhibit or delay apoptosis induced by ceramide, etoposide,
and cisplatin exposure (Zhang et al., 1997; Kim et al.,
2000; Chung et al., 2001). In addition, PRDX2 overexpression can protect PC12 cells from nerve growth
factor (NGF) and serum withdrawal and from the effects
of oxidative stress induced by t-butylhydroperoxide
(Ichimiya et al., 1997; Simzar et al., 2000). Although
these studies have provided evidence that PRDX2 has
cytoprotective properties in several injury models, no
previous study has examined the protective role of this
protein in primary neuronal cultures. Thus, given that
PRDX2 is an important component of the cellular antioxidant defense system, and given our recent ﬁndings
showing PRDX2 up-regulation in neuronal preconditioning, we sought to determine whether PRDX2 overexpression could protect cultured neurons against in
vitro ischemia (oxygen glucose deprivation), oxidative
stress (cumene hydroperoxide), and excitotoxic (glutamate) injury. In conjunction with PRDX2 examination,
we also assessed the neuroprotective property of SOD1
overexpression in the same injury models. Finally, we
also investigated whether a 3-min nondamaging or an 8min neurodamaging period of global ischemia could
increase PRDX2 and SOD1 protein levels in the rat
hippocampus.

MATERIALS AND METHODS
Preparation of Recombinant Adenovirus
The rat cDNA sequence for PRDX2 was derived using
standard cloning techniques. Brieﬂy, total rat brain RNA was
puriﬁed from a male Sprague-Dawley rat, reverse transcribed,
and ampliﬁed by PCR using a forward primer (50 -GGT
ACCCCACCATGGCCTCCGGCAACGCGCAC-30 ) containing a KpnI restriction site (italicized) and Kozak sequence
and a reverse primer (50 -CTCGAGTCAGTTGTGT TTGG
AGAAGTATTCCTTGCTG-30 ) containing a XhoI restriction site (italicized). The resulting PCR product was puriﬁed
by agarose gel electrophoresis and cloned into pGEM-TEasy
(Promega, Madison, WI). A pCMV-shuttle plasmid encoding
the cDNA sequence of human SOD1 was kindly provided by
Dr. Amerigo Carello and sequence veriﬁed. The cDNA for
PRDX2 and SOD1 were released by digestion with KpnI and
XhoI and directionally subcloned into the expression vector
pRSV-WPRE/CMV-EGFP described previously (Boulos
et al., 2006).
Recombinant adenoviruses were prepared according to
the method of He et al. (1998), with some modiﬁcations.
Brieﬂy, pShuttle plasmid DNA was linearised by PmeI digestion and introduced into Escherichia coli strain BJ5183 carrying
pAdeasy (Zeng et al., 2001) by electroporation (Gene Pulser
II; Bio-Rad, Hercules, CA). Recombinants were selected on
media containing 50 lg/ml kanamycin, and their plasmid
DNA was checked by PacI digestion. HEK293 cells grown to
90% conﬂuence in 25-cm2 ﬂasks were transfected with 3 lg
PacI linearized recombinant plasmid DNA using Lipofectamine2000 (Invitrogen, La Jolla, CA). Viral plaques appeared
within 5–10 days, and viral material was used for subsequent
ampliﬁcation of the virus in HEK293 cells before puriﬁcation
and concentration using the Adeno-X virus puriﬁcation kit
(BD Biosciences, San Jose, CA). Viral titers were determined
by end-point dilution assay, as indicated by enhanced green
ﬂuorescent protein (EGFP) reporter expression.
Preparation of Cortical Neuronal Cultures
All animal procedures were approved by the University
of Western Australia Animal Ethics Committee. Establishment
of cortical cultures was as previously described (Meloni et al.,
2001); brieﬂy, cortical tissue from E18–E19 Sprague-Dawley
rats was dissociated in Dulbelcco’s modiﬁed Eagle medium
(DMEM; Invitrogen) supplemented with 1.3 mM L-cysteine,
0.9 mM NaHCO3, 10 U/ml papain (Sigma, St. Louis, MO),
and 50 U/ml DNase (Sigma) and washed in cold DMEM/
10% horse serum. Neurons were resuspended in Neurobasal
(NB; Invitrogen) containing 2% B27 supplement (B27; Invitrogen). Before seeding, culture vessels, consisting of either
96-well plastic or glass dishes (6 mm diameter; Alltech, Australia) were coated with poly-D-lysine (50 lg/ml; 70,000–
150,000; Sigma) and incubated overnight at room temperature. The poly-D-lysine was removed and replaced with NB
(containing 2% B27, 4% fetal bovine serum, 1% horse serum,
62.5 lM glutamate, 25 lM 2-mercaptoethanol, 30 lg/ml
streptomycin, and 30 lg/ml penicillin). Neurons were plated
to obtain approximately 10,000 viable neurons per well on
day in vitro (DIV) 9. Neuronal cultures were maintained in a
Journal of Neuroscience Research DOI 10.1002/jnr
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CO2 incubator (5% CO2, 95% air balance, 98% humidity) at
378C. On DIV 4, one-third of the culture medium was
removed and replaced with fresh NB/2% B27 containing the
mitotic inhibitor cytosine arabinofuranoside (Sigma) at 1 lM,
and, on DIV 8, one-half of the culture medium was replaced
with NB/2% B27. Cultures were used on DIV 12, when
between 0.5–2% of cells stain positively for glial ﬁbrillary
acidic protein (GFAP; Meloni et al., 2001).
Adenoviral Transduction
On DIV 9, the conditioned medium was removed from
cortical neuronal cultures and puriﬁed virus, diluted in 50 ll
of NB/2% B27, at the required multiplicity of infection (moi:
75), was added to each well and incubated for 3 hr at 378C.
The virus-containing media were removed and replaced by an
equal mix of conditioned media and fresh NB/2% B27.
Unless otherwise indicated, transduced neuronal cultures were
used on DIV 12. Exposure of cortical neuronal cultures to an
moi of 75 results in neuronal transduction levels of 60%
(Boulos et al., 2006; unpublished ﬁndings).
Western Blotting
For protein extraction, brain tissue and cultured cells
were lysed in buffer [50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 20 mM EDTA, 0.1% sodium dodecyl sulfate (SDS),
0.2% deoxycholic acid, containing Complete protein inhibitor
(Roche, Indianapois, IN)], vortexed brieﬂy, and clariﬁed by
centrifugation at 48C. Protein concentrations were determined
by the Bradford assay (Bio-Rad). Equivalent amounts of protein (5–10 lg per lane) were loaded and separated on 4–12%
gradient SDS-polyacrylamide Bis-Tris minigels, (NuPAGE;
Invitrogen) and transferred to a PVDF membrane. Membranes
were blocked in phosphate-buffered saline/0.5% Tween 20
(PBS/T) containing ovalbumin (1 mg/ml) for 1 hr at room
temperature before washing in PBS/T and PBS. Membranes
were incubated at 48C overnight in blocking solution containing primary antibody, washed, and incubated in blocking solution containing horseradish peroxidase (HRP)-conjugated
secondary antibody for 1 hr at room temperature. Protein
bands were detected using ECL Plus (Amersham, Amersham,
United Kingdom), visualized by exposure to X-ray ﬁlm
(Hyperﬁlm; Amersham), and scanned and quantiﬁed in NIH
Image. As required, membranes were incubated for 10 min at
room temperature in stripping solution (Re-Blot Western
Recycling kit; Chemicon, Temecula, CA) prior to immunodetection of control proteins. Primary antibodies used were
rabbit polyclonal anti-PRDX2 (1:5,000; LabFrontier, Korea)
antibody, anti-SOD1 antibody (0.2 lg/ml; Stressgen Bioreagents), mouse monoclonal anti-b-tubulin (0.5 lg/ml; Pharmingen, San Diego, CA). Secondary antibodies were donkey
anti-rabbit IgG (1:25,000–1:50,000; Amersham), sheep antimouse IgG (1:10,000–1:20,000; Amersham), and rabbit antigoat IgG (1:20,000; Zymed, South San Fransisco, CA).
Cell Death Assays
Exposure to In Vitro Ischemia. The media from
glass wells were removed, and wells washed in 315 ll balanced salt solution (BSS; in mM: 116 NaCl, 5.4 KCl, 1.8
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CaCl2, 0.8 MgSO4, 1 NaH2PO4, pH 7.0), then resupplied
with 50 ll of BSS alone or BSS containing glutamate receptor
antagonists [1 lM MK801/10 lM 6-cyano-7-nitroquinoxaline
(CNQX; Tocris, Ellisville, MO)]. Cultures were placed into
an anaerobic chamber (Don Whitely Scientiﬁc, England) with
an atmosphere of 5% CO2, 10% H2, and 85% argon, 98% humidity at 378C for 50 min. After anerobic incubation, an
equal volume of DMEM containing 2% N2 supplement (Invitrogen) was added to each well before placing the wells into a
CO2 incubator at 378C for 24 hr. Control cultures received
the same BSS wash procedures and media additions as ischemic cultures but were maintained in a CO2 incubator.
Exposure to Cumene Hydroperoxide (Cumene).
The media from cultures grown in plastic wells was removed
and replaced with 100 ll DMEM/1% N2 containing freshly
prepared cumene (25 lM; Sigma) alone or cumene containing
glutamate receptor antagonists. Cultures were incubated in
CO2 at 378C for 24 hr.
Exposure to Glutamate. The media from cultures
grown in plastic wells was removed and replaced with 100 ll
of a 50:50 mixture of conditioned media and fresh NB2/2%
B27 containing glutamate (100 lM; Sigma) alone or with glutamate receptor antagonists. After a 5-min incubation at 378C,
the medium was replaced with 100 ll DMEM/1% N2 medium, and culture wells placed into a CO2 incubator at 378C
for 24 hr.
Cell Viability, Light Microscopy, and Statistical
Analysis. Cell viability was assessed 24 hr after in vitro ischemia, cumene and glutamate treatment using the MTS assay
(Promega). Although we did not distinguish between apoptotic and necrotic cell death following in vitro ischemia, as
reported previously (Meloni et al., 2001; Arthur et al., 2004),
based on light microscopy and nuclear staining, this model
results in predominantly apoptotic-like neuronal death. Cumene exposure induces extensive cell rounding, indicative of
apoptosis, which is supported by our ﬁndings that overexpression of the antiapoptotic protein Bcl-XL provides high-level
neuronal protection in this injury model (Boulos et al., 2006).
Similarly, although our glutamate model of excitotoxic injury
exhibits elements of necrosis such as calpain activation and cell
swelling, it also exhibits apoptotic features such as positive
annexin V staining, and neuronal protection by Bcl-XL overexpression (recent unpublished ﬁndings). Image acquisition
was performed in an Olympus IX70 under software control
(DP controller; Olympus). Viability data are presented as
mean 6 SEM. Differences between groups were determined
by ANOVA, followed by post-hoc Fischer’s PLSD test. P <
0.05 was considered statistically signiﬁcant. Unless otherwise
stated, all experiments were conducted at least three times. All
scanned and digitized images were uniformly resized in Adobe
Photoshop, without any further alteration.
Transient Global Cerebral Ischemia Model
This study was approved by the Animal Ethics Committee of the University of Western Australia. The two-vessel
occlusion with hypotension model of global cerebral ischemia
was performed on 8–10-week-old adult male Sprague-Dawley
rats as previously described (Zhu et al., 2004). During the
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after the ischemic insult, PaO2, PaCO2 and pH were measured with a pH/blood gas analyzer (ABL5 Radiometer, Copenhagen, Denmark).
Experimental Groups
Animals were sacriﬁced and hippocampal tissue was immediately removed and stored at –808C, for subsequent protein extraction, which was performed as described above. For
Western blot analysis, experimental groups consisted of shamoperated or ischemic animals.

RESULTS
Construction of Recombinant Adenovirus To
Overexpress PRDX2 and SOD1 in Cortical
Neuronal Cultures
The expression cassettes of our control vector
(AdRSV:Empty) and viral vectors used to overexpress
PRDX2 and SOD1 (AdRSV:PRDX2 and AdRSV:
SOD1) are presented schematically in Figure 1A. Visualization of EGFP reporter expression conﬁrmed that neuronal cultures were successfully transduced and that
transduction levels between each recombinant adenovirus were comparable (data not shown). Western blot
analysis conﬁrmed that transduction of cortical neuronal
cultures with the PRDX2 and SOD1 viral vectors
increased speciﬁc protein levels (Fig. 1B,C).

Fig. 1. A: Schematic of recombinant adenoviral vector constructs
AdRSV:Empty (control), AdRSV:PRDX2, and AdRSV:SOD1,
showing the transgene and reporter expression cassettes. The DNA
elements are: rous sarcoma virus (RSV) promoter, woodchuck posttranscriptional regulatory element (WPRE), cytomegalovirus (CMV)
promoter, enhanced green ﬂuorescent protein (EGFP); the gray rectangles denote the SV40 polyadenylation signal sequence. B: Western
blot analysis of cortical neuronal cultures transduced with AdRSV:
Empty (moi of 75) and AdRSV:PRDX2 (moi of 75) and probed
with anti-PRDX2 antibody. C: Western blot analysis of cortical neuronal cultures transduced with AdRSV:Empty (moi of 75) and
AdRSV:SOD1 (moi of 75) and probed with anti-SOD1 antibody.

procedure, both cranial and rectal temperature were measured
via a thermocouple (Physitemp) and were maintained at 378C
6 0.28C with a heating fan and pad. Rats were anesthetized
with 3% halothane/27% O2/balanced NO2 and ventilated
before, during, and for at least 15 min after global cerebral ischemia. Cerebral ischemia was recorded from the time when
the EEG became isoelectric and was maintained for a duration
of 3 min or 8 min. Ten minutes before and ﬁfteen minutes

Effect of PRDX2 and SOD1 Overexpression on
Cell Viability Following Cumene Exposure
Virally mediated PRDX2 and SOD1 overexpression signiﬁcantly increased neuronal survival following
cumene exposure from 33% to 66% and 50%, respectively (Fig. 2A). Photomicrographs of cumene-treated
cultures transduced with the control and PRDX2 and
SOD1 viral vectors are provided in Figure 2B. Glutamate receptor antagonists signiﬁcantly increased the viability of cultures following cumene exposure from 33%
to 70%.
Effect of PRDX2 and SOD1 Overexpression on
Cell Viability Following In Vitro Ischemia
PRDX2 overexpression signiﬁcantly increased the
viability of cultures following in vitro ischemia from
17% to 36% (Fig. 3). By contrast, adenovirally mediated
SOD1 overexpression had no effect on cell viability
(Fig. 3). Glutamate receptor antagonists increased the viability of cultures following in vitro ischemia from 17%
to 31%.
Effect of PRDX2 and SOD1 Overexpression on
Cell Viability Following Glutamate Exposure
PRDX2 and SOD1 overexpression did not protect
neurons against glutamate exposure (Fig. 4). Extensive
neuronal degeneration (cell membrane swelling and nuclear shrinkage) was evident at 3 hr following glutamate
exposure (data not shown). Glutamate receptor antagonists signiﬁcantly increased the viability of cultures following glutamate exposure from 11% to 94%.
Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 3. Cell viability of neuronal cultures transduced with adenoviral
constructs AdRSV:Empty, AdRSV:PRDX2, and AdRSV:SOD1 at
24 hr following in vitro ischemia. Cortical neuronal cultures were
transduced with recombinant adenovirus (moi of 75) and exposed to
in vitro ischemia, with or without glutamate antagonists, or were
sham treated (n 5 3). Cell viability in sham cultures was treated as
100%. Asterisks denote a statistically signiﬁcant difference between
that treatment group and the control group.

Fig. 4. Cell viability of neuronal cultures transduced with adenoviral
constructs AdRSV:Empty, AdRSV:PRDX2, and AdRSV:SOD1 at
24 hr following glutamate exposure. Cortical neuronal cultures were
transduced with recombinant adenovirus (moi of 75) and exposed to
either glutamate, with or without glutamate antagonists, or were
sham treated (n 5 3). Cell viability in sham cultures was treated as
100%. Asterisks denote a statistically signiﬁcant difference between
that treatment group and the control group.

Fig. 2. Cell viability of neuronal cultures transduced with adenoviral
constructs AdRSV:Empty, AdRSV:PRDX2, and AdRSV:SOD1 at
24 hr following exposure to cumene. A: Cortical neuronal cultures
were transduced with recombinant adenovirus (moi of 75) and
exposed to either cumene, with or without glutamate antagonists, or
were sham treated (n 5 6). Cell viability in sham cultures was treated
as 100%. Asterisks denote a statistically signiﬁcant difference between
that treatment group and the control group. B: Brightﬁeld images of
sham neuronal cultures and neuronal cultures 24 hr following cumene treatment.

Journal of Neuroscience Research DOI 10.1002/jnr

PRDX2 and SOD1 Protein Levels in the Rat
Hippocampus Following 3- or 8-Min Global
Cerebral Ischemia
We initially investigated whether PRDX2 and/or
SOD1 protein levels increased in the rat hippocampus
24 hr after 3 min of global ischemia and found no
change in either protein compared with a 24-hr sham
control (Fig 5A). To determine whether PRDX2 or
SOD1 protein is increased at any other time points, we
analyzed hippocampal protein levels at 6, 12, 18, and
36 hr after 3 min and 8 min of global cerebral ischemia.
PRDX2 and SOD1 protein levels were not signiﬁcantly
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Fig. 5. Detection of PRDX2 and SOD1 protein in the rat hippocampus following 3 or 8 min of global cerebral ischemia. A: Western
blot analysis of protein lysates probed with anti-PRDX2, anti-SOD1
antibody, and anti-b-tubulin antibody (for loading control) from
sham-operated animals (lanes a–c) and animals exposed to 3 min of
ischemia (lanes d–f; n 5 3). B: Time course of PRDX2 and SOD1

protein expression following 3 min or 8 min of ischemia. Western
blot analysis of protein lysates probed with anti-PRDX2 antibody,
anti-SOD1 antibody, and anti-b-tubulin antibody (for loading control). Each data point corresponds to the mean (n 5 3) protein value
(relative to b-tubulin) 6 SEM. Control nonischemic animals (to
determine baseline levels) are represented by the 0.5-hr time point.

different from control levels for any time point or duration of global cerebral ischemia (Fig. 5Ba–d).

with other studies, which have demonstrated an association among cumene, oxidative stress, and increased glutamate release (Tretter and Adam-Vizi, 1996; Matsumoto et al., 1996; Tretter et al., 2002).
We have also shown that adenovirally mediated
SOD1 overexpression protected cultured cortical neurons against a cumene oxidative insult. This ﬁnding
complements other studies reporting SOD1 overexpression protecting against oxidative stressors, such as 6-hydroxydopamine and 1-methyl-4-phenylpyridinium (Barkats et al., 2002, 2006). Cumene, which is a lipophilic
organic hydroperoxide, localizes to the plasma membrane, causing malondialdehyde (MDA) generation,
which contributes to oxidative stress and lipid peroxidation (Gavino et al., 1981; Koster et al., 1983; PersoonRothert et al., 1992; Vroegop et al., 1995; Tsai et al.,

DISCUSSION
In the present study, we used three in vitro neuronal injury models to assess the neuroprotective activity
of SOD1 and PRDX2 overexpression. We used glutamate receptor antagonists as a positive control, and these
increased neuronal viability following in vitro ischemia
and glutamate exposure, as previously reported (Michaels
and Rothman, 1990; Koh and Choi, 1991; Kaku et al.,
1993). Similarly, glutamate receptor antagonists increased
cell viability in the cumene-mediated oxidative stress
model, indicating that cell death in this model also has
an excitotoxic component. This ﬁnding is consistent

Journal of Neuroscience Research DOI 10.1002/jnr

Neuroprotective Activity of PRDX2 and SOD1

1997; O’Neil et al., 1999; Halliwell and Gutteridge,
1999). Exactly how SOD1 improves neuronal survival
following cumene exposure is unclear, but presumably
detoxifying superoxide ions is beneﬁcial in this oxidative
stress model. Nevetheless, the cell type and oxidative
stressor are probably contributing factors with respect to
cytoprotection provided by SOD1, insofar as overexpression of SOD1 in SH-SY5Y cells increases sensitivity
to hydrogen peroxide (Sánchez-Font et al., 2003).
In contrast to the cumene model, SOD1 overexpression did not improve neuronal survival in the in
vitro ischemic and glutamate injury models. These ﬁndings are at variance with reports showing that SOD1
overexpression can reduce neuronal cell death caused by
both in vitro ischemic (oxygen glucose deprivation) and
glutamate insults (Chan et al., 1990; Barkats et al., 1996;
Borg and London, 2002). Superoxide production has
been shown to occur following ischemic and glutamate
insults in neuronal cultures, so we cannot explain the absence of SOD1-mediated protection in our models, but
it is likely that differences in type and severity of injury
models, neuronal culture system and method, and level
of SOD1 overexpression are responsible for these discrepancies.
With respect to PRDX2, we have demonstrated
for the ﬁrst time that overexpression of this protein can
protect cortical neuronal cultures from cumene-mediated oxidative stress and in vitro ischemia. In the oxidative stress model, a likely protective mechanism of
PRDX2 overexpression may involve peroxidase-mediated inactivation of cumene by conversion to its less
harmful corresponding alcohol. Another neuroprotective
mechanism that could be operating in these models
involves PRDX2 scavenging reactive oxygen and reactive nitrogen species (ROS/RNS) directly. The latter
mechanism is in line with a previous study showing that
PRDX2 overexpression reduces ROS generation in
PC12 cells exposed to menadione, a superoxide generator; sodium nitropusside, a nitric oxide generator; and
L-nitroarginine-D-methylester, an inhibitor of nitric oxide synthetase (Simzair et al., 2000). In addition, the
PRDX2 protein is a homologue of alkylhydroperoxide
reductase subunit C (AhpC) from Samonella typhimurium
(Chae et al., 1994), which has been shown to protect
HEK293 cells by eliminating peroxynitrite (Bryk et al.,
2000).
Other recently identiﬁed functions of PRDX2
might also contribute to the neuroprotection observed in
our injury models. For example, oxidative stress induces
PRDX2 oligomerization, conferring a strong chaperone
function (Moon et al., 2005), which may serve to
attenuate the neurotoxicity caused by the misfolded and
aggregated proteins known to form following ischemic
and oxidative injury (Lee et al., 1999; Hu et al., 2000;
Matsumoto et al., 2005). Indeed, Moon et al. (2005)
demonstrated that the chaperone function of PRDX2
prevented not only H2O2-mediated cell death of HeLa
cells but also the denaturation and aggregation of a-synuclein, a key component of Lewy bodies in Parkinson’s
Journal of Neuroscience Research DOI 10.1002/jnr
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and Alzheimer’s diseases. Furthermore, it is possible that
PRDX2 overexpression is suppressing neuronal cell
death signalling pathways. For example, activation of cJun NH2-terminal kinase (JNK) and p38 is decreased in
HeLa cells overexpressing PRDX2 (Kang et al., 1998,
2004). Finally, PRDX2 interacts with cyclophilin A
(Jaschke et al., 1998; Lee et al., 2001), another abundant
neuronal cytosolic protein (Goldner and Patrick, 1996)
that we have shown is also neuroprotective in both the
ischemic and the oxidative stress models used in the
present study (Boulos et al., 2007).
As with SOD1 overexpression, we found that
adenovirally mediated overexpression of PRDX2 was
unable to prevent the neuronal death caused by acute
glutamate excitotoxicity. Because of the severity of the
excitotoxic insult in our glutamate model, it is more
likely that the damaging action of calcium overload and
protease activation is the dominant mechanism of cell
death, rather than oxidative stress. However, in an in
vivo study, adenovirally mediated overexpression of the
mitochondrial PRDX3 isozyme was shown to inhibit
protein nitration, reduce gliosis, and protect neurons in
the rat hippocampus following treatment with the excitotoxic agent ibotenic acid (Hattori et al., 2003). It is
possible that the mitochondrial location of the PRDX3
isozyme was an important factor in minimizing the detrimental effects of ibotenic acid neuronal toxicity in this
model and/or that ibotenic acid-induced excitotoxicity
does not cause the same type of acute injury observed in
our in vitro glutamate model.
With respect to in vivo brain expression, we did
not detect PRDX2 and SOD1 protein up-regulation in
the rat hippocampus following either a nondamaging
3-min or an 8-min CA1-damaging period of global ischemia. Although a damaging period of global ischemia is
known to inhibit protein expression, we were surprised
that the 3-min global ischemia, which is likely to represent a preconditioning dose, did not up-regulate either
protein at the time points examined. Nonetheless, it is
possible that PRDX2 and SOD1 protein expression is
up-regulated at a different time point(s) and/or within a
subset of cells beyond detectable limits with Western
blot analysis. Alternatively, chronic long-term exposure
to oxidative stress, which is associated with neurodegenerative disorders, may be required to stimulate PRDX2
overexpression.
In summary, we have provided evidence for a
neuroprotective function for both PRDX2 and SOD1.
Our results suggest that PRDX2 is a more potent neuroprotectant than SOD1, and, unlike the case for
SOD1, we have shown protection against in vitro ischemia. Furthermore, the level of protection we obtained
for PRDX2 (and SOD1) is likely to be an underestimate because of the incomplete nature of adenoviral
transduction of neurons (60%) in culture. Taken together, our data suggest that PRDX2 is a potential therapeutic target for the development of a treatment to
prevent neuronal death in ischemic and neurodegenerative diseases.
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Chapter Eight

General discussion and significance of this study

DISCUSSION

8.01

Background and aims

The only therapeutic agent available for the treatment of cerebral ischaemia is the clot
lysing agent tissue plasminogen activator (tPA; NINDS, 1995). However, tPA is only
effective against thrombo-embolic stroke and when administered within 3 hours from
stroke onset. Not surprisingly, only a small percentage of stroke patients, estimated at
1-3%, receive tPA. Thus, an important goal of cerebral ischaemia research is to develop
neuroprotective therapeutic agents that minimise the neuronal loss caused by the
disruption of blood flow. One approach is to develop therapeutic agents based upon
proteins up-regulated by ‘preconditioning’, a natural adaptive response utilised by the
brain to counter potentially damaging insults, such as ischaemia.
My project aimed to identify proteins involved in erythropoietin’s (EPO’s) neuronal
preconditioning response and to assess their influence on neuronal survival using in
vitro ischaemia models. In fulfilling this initial aim, proteins differentially expressed
following EPO preconditioning in neuronal cultures were identified and are described in
Chapter 3. However, in order to assess these proteins, it was first necessary to develop
a convenient and reliable method of over-expressing specific proteins in primary
cortical neuronal cultures. Thus, Chapter 4 describes the development of an adenoviral
vector expression system and its validation in two in vitro ischaemic models using the
known neuroprotective protein Bcl-XL. In Chapter 5, several candidate proteins were
evaluated for neuroprotective or neurodamaging activity and three of these,
peroxiredoxin 2 (PRDX2), superoxide dismutase 1 (SOD1) and cyclophilin A (CyPA),
were further characterised in Chapters 6 and 7. The main findings and significance of
this work in relation to cerebral ischaemia research and neuronal degeneration are
outlined below.

8.02

EPO preconditioning mediated gene expression
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In the first aim described in Chapter 3, in vitro experiments were undertaken which
confirmed the delayed and efficacious neuroprotective response induced by EPO
preconditioning. In addition, cell signal activation of several components (extracellular
signal-regulated kinase 1/2 [ERK1/2], p38 and Jun N-terminal kinase [JNK]) of the
mitogen-activated protein kinase (MAPK) pathway were detected further confirming
the responsiveness of neurons to EPO. Using 2 dimensional electrophoresis, a total of
40 individual proteins were identified and classified as significantly up- or downregulated following EPO preconditioning. These proteins were heterogeneous in nature
and most had functions related to: signalling, the cellular stress response, mitochondrial
activity, metabolic/biochemical activity or the cytoskeleton.

8.03

Development of an adenoviral expression system

A substantial component of this thesis (Chapter 4) involved the development of a
flexible adenovirus vector system to express target proteins in neuronal cultures in order
to assess neuroprotective/neurodamaging activity of the expressed gene. Using this
system, I demonstrated the higher activity of the rous sarcoma virus (RSV) promoter in
cultured neurons compared to the cytomegalovirus (CMV) promoter; confirmed that the
woodchuck post-transcriptional regulatory element (WPRE) can substantially increase
transgene expression and; compared the activity of the rat and human synapsin 1
(SYN1) promoters. Furthermore, the inclusion of a green fluorescent protein (GFP)
reporter within this vector provided a convenient marker to monitor viral propagation
and viral transduction efficiency. Finally, in order to validate this adenoviral expression
system, I over-expressed the anti-apoptotic protein Bcl-XL in neuronal cultures and
subsequently confirmed its neuroprotective activity in the in vitro ischaemia and
oxidative stress models used in my project. Thus, I confirmed the suitability of this
system to assess if a given protein has neuroprotective activity.
The main finding of this study demonstrated the effectiveness of the RSV promoter in
driving protein expression in neurons. Nevertheless, each of the promoters investigated
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possesses unique features and characteristics, and thus suitability, for different
applications and experimental paradigms. For instance, to investigate a secreted growth
factor, it may be preferable to use the CMV promoter and obtain strong astrocytic
expression at relatively low viral titres. Conversely, neuron-restrictive promoters such
as the SYN1 promoter are better suited to investigations of neuronal intracellular
protein function, especially in cases where non-neuronal cells such as astrocytes are
present such as in organotypic slices or cultures derived from adult brains.
Additionally, proteins that are neurotoxic at high levels are better suited to expression
from weaker promoters like the SYN1 promoter.

8.04

Assessment of candidate neuroprotective proteins

Twelve proteins were included for investigation as part of this thesis and the rationale
for their selection is explained in Chapter 5. Adenoviral vectors were generated for all
12 proteins, of which protein expression was confirmed for seven, four await expression
analysis and one failed to increase specific protein expression. Of the proteins initially
assessed, three (CyPA, PRDX2, SOD1) demonstrated significant neuroprotection and
these were further characterised and the findings are reported in Chapters 6 and 7. The
adenoviral vectors not investigated will be fully assessed for neuroprotective or
neurodamaging activity as part of ongoing studies within the Stroke Research Group at
the Australian Neuromuscular Research Institute.

8.05

The neuroprotective activity of PRDX2

I have provided evidence that PRDX2 can protect neurons against both ischaemic and
oxidative injury, and, as discussed previously (Chapter 6), hypothesised that this
cytoprotective activity may involve the antioxidant and/or chaperone functions of
PRDX2. Additionally, recent publications have shed further light on the potential
protective mechanisms employed by PRDX2. For example, the rate constant of PRDX2
for hydrogen peroxide (H2O2) was recently recalibrated and found to be comparable
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with that of other potent antioxidants such as catalase and glutathione peroxidase
(Peskin et al, 2007). Notably, unlike catalase, neuronal cellular PRDX2 concentrations
are relatively high which further consolidates its status as a major neuronal antioxidant.
Consistent with these findings, increased PRDX2 expression, which occurs in
Alzheimer brains (Kim et al, 2001), was recently shown to protect neurons against
amyloid -peptide (A) toxicity mediated by A25-35, A35-25 and A40 (Yao et al,
2007) a component of which is linked to oxidative stress which is associated with
mitochondrial dysfunction (Lustbader et al, 2004; Casparsen et al, 2005). In addition,
recent evidence suggests that loss of PRDX2 function is related to the death of
dopaminergic neurons in sporadic forms of Parkinson’s disease (Qu et al, 2007). In this
case, PRDX2 fails to protect dopaminergic neurons from ROS damage because it is
inactivated by specific phosphorylation on Thr89 (Qu et al, 2007), a mechanism that also
inactivates PRDX1 activity (Chang et al, 2002).

The inactivation of PRDX2 by

phosphorylation occurs when calcium dependent calpain I degrades the neuron-specific
activator p35 into p25, which stimulates cyclin-dependent kinase 5 (Cdk5) activity, of
which PRDX2 (Thr89) is a substrate (Lee et al, 2000; Qu et al, 2007). Interestingly, p25
protein accumulates in the brains of patients with Alzheimer’s disease and has been
shown to increase in neurons following exposure to the A-peptide (Lee et al, 2000).
In my experiments, I found that PRDX2 over-expression could not protect against acute
glutamate excitotoxicity. Since acute excitotoxicity is a severe insult involving calcium
influx with calpain I as a major contributor to cell death, it could explain why PRDX2
over-expression did not increase neuronal viability.

Although calpain is activated

following (in vitro/in vivo) ischaemia (Arai et al, 1991; Hong, 1994; Brana et al, 1999),
the extent of its activation in our ischaemia model may be insufficient to nullify the
neuroprotective effects of PRDX2 over-expression. An antibody capable of detecting
the phosphorylated form of PRDX2 (Qu et al, 2007) would aid in assessing this issue.
In summary, it appears that PRDX2 may play a general role in protecting neurons
against ischaemia and oxidative stress, as well as in age related neurodegeneration.
Finally, the demonstration that PRDX2 has cytoprotective activity in neurons is line
with the findings for other peroxiredoxin isoforms, namely PRDX3 (Hattori et al, 2003)
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and PRDX5 (Plaisant et al, 2003), which have also been shown to protect neurons
against damaging insults.

8.06

SOD1 mediated neuronal protection

Superoxide dismutase 1 over-expression could protect against cumene induced
oxidative stress but not ischaemic injury or excitotoxic injury. The possible reasons are
outlined in Chapter 6.

8.07

Neuroprotective activity of intracellular CyPA

A key finding of this thesis is the discovery that CyPA over-expression significantly
mitigates oxidative and ischaemic injury in neuronal cultures. Several mechanisms may
account for this cytoprotective activity and these were discussed in Chapter 7.
However, recent evidence suggests that CyPA may function as a universal
cytoprotectant, induced in response to hypoxia (Choi et al, 2007). In support of this
notion, elevated CyPA expression has been reported in a number of tumour and cancer
cells (Shen et al, 2004; Howard et al, 2004; Yang et al, 2007, Choi et al, 2007).
Cyclophilin A appears to impart this protective response, at least in part, by reducing
ROS (Hong et al, 2002; Choi et al, 2007).

As discussed in Chapter 7, CyPA’s

antioxidant function may be mediated, at least partly, through its capacity to stimulate
the peroxidase activity of PRDX2 (Jäschke et al, 1998; Lee et al, 2001).
The human CyPA Cys115 and Cys161 residues are responsible for the reduction and
activation of not only PRDX2, but all known PRDX isotypes, although only the
cytosolic peroxiredoxins are thought to be physiologically relevant (Lee et al, 2001).
By substituting either or both Cys residues for a neutral amino acid it should be possible
to determine if CyPA mediated stimulation of PRDX2 peroxidase activity contributes to
neuronal survival in our in vitro ischaemia related models. It is important to note that
this mutagenised form of CyPA would retain isomerase activity (Lee et al, 2001).
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Given that CyPA and PRDX2 are interacting neuroprotective proteins, it is conceivable
that these highly abundant cytoplasmic proteins act in concert to provide an important
cellular mechanism for eliminating reactive oxygen species/reactive nitrogen species
(ROS/RNS) in neurons. This property could be investigated by over-expressing CyPA
and PRDX2 together in neuronal cultures and assessing how this influences neuronal
survival following oxidative and ischaemic stress.
It is also possible that CyPA possesses a distinct antioxidant function, unrelated to
PRDX2 activity. Evidence for this additional antioxidant function is supported by the
finding that CyPA transgenic mice are less sensitive to cyclosporine A mediated ROS
related toxicity compared to their wild-type littermates (Hong et al, 2004). In this
instance, it appears CyPA’s isomerase activity imparts an antioxidant function because
CyPA isomerase mutant (R55A) transgenic mice are more susceptible to cyclosporine A
mediated toxicity than either normal or CyPA transgenic mice (Hong et al, 2004).
Taken together, these findings indicate that the CyPA protein possesses isomerase
dependent antioxidant activity in addition to its PRDX2 related antioxidant activity.

8.08

Chaperone and trafficking functions of CyPA

As discussed in Chapter 7, a plausible mechanism for CyPA mediated cytoprotection
could involve its peptidyl isomerase activity or chaperone function, which participates
in protein folding (Lilie et al, 1993; Xu et al, 1995). In this instance, CyPA would
facilitate cell survival by maintaining native protein structures and suppressing the
formation of toxic protein aggregates generated following ischaemia. This mechanism
was proposed and discussed in Chapter 7.
More recently, a direct pro-survival role for CyPA in protein trafficking has also
recently emerged. In this instance, CyPA mediated protein trafficking was recently
demonstrated to be essential for cell surface expression of the sodium calcium
exchangers (NCX1, NCX2, NCX3; Rahamimoff et al, 2007), which are important in
calicum homeostasis (Jeffs et al, 2007). This is particularly relevant to ischaemia
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because the NCXs play a role in neuronal survival following ischaemia and excitotoxic
injury (Bano et al, 2007; Jeffs et al, 2007). In addition, CyPA is also involved in the
expression of other receptors and growth factors with neuroprotective activity following
ischaemia including: granulocyte colony stimulating factor (G-CSF) fibroblast growth
factor (FGF) and insulin-like growth factor 2 receptor (Chen et al, 2007).

8.09

CyPA and apoptosis

Whilst I and others have demonstrated a cytoprotective function for CyPA, it also
appears that CyPA can participate in the apoptotic process in cells committed to dying
(Cande et al, 2004). In this instance CyPA interacts with the apoptosis inducing factor
(AIF) following its release from mitochondria, and in conjunction with AIF,
translocates to the nucleus and contributes to chromatinolysis (Cande et al, 2004). In
this capacity, CyPA is believed to contribute to chromatin degradation by virtue of its
endonuclease activity (Montegue et al, 1997). However, recent data has now revealed
that contaminating bacterial endonucleases found in preparations of recombinant CyPA
protein are responsible for its reported DNA degrading activity (Manteca and Sanchez,
2004). Nevertheless, a recent study by Zhu et al (2007) showed that 9 day old mice
lacking the CyPA gene had reduced brain damage compared to wild-type mice
following unilateral cerebral-hypoxia ischaemia.

Thus, depending on the cellular

environment, it appears that CyPA can either promote cell survival or facilitate cell
death. This could be investigated further by examining how transgenic mice overexpressing CyPA respond to cerebral ischaemia.

8.10

Cyclophilin A mediated CD147 receptor activation

An important finding of this thesis is the discovery that the application of recombinant
human CyPA is neuroprotective in neuronal cultures following oxidative and ischaemic
injury. Moreover, as confirmed in Chapter 7, neurons in culture express the CyPA
membrane receptor CD147. I thus proposed (Chapter 7) that it is likely that exogenous
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CyPA mediates its neuroprotective function by activating pro-survival ERK1/2
signalling via the CD147 receptor. However, whilst verification of this CyPA/CD147
signalling pathway in vivo was beyond the scope of this project, recent findings by
Redell et al (2007) support my data. Redell et al (2007) have shown that exogenous
administration of CyPA protein significantly attenuated blood brain barrier permeability
(BBB) and tissue damage in a cortical/hippocampal stab wound injury model of
traumatic brain injury. The protective response mediated by CyPA in this stab wound
model suggests that administration of CyPA following cerebral ischaemia may also be
beneficial.

Whether CyPA was responsible for directly protecting neurons and/or

whether neuronal loss was prevented by virtue of vascular preservation awaits further
investigation.

8.11

A putative biphasic response of CyPA

In Chapter 7, I reported that CyPA mRNA increased following a 3 minute nondamaging period of global cerebral ischaemia, which is consistent with a recent finding
that hypoxia-inducible factor-1 (HIF) consensus sequences are present within the CyPA
promoter (Choi et al, 2007). Notably, CyPA protein expression has been shown to
increase rapidly within brain endothelia following traumatic brain injury (Redell et al,
2007) and in cardiac myocytes following hypoxia (Seko et al, 2004). Thus, increased
CyPA expression appears to occur in at least two distinct ways: i) directly and acutely,
via HIF mediated transcriptional activation and; indirectly and delayed, by for example,
via EPO mediated signalling (Meloni et al, 2006). Additionally, hypoxia, and possibly
trauma, also results in CyPA secretion (Seko et al, 2004; Redell et al, 2007). Within the
extracellular space CyPA appears to act as a paracrine and/or autocrine cytoprotectant,
probably through CD147 receptor signalling (Seko et al, 2004; Redell et al, 2007).
Taken together, it appears that the rapid up-regulation and secretion of CyPA provides
an immediate protective response, whilst the delayed up-regulation of CyPA provides a
longer lasting protective response.
8.12

CyPA and its pro-inflammatory activity
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Whilst endogenous CyPA appears to be beneficial to cells/tissue both in vitro and in
vivo following injurious insults (Boulos et al, 2006; Redell et al, 2007), it also possesses
pro-inflammatory activity capable of stimulating immune cell migration and cytokine
production (Sherry et al, 1992; Jin et al, 2004; Kim et al, 2004).

Indeed, the

extracellular form of CyPA was first described as a secretory factor released by
macrophages following lipopolysaccharide (LPS) exposure (Sherry et al, 1992).
Interestingly, macrophages also secrete granulocyte-macrophage colony stimulating
factor (G-CSF), which is neuroprotective in animal models of stroke (Zaks-Zilberman et
al, 2001; Schabitz et al, 2003). Thus, it is possible that the cytoprotective activity of
CyPA may have evolved to offset any tissue damaging effects caused by its
inflammatory function.

8.13

Alzheimer’s disease, CD147 and CyPA

Aside from its protective role in ischaemia, CD147 biology may also play a key role in
Alzheimer’s disease. For example, recent findings have revealed that CD147 is an
integral component of the -secretase membrane complex, where it acts as a negative
regulator. In other words, low CD147 receptor levels lead to increased -secretase
activity, resulting in increased -amyloid cleavage and A peptide production (Zhou et
al, 2005; Ko et al, 2007). Significantly, soluble A peptide, which is highly neurotoxic,
is regarded as the primary initiator of neuronal cell death in Alzheimer’s disease. This
suggests that CD147 expression may actually be compromised in Alzheimer’s patient
brains and hence warrants further investigation. Interestingly, CD147 knockout mice
have memory and sensory deficits (Naruhashi et al, 1997), symptoms which are
associated with Alzheimer’s disease. Another related finding is that CD147 expression
is modulated by the sterol carrier protein (SCP; Ko et al, 2007), whose function is
linked to cholesterol metabolism. The association of CD147 expression and cholesterol
is of interest as cholesterol metabolism is recognised as a contributing factor in
Alzheimer’s disease (Hirsch-Reinshagen and Wellington, 2007; Schipper, 2007).
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My data also suggests that if CD147 expression is compromised in Alzheimer patients,
it may be contributing to neuronal loss due to reduced CyPA-CD147 mediated prosurvival signalling.

Indeed, down-regulation of G-CSF receptor expression was

recently proposed as a cause of neuronal loss in motor neuron disease (Tanaka et al,
2006). Supporting a notion of altered receptor signalling, aberrant ERK1/2 signalling in
response to bradykinin has been noted in Alzheimer patients, and was recently proposed
as a diagnostic marker of disease (Khan and Alkon, 2006). Whilst this observation is
not directly related to CD147 receptor activity, it does demonstrate that altered receptor
mediated signalling occurs in the Alzheimer’s disease phenotype.
The recent findings of Redell et al (2007), which demonstrated that extracellular CyPA
can preserve BBB permeability and vascular integrity, may also be relevant to
Alzheimer’s disease. This is because brain vascular dysfunction has been noted in
Alzheimer’s disease and in other neurodegenerative disorders (Zipser et al, 2007; Desai
et al, 2007; Bowman et al, 2007). Taken together, it appears that loss of CyPA-CD147
signalling could impact on a number of brain systems. Finally, if CD147 expression
declines with age then its expression status may not only have consequences for patients
with neurodegenerative disorders, but also for patients following cerebral ischaemia.

8.14

Significance of this study

Cortical neuronal cultures were used in this study because these neuronal subtypes are
known to be affected in stroke and can provide a useful in vitro model of ischaemia.
Nevertheless, neuronal cultures have their limitations as other components of the
nervous system, such as the blood brain barrier and glial cells are not represented. Thus
the neuroprotective functions of CyPA and PRDX2 require further investigation using
animal models of stroke. Despite this, the novel findings of this study demonstrate that
CyPA and PRDX2 have neuroprotective activity and are therefore legitimate
therapeutic targets for the design of drugs to limit neuronal death following cerebral
ischaemia, brain trauma and age related neurodegenerative disorders. Whilst the use of
recombinant viral vectors to facilitate increased specific protein expression in the CNS
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is still under development, therapeutic agents based on the findings of this thesis could
take the form of compounds that increase specific protein expression at the
transcriptional level or could take advantage of cell membrane protein transduction
domains such as the TAT peptide to deliver neuroprotective proteins directly to the
CNS.

Ultimately, this could result in better treatment options, improved patient

outcomes and reduced social and economic impacts on the community.
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