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ABSTRACT
Therapeutic agents to directly modulate ischaemic neuronal death are presently
unavailable. One approach to developing such therapeutics is based on the
identification of proteins that are differently expressed as the result of
‘preconditioning’,	
   a	
   natural	
   adaptive	
   response	
   utilised	
   by	
   neural	
   cells	
   to	
   counter
damaging insults. In this context, our laboratory has identified over 40 different
proteins that are either up- or down-regulated in rat primary cortical neuronal
cultures following preconditioning. The current study focused on characterising
the roles played by seven mitochondria-related proteins in a number of in vitro
neuronal injury models of ischaemic death, to determine if they exert
neuroprotective or neurodamaging effects. The approach taken was to examine the
effects of up- and down-regulating each protein in cortical neuronal cultures prior
to their exposure to injury. These proteins included citrate synthase (CS),
prohibitin (PHB), voltage-dependent anion channel 1 (VDAC1), heat shock protein
60 (HSP60), glucose-regulated protein 78 (GRP78), glucose-regulated protein 75
(GRP75) and nucleoside diphosphate kinase A (NDPKA).
As a means of down-regulating proteins, the RNA interference [RNAi] technique
was first established using cortical neuronal cultures. Validation of the RNAi
technique was established using a green fluorescent protein (GFP) short
interfering RNA (siRNA) construct to down-regulate adenoviral-mediated GFP
expression. Subsequently, using the RNAi technique, it was demonstrated that the
down-regulation of specific mitochondrial proteins did not result in any significant
increases or decreases in neuronal survival following oxygen-glucose deprivation,
hydrogen peroxide oxidative stress or L-glutamic acid excitotoxicity. Interestingly,
down-regulation of the anti-apoptotic protein, Bcl-XL (B-cell lymphoma extra
large) only exacerbated cell death in the hydrogen peroxide injury model.
Using an adenoviral vector system already established in our laboratory, the effect
of mitochondrial protein up-regulation was assessed in in vitro ischaemia-related
injury models. Up-regulation of NDPKA was neuroprotective in all three in vitro
models (viz. oxygen-glucose deprivation, hydrogen peroxide and L-glutamic acid).
In contrast, over-expression of PHB exacerbated neuronal death in the hydrogen
peroxide and L-glutamic acid injury models. Interestingly, up-regulation of the
iv

anti-apoptotic Bcl-XL only protected neurons from hydrogen peroxide and Lglutamic acid insults.
To investigate the neuroprotective effects of NDPKA, it was demonstrated that
exposure of neuronal cultures to recombinant NDPKA protein was protective in
oxygen-glucose deprivation and L-glutamic acid injury models. Interestingly,
neuroprotection was only observed when cell cultures were exposed to NDPKA
protein during both 24 hour pre-incubation and the injury phase. Based on
previous studies in non-neuronal tissues, it is suggested that the neuroprotective
action of NDPKA protein may involve activation the mitogen-activated protein
kinase (MAPK) pathway, which plays an important role in regulating cell survival
and death. The findings of the this thesis strongly suggest that the neuroprotective
activities of NDPKA require further investigation as a target for the development of
new therapies to treat ischaemic brain injury.
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Chapter 1
General introduction and aims

1

Acute brain injury following stroke and other forms of cerebral ischaemia has an
immerse impact not only on patients and their families but also on the broader
community, due to the high social and economic cost. Major risk factors for stroke
include hypertension, smoking, lack of physical activity, diabetes and an unhealthy
diet (O'Donnell et al., 2010). Brain damage following a stroke manifests itself
through a range of symptoms including problems with coordination and speech,
paralysis in one or more limbs, dizziness, visual defects and reduced alertness or
concentration (Schretzman, 2001). At present, there are no neuroprotective
treatments that can be given to stroke patients to minimize brain damage. Hence,
finding new treatments that reduce acute ischaemic brain injury and improve
stroke recovery has the potential to improve patient quality of life and lessen
social and economic impacts on the community.
1.1

Background and epidemiology of stroke

They are 2 main forms of stroke (Figure 1.1): (i) ischaemic stroke, which results
from the occlusion of a brain artery and accounts for about 87% of stroke cases;
and (ii) haemorrhagic stroke, which occurs following rupture of a brain artery
(Flynn et al., 2008).
Stroke is the second leading cause of death worldwide, currently causing an
estimated 5.5 million deaths annually, a figure that is projected to rise to 7.8
million by 2030 (Strong et al., 2007). It has been estimated that almost 16 million
people suffer from their first ever stroke annually, and that stroke accounts for
approximately 9.7% of all deaths worldwide (Strong et al., 2007). In addition,
many stroke survivors still face permanent disabilities, which affect their daily
lives and general wellbeing. Consequently, stroke survivors frequently become a
significant burden to their families and the general society. In Australia it is
estimated that over $2 billion per year is spent on stroke-related health
expenditure [AIHW; National Stroke Foundation, 2007] (Cadilhac et al., 2009).
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Figure 1.1: Schematic diagram of the 2 main forms of stroke
Ischaemic stroke occurs as a result of blockage to a cerebral artery due to a clot;
while haemorrhagic stroke is the consequence of the rupture of a cerebral artery
and bleeding into the intracerebral space (ICH) or subarachnoid space (SAH)
[taken from (Rink and Khanna, 2011)].

Approximately 20% of strokes occur in individuals under the age of 55, 30% in
individuals between 55 - 75 years old and 50% in individuals over 75 (Hinkle,
1997, Schretzman, 2001). The incidence of stroke is higher in males compared to
females in most age groups, with the exception of those above the age of 85
(Appelros et al., 2009, Petrea et al., 2009). About a third of stroke patients die, a
third are left with a permanent disability and a further third make a good recovery.
The mortality rate for stroke is 25% higher in developing compared to developed
countries. This is attributed to the lack of health care infrastructure necessary to
provide the best possible post-stroke medical care (Mukherjee and Patil, 2011).
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1.2

Classification of cerebral ischaemia

In the research setting, cerebral ischaemia is classified as either focal or global
depending on whether the reduced blood supply affects a local brain region or the
entire brain. Focal cerebral ischaemia is also known as ischaemic stroke and is
usually caused by a thrombo-embolic occlusion of a brain artery (Dirnagl et al.,
1999, Lee et al., 1999b). On the other hand, global cerebral ischaemia occurs when
blood supply to the whole brain or forebrain is interrupted, for example as a result
of cardiac arrest, severe hypotension, haemorrhage, traumatic brain injury or
cerebral vasospasm (Lim et al., 2004, Cervantes et al., 2008).
1.3

Ischaemic brain injury and damaging processes

Ischaemic brain damage involves three phases, the acute, sub-acute and delayed
phases. Acute brain injury occurs within minutes of the onset of ischaemia and is
localised to the most densely ischaemic tissue (central core). This type of injury
occurs during reductions in cerebral blood flow that result in severely reduced
levels of oxygen and glucose to the brain tissue. Because nerve cells do not store
energy substrates, the deprivation in oxygen and glucose results in the reduction
of adenosine triphosphate (ATP) levels, leading to metabolic stress and energy
failure (Nagley et al., 2010). The resultant energy crisis causes neurons to undergo
a loss of membrane potential and depolarization leading to the activation of
voltage-dependent calcium channels and release of excitatory amino acids, such as
glutamate into the extracellular space (Lipton, 1999, Mergenthaler et al., 2004).
The depletion of ATP levels also inhibits the activity of plasma membrane calcium
ATPases, which act to extrude calcium ions from cells. In addition, the release of
glutamate following ischaemia contributes to an influx of calcium into cells via the
calcium-permeable

glutamate

receptors

(Nicholls,

2004).

Furthermore,

mitochondria also regulate intracellular calcium levels via their calcium uptake
and buffering capacity when cytosolic calcium is elevated. Massive elevations in
cytosolic calcium levels lead to calcium overload in mitochondria, which can result
in opening of permeability transition pores and release of pro-apoptotic proteins
(Reynolds, 1999). In addition, high intracellular calcium levels can contribute to
the activation of lipases, calpains, and the release of reactive oxygen species (ROS),
which further exacerbate cell death and brain damage (Dirnagl et al., 1999, Rink
and Khanna, 2011). Injuries sustained within the ischaemic core are usually
4

irreversible.
The sub-acute phase (1-6 hours after injury) affects the immediate area
surrounding the central core, referred to as the penumbra; the penumbra still
receives residual perfusion from collateral blood vessels, and therefore
experiences a milder ischaemic insult. Depending the ischaemic severity, neurons
within the penumbra may recover, or die in a delayed fashion over hours to days
after the onset of ischaemia (Lipton, 1999). Delayed ischaemic brain injury also
occurs following global cerebral ischaemia in highly vulnerable regions of the
brain such as CA1 hippocampal neurons, cortical neurons (layers 3 and 5),
Purkinje cells of the cerebellum and dorsolateral striatum neurons (Lo et al.,
2003). Other factors that contribute towards tissue damage in delayed brain injury
include vasogenic oedema and inflammation (Heiss, 2011).
The death of neuronal and other neural cells (e.g. astrocytes and oligodentocytes)
after cerebral ischaemia is likely to occur through several cell death processes.
Four forms of cell death, necrosis, apoptosis, necroptosis and autophagy are
known to play a role in ischaemic cell damage (Meloni et al., 2011). A brief
summary describing each form of cell death is provided below. It needs to be
emphasised, however, that there is now increasing evidence that more than one
cell death process can occur in the same cell.
1.4 Cell death pathways activated following cerebral ischaemia
1.4.1 Necrosis
Necrosis typically occurs in the central ischaemic core and is mainly characterised
by cell swelling, uncontrolled breakdown of the plasma membrane and cell lysis.
Necrotic cell death is mainly trigged as a result of intracellular calcium overload.
High intracellular calcium causes the activation of destructive enzymes such as
matrix metalloproteases, nitric oxide synthase, calpain, cyclooxygenase and
phospholipase A (Gupta and Chauhan, 2011) and the production of damaging
reactive oxygen and nitrogen species. Ultimately, these events contribute towards
cytoskeletal protein break down, loss of structural integrity and cell swelling due
to water influx, ultimately causing cell demise (Yamashima, 2004).
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1.4.2 Apoptosis
Apoptosis, a form of programmed cell death predominantly occurs within the
ischaemic penumbra. There are two general pathways for the activation of
apoptosis: the intrinsic and the extrinsic pathways.
1.4,2.1 Intrinsic pathway of apoptosis
The intrinsic apoptotic pathway is a cell death signalling pathway mediated
through the mitochondria via the release of pro-apoptotic proteins (Figure1.2).
This form of cell death-signalling pathway has been reported following focal
cerebral ischaemia in rats; in brain slices subjected to hypoxia-ischaemia, and in
hippocampal CA1 neurons following global ischaemia (Fujimura et al., 1998, PerezPinzon et al., 1999, Sugawara et al., 1999).
Activation of calpains following cerebral ischaemia results in the cleavage of the
pro-apoptotic Bcl-2 interacting domain (BID) protein resulting in a truncated
active form tBID (Culmsee et al., 2005). At the mitochondrial membrane, tBID
undergoes heterodimerisation with other apoptotic proteins such as Bcl-2associated death promoter (Bad) and Bcl-2-associated X-protein (Bax) to initiate
the opening of mitochondrial transition pores. The opening of mitochondrial
transition pores in turn releases pro-apoptotic factors cytochrome c and the
apoptosis inducing factor (AIF) into the cytoplasm (Kirkland et al., 2002). The role
of cytochrome c and AIF in apoptotic cell death is described below (Plesnila et al.,
2002).
1.4.2.1A Caspase-dependent apoptotic cell death
The release of cytochrome c from the mitochondria activates the caspasedependent apoptotic pathway. Cytochrome c binds to both the apoptotic protein
activating factor-1 (Apaf-1) and procaspase-9 to form an apoptosome (Love,
2003). The binding of these proteins leads to the conversion of procaspase-9 to
caspase-9 and subsequently to caspase-3 activation (Sugawara et al., 2004).
Activated caspase-3 then cleaves and activates/inactivates a range of proteins that
are responsible for the dismantling of the cell in an orderly and controlled fashion.
For example, activation of the nuclear DNA repair enzyme, Poly ADP-ribose
polymerase (PARP) leads to oligonucleosomal DNA fragmentation and chromatin
condensation (Broughton et al., 2009). Caspase-3 also facilitates the degradation of
6

inhibitors of caspase-activated deoxyribonuclease, which results in the
translocation of the deoxyribonuclease to the nucleus where it catalyses
internucleosomal DNA degradation (Krantic et al., 2007, Galluzzi et al., 2009).
The release of two other proteins from mitochondria also promotes caspasedependent cell death. The first of these proteins is referred to as second
mitochondrial-derived activator of caspase. The second protein is high
temperature requirement protein A2. These two proteins bind and suppress the
inhibitory function of a family of inhibitors of apoptosis proteins leading to
activation of caspase-3, caspase-7 and caspase-9, a process that leads to increased
caspase activation and cell death (Kroemer et al., 2007, Galluzzi et al., 2009).
1.4.2.1B Caspase-independent apoptotic cell death:
This cell death process occurs due to the release of a second group of proapoptotic proteins from the mitochondria, which include AIF and endonuclease G.
Once released, AIF translocates to the nucleus and causes DNA fragmentation and
condensation of peripheral nuclear chromatin, leading to death (Cho and ToledoPereyra, 2008). While endonuclease G has been demonstrated to co-migrate with
AIF from the mitochondria to the nucleus in the ischaemic brain (Lee et al., 2005),
the specific mechanism whereby endonuclease G contributes to apoptosis is yet to
be determined.
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Figure 1.2: Schematic diagram of the intrinsic signalling cascade of apoptosis
following cerebral ischaemia
This process involves the opening of mitochondrial transition pores to release proapoptotic proteins such as cytochrome c and AIF leading to activation of the
caspase-dependent and caspase-independent cell death pathways [taken from
(Broughton et al., 2009)].
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1.4.2.2 Extrinsic pathway of apoptosis
Cerebral ischaemia, aside from its activation of the intrinsic pathway, also triggers
the extrinsic apoptotic-signalling pathway (Figure 1.3). This pathway is initiated
by the engagement of death receptors located at the plasma membrane, which
include Fas and tumour necrosis factor (TNF) receptors (Loh et al., 2006). Fas
ligand initiates apoptosis by binding to the Fas receptors, and triggering the
recruitment of Fas-associated death domain protein (FADD) and procaspase-8
(Love, 2003). The resultant complex (FasL-Fas-FADD-procaspase-8) is referred to
as the death inducing signalling complex (DISC) and activates caspase-8 (Love,
2003). Once activated, caspase-8 can either directly stimulate caspase-3 to initiate
apoptosis or mediate the activation of Bid protein and thereby induce cell death
via the mitochondria-mediated apoptotic cascade (Love, 2003). Up-regulation of
Fas, Fas ligand and TNF is reported in rat brain post-ischaemia (Martin-Villalba
et al., 1999), as is the activation of caspase-8 (Velier et al., 1999).
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Figure 1.3: Schematic diagram of the extrinsic signalling cascade of apoptosis
following cerebral ischaemia
This involves the activation of cell surface death receptors to initiate caspase
dependent cell death signalling pathways [taken from (Broughton et al., 2009)].
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1.4.3 Necroptosis
Stimulation of death receptors has been shown to activate a controlled necrotic
type of cell death, termed necroptosis (Degterev et al., 2005). This form of cell
death has been detected following cerebral ischaemia in rat models of stroke
(Degterev et al., 2005).
Necroptotic cell death is trigged following the stimulation of death TNF and Fas
receptors, which in turn activate a death domain containing kinase RIP, which is
essential in initiating receptor-mediated necroptosis (Degterev et al., 2005). An
inhibitor of necroptosis, known as necrostatin-1 is reported to reduce ischaemic
brain injury in a mouse stroke model. The exact mechanism by which RIP1
initiates necroptosis is still unclear; however recent studies have shown that the
Bcl-2 modifying factor protein is one mediator of necroptosis, suggesting that
activation of RIP1 could lead to necroptosis via a mitochondrial activated pathway
(Hitomi et al., 2008, Yuan, 2009).
1.4.4 Autophagy
Autophagy is a cellular degradation process where cellular organelles and proteins
are sequestered into a double membrane vesicle known as an autophagosome. The
resultant vesicle then fuses with lysosomes leading to digestion of cellular
components by lysosomal hydrolases (Figure 1.4) (Wang and Klionsky, 2003,
Levine and Klionsky, 2004, Mizushima et al., 2004). Hence, autophagic cell death
describes dying cells that contain lysosomes and autophagosomes while lacking
the characteristics of other forms of cell death (Clarke, 1990).
While evidence for autophagy after brain ischaemia is reported, there is debate as
to whether it is a protective or neurodamaging response. For example, it has been
suggested that autophagy is protective, as it can be involved in the degradation and
removal of damaged mitochondria, endoplasmic reticulum fragments, and
aggregated proteins, thus preventing cellular stress that may lead to cell death
(Xue et al., 2001, Liu et al., 2010).
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In contrast, autophagy may contribute to neural injury by triggering excessive
degeneration of neurons and intracellular organelles, which eventually activate
other cell death processes (Adhami et al., 2006). For example, silencing of the
autophagy-related genes was shown to reduce cell death following hypoxicischaemic injury in mice (Koike et al., 2008). It was also reported that autophagic
pathways were activated in neuronal cultures following exposure to hydrogen
peroxide, as well as animal models of cerebral ischaemia (Rami et al., 2008, Wen et
al., 2008, Higgins et al., 2011). Taken together, these findings suggest that
autophagy may play a neuroprotective or neurodamaging role depending on the
severity of cerebral ischaemia.
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Figure 1.4: Schematic diagram of the autophagic death pathway following
cerebral ischaemia
This process involves the formation of the autophagosome, and subsequent fusion
of the autophagosome and lysosome, a process that leads to the degradation of
cytoplasmic material by the lysosomal enzymes [taken from (Balduini et al.,
2012)]
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1.5

Major damaging mechanisms following cerebral ischaemia

It is beyond the scope of this thesis to describe the full breadth of damaging
processes that occur in the brain. Therefore, the thesis focuses on some of the
better-characterised processes that are arguably the more dominant damaging
events associated with cerebral ischaemia.
1.5.1 Reactive oxygen species (ROS)
The increased production of ROS, such as superoxide anion, hydrogen peroxide
and hydroxyl radical, following cerebral ischaemia can trigger cell death and tissue
damage (Dirnagl et al., 1999). ROS can be generated from the: (i) the mitochondrial
respiratory chain during ATP generation through oxidative phosphorylation
(Theiss and Sitaraman, 2011), (ii) the activity of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and (iii) xanthine oxidase reactions
(Abramov et al., 2007).
Under normal conditions, the generation of ATP via oxidative phosphorylation
results in low levels of ROS, which have been found to modulate a number of
signalling pathways that are important in maintaining neuronal cellular
homeostasis (Crack and Taylor, 2005). These are normally detoxified by a number
of antioxidant enzymes including superoxide dismutases, catalase, and
gluthathione peroxidase (Theiss and Sitaraman, 2011). During cerebral ischaemia,
mitochondria become compromised as a result of their reduced ATP producing
capabilities (Katsura et al., 1993, Liu and Murphy, 2009), causing failure of energyreliant ion pumps and a subsequent increase in calcium levels (Puka-Sundvall et
al., 2000). Raised mitochondria calcium levels can cause the activation of
mitochondrial

phosphatases

and

the

dephosphorylation

of

oxidative

phosphorylation complexes, thus decreasing the mitochondria respiratory rate
(Hopper et al., 2006). However, the restoration of blood flow results in a rapid
increase in oxidative phosphorylation activity, leading to hyperpolarisation of the
mitochondrial membrane potential and a resultant increase in ROS levels to an
extent	
   that	
   exceeds	
   the	
   cell’s	
   antioxidant	
   capacity	
   which	
   becomes	
   overwhelmed	
  
(Starkov and Fiskum, 2003, Liu, 2010, Manzanero et al., 2012). As a result, ROS
levels increase precipitously leading to protein, lipid, DNA, RNA and carbohydrate
damage (Lo et al., 2003).
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Another mechanism associated with increased ROS production is the overstimulation of N-methyl-D-aspartate (NMDA) receptors due to the excessively high
extracellular glutamate levels that occur during cerebral ischaemia (Mergenthaler
et al., 2004). The binding of glutamate to NMDA receptors causes calcium influx
and activates NADPH oxidase, an enzyme that transfers an electron from NADPH
to molecular oxygen to form the ROS superoxide (Brennan et al., 2009). Studies
have demonstrated that neurons lacking functional NADPH oxidase activity by
gene knock-out or enzyme inhibition display a significant reduction in superoxide
production following NMDA receptor activation, thus confirming the role of
NADPH oxidase as a major source of ROS production (Brennan et al., 2009). It is
reported that NADPH oxidase-mediated ROS generation, which is a calcium
dependent process, occurs during the reperfusion phase following ischaemia
(Abramov et al., 2007).
The enzyme xanthine oxidase has been identified as a major source of ROS
following cerebral ischaemia (McCord, 1985). Under normal conditions, xanthine
oxidase exists as xanthine hydrogenase, an enzyme involved in the oxidative
metabolism of purines. However during cerebral ischaemia, xanthine hydrogenase
is proteolytically cleaved and converted to xanthine oxidase (Parks and Granger,
1986). Following reperfusion, xanthine oxidase catalyses the oxidation of
hypoxanthine to xanthine, and further oxidises xanthine to produce uric acid and
ROS (McCord, 1985, Parks and Granger, 1986). Consistent with this, the production
of ROS is reported to be significantly attenuated in animals treated with xanthine
oxidase inhibitors in a rat model of ischaemia-reperfusion injury (Ono et al., 2009).
1.5.2 Fatty acid/arachidonic acid oxidation and lipid peroxidation
As discussed above, ROS can be generated through a number of processes. A major
source of ROS is the metabolism of fatty acids, particularly arachidonic acid during
hypoxia-reperfusion injury. The oxidative process begins in the oxygen-starved
brain, which promotes the cleavage of arachidonic acid from the membrane
phospholipid bilayer (Rink and Khanna, 2011). The resultant free arachidonic acid
then undergoes oxidative metabolism resulting in the formation of ROS (Rink and
Khanna, 2011). Hydroxyl radicals, which are highly reactive, interact with cellular
components including membrane lipids, nucleic acids and enzymes (Ding and
Clark, 2006). Accumulation of hydroxyl radicals following ischaemic injury results
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in lipid peroxidation and the destruction of nuclear, plasma and mitochondrial
membranes, leading to disruption of cellular metabolism and homeostasis, and
severe cell death (Facchinetti et al., 1998, White et al., 2000, Ding and Clark, 2006).
1.5.3 Mitogen-activated protein kinase (MAPK) pathway
The mitogen-activated protein kinase (MAPK) pathway has been implicated as
playing a crucial role in regulating cellular survival or death following cerebral
ischaemia (Figure 1.5) (Sawe et al., 2008). The three major pathways involved in
MAPK signalling include extracellular signal-regulated kinase (ERK), c-Jun Nterminal kinases (JNK) and the p38 signalling pathway (Roux and Blenis, 2004).
1.5.3A The extracellular signal regulated kinase (ERK) pathway
The ERK pathway is primarily activated by growth factors and can stimulate cell
survival, proliferation and differentiation (Sawe et al., 2008). However, ERK is also
activated by a range of stress signals, including cytokines, ischaemic, oxidative and
osmotic stress (Lewis et al., 1998) and which may stimulate cell death signalling
responses. For example, it is reported that ERK is activated in primary cortical
neuronal cultures following a L-glutamic acid insult and that inhibition of ERK
protected neurons against L-glutamic acid toxicity (Stanciu et al., 2000).
The ERK pathway may also be involved in the inflammatory response following
cerebral ischaemia. For example, ERK can activate the E twenty six-like
transcription factor 1, which in turn can induce the expression of c-fos, another
transcription factor that can stimulate the expression of inflammatory mediators
such as cytokines and matrix-metalloproteases (Karin et al., 1997, Foletta et al.,
1998).
1.5.3B The c-Jun N-terminal kinase (JNK) pathway
Activation of the c-Jun N-terminal kinase (JNK) pathway has been detected after
both focal and global cerebral ischaemia (Irving and Bamford, 2002, Borsello et al.,
2003). Once activated, JNK can mediate the expression of pro-apoptotic proteins
such as Fas, p53 and Bim (Herdegen et al., 1998, Putcha et al., 2003, Okuno et al.,
2004, Gao et al., 2005). It has been demonstrated that the inhibition of JNK can
prevent the mitochondria translocation of Bax and Bim, attenuate the release of
cytochrome c and the activation of both caspase-9 and caspase-3, resulting in
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reduced brain injury (Gao et al., 2005, Guan et al., 2006). The JNK family has three
isoforms (JNK1, JNK2 and JNK3), however it appears that JNK 3 is the major
isoform implicated in promoting neuronal death and brain injury following
ischaemia/hypoxia (Kuan et al., 2003).
1.5.3C The p38 pathway
Increased p38 activity has been detected in rats and gerbils following global
cerebral ischaemia (Shioda et al., 1998, Walton et al., 1998), which suggests the
protein kinase has an underlying role in ischaemia-induced cell death. Once
activated by cytokines such as TNF- and interleukin-1, p38 appears to play a role
in stimulating the translocation of the pro-apoptotic protein, Bax to the
mitochondria, thereby indirectly inducing caspase activation to promote cell death
(Ghatan et al., 2000). Indeed, the inhibition of p38 was found to reduce infarct
volume and improve functional outcomes in a rat model of focal ischaemia (Barone
et al., 2001).
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Figure 1.5: Schematic diagram of the MAPK pathways in cerebral ischaemia
and their role in cell survival/death mechanisms
Activation of the three major members of the MAPK family, the ERK, p38 and JNK
pathways triggers distinct but overlapping effecter pathways through
phosphorylation of downstream targets [taken from (Mehta et al., 2007)].

1.5.4 DNA Damage
Cerebral ischaemia is known to be associated with DNA damage caused by ROS
and DNases, which can promote cell death via the activation of pro-apoptotic
proteins. In response to DNA damage, the transcription factor p53 promotes the
expression of p53-up-regulated modulator of apoptosis (PUMA) and the proapoptotic protein phorbol-12-myristate-13-acetate-induced protein, also known as
NOXA (Culmsee and Mattson, 2005). PUMA can initiate apoptosis by inhibiting the
expression of anti-apoptotic proteins and activating pro-apoptotic proteins such as
Bax and Bak (Webster et al., 2006). The NOXA protein can translocate to the
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mitochondria and activate caspase function, resulting in apoptosis (Culmsee and
Mattson, 2005). The increased expression of both p53 and PUMA have been
detected in the brain following cerebral ischaemia injury, thus confirming the vital
role of p53 signalling in ischaemic brain injury (Reimertz et al., 2003, Endo et al.,
2006).
1.5.5 Activation of Poly (ADP-ribose) polymerase (PARP)
Poly (ADP-ribose) polymerase (PARP) is a nuclear protein that binds to damaged
DNA strands and initiates a repair process. When activated PARP cleaves

-

nicotinamide adenine dinucleotide into nicotinamide and ADP-ribose, with the
latter forming a poly (ADP) ribose chain at the site of the damage. The resulting
ADP-ribose molecule signals the recruitment of DNA repair machinery (Dantzer et
al., 1999, Dantzer et al., 2006). However, excessive activation of PARP is
detrimental and likely to contribute to the pathology of ischaemic brain damage.
Due to the fact that

-NAD+ acts as a substrate for PARP activity, excessive

activation of PARP leads to a decrease in cellular NAD+, and a progressive
depletion in ATP. The resulting energy crisis can alter the mitochondrial
membrane potential and cause the release AIF into the cytoplasm, thereby
exacerbating neuronal death (Yu et al., 2002, Yu et al., 2003).
PARP activation is also likely to have other damaging roles following cerebral
ischaemia. For example, PARP is known to activate nuclear factor kappa-lightchain-enhancer of activated B cell (NF- B), a protein complex that can regulate the
function of immune cells (Gilmore, 2006) and therefore, contribute to the
ischaemic inflammatory response in the brain (Hassa and Hottiger, 2002). It has
also been reported that the interaction between PARP and NF- B can promote the
release of matrix metalloproteinases, which after ischaemia causes damage to the
blood brain barrier (Kauppinen and Swanson, 2007). Finally, PARP can bind and
activate p53 leading to the stabilization and accumulation of the protein, and
thereby promote cell cycle arrest and in some cases, apoptosis (Strosznajder et al.,
2005). Given the above potential damaging roles of PARP activation following
ischaemia, it is therefore not surprising that the inhibition of PARP is
neuroprotective in animal models of brain ischaemia (Takahashi et al., 1997,
Hamby et al., 2007).
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1.5.6

Inflammation

Inflammatory reactions are critical in the pathogenesis of ischaemic stroke and
other forms of brain tissue damage (Figure 1.6) (Baird et al., 2002, Elkind et al.,
2004, McColl et al., 2007). In animal stroke models, inhibiting inflammatory
responses is known to decrease infarct volume and improve neurological deficits
(Wang, 2005, Yilmaz and Granger, 2008).
Following cerebral ischaemia, astrocytes and microglial are rapidly activated in
response to injury and produce ROS (Pun et al., 2009) and other pro-inflammatory
mediators including cytokines (interleukin-1, interleukin-6 and TNF- ) and
chemokines (interleukin-8 and monocyte chemotactic protein-1) (Banati et al.,
1993). In addition, other inflammatory cells within the brain (dendritic cells and
mast cells) and peripheral circulation cells (lymphocytes and neutrophils) are also
recruited into the affected brain region (Campanella et al., 2002, Strbian et al.,
2009, Felger et al., 2010), further amplifying the inflammatory response (Yilmaz et
al., 2004, Arumugam et al., 2005, Strbian et al., 2009).
Recruitment of leukocytes from the peripheral circulation occurs due to cytokineinduced up-regulation of vascular cell adhesion molecules (P-selectin, E-selectin,
intracellular cell adhesion molecule-1 and intracellular cell adhesion molecule-2)
on the luminal surface of cerebral endothelial cells (Weller et al., 1992, Yoshimoto
et al., 1997). Cell adhesion molecules bind and interact with leukocytes
(Fassbender et al., 1995, Huang et al., 2000), causing their accumulation within the
affected vasculature. Leukocytes can facilitate matrix metalloproteinase-9
activation, causing degradation of the extracellular matrix and breakdown of the
blood-brain barrier, which can compound inflammation and cause brain oedema
(Gidday et al., 2005, Amantea et al., 2009).
Toll like receptors (TLR) are expressed on the surface of neural cells including
astrocytes, neurons and brain endothelial cells (Arumugam et al., 2009). These
transmembrane receptors are involved in the innate and non-specific immune
response to pathogens such as fungi, parasites, bacteria and viruses (Akira et al.,
2006). More recently, TLRs (TLR2 and TLR4) and their ligands have been
implicated in playing important roles in neuronal death and post-ischaemic brain
inflammation (Caso et al., 2007, Crack and Bray, 2007, Yang et al., 2008,
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Arumugam et al., 2009). The role of TLR in ischaemia brain injury is substantiated
in studies showing mice lacking TLR4 or TLR2 exhibit reduced brain infarct
volume following focal cerebral ischaemia (Tang et al., 2007, Kilic et al., 2008)
While several damaging processes are likely to be involved one likely scenario is
that following brain ischaemia, endogenous ligands such as HSP60, HSP70 and
high mobility group box 1 and extracellular matrix breakdown products are
released from damaged cells and bind to TLRs (Tsan and Gao, 2004, Hayakawa et
al., 2010). Once stimulated, the TLRs recruit adaptor proteins such as the myeloid
differentiation primary response gene 88 (MyD88), MyD88 adaptor like protein,
TIR-domain-containing adaptor protein inducing interferon (IFN)- -mediated
transcription factor (TRIF) and TRIF-related adaptor molecule (O'Neill and Bowie,
2007). Recruitment of these adaptor proteins in turn activates transcription
factors NF- B and interferon-

promoter-binding protein, and stimulates the

release of pro-inflammatory cytokines such as interleukins, and TNFand Akira, 2004).
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(Takeda

Figure 1.6: Schematic diagram of the inflammatory responses following
cerebral ischaemia
The initial ischaemic event activate microglia and astrocytes, which leads to
cytokines, chemokines and matrix metalloproteinase secretion, and up-regulation
of various pro-inflammatory cells that enhances the damage to the ischaemic brain
[taken from (Lakhan et al., 2009)].
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1.6 Ischaemic preconditioning and identification of potential therapeutic
targets
One of the main objectives in stroke research is to identify and develop
neuroprotective drugs to inhibit or minimise neuronal death, but despite
numerous efforts, currently there are no such drugs available for clinical use. In
theory, potential therapeutic targets might be identified and developed by
targeting specific signalling pathways and proteins that control cell survival or
death. One approach would be to explore the molecular events involved in a
process known as neuronal preconditioning or ischaemic tolerance.
Preconditioning occurs when a mild non-damaging stimulus is applied to cells,
tissue or an organ and which by activating endogenous mechanisms protects
against a subsequent damaging insult. Preconditioning protection can either be
acute or delayed. Acute preconditioning occurs immediately after the
preconditioning stimulus and involves post-translational modifications to
enzymes, secondary messengers and ion channels. On the other hand, delayed
preconditioning takes several hours (6-24 hours) to develop, and involves the
expression of new genes and de novo synthesis of proteins (Barone et al., 1998,
Kirino, 2002, Gidday, 2006).
With respect to the brain, in 1990, Kitagawa et al. reported for the first time that
preconditioning the brain with sub-lethal ischaemia could induce tolerance to a
subsequent damaging duration of transient global ischaemia in gerbils (Kitagawa
et al., 1990). Subsequent studies have shown that preconditioning can be induced
following focal cerebral ischaemia (Nishi et al., 1993, Chen et al., 1996, PerezPinzon et al., 1997, Stagliano et al., 1999) and in cultured neurons, astrocyes and
brain endothelial cells following ischaemic-like stress (e.g. oxygen-glucose
deprivation) (Blondeau et al., 2001, Andjelkovic et al., 2003, Chu et al., 2010).
While, both acute and delayed ischaemic tolerance occurs in neuronal tissue, the
project described in this thesis focuses on delayed preconditioning.
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1.6.1 Neuroprotective mechanisms involved in ischaemic preconditioning
Many regulatory pathways, signalling events and proteins have been implicated in
preconditioning, and therefore an overview of some of the better characterized in
vitro and in vivo processes are provided below.
1.6.1A Activation of glutamate receptors
Even though L-glutamic acid excitotoxicity is implicated in ischaemic cell death
(discussed above), mild activation of NMDA receptors can mediate an adaptive
preconditioning response in neurons and the brain (Shimazaki et al., 1998).
Activation of NMDA receptors also induces a variety of mediators including the
brain-derived neurotrophic factor, NF- B, cyclic-AMP responsive element binding
protein and phosphatidylinositol (3,4,5)-triphosphate, all of which have been
implicated in the preconditioning neuroprotective response (Mattson et al., 1997,
Nakajima et al., 2002, Steiger and Hanggi, 2007). For example, activation of cyclicAMP responsive element binding protein can up-regulate the anti-apoptotic
protein Bcl-2, which is known to be neuroprotective when over-expressed in the
brain (Shimizu et al., 2001b).
1.6.1B Activation of other receptors
Ischaemic preconditioning has been shown to promote the release of the
inhibitory neurotransmitter gamma-aminobutyric acid (GABA), which in turn
activates GABA receptors. The release of GABA following preconditioning has been
reported to be neuroprotective in a rat model of focal ischaemia and in a
hippocampal slice culture oxygen-glucose deprivation model (Dave et al., 2005,
Perez-Pinzon, 2007). However, the exact mechanisms downstream from GABA
receptor activation responsible for inducing neuroprotection are yet to be
characterized.
Ischaemic preconditioning is known to increase brain adenosine levels and upregulate the adenosine A1 receptor (Zhou et al., 2004, Melani et al., 2012).
Adenosine and activation of adenosine A1 receptors can induce several
neuroprotective responses in neurons. Adenosine inhibits synaptic transmission,
decreases potassium-mediated glutamate release, while adenosine A1 receptors
activation can reduce calcium influx by modulating several calcium channels
located at nerve terminals (Ambrosio et al., 1997, Liu et al., 2009b).
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1.6.1C Expression of cytokines
It has been reported that cytokines, such as interleukin-1 are elevated following
ischaemic preconditioning (Ohtsuki et al., 1996). Although interleukin-1 plays an
important role in the inflammatory reaction and cell death following cerebral
ischaemia, it is proposed that moderate release of interleukin-1 during
preconditioning may be neuroprotective by enhancing the activation of NMDA,
stimulating nitric oxide synthase and releasing arachidonic acid (Huang et al.,
2006), which in turn are likely to cause positive signalling changes within the cell
(see below).
1.6.1D Activation of key signalling pathways
Not surprisingly different preconditioning stimuli can induce the activation of ERK
(Zheng and Zuo, 2003). For example, ERK levels are increased following mild
ischaemia, growth factors (nerve growth factor and vascular endothelial growth
factor), hypothermia, oestrogen or erythropoietin preconditioning (Shamloo et al.,
1999, Gu et al., 2000, Kaplan and Miller, 2000, Yenari et al., 2003, Guerra et al.,
2004, Kilic et al., 2005, Kilic et al., 2006). While there are likely to be multiple
neuroprotective mechanisms involved in ERK activation, one of the bettercharacterised pathways involves suppression of the pro-apoptotic protein Bad,
and caspase-3 inactivation (Zhu et al., 2002).
The serine/threonine kinase, protein kinase B (PKB) is also activated following
ischaemic preconditioning (Nakajima et al., 2004), and is likely to have several
beneficial effects. PKB can promote cell survival by indirectly activating the
mammalian target of rapamycin protein (De Luca et al., 2012). Activation of the
mTOR protein in turn promotes the expression of downstream genes involved in
regulating cytoskeletal and cell growth (Sarbassov et al., 2004, De Luca et al.,
2012). In addition, the PKB pathway also inhibits apoptosis through the
phosphorylation and inactivation of the pro-apoptotic protein Bad (Datta et al.,
1997) and by antagonising p53-mediated apoptosis (Mayo and Donner, 2001),
thereby promoting cell survival in the brain.

25

1.6.1E Heat shock proteins and anti-apoptotic proteins
Heat shock proteins (HSP) are molecular chaperones that can prevent the
denaturation and aggregation of cellular proteins under stressful conditions.
Again, it is not surprising that several HSP family members (HSP70 and HSP27)
have been implicated in the preconditioning response (McLaughlin et al., 2003,
Chen et al., 2004). With respect to HSP70, it has been demonstrated to exert a
number of neuroprotective actions via the binding and sequestering of activated
caspases involved in apoptosis such as the AIF and Apaf-1 (Yenari et al., 1999). The
binding of HSP70 to Apaf-1 inhibits the formation of functionally competent
apoptosome, which is crucial for apoptosis (Saleh et al., 2000). HSP70 also
prevents apoptosis by suppressing Bid, a proapoptotic protein involved in the
release of cytochrome c (Mosser et al., 2000). Indeed, silencing of the HSP70 gene
was shown to result in increased mitochondrial release of cytochrome c, caspase-3
activation and cell death in the brain following cerebral ischaemia (Lee et al.,
2004). Furthermore, HSP70 can also inhibit the activation of NF- B, which has
been implicated in cell death pathways and inflammation.
HSP27 is another HSP family member implicated in ischaemic tolerance (Barone et
al., 1998, Valentim et al., 2003). Indeed, over expression of HSP27 is protective in
both animal and cellular models of cerebral ischaemia (An et al., 2008a, Badin et
al., 2009, van der Weerd et al., 2010). HSP27 confer cellular protection via a
number of mechanisms which include acting as a chaperonin to maintain the
native conformation of cytosolic proteins (Jakob et al., 1993). For example, HSP27
can stabilize actin filaments, and thereby contribute to the overall stability of
cytoskeleton of the cell during stressful conditions such as ischaemia (Huot et al.,
1996, Guay et al., 1997). It prevents the release of cytochrome c by suppressing
the expression of the pro-apoptotic protein, Bid (Paul et al., 2002). The protein also
binds to cytochrome c to prevent it from interacting with Apaf-1, thus inhibiting
the formation of apoptosome, necessary for induction of apoptosis (Bruey et al.,
2000). HSP27 can prevent the activation of caspase-3 directly, or through a
mechanism that delays the cleavage of PARP, and activation of pro-caspase-3,
thereby attenuating the caspase dependent apoptotic pathway (Pandey et al.,
2000).
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1.7

Mitochondrial function in preconditioning

There is evidence that mitochondria play a role in preconditioning signalling and
cell survival leading to neuroprotection. The mitochondrial preconditioning
response is mainly centred on the mitochondrion’s	
   capacity	
   to	
   generate	
   ROS	
   at	
  
non-damaging levels and thereby modulate the function of a number of
mitochondrial proteins.
1.7.1 Reactive oxygen species (ROS) signalling
Although ROS are potentially damaging following ischaemia (discussed above),
moderate levels of ROS whether from an endogenous or exogenous source can
exert a preconditioning neuroprotective effect (Ravati et al., 2000, Ravati et al.,
2001, Jou, 2008, Correia et al., 2011). Similarly, preconditioning of neuronal cells
with low levels of hydrogen peroxide is protective against a subsequent lethal
oxidative stress. The neuroprotective response involves increasing Bcl-2 levels and
attenuating the loss of mitochondria membrane potential (Tang et al., 2005).
It also appears that activation of the mitochondrial ATP-sensitive potassium
channel (mitoKATP) by ROS is another mechanisms responsible for inducing
preconditioning (Simerabet et al., 2008). For example, activation of mitoKATP
channels can attenuate mitochondrial calcium overload and prevent the opening of
the permeability transition pore. It has also been suggested that the opening of
mitoKATP channels can help depolarize mitochondrial membrane potential and
promote an increase in electron transport chain activity, thus increasing ATP
production (Schultz et al., 1997).
Increased potassium conductance caused by opening of mitoKATP alkalinises the
mitochondrial matrix and generates hydrogen peroxide, which in turn activates
epsilon protein kinase C (Perez-Pinzon, 2004). Activation of epsilon protein kinase
C has been shown to increase mitochondrial respiratory protein expression and
respiration rate, thereby improving the overall energy status of the cell (Dave et
al., 2008).
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1.7.2 Uncoupling of protein signalling
Both in vitro and in vivo studies have provided evidence that up-regulation of
uncoupling protein 2 is involved with preconditioning (Diano et al., 2003,
Mattiasson et al., 2003). Uncoupling protein 2 has been proposed to contribute to
neuroprotection by mildly uncoupling oxidative phosphorylation from respiration
through the dissipation of the proton electrochemical gradient via the inner
mitochondria membrane (Brand et al., 2004).

This results in a decreased

mitochondria membrane potential and reduces ROS production via the respiratory
complexes (Brand and Esteves, 2005).
1.7.3 Hypoxia inducing factor-1 signalling
Preconditioning can generate mild levels of mitochondrial ROS, which in turn can
activate the transcription factor, hypoxia inducible factor-1 (HIF-1).

HIF-1 is

known for its ability to initiate a neuroprotective response following cerebral
ischaemia and its expression is linked to beneficial effects in neurodegenerative
disorders (Correia and Moreira, 2010). The induction of the HIF-1 signalling
pathway can up-regulate vascular endothelial growth factor, erythropoietin,
inducible nitric oxide synthase and glucose transporter-1, which have a role in cell
survival and protect brain against ischaemia (Liu et al., 2009b, Correia and
Moreira, 2010).
1.8 The role of mitochondria in regulating cell function
It is not surprising that the mitochondria play a crucial role in the neuroprotective
signalling processes after preconditioning due to its a critical role in regulating cell
survival and cell death (Beal, 2005, Nunnari and Suomalainen, 2012). The
mitochondria perform diverse roles in maintaining normal cellular functions,
while also contributing to death responses in the event of cellular stress. The main
role of the mitochondria is energy generation by producing ATP via oxidative
phosphorylation. ATP generated by the mitochondria is essential for a variety of
metabolic pathways. Moreover, the inner membrane potential generated by
oxidative phosphorylation is also essential for other functions such as
mitochondrial protein import (Neupert and Herrmann, 2007). In addition,
mitochondrial lipid synthesis and trafficking is important for cell function as it
plays a role in inter-organelle trafficking of phospholipids crucial for lipid
metabolism (Osman et al., 2011).
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Mitochondrial release of ROS has been implicated in diseases associated with
mitochondrial dysfunction. Mitochondrial ROS production can influence signalling
pathways that control cell survival, proliferation and differentiation. Mitochondria
are also involved in metal metabolism, and contribute to the synthesis of haem and
iron-sulphur cluster, important elements in haemoglobin production, DNA repair
and oxidative phosphorylation (Lill and Muhlenhoff, 2008).
Importantly, mitochondria also play a role in calcium homeostasis through uptake
of calcium via the calcium uniporter when cytosolic calcium levels are elevated.
Calcium is released back into the cytosol through the sodium-calcium exchange
protein leading to a change in membrane potential (Miller, 1998). Mitochondria
also provide ATP and the intermediates of the citric acid cycle, which serve as
major components in the synthesis of glutamate neurotransmitters crucial for
synaptic transmission within neurons (Sibson et al., 1998, Waagepetersen et al.,
2001).
1.9

Mitochondrial proteins as targets for neuroprotection in stroke

As described above, mitochondria are key organelles that are affected by cerebral
ischaemia, through the impairment in generating ATP, calcium uptake, the
generation of ROS and as key mediators in cell death pathways. Proteins found
within mitochondria play significant roles in regulating mitochondrial function and
thus are likely to contribute towards the maintenance of cell viability. Indeed, our
laboratory identified seven mitochondria-related proteins that were either up- or
down-regulated in primary cortical neuronal cultures after heat stress (42.5 C; 1
hour exposure), erythropoietin (12 hours exposure), cycloheximide (protein
synthesis inhibitor; 24 hours exposure) or MK801 (L-glutamic acid blocker; 30
minutes exposure) preconditioning (Meloni et al., 2005, Meloni et al., 2006). These
proteins include citrate synthase (CS), prohibitin (PHB), voltage-dependent anion
channel 1 (VDAC1), heat shock protein 60 (HSP60), glucose-regulated protein 78
(GRP78), glucose-regulated protein 75 (GRP75) and nucleoside diphosphate
kinase A (NDPKA). A brief summary of each of these proteins is presented below.
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1.9.1

Glucose-regulated protein 78 (GRP78)

Glucose-regulated protein 78 (GRP78), a 78kDa protein also known as
immunoglobulin heavy chain binding protein (BiP), heat shock 70 or protein 5
(HSPA5), is a member of the heat shock 70-protein family (Dudek et al., 2009).
While GRP78 is mainly localised in the lumen of the endoplasmic reticulum (ER), it
is also found in mitochondria. One of the main functions of GRP78 is as a
chaperonin protein.
GRP78 facilitates precursor protein translocation into the ER. It does this by
interacting with the ER membrane protein translocator complex, Sec61 (Dierks et
al., 1996). During protein transport into the ER, GRP78 binds to the incoming
protein and acts as a ratchet to facilitate complete translocation via the Sec61
complex into the organelle (Tyedmers et al., 2003, Shaffer et al., 2005). Once the
protein has passed through the translocator, GRP78 is involved in closing the
Sec61 complex to prevent any loss of calcium ions (Haigh and Johnson, 2002, Alder
et al., 2005).
Once a protein has entered the ER, GRP78 interacts with other chaperonin
proteins (e.g. HSP40 co-chaperones and the nucleotide exchange factors, SIL1) to
help facilitate the assembly of the protein into a functional structure (e.g.
immunoglobulin heavy chain with its complementary light chains) (Lee et al.,
1999c, Vanhove et al., 2001, Chung et al., 2002, Shen and Hendershot, 2005). If
misfolding or misassembly of a protein occurs due to a mutation or ER stress,
GRP78 assists in the transport of the protein out of the ER as a prelude to its
degradation. Protein export of misfolded proteins also occurs via the Sec61
channel complex (Dudek et al., 2009).
Another important function of GRP78 is its role in the activation of the unfolded
protein response. The unfolded protein response is a stress process in reaction to
the accumulation of misfolded proteins within the ER. It has two main purposes.
The first is to remove protein load and restore normal ER function by halting
further protein translation and the second is to increase chaperonin activity to
facilitate protein folding (Dudek et al., 2009).
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The build-up of misfolded proteins triggers the release of GRP78 from complexes
with two trans-membrane proteins, the inositol-requiring enzyme 1 and activating
transcription factor 6, which act as proximal unfolded protein response
transducers (Zhang et al., 2005). The release of GRP78 triggers activation of
inositol-requiring enzyme 1 and activating transcription factor 6, which in turn
activate X-box binding protein 1 transcription factor mRNA by cleaving a 252bp
intron to induce the expression of downstream unfolded protein response target
genes, such as ER stress response element,	
  thereby	
  increasing	
  the	
  cell’s	
  ability	
  to	
  
undergo protein folding, export and degradation (Dudek et al., 2009). In addition,
release of GRP78 activates the eukaryotic translation initiation factor 2- kinase
(PERK) by causing its oligomerisation and autophosphorylation. Activated PERK in
turn phosphorylates the eukaryotic initiation factor 2, which regulates the mRNA
translation machinery causing attenuation of protein translation and arrest of the
cell cycle (Harding et al., 1999). If the level of misfolded proteins is too extensive,
cell death pathways are initiated.
GRP78 is involved in calcium-mediated signalling between the ER and the
mitochondria. Under normal conditions, GRP78 is bound to the ER membrane
protein sigma-1 receptor (Sig-1R). However, when calcium exits the ER via the
inositol-1, 4,5-triphosphate receptors (IP3R), GRP78 can release Sig-1R. This
allows it to bind to the IP3R, leading to a continuation of calcium transport from
the ER to the mitochondria, thus prolonging calcium signalling between the ER and
mitochondrion (Dudek et al., 2009). The control of calcium levels between the ER
and mitochondria has important implications for cell survival and bioenergetics.
1.9.1.1 GRP78 and cerebral ischaemia
The expression of GRP78 is up-regulated in neurons following exposure to
oxidative stress, cerebral ischaemia or agents that increase calcium levels (Wang et
al., 1993). It is reported that the up-regulation of GRP78 following treatment with
2-deoxy-D-glucose, a potent inducer of GRP78 expression, protects cultured
hippocampal neurons and adult rats against excitotoxic injury and oxidative stress
(Lee et al., 1999a, Yu et al., 1999). The mechanism by which GRP78 is protective
may involve the stabilisation of ER calcium levels and mitochondria
transmembrane potential, reduction of ROS levels and the inhibition of caspase
activation (Lee et al., 1999a, Yu et al., 1999). In addition, it is reported that the pre31

and post-treatment (5min and 3h) of mice with a pharmacological inducer of
GRP78 (e.g. BiP-inducible factors X) inhibits cell death and reduces brain infarct
volume in animal models of stroke (Kudo et al., 2008, Oida et al., 2010). The overexpression of GRP78 also protects astrocytes against ischaemic injury, by reducing
calcium influx into the mitochondria and the production of free radicals, and
preserving mitochondria membrane potential and respiratory activity after stress
(Ouyang et al., 2011). Hence, it appears that GRP78 up-regulation is a process
integral to the neuroprotective response during ischaemic stress.
1.9.2

Glucose-regulated protein 75 (GRP75)

Glucose-regulated protein 75 (GRP75), a 75kDa protein also known as
mitochondria heat shock protein 70 (mtHSP70), mortalin or TNF receptor
associated protein 1, is a member of the heat shock 70-protein family and is not
heat inducible (Michikawa et al., 1993). It is mainly localised in mitochondria but is
also present at extra-mitochondrial sites such as the ER, plasma membrane and
cytosol (Ran et al., 2000, Pilzer and Fishelson, 2005, Pilzer et al., 2005).
In mitochondria, GRP75 functions as a chaperonin protein and facilitates protein
transport (Rehling et al., 2004, Deocaris et al., 2008). The GRP75 protein forms a
complex with another mitochondria inner membrane protein, MIM44 (Schneider
et al., 1994). Together, they act as a mitochondrial import complex that drives
proteins across the mitochondrial trans-membrane into four main locations within
mitochondria, namely the outer membrane, inter-membrane space, inner
membrane and matrix. Before precursor proteins can transverse mitochondrial
membranes they require unfolding by the pre-sequence translocase-associated
motor. GRP75 is part of the ATP core of this motor (Ostermann et al., 1990, Horst
et al., 1997).
Once precursor proteins reach their destination within the mitochondria, they
refold and reassemble into their original secondary and tertiary structures
(Deocaris et al., 2006). However, proteins are prone to misfolding, which if allowed
to occur in excess, can be detrimental to mitochondrial function. To this end,
GRP75 regulates the activity of proteases, including PIM1, m-AAA and i-AAA that
degrade misfolded proteins, thereby aiding in the maintenance of mitochondrial
protein integrity (Savel'ev et al., 1998). In addition, GRP75 can inhibit a protein
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called p66Shc that translocates to the mitochondria during stress, and catalyses
the production of hydrogen peroxide (Orsini et al., 2004).
Like GRP78, GRP75 plays a role in maintaining mitochondrial and ER calcium
homeostasis by facilitating the transport of calcium across these two organelles. A
major pathway in calcium regulation is the interaction between the outer
mitochondria membrane (OMM) channel, the VDAC1 and the endoplasmic
reticulum calcium release channel, which includes IP3R (Szabadkai et al., 2006).
GRP75 is known to interact with both the VDAC1 and IP3R, and in doing so to
physically connect the two organelles to facilitate calcium exchange.
GRP75 is also known to interact with several proteins to promote cell growth and
survival. It interacts with fibroblast growth factor-1, which promotes cell growth
and differentiation. In vitro studies have shown GRP75 up-regulation can reduce
apoptosis in several cell lines following different death-inducing stimuli (Taurin et
al., 2002, Gao et al., 2003, Lau et al., 2004, Stacchiotti et al., 2006). One mechanism
whereby GRP75 is able to promote cell survival is via the inhibition of the proapoptotic protein p53. The binding of GRP75 to p53 is associated with the loss of
p53-dependant suppression of cell growth, which leads to uncontrolled cell
proliferation and may precipitate cancer (Kaula et al., 2000). The exact mechanism
of how GRP75 inhibits p53 is yet to be determined.
1.9.2.1 GRP75 and neurodegeneration
Neurodegenerative	
  diseases	
  such	
  as	
  Alzheimer’s	
  diseases	
  and	
  Parkinson’s	
  disease	
  
are associated with the accumulation of toxic misfolded proteins in the brain. As
mentioned earlier, heat shock proteins such as GRP75 assist in the refolding of
denatured proteins as well as in the degradation of proteins that are beyond
repair.	
   To	
   this	
   end,	
   it	
   has	
   been	
   shown	
   in	
   Alzheimer’s	
   diseases	
   and	
   Parkinson’s	
  
disease brains that GRP75 is oxidised (Jin et al., 2006), processes that are likely to
further exacerbate protein aggregation and neuronal death.

33

1.9.2.2 GRP75 and cerebral ischaemia
Exogenous up-regulation of GRP75 can reduce PC12 cell death following glucose
deprivation (Voloboueva et al., 2008). In astrocyte cultures, it decreases ROS
production and preserves cell viability after glucose or oxygen-glucose deprivation
(Voloboueva et al., 2008). In a rat model of focal cerebral ischaemia, overexpression of GRP75 can decrease infarct volume and oxidative stress and
preserve brain mitochondrial function and ATP levels (Xu et al., 2009).
1.9.3 Heat shock protein 60 (HSP60)
Heat shock protein 60 (HSP60), a 60kDa protein, is a member of the heat shock
family of proteins, which are predominantly involved in the cell stress response
and protein folding (Cappello et al., 2008). Within the cell, HSP60 is normally
localised in the mitochondria and the cytosol (Chandra et al., 2007). Interestingly,
it has been shown that the cytoplasmic HSP60 protein contains an additional 26
amino acid signal sequence that is not found in the mitochondria form of HSP60
(Itoh et al., 2002). HSP60 is also be present on the surface of normal and cancer
cells (Soltys and Gupta, 1997, Piselli et al., 2000, Shin et al., 2003), in the
extracellular space and in blood (Gupta and Knowlton, 2007, Shamaei-Tousi et al.,
2007).
In mitochondria, HSP60 forms a complex with heat shock protein 10 (HSP10) to
assist in the correct folding of polypeptides and the refolding of denatured
proteins (Macario and Conway de Macario, 2007). The HSP60/HSP10 complex
binds unfolded peptides through hydrophobic interactions. Once the peptide has
been funnelled into the central cavity of the complex, HSP10 acts as a lid and caps
the opening of the complex to trigger the folding of the peptides into their native
tertiary structure (Ranford and Henderson, 2002, Deocaris et al., 2008).

A

complete deletion of the HSP60 gene in yeast is lethal because of a severe defect in
mitochondria protein folding, while a partial mutation of HSP60 causes the
accumulation of misfolded proteins (Cheng et al., 1989).
HSP60 together with mitochondria GRP75 facilitates the entry and processing of
proteins within the mitochondria matrix (Koll et al., 1992). Once a protein has
transversed the outer and inner mitochondria membranes, HSP60 facilitates the
complete folding of the protein and its assembly into multi-protein structures (Koll
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et al., 1992). HSP60 also assists in mitochondrial protein export by maintaining the
protein in an unfolded state to enable translocation across the inner membrane
and into the mitochondrial inter membrane space (Koll et al., 1992), after which
the folded proteins are targeted to different cellular compartments such as the ER.
Mitochondrial HSP60 protein levels can increase and protect cells in response to
cellular stress. The exact mechanism whereby HSP60 protects against cellular
stress is not fully understood. However, studies have shown that HSP60 is upregulated in mammalian cells in response to heat stress or after the deletion of
mitochondria DNA (Naylor et al., 1996, Zhao et al., 2002).
1.9.3.1 The role of HSP60 beyond the mitochondria
Cytosolic HSP60 can inhibit apoptosis through its interaction with the proapoptotic protein BAX and BAD. HSP60 forms a complex with both BAX and BAD
and blocks their ability to initiate apoptosis (Gupta and Knowlton, 2002). In
addition, studies have suggested that HSP60 protects cells against stress-induced
death by inhibiting caspase-3 function and activating the pro-survival ERK
pathway (Zhang et al., 2004). Indeed, adenovirus-mediated over-expression of
HSP60 in cultured cardiac myocytes has been shown to enhance the preservation
of mitochondria function and improve cell survival following simulated ischemia
and reoxygenation (Lau et al., 1997, Lin et al., 2001). Adenovirus-mediated HSP60
over-expression has also been shown to reduce ischemic brain damage in gerbils
after transient forebrain ischemia (Hwang et al., 2007).
Interestingly, there have been several reports demonstrating that HSP60 can play
a role in promoting apoptosis. For example, cytoplasmic HSP60 via its interaction
with HSP10 can activate caspase-3 in response to treatment of lurkat cells with the
anti-cancer drug campthothecin (Samali et al., 1999, Xanthoudakis et al., 1999).
Similarly, HSP60 has been shown to facilitate cell death of hepatic cells infected
with hepatitis B virus through its binding to the apoptosis promoting molecule
hepatitis B virus X protein (Tanaka et al., 2004).
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1.9.3.2 The role of cell surface and extracellular HSP60
It appears that cell surface and extracellular HSP60 is mainly involved in immune
response signalling pathways. HSP60 found on the surface of tumour cells acts as a
signal to activate dendritic cells and generate an anti-tumour T-cell response (Feng
et al., 2002, Osterloh et al., 2004). Extracellular HSP60 can also generate proinflammatory effects via its interactions with several cell surface receptors such as
CD14, CD40 and TLRs (Steinhoff et al., 1999, Pockley et al., 2007). The activation
of cell surface receptors stimulates the secretion of cytokines, thereby activating Tcells and other immune responses (Cappello et al., 2007). For example, the binding
of HSP60 to TLR-2 and TLR-4 stimulates dendritic cells, which can further promote
the pro-inflammatory action of the cytokine IFN-y (Chen et al., 1999).
1.9.3.3 HSP60 in myocardial and cerebral ischaemia
There have been conflicting findings on the role of HSP60 in ischaemic injury.
Studies using the myocardial ischaemia model suggest that HSP60 might
contribute towards injury by promoting the inflammatory response (Li et al.,
2011). Elevated levels of HSP60 following myocardial ischaemia are reported to be
involved in activating the interleukin receptor associated kinase-1, a kinase
responsible for the innate immune signalling and inflammation (Li et al., 2011).
Moreover, treatment of cardiomyocytes with extracellular HSP60 protein
stimulated caspase-8 and caspase-3 activation, suggesting that HSP60 has a role in
mediating apoptosis (Li et al., 2011). In contrast, it is also reported that HSP60
levels are elevated following ischaemic preconditioning in murine cortical
neurons, suggesting that HSP60 may contribute towards the protective effects
after preconditioning (Sheng et al., 2012). Indeed, over-expression of this
chaperonin protects primary mice astrocyte cultures against heat shock, hypoxia,
glucose deprivation and oxygen glucose deprivation, while injection of plasmids
expressing HSP60 also reduces brain infarct volume following transient focal
ischaemia in rats (Xu et al., 2006). Furthermore, adenovirus over-expression of
HSP60 also reduced CA1 pyramidal neuronal loss following global ischaemia in
gerbils (Hwang et al., 2007).
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1.9.4 Citrate synthase (CS)
Citrate synthase (CS), a 52kDa protein is a mitochondrial enzyme involved in the
citric acid cycle, which is an essential pathway for the generation of energy in most
living organisms (Wiegand and Remington, 1986). Citrate synthase is composed of
two identical subunits and is mainly localised in the mitochondrial matrix, and is a
commonly used molecular marker for the assessment of intact mitochondria
(Haslbeck et al., 2003, Cheng et al., 2009).
The CS enzyme catalyses the first step of the citric acid cycle, and facilitate the
condensation of oxaloacetic acid with acetyl-CoA to form citrate and coenzyme A
(Haslbeck et al., 2003). Citrate then feeds into a series of chemical pathways in the
citric acid cycle to generate NADPH, which is utilised by the oxidative
phosphorylation pathway to generate ATP as an energy source for cells (Cheng et
al., 2009).
1.9.4.1 CS and neurodegeneration
A loss of mitochondrial function in spinal cord of amyotrophic lateral sclerosis
patients correlated with low levels of CS activity in motor neurons, (Wiedemann et
al., 2002). Inhibiting CS activity in the rat cerebral cortex reduces energy
metabolism consistent with its role in energy production (Zanatta et al., 2009). In
line with this finding, CS levels are increased in neurons after hypoxia (Yin et al.,
2008). In contrast, decreased levels of CS is observed in bladder tissue after
ischaemic reperfusion injury in rabbits (Juan et al., 2009).
1.9.4.2 The role of CS in apoptosis
There appears to be correlation between CS function and apoptosis. Deletion of
the CS gene in yeast cells, results in hyper-susceptibility to heat and age induced
apoptosis (Lee et al., 2007). Furthermore, yeast cells with CS mutants display an
increased accumulation of ROS, DNA breakage and nuclear fragmentation (Lee et
al., 2007). Similarly, this finding is in line with the deletion of CS gene in yeast cells,
resulting in decreased cellular glutathione levels, a decrease that is likely to lead to
oxidative stress given the central role played by glutathione as an anti-oxidant
(Stephen and Jamieson, 1996). To date, no studies have investigated a role of CS in
brain ischaemic injury. However, it is reported that epigallocatechin gallate (a
potent anti-oxidant) mediated neuroprotection against ischaemic brain damage
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may involve the preservation of intracellular CS activity (Sutherland et al., 2005).
1.9.5 Prohibitin (PHB)
Prohibitin (PHB), a 32kDa protein and a member of the Band-7 family of proteins,
which is associated with membrane-associated processes, for example modulating
the activity membrane-bound proteases, assembly of mitochondria respiratory
complexes, ion channel function and vesicle trafficking. There is also a second
prohibitin protein member known as prohibitin-2, a 37kDa protein which shares
more then 50% amino acid sequence homology with PHB (Artal-Sanz and
Tavernarakis, 2009). PHB proteins are also known as B-cell receptor associated
proteins, due to their interaction with the IgM receptor on B-cells (Terashima et al.,
1994). While PHB is mainly localised in the mitochondria, it is also found in the
nucleus and plasma membrane (Terashima et al., 1994, Fusaro et al., 2003).
1.9.5.1 The role of PHB in the mitochondria
In mitochondria, PHB via its interactions with the protein TFAM (mitochondria
transcription factor A) plays a role in mitochondrial DNA stability. TFAM is part of
the mitochondrial nucleoprotein complex (nucleoids) that regulates the stability,
packaging, replication, transcription and maintenance of mitochondrial DNA (Chen
and Butow, 2005). For example, down-regulation of PHB in HeLa cells affects
steady state levels of TFAM and the organization of mitochondrial nucleoids,
resulting in reduced mitochondrial DNA copy number and altered tertiary
structure (Kasashima et al., 2008).
PHB interacts with another mitochondrial protein, OPA1 (optic atrophy protein 1
homolog), which is a dynamin-like GTPase located in the mitochondrial intermembrane space that is essential for mitochondrial fusion and cristae
morphogenesis (Hoppins et al., 2007).

Deletion of the PHB gene in mouse

embryonic fibroblasts results in the destabilisation and degradation of OPA1,
leading to mitochondrial membrane potential depolarisation and mitochondrial
fragmentation (Merkwirth et al., 2008). Interestingly, over-expression of PHB in
cardiomyocytes helps maintain mitochondrial membrane potential leading to
improved cell survival during hypoxia (Muraguchi et al., 2010). The mechanism by
which PHB affects OPA1 function is not known. However, since PHB can modulate
the activity of membrane bound proteases, one possibility is that PHB acts by
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inactivating mitochondria protease, which cleaves and degrades OPA1. Support of
this mechanism comes from studies showing that in yeast cells, m-AAA proteases
bound to the mitochondria inner-membrane can cleave OPA1 (Steglich et al., 1999,
Duvezin-Caubet et al., 2007).
It appears that PHB can also regulate mitochondrial ROS generation. RNA
interference knockdown of PHB in epithelial cells causes an increase in
mitochondrial ROS production due to a decrease of complex I activity and blockade
of the electron transport chain (Schleicher et al., 2008). Conversely, overexpression of PHB in cultured cardiomyocytes is protective against cell death
caused by exogenous hydrogen peroxide exposure (Liu et al., 2009a). The exact
mechanism whereby PHB protects against oxidative stress is not fully understood,
but maybe related to its ability to regulate the electron transport chain enzyme,
cytochrome c oxidase (Tsutsumi et al., 2009).
Other studies have reported that PHB over-expression in cultured rat granulosa
cells can reduce ceramide-induced cell death (Chowdhury et al., 2011). This
protective effect is associated with an enhanced translocation of PHB into the
mitochondria, leading to caspase-3 inactivation and a decrease in mitochondrial
cytochrome c release, known factors in cell apoptosis (Chowdhury et al., 2011).
1.9.5.2 The role of PHB in the nucleus and plasma membrane
In the nucleus, PHB can influence cell division and maturation by interacting with
two regulatory proteins involved in these processes, namely E2F DNA-binding
transcription factors and retinoblastoma-associated protein. The interaction of
PHB with the transcriptional activating proteins Brg-1 and Brm leads to the
transcriptional inhibition of E2F responsive promoters, thereby suppressing cell
proliferation (Wang et al., 1999a, Wang et al., 1999b).
In the plasma membrane, PHB plays an important role in the phosphatidylinositol
3-kinases/v-AKT murine thymoma viral oncogene signalling pathway to suppress
apoptosis. In this pathway, PHB first interacts with the insulin receptor, resulting
in the production of phosphatidylinositol 3,4,5-triphosphate and the activation of
PI3K (Kane and Weiss, 2003). Activated PI3K stimulates AKT phosphorylation,
which in turn can inactivate pro-apoptotic targets including caspase-9 and the Bcl39

2 family member BAD (Kane and Weiss, 2003, Cheng et al., 2005). It is noteworthy
that in oncology, inhibition of PHB is being investigated as a potential molecular
target to induce the death of cancer cells.
1.9.5.3 PHB in neurons and in ischaemia-like insults
It is reported that PHB is up-regulated in neurons after mild preconditioning
cerebral ischaemia in mice and in primary cortical neurons subjected to sublethal
oxygen-glucose deprivation (Cho et al., 2005, Zhou et al., 2012). Indeed, overexpression of PHB was demonstrated to be protective against oxidative stress and
oxygen glucose deprivation in neurons (Zhou et al., 2012). Increased levels of PHB
are associated with reduced neuronal ROS production and better preservation of
the complex I activity in the mitochondrial respiratory chain, following oxygenglucose deprivation (Zhou et al., 2012).
In line with these findings, it is reported that the down-regulation of PHB in
neuronal

cultures

increases

vulnerability

and

oxidative

stress

during

staurosporine exposure. In addition, the loss of PHB is reported to reduce
mitochondrial membrane potential, leading to elevated caspase-3 activity and
enhanced ROS production (Zhou et al., 2012). Moreover, PHB knockout mice
experience a loss of hippocampal neurons associated with anxiolytic behaviour
and the loss of memory and learning abilities (Merkwirth et al., 2012) , while the
suppression of PHB leads to the destabilisation of the dynamin-like optic atrophy 1
protein, an important component of the mitochondria membrane scaffolds, leading
to neurodegeneration (Merkwirth et al., 2012).
1.9.6

Voltage dependent anion channel 1 (VDAC1)

Voltage dependent anion channel 1 (VDAC1), a 31kDa protein is major
mitochondrial pore-forming channel (Lawen et al., 2005). The protein, also known
as porin isoform 1, is a member of the VDAC family of proteins, which also includes
VDAC2 and VDAC3 (Lawen et al., 2005). VDAC1 is mainly located in the outer
mitochondrial membrane, although it can also be present in the plasma membrane
(De Pinto et al., 2003, Baker et al., 2004).
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The VDAC1 plays a crucial role in maintaining energy production by controlling
the movement of metabolites across the outer mitochondrial membrane (ShoshanBarmatz et al., 2008). VDAC1 is responsible for the exchange of metabolites such as
ADP/ATP, succinate and citrate between mitochondria and the cytosol (Benz,
1994). Down-regulation of VDAC1 protein results in a dramatic decrease in ATP
synthesis as well as in a reduction in cellular levels of ATP and ADP, leading cell
growth arrest (Abu-Hamad et al., 2006).
Its other major role is associated with regulating apoptosis. In this regard, VDAC1
is an integral part of the permeability transition pore complex which can increase
the permeability of the outer mitochondrial membrane and allowing the release of
pro-apoptotic factors from the mitochondria (Shoshan-Barmatz et al., 2010).
VDAC1 also mediates ROS release from mitochondria during apoptosis, thereby
enhancing oxidative stress (Han et al., 2003). The over-production of ROS can also
cause permeability transition pore formation, and if sustained lead to cell death
(Tsujimoto and Shimizu, 2007, Di Lisa et al., 2011, Peixoto et al., 2012). There is
also evidence suggesting that VDAC1 can interact with pro-apoptotic Bcl-2 family
protein members such as Bax and Bak and contribute towards the formation of the
permeability transition pore and apoptosis.
Another mechanism whereby VDAC1 can promote cell death is through its
interaction with the IP3R. VDAC1 forms a complex with IP3R that results in the
transfer of calcium to the mitochondria, which enhances apoptosis (De Stefani et
al., 2012). Together, the above-mentioned findings indicate that VDAC1 plays a
major role in regulating mitochondria-mediated apoptotic cell death.
1.9.6.1 The role of VDAC1 in the plasma membrane
Plasma membrane-associated VDAC1 was first identified in human B-lymphocytes
and was subsequently detected in other cells including astrocytes and epithelial
cells (Thinnes et al., 1989, Puchelle et al., 1993, Dermietzel et al., 1994). The
presence of VDAC1 at the plasma membrane is thought to play a role in releasing
ATP into the extracellular space (Okada et al., 2004). It has been reported that
plasma membrane VDAC1 also act as a NADH-ferricyanide reductase, the enzyme
driving the reduction of extracellular ferricyanide in the presence of intracellular
NADH (Baker et al., 2004). In addition, it has been reported that VDAC1 binds to
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plasminogen on the plasma membrane of endothelial cells, and in doing so may be
involved in cell proliferation and regulation of intracellular calcium levels
(Gonzalez-Gronow et al., 2003).
The role of plasma membrane VDAC1 in apoptosis is not well defined. Overexpression of VDAC1, however, has shown to be protective against apoptosis
(Lawen et al., 2005), while anti-VDAC1 antibodies are known to reduce apoptosis
(Elinder et al., 2005).
1.9.6.2 The role of VDAC1 in ischaemic injury
In cardiac studies, it has been reported that there is an increase in VDAC1
phosphorylation following myocardial ischaemic-reperfusion injury. Even though
the physiological implication of VDAC1 phosphorylation is still unknown, it
appears that the p38 MAPK signalling pathway mediated the phosphorylation of
VDAC1 (Schwertz et al., 2007). Indeed, the inhibition of p38 reduces VDAC1
phosphorylation, and significantly attenuates myocardial necrosis and neutrophil
accumulation following myocardial ischaemic-reperfusion injury (Schwertz et al.,
2007). Studies have also reported that increased levels of VDAC1 expression
correlated with greater expression of pro-apoptotic proteins (eg. p53, caspase-3
and Bax) in rat model of brain ischaemia, suggesting that VDAC plays a role in
ischaemic-induced apoptosis (Park et al., 2010). In contrast, in vitro studies using
rat brain slices demonstrate that anti-VDAC1 antibodies prevented mitochondrial
depolarization and prevented excitotoxic and ischaemic damage to brain tissues
(Perez Velazquez et al., 2000, Perez Velazquez et al., 2003).
1.9.7

Nucleoside diphosphate kinase A (NDPKA)

Nucleoside diphosphate kinase A (NDPKA/NDKA), a 17kDa protein is also known
as NME-1/NM23-H1/NM23 (metastasis inhibition factor nm23) and GAAD
(Granzyme A-activated DNase). It belongs to the NDP kinase family of proteins,
which are predominantly involved in development, regulating cell proliferation
and differentiation and in suppressing the metastatic potential of tumours (Steeg
et al., 1988, Lombardi et al., 2000). While NDPKA is mainly localised in the
cytoplasm, it possesses a mitochondria-targeting sequence and has been shown to
bind and cross-link with mitochondrial membranes, suggesting that the protein
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contributes to the mitochondrial inter-membrane space structuring (FrancoisMoutal et al., 2012).
The NDPKA protein is involved in catalysing the phosphorylation of nucleoside
diphosphates

(e.g.

ADP)

into

nucleoside

triphosphates

via

the

autophosphorylation of the histidine118 residue on the NDPKA protein (Gilles et al.,
1991, Lombardi et al., 2000). NDPKA also participates in other histidine kinase
reaction where it transfers a phosphate from a sensor protein to an aspartates or
glutamates on other proteins in response to various stimuli (Wagner and Vu, 1995,
Besant and Attwood, 2005) and a histidine kinase dependent phosphotransferase
reaction (Wagner and Vu, 1995, Freije et al., 1997). Currently, there are three
known substrates where NDPKA act as a histidine kinase, (i) ATP-citrate lyase, an
enzyme that plays an important role in the production of acetyl-CoA, an
intermediate involved in the citric acid cycle, lipogenesis and cholesterogenesis
(Wagner and Vu, 1995, Marshall et al., 2010); (ii) Aldolase C, an enzyme involved
in glycolysis (Slemmer et al., 2007); and (iii) the Ras kinase suppressor, a protein
involved in the ERK and MAPK pathways (Salerno et al., 2005). The
phosphotransferase and histidine kinase activities of NDPKA are involved in the
suppression of cell motility, supporting its role as a metastasis suppressor gene
(Wagner and Vu, 1995, Freije et al., 1997). In addition, the ability of NDPKA to
maintain

intracellular

concentrations

of

nucleotides

through

its

phosphotransferase activity is also vital for a number of cellular metabolic
functions (Postel, 1998).
1.9.7.1 The role of NDPKA in cell growth
Cellular NDPKA levels are highest during proliferative stages of cell (Igawa et al.,
1994, Caligo et al., 1995). In addition, extracellular NDPKA recombinant proteins
were shown to promote the growth and survival of acute myelogenous leukaemia
cells (Mattiasson et al.) a process that is associated with cytokine production, and
the activation of MAPK signalling (Okabe-Kado et al., 2009a). Interestingly, the
presence of extracellular NDPKA protein stimulates neuronal outgrowth in
primary chick and rat dorsal root ganglia neurons in the absence of nerve growth
factors (Wright et al., 2010). The exact mechanism involved in this neurostimulatory function of NDPKA remains unclear, however it does not depend on
NDPKA’s	
   kinase	
   activity	
   (Wright et al., 2010). Furthermore, antisense
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oligonucleotide mediated down-regulation of NDPKA in a rat osteosarcoma cell
line (UMR106) results in a 20% suppression in cell proliferation (Kimura et al.,
2000).
1.9.7.2 The role of NDPKA in cell survival
Recent studies have shown that NDPKA is involved in repairing ultra violet (UV)
light-induced DNA damage and in preventing UV-initiated tumorigenesis (Jarrett et
al., 2012). The NDPKA protein mediates DNA repair by promoting the nucleotide
excision repair pathway thereby removing UV generated DNA damage (Jarrett et
al., 2012). NDPKA may also protect cells against oxidative stress via its ability to
up-regulate the expression of anti-oxidant proteins such as glutathione
peroxidase-1 (An et al., 2008b). To date, no study has investigated the role of
NDPKA in brain/neuronal ischaemia under in vitro or in vivo conditions.
1.10

Aims of research project

The overall aim of my research project was to characterise the roles played by the
seven mitochondrial proteins described above in a number of in vitro neuronal
injury models, namely to determine if they exert neuroprotective and
neurodamaging effects. These protein are CS, PHB, VDAC1, HSP60, GRP78, GRP75
and NDPKA. In order to test for neuroprotective and neurodamaging effects, the
approach taken was to examine the effects of up- and down-regulating each
protein in primary cortical neuronal cultures prior to their exposure to injury.
Subsequent to this, the proteins with the greatest effects were generated
recombinantly and used in neuronal cortical injury models. This research consists
entirely of in vitro studies and paves the way for future in vivo studies focusing on
mitochondrial protein with the greatest neuroprotective potential.
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The specific aims of my project were to:
1a) Establish and validate an appropriate RNA interference technique to
specifically down-regulate target proteins in primary rat cortical neuronal
cultures.
1b) Assess the effects of the down-regulation of specific proteins on neuronal
viability using three in vitro ischaemia-related injury models: L-glutamic acid
excitotoxicity, hydrogen peroxide oxidative stress and oxygen-glucose deprivation.
2a) Construct adenoviral vectors to over-express specific proteins in primary rat
cortical neuronal cultures.
2b) Assess the effects of up-regulation of specific protein on neuronal viability
using the in vitro models listed in Aim 1b.
3a) Generate recombinant protein of the most neuroprotective proteins as
identified in Aim 2b.
3b) Assess the effects of recombinant neuroprotective protein on neuronal
viability in the in vitro models listed in Aim 1b.
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Chapter 2
General materials and methods
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This chapter describes materials and methods that are common to each of the
results chapters (Chapters 4- 6). Materials and methods that are specific to these
chapters are discussed in the chapters themselves.
2.1 Preparation of cortical neuronal cultures
All animal procedures were approved by the University of Western Australia
Animal Ethics Committee. Neuronal cultures were routinely established and
maintained by Joanne Chieng (Stroke Research Group). Briefly, cortical tissues
from E18-E19	
   rats	
   were	
   dissociated	
   in	
   Dulbelcco’s	
   modified	
   Eagle	
   medium	
  
(DMEM, Invitrogen, USA) was supplemented with 0.9 mM NaHCO3, 10 U/ml papain
(Sigma, USA), 1.3 mM L-cysteine and 50 U/ml DNase (Sigma). Neurons were
washed in cold DMEM/10% horse serum (Life Technologies, Bethesda, MD) and
resuspended in Neurobasal (Invitrogen) containing 2% (v/v) B27 supplement
(Invitrogen), 12 g/ml penicillin and 20 g/ml streptomycin. Before seeding, the
96 well-sized plastic (Costar, Cambridge, MA) or glass (Alltech, Australia) wells
were pre-coated with poly-D-lysine (50 g/ml; Sigma) and incubated overnight at
room temperature. Prior to the addition of dissociated cortical tissue, the poly-Dlysine solution was removed and replaced with 60 µl of Neurobasal containing 2%
(v/v) B27 supplement, 1.6% (w/v) foetal bovine serum (Invitrogen), 0.4% (v/v)
horse serum, 25

M L-glutamic acid, 10

penicillin and 20

g/ml streptomycin.

M 2-mercaptoethanol, 12

g/ml

Wells were plated with 90 µl of cell

suspension adjusted to contain approximately 10,000 viable neurons in each well.
Cultures were maintained in a CO2 incubator (5% CO2/95% air, 98% humidity) at
37 C. On day in vitro 4, a one-third volume of fresh Neurobasal/2% (v/v) B27
containing the mitotic inhibitor, cytosine arabinofuranoside (final concentration 1
M, Sigma) was added. Unless otherwise stated, on day in vitro 7, one-third volume
of culture medium was removed and replaced with fresh Neurobasal/2% (v/v)
B27.
For experiments involving the oxygen-glucose deprivation model, glass rather than
plastic plates were used, as plastic stores oxygen (Meloni et al., 2000) and leads to
extended deprivation times. Plastic culture wells were used for all other
procedures and injury models.
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2.2

Bradford protein assay

Protein concentration was determined using the Bradford assay calibrated using
duplicate dilutions of bovine serum albumin (BSA, 0.01-0.5 mg/ml) as protein
standards. Five microlitres protein (sample or BSA standard) was diluted in 155 l
of Baxter water followed by 40 µl of Bradford protein assay reagent (Bio-Rad
Laboratories, USA). Absorbance of the resultant blue product was measured at 595
nm on a plate reader (ASYS, UVM340, Hi-tech GmbH). The concentration of
proteins was determined using the standard curve generated by the BSA standards
and adjusted for the dilution factor.
2.3 Western blotting
Total protein was isolated from neuronal cultures by treatment with lysis buffer
[50 mM Tris-HCl pH 7.5, 100 mM NaCl, 20 mM EDTA, 0.1% (v/v) SDS, 0.2% (w/v)
deoxycholic acid, 0.25% (v/v) Igepal (Sigma), CompleteTM protease inhibitor,
(Roche)] followed by centrifugation at 10,000 rpm for 1 minute at 4°C. Protein
concentration in samples was determined using the Bradford protein assay.
Protein samples (5-10	
  µl;	
  ≈10	
   g per lane) were loaded onto 10% (v/v) or 4-12%
SDS poly-acrylamide Bis-Tris mini gels (NuPAGE, Invitrogen) and separated via
electrophoresis for 50 minutes at a constant voltage (200 volts). Separated
proteins

were

electrotransferred

polyvinylidinedifluoride

or

at

nitrocellulose

30

volts

membranes

for

1

hour

onto

(Pall

Corp.,

USA).

Membranes were washed with 0.1% (v/v) Tween 20 in PBS (PBS/T) for 15
minutes before being blocked with 5% (v/v) skim milk in PBS/T for 1 hour at
room temperature. Membranes were incubated with primary antibody in PBS/T
containing ovalbumin (1 mg/ml) at 4 C overnight. After washing with PBS/T for
15 minutes, the membrane was incubated with a horseradish peroxidase
conjugated secondary antibody in PBS/T containing ovalbumin for 1 hour at room
temperature. Immuno-reactive bands were visualized using an enhanced
chemiluminescence detection system (Amersham, UK) and exposure to X-ray film
(Hyperfilm, Amersham). When required, membranes were incubated for 10
minutes at room temperature with stripping solution (Alpha Diagnostic, USA)
prior to immuno-detection for the loading control protein, -tubulin was used. The
primary and secondary antibodies used for experiments are listed in Table 2.1.
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2.4

Light and fluorescent microscopy and imaging

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

49

Table 2.1 Primary and secondary antibodies used for western blotting
experiments.
Antibody (anti-)/Dilution

Supplier

Rabbit citrate synthase (CS)/1:1000

Sigma

Rabbit glucose regulated protein 78

LabVision/Neomarkers

(GRP78)/1:1000
Mouse monoclonal heat shock protein 60

LabVision/Neomarkers

(HSP60)/1:5000
Rabbit mitochondrial stress-70 protein (GRP

Santa Cruz

75)/1:1000
Rabbit nucleoside diphosphate kinase A

Santa Cruz

(NDPKA)/1:500
Rabbit prohibitin (PHB)/1:2000

Santa Cruz

Goat voltage dependent anion channel

Santa Cruz

(VDAC1)/1:2000
Control and secondary antibodies/ Dilution

Supplier

Mouse monoclonal -Tubulin/1:5000

BD Biosciences

Rabbit Bcl-XL/1:1000

BD Biosciences

Rabbit-Goat (secondary) conjugated with

Zymed

horseradish peroxidase (HRP)/1:30000
Sheep-Mouse (secondary) conjugated with

GE Healthcare

horseradish peroxidase (HRP)/1:10000
Donkey-Rabbit (secondary) conjugated with
horseradish peroxidase (HRP)/1:10000
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GE Healthcare

2.5

Neuronal viability assay and statistical analysis

Neuronal cell cultures were examined by light microscopy for qualitative
assessment of neuronal cell viability 18-24 hours after in vitro injury, and
quantitatively after 24 hours by the colourimetric 3-(4,5-dimethyliazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) assay or the
lactate dehydrogenase assay. MTS absorbance data was converted to reflect
proportional cell viability relative to both the untreated (taken as 100% viable)
and treated controls. For all models, three independent experiments were
performed; each in quadruplicate or sextuplicate and data obtained was pooled for
statistical and graphical analysis. Data was analysed by ANOVA followed by post-hoc
Fischer’s	
   PLSD	
   test,	
   with	
   *P	
   <0.05	
   values	
   being	
   considered	
   as	
   statistically	
  
significant.
2.5.1 MTS assay
The MTS assay (Promega, Sydney, Australia) measures the activity of
oxidoreductase enzymes present in viable cells to reduce the MTS reagent, a
water-soluble brown formazan dye, the product of reduction being detected
spectrophotometrically. Briefly, 20 l of MTS reagent was added to each well (96well plate sized wells) and incubated for 3 hours at 37 C before the absorbance
(490 nm) was measured using a spectrophotometric plate reader (ASYS Hitech
GmbH, Austria).
2.5.2 LDH assay
LDH assay (Promega, Sydney, Australia) was used to assess cell death. LDH is an
enzyme that catalyses the conversion of lactate to pyruvate with the concomitant
reduction of nicotinamide adenine dinucleotide (Gimenez-Scherer et al.) to its
reduced form, NADH. Formation of NADH is coupled with the reduction of the 2(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium

chloride

(INT)

tetrazolium salt, catalysed by the diaphorase enzyme, to form a bright red
formazon dye, which is detected spectrophotometrically at 490 nm. LDH is
released into the culture medium after cell death following the loss of cell
membrane integrity. Briefly, 40 l of culture media from each well was transferred
into a separate well, an equal amount of LDH substrate reagent was added and the
plates incubated at room temperature for 30 minutes in the dark. Absorbance at
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490 nm was measured using a spectrophotometric plate reader (ASYS Hitech
GmbH, Austria).
2.6 Reconstituting Accell siRNA constructs by resuspension
Dharmacon Accell siRNA constructs (Thermo Fisher Scientific, USA) were
resuspended in siRNA buffer (60 mM KCl, 0.2 mM MgCl2, 6 mM HEPES-pH 7.5;
Dharmacon) at a final concentration of 100 M. The solution was mixed on an
orbital mixer (Thermomixer Comfort, Eppendorf, Germany) at room temperature
for 30 minutes, before aliquoting into smaller volumes (10 l) and storage at 80 C. siRNA constructs utilized in the experiments consisted of a non-targeting
(NT) construct, and constructed targeting the Bcl-xl, GRP78, GRP75, HSP60, PHB,
CS, NDPKA and VDAC1 transcripts.
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Chapter 3
The establishment of RNA interference technique in primary
cortical neuronal cultures
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3.1

Introduction

RNA interference [RNAi] is a naturally occurring gene expression regulation
system that forms part of the innate immune response against viral infection and
other foreign genetic material (Krol et al., 2010). The RNAi system acts at the posttranscriptional level by using short double-stranded RNA molecules to target and
degrade specific messenger RNA (mRNA) species (Almeida and Allshire, 2005).
The RNA interference system was first discovered in plants, and subsequently
shown to be active in fungi, the nematode, Caenorhabditis elegans and mammalian
cells (Romano and Macino, 1992, Fire et al., 1998, Hamilton and Baulcombe, 1999,
Almeida and Allshire, 2005). In more recent times, RNAi has been used as a
research tool for the specific down-regulation of proteins in cells as a means of
investigating their function under normal and disease conditions both in vitro and
in vivo.
In general, RNAi can be induced by three kinds of short RNA constructs, micro RNA
(miRNA), small hairpin RNA (shRNA) and short interfering RNA (siRNA) (Lee et al.,
1993, Elbashir et al., 2001, Brummelkamp et al., 2002). Cells express miRNAs
endogenously. All three types of RNAi constructs can be introduced into cells to
down-regulate a specific gene or protein. How the different RNAi constructs act is
best understood by examining the RNAi pathway (Figure 3.1). Upon expression in
the nucleus, miRNA is first cleaved by the Drosha enzyme to produce shRNA (Lee
et al., 2003). The shRNA is then transported from the nucleus to the cytoplasm by
the exportin-5 protein where it is further processed by the Dicer enzyme to
produce a siRNA 21-23 nucleotides in length (Knight and Bass, 2001, Yi et al.,
2003). A single strand (antisense strand) of the resulting siRNA is then
incorporated into the RNA-induced silencing complex (RISC), which is composed
of four subunits, a helicase, an exonuclease, an endonuclease and a homology
searching domain (Tomari and Zamore, 2005). The siRNA antisense strand in the
RISC binds to the specific mRNA sequence to induce targeted cleavage and
degradation and ultimately results in the loss of expression of the targeted protein
(Meister and Tuschl, 2004). In the event where there is imperfect pairing between
the target mRNA and its complementary siRNA, mRNA destabilisation occurs
instead of degradation, resulting in translational repression of the gene of interest
(Khvorova et al., 2003).
54

Figure 3.1: Schematic diagram of the RNAi pathway as a post-translational gene
silencing mechanism [taken from (Boudreau et al., 2011)].

While RNAi has successfully been used in many different cell lines in vitro, its
application in cultured primary neuronal cells has been less extensive due to low
RNAi construct delivery efficiency and/or toxicity of lipid-based transfection
reagents (Baskin et al., 2008). In order to avoid the need to use a transfection
reagent in RNAi protein down-regulation studies in primary rat cortical neuronal
cultures, the approach taken in this thesis was to use Dharmacon Accell TM siRNA
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constructs (Thermo Scientific, USA). Dharmacon Accell siRNA constructs have
unique chemical properties designed to allow intracellular delivery without the
use of a transfection reagent, thereby eliminating any transfection reagent-induced
toxicity (Baskin et al., 2008). In addition, a previous study has shown that Accell
siRNA constructs led to the successful down-regulation of proteins in mouse
primary cortical neuronal cultures (Dolga et al., 2008). This chapter describes
experiments that were undertaken to confirm that Accell siRNA constructs could
successfully down-regulate specific proteins in cultured primary rat neurons in a
way that was not associated with any toxicity.
3.2 Materials and Methods
3.2.1 Assessment of the effectiveness of Dharmacon Accell RNAi constructs in
primary rat neuronal cultures
The effectiveness of the RNAi technique in primary rat neuronal culture was
assessed using a green fluorescent protein (GFP) Dharmacon Accell siRNA
construct (siRNA:GFP), and an adenoviral vector (Ad:Empty/CMV:GFP) to express
GFP in cultured cortical neurons. The expression of GFP in neurons allowed for
direct visualisation of GFP down-regulation by the siRNA:GFP construct using
epifluorescence microscopy.
3.2.2

Application of siRNA:GFP constructs to neuronal cultures

On day in vitro 8, cortical neuronal cultures (96 well plate format) were
transfected with the control empty adenoviral vector (Ad:Empty/CMV:GFP) with
the siRNA:GFP construct. This involved replacing the media in wells with 100 µl of
Neurobasal/2% (v/v) B27 supplement media containing the siRNA:GFP (250 nM1000 nM) and adenoviral vector at the multiplicity of infection (moi) of 100. It
should be noted that no transfection reagent is required when using Accell RNAi
constructs. Untreated control cultures were transfected with the GFP adenovirus,
but not treated with siRNA:GFP. Cultures were incubated for 72 hours at 37 C
before they were examined for GFP fluorescence to confirm RNAi-mediated GFP
down-regulation.
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3.2.3 Assessment of the toxicity of Acell RNAi constructs in neuronal cultures
For toxicity studies, an Accell siRNA non-targeting (siRNA:NT) control and the
siRNA:GFP construct were assessed at a concentration of 1000 nM. RNAi
constructs were added to neuronal cultures on day in vitro 8 and incubated for 72
hours.
Neuronal cultures were examined by light microscopy to qualitatively assess any
neuronal damage. Visual assessment of neuronal cultures was performed daily by
light microscopy and images captured by photomicrography after 72 hours. The
LDH release assay (LDH; Cytotoxicity Detection Kit, Roche, Germany) and MTS
viability assay (Promega, Sydney, Australia) were used for qualitative assessment
of neuronal cell death 72 hours following siRNA construct exposure. Four wells
(96 well plate format) were used for each treatment and for controls. The LDH
release assay measures the release of the cytosolic enzyme lactate dehydrogenase
from cells, an enzyme that is only released from cells when they are damaged.
Similarly, the MTS viability test measures the activity of cytosolic NAD (P) Hdependent oxidoreductases using the tetrazolium dye, (3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) as a substrate.
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3.3

Results

3.3.1 Efficient knockdown of adenoviral-mediated GFP expression in cortical
neuronal cultures by Accell siRNA
Treatment of neuronal cultures with the siRNA:GFP construct significantly downregulated virally-mediated GFP expression at all concentrations tested (Figure
3.2). Neuronal cultures transfected with high concentrations of the siRNA:GFP
constructed (750 and 1000 nM) showed a complete knock down of GFP expression
(Figure 3.2 B and C), while lower concentrations (125, 250 and 500 nM)
significantly reduced GFP expression (Figure 3.2 D - F).
3.3.2 Confirmation that Accell siRNA constructs are non-toxic to cortical neuronal
cultures
Visual assessment of neuronal cultures did not reveal any significant toxic effects
following incubation with siRNA non-targeting (siRNA:NT) control and the
siRNA:GFP constructs after 72 hours (Figure 3.3). There was no differences in cell
viability between the untreated cultures (Neurobasal media, no siRNA constructs)
and cultures treated with siRNA constructs (siRNA:NT, siRNA:GFP) based on the
LDH release assay (Figure 3.4). Similarly, cell viability measured using the MTS
assay did not show any significant difference in cell survival following incubation
with the siRNA constructs (Figure 3.5).
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Figure 3.2: Photomicrographs of cortical neuronal cultures transduced with
recombinant adenovirus expressing GFP (Ad:Empty/CMV:GFP; moi of 100), with
or without the siRNA:GFP construct with a magnification of x20. (A) Image of
neuronal culture expressing GFP at 72 hours after Ad:Empty/CMV:GFP virus
transduction. (B-F) Images showing neuronal cultures transduced with
Ad:Empty/CMV:GFP and treated with differing concentrations of siRNA:GFP (1251000 nM) at 72 hours after treatment.
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Figure 3.3: Bright field microscopic images of cortical neuronal cultures treated
with siRNA constructs after 72 hours with a magnification of x20. Cortical neurons
were treated with siRNA constructs (siRNA:NT and siRNA:GFP, 1000 nM) or were
incubated with Neurobasal culture media (n=4).
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Figure 3.4: Assessment of the cytotoxic effects in neuronal cultures treated with
siRNA constructs (siRNA:NT, siRNA:GFP) after 72 hours using the LDH release
assay. Cortical neurons were treated with siRNA constructs (1000 nM) or were
incubated with Neurobasal culture media (n=4). Values were expressed as mean
SD. There were no statistically significant differences between treatments
(P>0.05).
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Figure 3.5: Cell viability as measured using MTS in neuronal cultures treated with
siRNA constructs [siRNA:NT, siRNA:GFP] for 72 hours. Cortical neurons were
treated with siRNA constructs (1000 nM) or were incubated with Neurobasal
culture media (n=4). Values were expressed as mean

SD. There were no

statistically significant differences between treatments (P>0.05).
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3.4

Discussion

In the current study, a simple and direct approach was used to confirm the ability
of Dharmacon Accell siRNA construct to down-regulate a specific target protein in
cortical neuronal cell culture.

In this case, the protein down-regulated was

adenovirally-mediated GFP expression. Using a direct approach to confirm protein
down-regulation using fluorescent microscope avoided the need for the more
labour intensive and expensive procedure of western blot analysis. The approach
takes advantage of the fact that adenovirus-mediated GFP expression is under the
control of the strong CMV promoter and that GFP detection by fluorescent
microscopy is particularly sensitive. Our results confirm the ability of Accell RNAi
constructs to target specific mRNA and to down-regulate protein expression. In
addition, when assessed even at the highest recommended dose (1000 nM), the
GFP RNAi construct (siRNA:GFP) and a non targeting construct (siRNA:NT) did not
cause any significant neuronal toxicity as assessed by light microscopy, LDH
release and MTS viability assay. Based on these findings, particularly that the GFP
Accell RNAi constructs are effective in neuronal cell culture and lack toxicity, it was
decided to use Accell siRNAs constructs to down-regulate proteins of interest
associated in this thesis. Because of the high efficacy of down-regulation at a dose
of 500 nM, this concentration was chosen for future studies (see Chapter 4).
It should be mentioned that despite the effectiveness of the siRNA:GFP construct to
down-regulate GFP when treatment was commenced at the time of adenoviral
transfection, the construct was largely ineffective when introduced 72 hours after
viral transfection (data not shown). The most likely explanations for the lack of
effectiveness of the siRNA:GFP construct when added after adenoviral transfection
relates to the strength of the CMV promoter and it leading to high intracellular GFP
mRNA and protein levels. In addition, GFP has a long half-life in mammalian cells
(approximately 26 hours) (Corish and Tyler-Smith, 1999) and is easily detectable
by fluorescent microscopy. Therefore, given that RNAi acts at the mRNA level, it is
hardly surprising that the siRNA:GFP construct when applied 72 hours after
adenoviral vector transduction of neuronal cultures did not significantly downregulate GFP expression.
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The RNAi method reported here has several advantages over other siRNA
protocols, especially when using neuronal primary cultures.

As discussed

previously, the Dharmacon Accell siRNA constructs can be delivered efficiently
into cells without the use of lipid-based transfection reagents or electroporation,
thus avoiding any potential toxicity induced by these delivery methods. In
addition, the delivery of the siRNA constructs was performed in normal neuronal
culture media (Neurobasal/B27 supplement) and not the culture medium
normally recommended and supplied by Dharmacon. The decision not to use
Dharmacon delivery medium was due to it causing a slight level of toxicity leading
to cell death as determined through light microscopy (data not shown). The one
drawback of using Dharmacon Accell siRNA constructs is their cost, Accell siRNA
constructs being between 4-6 fold more expensive than other commonly
synthesised RNAi molecules.
In summary, these studies confirm the effectiveness of a simple and
straightforward RNAi treatment protocol in primary rat cortical neurons using
Accell RNAi constructs, and which were confirmed to cause no significant toxicity
to the cultured neurons.
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Chapter 4
Mitochondrial protein down-regulation in cortical neuronal
cultures and outcomes in ischaemia-like injury models
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4.1

Introduction

RNAi has been used both in vitro and in vivo to investigate various disease
mechanisms associated with heart, liver, kidney, lung and brain disorders (Hamar
et al., 2004, Yin et al., 2005, Li et al., 2007, Huang et al., 2008, Chen et al., 2009,
Zhang et al., 2010). For example, in relation to brain ischaemia, RNAi mediated
down-regulation of pro-apoptotic proteins has been shown to reduce brain injury
and improve neurological outcomes. Furthermore, it is also possible that RNAi
constructs may one day be used as therapeutic agent to reduce brain damage
following cerebral ischaemia or to improve recovery (Hu et al., 2009, Bevers et al.,
2010, Cheng et al., 2012).
Previous work conducted in our laboratory identified seven mitochondria-related
proteins that were either up- or down-regulated in rat primary cortical neuronal
cultures after heat stress, erythropoietin, cycloheximide or MK801 preconditioning
(Meloni et al., 2005, Meloni et al., 2006). These proteins include citrate synthase
(CS, prohibitin (PHB), voltage dependent anion channel 1 (VDAC1), heat shock
protein 60 (HSP60), glucose regulated protein 78 (GRP78), glucose regulated
protein 75 (GRP75) and nucleoside diphosphate kinase A (NDPKA). Since these
proteins were differentially regulated following preconditioning, it is possible that
either their up- or down-regulation has a neuroprotective or destructive effect on
neurons. In this chapter, the effects of specific RNAi mediated protein downregulation on neuronal viability following ischaemia-related insults (oxygenglucose deprivation, L-glutamic acid excitotoxic injury and hydrogen peroxide
oxidative stress) were assessed.

Prior to injury model experiments, RNAi

constructs for each mitochondrial-related protein were assessed for their ability to
down-regulate protein expression in neuronal cultures.
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4.2

Materials and Methods

4.2.1 Short interfering RNA (siRNA) treatment of neuronal cultures
On day in vitro 6, media was removed from the cortical neuronal cultures and
replaced with 50

l of Neurobasal/2% (v/v) B27 media containing 500 nM of

Dharmacon Accell siRNA constructs (Thermo Fisher Scientific, USA; Table 4.1) and
incubated at 37 C for 48 hours (Note: no transfection reagent was used). On day in
vitro 8, an equal volume of NB/2% B27 media containing 500 nM siRNA construct
was added to the wells and cultures incubated for a further 72 hours before being
used for protein isolation or being subjected to in vitro injury models. The Accell
siRNA non-targeting RNAi construct (siRNA:NT) was used as a control in all
experiments. In addition, a Bcl-XL RNAi construct (siRNA:Bcl-XL) was used as
positive control.
It should be mentioned that the protocol outlined above differs slightly from the
original RNAi protocol described in Chapter 3. Initial attempts to down-regulate
target proteins using the original protocol often resulted in only slight to moderate
protein down-regulation (data not shown). The most likely explanation for the lack
of high-level protein down-regulation was due to long protein half-life. Therefore,
the protocol was modified to include a two-step RNAi treatment (DIV 6 + 8 versus
DIV 8 only) in order to achieve effective protein down-regulation.
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Table 4.1: siRNA constructs used in experiments
Mitochondrial protein siRNA construct 1

Target Sequence
I: GCTTCTTCCACGAATTTGA2

Citrate synthase (CS)
II: GACTGGTCCCACAATTTTA
Glucose regulated protein 78 (GRP78)

CTCTTACACTTGGTATTGA

Heat shock protein 60 (HSP60)

GTGGCATGTTCTAACTCCT

Mitochondrial stress-70 protein (GRP75)

GTGTCATGGTCTATAGGTA

Nucleoside diphosphate kinase A (NDPKA)

CTGGTTGGTTTGAAATTTA

Prohibitin (PHB)

GCCATATATTGAAGATTTA

Voltage dependant anion channel (VDAC1)

CCATCAGTTACCTGTTTTA

Control protein siRNA construct 3

Target Sequence

B-cell lymphoma extra large (Bcl-XL)

CGGAGAGCATTCAGTGATC

Green fluorescent protein (GFP)

GCCACAACGTCTATATCAT

1All

siRNA constructs were purchased from Dharmacon, Thermo Scientific, USA.

2Two

citrate synthase RNAi constructs where purchased because the first constructed (I)
assessed was ineffective at down-regulating the protein.
3Target

sequence for the non-targeting (NT) control construct was not provided by

Dharmacon, Thermo Scientific, USA.
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4.2.2 Neuronal in vitro injury models
The duration of oxygen-glucose deprivation injury and concentrations of hydrogen
peroxide and L-glutamic acid used in the injury models were predetermined in
pilot studies where neuronal cultures were subjected to mild to severe insults,
which enabled the comparison of cell viability levels between control and treated
neurons.
4.2.2a In vitro ischaemia (oxygen-glucose deprivation model)
In order to expose rat cortical neuronal cultures to in vitro ischaemia (oxygenglucose deprivation), media was removed from each well and cells washed with
315 l of balanced salt solution (BSS; 116 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8
mM MgSO4, 1 mM NaH2PO4; pH 7.0), followed by the re-addition of 60 l of BSS.
Cultures wells were placed in an anaerobic chamber (Don Whitely Scientific,
England) with an atmosphere of 5% CO2, 10% H2 and 85% argon at 98% humidity
and 37 C for 45 minutes. Following removal from the anaerobic incubator, an
equal volume of Neurobasal media containing 2% (v/v) N2 supplement
(Invitrogen) was added into each well, and cultures placed in an incubator (5%
CO2/95% air) at 37 C. Control cultures were subjected to the same wash
procedures only, and maintained in the incubator (5% CO2/95% air). Neuronal
viability was assessed at 24 hour after the initiation of in vitro ischaemia.
4.2.2b Hydrogen peroxide model (oxidative stress model)
Media from neuronal culture wells was removed and replaced with 100

l of

Neurobasal/1% N2 supplement containing 3.5 M of hydrogen peroxide (Merck,
Australia). Cultures were incubated at 37 C in an incubator (5% CO2/95% air) for
1 hour, after which the medium from each well was removed and replaced with
100 l of Neurobasal/1% N2 supplement. Cultures were incubated at 37 C in the
CO2 incubator (5% CO2/95% air) for a further 24 hours. Controls cultures received
the same media changes but were not exposed to hydrogen peroxide. Neuronal
viability was assessed at 24 hours after hydrogen peroxide exposure.
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4.2.2c L-glutamic acid model (excitotoxicity model)
Media in neuronal culture wells was removed and replaced with 50

l of

Neurobasal/2% B27 supplement media containing L-glutamic acid (25 M, Sigma).
Cultures were incubated at 37 C in an incubator (5% CO2/95% air) for 5 minutes,
after which time the medium from each well was removed and replaced with 100
l of fresh Neurobasal/1% N2 supplement before being incubated at 37 C in the
incubator (5% CO2/95% air) for a further 24 hours. Control cultures were treated
the same but without exposure to L-glutamic acid containing media. A positive
control consisted of cultures containing the L-glutamic acid receptor antagonists,
MK801 (5 M) and 6-cyano-7-nitroquinoxaline (5 M; CNQX) during L-glutamic
acid exposure. Neuronal viability was assessed at 24 hours after L-glutamic acid
exposure.
4.2.3 Western blotting procedure and antibodies
A detailed description of the western blotting experimental procedure can be
found in Section 2.3 of Chapter 2. While details of primary and secondary
antibodies used in the procedure is listed in Table 2.1 of Chapter 2.
4.2.4 Neuronal viability assay and statistical analysis
The qualitative and quantitative assessment of neuronal viability is described in
detail in Sections 2.4 and 2.5 of Chapter 2. For all models, three independent
experiments were performed; each in quadruplicate or sextuplicate and data
obtained was pooled for statistical and graphical analysis.
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4.3

Results

4.3.1 Assessment of down-regulation of specific mitochondrial proteins using
RNAi
Western blot analysis confirmed that all siRNA constructs were capable of downregulating specific proteins, albeit with different efficiencies (Figure 4.1A-H). RNAi
constructs for CS, VDAC1, HSP60, GRP75, NDPKA and Bcl-XL were highly effective
at down-regulating protein levels, while RNAi constructs for PHB and GRP78 were
less effective. In addition, the first CS RNAi construct evaluated did not appear to
down-regulate protein levels (data not shown).

71

Figure 4.1: Western blot analysis of cortical neuronal cultures treated with
different RNAi constructs (500 nM) and probed with specific protein antibodies.
To ensure similar protein loading in control (siRNA non-targeting; NT) and treated
samples, membranes were probed with an anti-

tubulin antibody. A) siRNA:NT

and siRNA:Bcl-XL and probed with anti-Bcl-XL antibody. B) siRNA:NT and
siRNA:GRP78 and probed with anti-GRP78 antibody. C) siRNA:NT and
siRNA:GRP75 and probed with anti-GRP75 antibody. D) siRNA:NT and
siRNA:HSP60 and probed with anti-HSP60 antibody. E) siRNA:NT and siRNA:PHB
and probed with anti-PHB antibody. F) siRNA:NT and siRNA:NDPKA and probed
with anti-NDPKA antibody. G) siRNA:NT and siRNA:VDAC1 and probed with antiVDAC1 antibody. H) siRNA:NT and siRNA:CS and probed with anti-CS antibody.
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4.3.2

Effect of mitochondrial protein down-regulation on cell viability following

in vitro ischaemia
The down-regulation of specific mitochondrial proteins did not result in any
significant increases or decreases in neuronal survival following in vitro ischaemia
Figure 4.2. Furthermore, down-regulation of the anti-apoptotic Bcl-XL protein did
not increase neuronal death.
4.3.3

Effect of mitochondrial protein down-regulation on cell viability following

hydrogen peroxide exposure
Specific protein down-regulation did not result in any neuroprotection (Figure
4.3). Down-regulation of NDPKA, CS and PHB appeared to increase neuronal
viability slightly, but not to statistically significant levels (Figure 4.3). In contrast,
down-regulation of the control protein Bcl-XL consistently increased neuronal
death following hydrogen peroxide exposure (Figure 4.3).
4.3.4

Effect of mitochondrial protein down-regulation on cell viability following

L-glutamic acid exposure
Specific protein down-regulation did not result in any neuroprotection or
increased neuronal death (Figure 4.4). L-glutamic acid receptor antagonists
significantly increased neuronal viability (Figure 4.4).
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Figure 4.2: Cell viability of neuronal cultures treated with siRNA constructs [Nontargeting (NT), Bcl-XL, GRP78, GRP75, HSP60, PHB, NDPKA, VDAC1 and CS; 500
nM] at 24 hours following in vitro ischaemia (45 min) compared to control cultures
treated with a NT siRNA (taken as 100% cell survival). Values are expressed as
means ± SD (n = 18). There were no statistically significant differences between
treatments (P>0.05).
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Figure 4.3: Cell viability of neuronal cultures treated with siRNA constructs [Nontargeting (NT), Bcl-XL, GRP78, GRP75, HSP60, PHB, NDPKA, VDAC1 and CS; 500nM]
at 24 hours following hydrogen peroxide exposure (3.5 M) compared to control
cultures treated with a NT siRNA (taken as 100% cell survival). Values are
expressed as means SD (n = 12; * P<0.05).
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Figure 4.4: Cell viability of neuronal cultures treated with siRNA constructs [Nontargeting (NT), Bcl-XL, GRP78, GRP75, HSP60, PHB, NDPKA, VDAC1 and CS; 500nM]
at 24 hours following L-glutamic acid exposure (25

M) compared to control

cultures treated with a NT siRNA (taken as 100% cell survival). The L-glutamic
acid antagonists used were 5µM MK801 and 5µM CNQX. Values are expressed as
means SD (n = 12; * P<0.05).
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4.4

Discussion

In this study, three in vitro injury models (viz. oxygen-glucose deprivation, Lglutamic acid excitotoxicity and hydrogen peroxide oxidative stress) were used to
assess the effects of down-regulating several mitochondrial-related proteins on
neuronal viability. Surprisingly, down-regulation of none of the proteins induced
any significant degree of neuroprotection or increased neuronal death. In contrast
and as one would predict, L-glutamic acid receptor antagonists reduced cell death
in the L-glutamic acid excitotoxicity model. Down-regulation of the anti-apoptotic
protein Bcl-XL (B-cell lymphoma extra large) predictably exacerbated neuronal
death in the hydrogen peroxide oxidative stress model, but not in the oxygenglucose deprivation or L-glutamic acid excitotoxic injury models. These findings
strongly suggest that apoptotic mechanisms contribute to neuronal death in the
hydrogen peroxide injury model to a greater extent then in the oxygen-glucose
deprivation and L-glutamic acid excitotoxic injury models. In this context, it is
noteworthy that while apoptosis has been detected, autophagy has been
demonstrated to be the main mechanism of cell death in the in vitro ischaemia
model (Meloni et al 2011).
The longer isoform of the Bcl-X protein (Bcl-XL) is a mitochondria transmembrane
molecule that acts as an anti-apoptotic protein via several mechanisms. For
example, Bcl-XL can prevent the mitochondrial release of pro-apoptotic molecules
such as reactive oxygen species (ROS) and cytochrome c (Minn et al., 1995). While
there have been no studies of the effects of Bcl-XL down-regulation on neuronal
viability in in vitro ischaemia-related injury models, there are reports on the effects
in non-neuronal cells. For example, Bcl-XL down-regulation is reported to increase
cell injury in rat cardiomyocytes following hydrogen peroxide-mediated oxidative
stress (Gallogly et al., 2010). In addition, inhibition or complete knockdown of BclXL in cells from human atherosclerotic lesions increases their sensitivity to Fas
ligand-mediated apoptosis (Yang et al., 2007). Finally, inhibition of Bcl-XL is also
known to promote apoptosis in primary hippocampal neurons by inducing
mitochondrial fragmentation, cytochrome c release and activation of caspase-3
(Young et al., 2010). Therefore, the finding showing increased neuronal death in
the hydrogen peroxide exposure following Bcl-XL down-regulation suggests that
apoptosis is implicated in cell death in this model.
The current study showed no effects of down-regulation of the chaperonin
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proteins GRP78, GRP75 and HSP60 on neuronal viability. This contrasts with some
published studies.
Suppression of GRP78 is reported to exacerbate cell death by increasing the levels
of ROS and intracellular calcium following exposure to L-glutamic acid and
oxidative stress in hippocampal neurons (Yu et al., 1999). In these neurons (Yu et
al., 1999), pre-treatment with GRP78 antisense oligonucleotides resulted in higher
levels of cell death following exposure to L-glutamic acid, ferrous sulphate and
amyloid -peptide compared to control neurons. The fact that we were unable to
confirm any effects of down-regulation of chaperonin proteins on neuronal
viability may reflect the degree of injury as Yu et al. (1999) used a milder form of
injury. The L-glutamic acid excitotoxic injury model used in the current study is an
acute injury model where neuronal cultures are exposed to 25 M L-glutamic acid
for 5 minutes, whereas Yu et al. (1999) exposed their cultures to 10 M L-glutamic
acid for 6 hours. Similarly, in the current study, oxidative stress was induced by
exposing cell cultures to hydrogen peroxide whereas Yu et al. (1999) used ferrous
sulphate and amyloid -peptide to induce oxidative stress. It cannot be precluded
that some of the differences between our study and that of Yu et al. (1999) reflect
the use of different cell preparations as we used 11-day-old primary rat cortical
neuronal cultures compared to the 7-9-day-old primary rat hippocampus cultures
used by Yu et al. Finally, the effects of down-regulation of GRP78 using siRNA in a
non-neuronal study, increased sensitivity of a breast cancer cell lines to the anticancer drug etoposide (Dong et al., 2005).
Although no study has examined the effects of neuronal GRP75 down-regulation in
ischaemia-like injuries, silencing of GRP75 has been shown to sensitise human
neuroblastoma cells to

-amyloid-induced neurotoxicity (Qu et al., 2011).

Moreover, knockdown of GRP75 also causes a significant increase in
intramitochondrial ROS levels and reduces the mitochondrial membrane potential
in human embryonic kidney cells and HeLa cells, however the exact mechanism
that causes this phenomenon is yet to be elucidated (Burbulla et al., 2010, Yang et
al., 2011). Interestingly, silencing of HSP60 in neurons has been shown to decrease
the activity of the mitochondrial complex IV (Kim et al., 2012).
A previous study has demonstrated that down-regulating PHB in mouse cortical
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neuronal cultures increases mitochondrial ROS production and neuronal
susceptibility to oxidative stress and L-glutamic acid injury (Zhou et al., 2012). In
this latter study, neuronal cultures exposed to L-glutamic acid-mediated
excitotoxicity and xanthine/xanthine oxidase showed distinct features of oxidative
stress (Zhou et al., 2012). Our study was unable to confirm the effects reported by
Zhou et al (2012), this difference may be attributed to the use of different cell
preparations (11-day-old primary rat cortical neuronal cultures versus 13-day-old
mouse cortical neurons) and/or to the use of different agents to promote oxidative
stress (hydrogen peroxide versus xanthine/xanthine oxidase).
A previous study using a cell penetrating anti-VDAC1 antibody fragment showed
that treatment of rat brain slices with this molecule reduced neuronal death
following in vitro ischaemia and L-glutamic acid excitotoxicity (Perez Velazquez et
al., 2003). This neuroproctective effect of blocking VDAC1 function was attributed
to a reduction in mitochondria depolarisation and cytochrome c release (Perez
Velazquez et al., 2000, Shimizu et al., 2001a). Furthermore, in HeLa cells, the
depletion of VDAC1 is reported to prevent apoptosis caused by selenite-induced
oxidative stress (Tomasello et al., 2009).
Given the important role mitochondria play in maintaining cell survival and cell
viability, it is somewhat surprising that no effects on neuronal viability were
observed following the down-regulation of mitochondrial proteins in the injury
models used in this study. The down-regulation of proteins GRP78, VDAC1 and
PHB, however, as discussed above, do exert an effect on neuronal cells in cerebral
ischaemia and other related in vitro injury models. These discrepancies could be
related to differences in the cell cultures and injury models used. The degree of
protein down-regulation may contribute to explaining the discrepancies.
Specifically, different techniques lead to different degrees and timeframes of
protein down-regulation. Protein knockdown in some instances may alter function
at the cellular level without causing any changes in cell viability. Furthermore, cells
may activate adaptive signalling pathways to compensate for the loss of specific
proteins, a factor that may reduce the impact of down-regulation of a specific
protein on cell viability. In summary, the findings of this study demonstrated that
the down-regulation of all bar one specific mitochondrial protein (Bcl-XL control)
did not have any significant effect on neuronal viability following ischaemia-like
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insults. The effects, however, may be subtle, an aspect that is investigated in the
up-regulation studies discussed in Chapter 5.
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Chapter 5
Mitochondrial protein up-regulation in cortical neuronal cultures
and outcomes in ischaemia-like injury models
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5.1

Introduction

Adenoviral vectors are capable of delivering DNA into brain cells both in vitro and
in vivo. It is therefore not surprising that adenoviral vectors expressing a wide
variety of genes have been used in neuroprotection studies in small animal stroke
studies (Kitagawa et al., 1999, Yang et al., 2001, Miyazaki et al., 2002, Zhang et al.,
2002). Similarly, since primary neuronal cultures are resistant to DNA
transfection, adenoviral vectors represent an ideal vehicle for gene delivery into
cultured neurons. To this end recombinant adenoviruses have been used to enable
transgene expression in both neuronal and non-neuronal cells in many cell injury
models including in vitro ischaemia-like models (Ooboshi et al., 2000, Masumura et
al., 2001, Boulos et al., 2007a, Boulos et al., 2007b, Cross et al., 2012).
In this chapter, several new adenoviral vectors were generated, and along with
vectors previously generated in our laboratory were used to up-regulate specific
protein expression in neuronal cultures. Importantly, each adenoviral vector was
assessed for its capacity to up-regulate its intended protein in neuronal cultures
prior to functional experiments. The final experiments assessed the effect of
specific adenoviral mediated up-regulation on neuronal viability when subjected
to the three ischaemia-like injury models described in Chapter 4 (viz. oxygenglucose deprivation, L-glutamic acid excitotoxicity and hydrogen peroxide
exposure).
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5.2

Materials and Methods

Generation of recombinant adenoviral vectors
Several of the adenoviral vectors investigated (viz. NDPKA, VDAC1 and Bcl-xl)
were previously generated by Dr Sherif Boulos. However, adenoviral vectors
expressing CS, GRP78, HSP60, PHB, and GRP75 were unavailable. Therefore,
described below are the procedures involved in isolating rat mRNA, synthesis and
sequencing of cDNA (for: CS, GRP78, HSP60, PHB, GRP75), followed by sub-cloning
of the cDNAs into the pShuttle plasmid for the generation of adenoviral vectors.
5.2.1 RNA extraction for cDNA synthesis
RNA was extracted from rat cortical neuronal cultures (96-well plate) using
Trizol

reagent	
   according	
   to	
   the	
   manufacturer’s	
   instructions. Briefly, culture

medium was removed and replaced with Trizol (10 l/well) and the resulting cell
lysates were transferred to a microcentrifuge tube and incubated at room
temperature for 5 minutes. Chloroform was added (0.2ml per ml Trizol) to the
samples, mixed and incubated at room temperature for 2-3 minutes. Samples were
centrifuged at 12,000 g for 15 minutes at 4 C, and the upper aqueous phase
transferred to a fresh tube. RNA was precipitated by the addition of an equal
volume of isopropyl alcohol, incubated at room temperature for 15 minutes and
centrifuged at 12,000 g for 10 minutes at 4 C. The RNA pellet was washed with
75% (v/v) ethanol, centrifuged, drained and allowed to air dry for 30-45 minutes
at room temperature. Total RNA were resuspended in sterile water (Baxter) and
stored at -80 C. Prior to storage, the purity of the RNA was determined by
absorbance at 260 nm and 280 nm using a Nanodrop spectrophotometer.
5.2.2 First strand synthesis of cDNA using Reverse Transciptase
Prior to PCR amplification of specific genes, mRNA from cortical neuronal cultures
was reverse transcribed into single stranded cDNA using the first-strand synthesis
method.
For the annealing step, total RNA (approximately 1 g) was combined with Oligo
(dT)15 primers (100-500 ng, Promega) and sterile water (Baxter) in a total volume
of 13 l and incubated at 80 C for 5 minutes. The mixture was then chilled on ice
for 5 minutes to prevent the reformation of secondary structures. For the synthesis
83

of first strand cDNA, annealed primer-templates were mixed with 5x M-MLV
Reverse Transcriptase buffer (Promega), dNTP (10 mM) and M-MLV Reverse
Transcriptase enzyme. Reactions were incubated at 40 C for 60 minutes and
subsequently inactivated by heating to 70 C for 15 minutes. cDNA was stored at 20 C or used immediately as a template for PCR amplification.
5.2.3 cDNA amplification using the polymerase chain reaction (PCR)
Polymerase chain reaction (PCR) is a technique used to amplify DNA through the
actions of DNA polymerases. Multiple cycles involving denaturation, annealing and
extension at various temperatures allow for the amplification of a specific DNA
sequence.
Reaction components were combined with sterile water in a total volume of 50 l.
The reaction mixture comprised 50-500 pg rat cDNA template, 1x Phusion HighFidelity buffer (Finnzymes, Finland), 10 mM dNTP, 100 ng of each forward and
reverse oligonucleotide primer and 1-2 units of the Phusion DNA Polymerase
enzyme (Finnzymes, Finland). Reaction mixtures were placed in a programmable
thermal controller (PTC-100; MJ Research Inc,, USA) and DNA amplified using the
following cycling conditions: initial denaturation at 95-98 C for 30 seconds,
followed by 30-35 cycles consisting of denaturation at 95-98 C for 10 seconds,
annealing at 50-60 C for 20-30 seconds, and extension at 70-75 C for 30-90
seconds. A final 10 minutes extension completed the cycling protocol.
Oligonucleotide primers used for these experiments are listed in Table 5.1.
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Table 5.1: Primers used in cDNA amplification.
Protein1
Citrate synthase (CS)

Cloning Primers2

Enzymes3

GGTACCGCCACCATGGCTCTACTCACTGCG/

KpnI:XhoI

CTCGAGTTACCCTGACTTAGAGTC
Glucose regulated
protein 78 (GRP78)

GTCGACGCCACCATGAAGTTCACTGTG/

SalI:HindIII

AAGCTTCTACAACTCATCTTTTTC
Heat shock protein 60
(HSP60)

GGTACCGCCACCATGCTTCGACTACCCAC/

KpnI:NotI

GCGGCCGCTTAGAACATGCCACCTCC

Prohibitin (PHB)

GGTACCGCCACCATGGCTGCCAAAGTG/

KpnI:HindIII

AAGCTTTTACTGGGGGAGCTGGAGGAG
Mitochondrial Stress70 Protein (GRP75)

GGTACCGCCACCATGATAAGCGCCAGC/

KpnI:SalI

GTCGACTTACTGTTTCTCTTCCTTCTGATC
Nucleoside
Diphosphate Kinase A
(NDPKA)

GTCGACCCACCATGC/

Voltage dependant
anion channel 1
(VDAC1)

GGTACCGCCACCATGGCTGTGC/

1

SalI: XhoI

CTCGAGTCACTCATAGATCCAGGTTC
KpnI:XhoI

CTCGAGTTACGCTTGAAACTCCAGTCCTAAA
CCAAG

All primers sequences were sourced from the rat genome.

2Denotes	
  

5’ 3’	
   direction	
   of	
   cloning	
   primers listed as Forward/Reverse. Restriction enzyme
recognition sites are underlined within the primer sequence.
3Restriction

enzyme sites in cloning primers.

Note: Adenoviral vectors for nucleoside diphosphate kinase A (NDPKA), voltage dependent anion
channel 1 (VDAC1) and B-cell lymphoma extra large (Bcl-xL) were generated by Dr Sherif Boulos.
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5.2.4 PCR and restriction fragment purification
PCR products and DNA fragments generated after restriction enzyme digestion
were purified using the Wizard SV Gel and PCR Cleanup Kit (Promega; Wisconsin,
USA). Purified DNA was eluted from the mini-columns in sterile water (Baxter).
5.2.5 Ligation of DNA fragments into specific vectors
Purified cDNA fragments were ligated into two different vectors, the pCR
II- TOPO

Blunt

cloning vector (Invitrogen, USA) and the pRSV-Shuttle adenoviral

vector (QBiogene, USA). The cDNA fragments were first ligated into the pCR
Blunt II- TOPO

vector and transformed into chemically competent JM109 E.coli

cells. Following amplification in JM109 cells, the plasmid DNA was purified and
cDNA sub-cloned into the pRSV-Shuttle adenoviral vector. The pRSV-Shuttle was
subsequently transformed into BJ5183 E.coli cells containing the pAdEasy
adenoviral genome plasmid, which allows recombinant adenoviral to be generated
(Reddy et al., 2007).
Blunt TOPO vector: The pCR

Blunt II- TOPO

vector (Promega) contains a

kanamycin resistant gene. The ligation reaction consisted of PCR cDNA
product/insert (µg/ml), salt solution (1.2 M NaCl, 0.06 M MgCl2), pCR
TOPO

Blunt II-

cloning vector and sterile water. Mixtures were incubated for 5 minutes at

room temperature and were subsequently transformed into JM109 E.coli cells and
plated onto 2x YT agar plates containing kanamycin for colony selection purposes.
pRSV-shuttle vector: The ligation reaction consisted of insert DNA, 1x T4 DNA
ligase buffer (Promega), linearised pRSV-shuttle vector DNA (µg/ml), T4 DNA
ligase and sterile water to a total volume of 25

l. The ligation reaction was

incubated at room temperature for 12-18 hours and stored at -20 C. The ligated
DNA was then transformed into electro-competent E. coli cells that contain the
adenovirus backbone plasmid, pAdEasy to allow generation of recombinant
adenovirus (Luo et al., 2007).
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5.2.6 Transformation of plasmid DNA into chemically competent E. coli cells
DNA (300-400 ng, 6-10

l) was mixed with 100-200

l chemically competent

JM109 E. coli cells (Promega) in a 1.5ml tube, incubated on ice slurry for 10
minutes, heat shocked at 42 C for 30 seconds and then placed on ice slurry for a
further 2 minutes. One ml of 2x YT broth was added to the mixture and cells
incubated at 37 C for 1 hour. After incubation, cells were pelleted by
centrifugation at 14,000 rpm for 1 minute and resuspended in 250 l of 2x YT
broth. Resuspended bacteria were then plated onto 2x YT agar plates (100 l/per
plate) containing kanamycin (50 g/ml) for selection purposes, and incubated at
37 C for 16-20 hours.
5.2.7 Transformation of pShuttle plasmid DNA into electro-competent E. coli cells
Plasmid DNA was transformed into electro-competent E.coli cells to generate
recombinant adenoviral genomes (Figure 5.1). The BJ5183 E.coli cells contain the
adenoviral plasmid (pAdEasy) that allows for the generation of recombinant
adenovirus through homologous recombination (Reddy et al., 2007). Briefly
pShuttle plasmid DNA was linearised by Pmel digestion and introduced into E.coli
strain BJ5183 carrying pAdeasy (Zeng et al., 2001) by electroporation (2.5 kV, 200
Ohms, 25

F; Biorad electroporator). Cells were resuspended in 1 ml 2x YT,

transferred to a 1.5 ml tube and incubated at 37 C for 1 hour. Following
incubation, the cells were pelleted by centrifugation at 14,000 rpm for 1 minute
and resuspended in 250 l 2x YT broth. The bacterial resuspension were plated
onto 2x YT agar plates (100

l/per plate) containing kanamycin for selection

purposes, and incubated at 37 C for 16-20 hours.
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Figure 5.1: Schematic diagram of the generation of recombinant adenovirus. This
involves the ligation of the gene of interest into the pRSV-shuttle vector and
homologous recombination of the shuttle vector into BJ5183 E.coli cells containing
the adenoviral genome to generate recombinant adenovirus. [taken from AdEasy
Vector System Application Manual, Qbiogene Inc.]
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5.2.8

Plasmid DNA amplification and extraction from E. coli

Plasmid DNA from E. coli was isolated and purified using the Pure Yield Plasmid
Miniprep System Kit (Promega, Wisconsin, USA). Single colonies were inoculated
in 1.8 ml 2x YT medium containing kanamycin (50 g/ml) in each microfuge tube.
Tubes were fitted with polytetrafluoroethylene (PTFE) membrane lids (LidBac,
Eppendorf) and shaken at 37 C for 16-18 hours on an orbital mixer at 800 rpm
(Thermomixer Comfort, Eppendorf, Hamburg, Germany). Cells were centrifuged
and plasmid DNA isolated and purified from cell pellets following the
manufacturer’s	
   instructions.	
   Plasmid	
   DNA	
   was	
   eluted	
   from	
   the	
   mini-columns in
50-100

l sterile water (Baxter). Plasmid DNA purity was determined by

absorbance at 260 nm and 280 nm using a Nanodrop spectrophotometer.
5.2.9 Quantification of DNA and RNA
DNA and RNA were quantified spectrophotometrically using a Nanodrop
spectrophotometer (Analytical Technologies) according to protocols described by
the manufacturer. Absorbance of the sample was measured at 260 nm and 280 nm
wavelengths. An absorbance reading of 1 is approximately 40

g/ml.

Pure

preparations of DNA and RNA typically had an OD260/OD280 ratios of 1.8.
5.2.10 Generation and amplification of recombinant adenovirus
Recombinant adenovirus were prepared using the AdEasy vector system
(Qbiogene) originally described by He et al. (1998), with some modifications. To
first generate recombinant adenovirus, the pShuttle/AdEasy recombinant DNA
plasmid containing the gene of interest was linearised with the restriction enzyme
PacI. Linearised DNA (3 g) was transfected into HEK293 cells (QBiogene) grown
to 90% confluence in a 25 cm2 flask using Lipofectamine 2000 (Invitrogen) as the
transfection agent. Transfected HEK293 cells were incubated at 37 C in a CO2
incubator (5% CO2/95% air) for 5-10 days. After the appearance of viral plagues
(usually 4-6 days), viral amplification was performed, which consisted of three
freeze-thaw steps to release the viral particles from the cells followed by stepwise
infection of HEK293 cells in 175 cm2 and 500 cm2 flasks. HEK293 cell lysatecontaining adenoviral particles obtained from the 500 cm2 flasks was purified and
concentrated using the Adeno-X virus purification kit (BD Biosciences). Final viral
titres were determined by the end-point dilution assay as indicated by GFP
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reporter expression (Luo et al., 2007).
5.2.11 Adenoviral treatment of primary cortical neuronal cultures, western blot
analysis, cell viability assessments and in vitro injury models
On day in vitro 9, the media was removed from cortical neuronal cultures and
replaced with Neurobasal/2% B27 media containing purified adenovirus at a
multiplicity of	
  infection	
  (moi)	
  of	
  75.	
  	
  For	
  dose	
  response	
  experiments,	
  moi’s	
  of	
  25,	
  
50, 75 and 100 were used. Cultures were incubated at 37 C for a further 48 hours
before neuronal proteins were isolated for western blot analysis (refer to Section
2.3, Chapter2) or were used in in vitro injury models as previously described in
Chapter 4. Qualitative and quantitative assessments of neuronal cultures were
performed as described in Sections 2.4 and 2.5 of Chapter 2. For all models, three
independent experiments were performed; each in quadruplicate or sextuplicate
and data obtained was pooled for statistical and graphical analysis.
In order to assess the neuroprotective or damaging effects of protein up-regulation
in rat primary cortical neurons, injury model conditions were modified slightly as
it was observed that adenoviral transduction increased neuronal sensitivity to
injury. For the in vitro ischaemia model, cultures were incubated anaerobically for
40 minutes (compared to 45 minutes as used in down-regulation studies).
Moreover, cultures were subjected to milder degrees of hydrogen peroxide and Lglutamic acid injuries, neurons being exposed to 3 M hydrogen peroxide and 6
M L-glutamic acid (compared to 3.5 M hydrogen peroxide and 25 M L-glutamic
acid as used in the down-regulation studies). The milder forms of injury allowed
the assessment of any potential neuroprotective or damaging effects of protein upregulation in neuronal cultures.
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5.3

Results

5.3.1 Assessment of the up-regulation of specific mitochondrial proteins using
adenoviral vectors
Western blot analysis confirmed that all adenoviral vectors had achieved the upregulation of specific proteins, albeit at different efficiencies (Figure 5.2 A-H).
Adenoviral vectors for CS, GRP78, GRP75, NDPKA and PHB were highly effective in
up-regulating protein levels, while adenoviral vectors for VDAC1, HSP60 and BclXL were less effective. Transduction of the control adenoviral vector expressing
only the GFP reporter (AdRSV:Empty) was routinely confirmed by fluorescent
microscopy and all adenoviral vectors were confirmed to express the GFP reporter.
GFP reporter expression was also routinely used to confirm transduction.
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Figure 5.2: Western blot analysis of cortical neuronal cultures transfected with
different adenoviral vectors (at a moi of 100) and probed with specific protein
antibodies and anti-

tubulin antibody (loading control protein). A) AdRSV:Empty

(control vector) and AdRSV:Bcl-XL and probed with anti-Bcl-XL antibody. B)
AdRSV:Empty and AdRSV:GRP78 and probed with anti-GRP78 antibody. C)
AdRSV:Empty and AdRSV:GRP75 and probed with anti-GRP75 antibody. D)
AdRSV:Empty and AdRSV:HSP60 and probed with anti-HSP60 antibody. E)
AdRSV:Empty and AdRSV:PHB and probed with anti-PHB antibody. F)
AdRSV:Empty and AdRSV:NDPKA and probed with anti-NDPKA antibody. G)
AdRSV:Empty and AdRSV:VDAC1 and probed with anti-VDAC1 antibody. H)
AdRSV:Empty and AdRSV:CS and probed with anti-CS antibody.
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5.3.2

Effect of mitochondrial protein up-regulation on cell viability following in

vitro ischaemia
Only over-expression of NDPKA consistently increased neuronal viability following
in vitro ischaemia compared to control adenoviral vector treated cultures (Figure
5.3). Furthermore, up-regulation of the control anti-apoptotic Bcl-XL protein did
not increase neuronal viability. Although all concentrations of AdRSV:NDPKA (moi:
25, 50, 75, 100) were associated with increased neuronal survival, only moi’s	
  of	
  25,	
  
50 and 75 increased cell survival to statistically significant levels (Figure 5.4).
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Figure 5.3: Cell viability of neuronal cultures treated with adenovirus
[AdRSV:Empty Vector, Bcl-XL, GRP78, GRP75, HSP60, PHB, NDPKA, VDAC1 and CS;
moi of 75] at 24 hours following in vitro ischaemia (40 min) compared to control
cultures treated with an empty vector (taken as 100% cell survival). Values are
expressed as means SD (n = 18; * P<0.05).
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Figure 5.4: Relationship between cell viability and the dose of AdRSV: NDPKA
used in neuronal cultures. Cortical neuronal cultures were treated with
recombinant adenovirus (moi of 25, 50, 75, 100) and subjected to in vitro
ischaemia (40 minutes), whilst control cultures were treated with an empty vector
(taken as 100% cell survival). Values are expressed as means
P<0.05).
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SD (n = 18; *

5.3.3

Effect of mitochondrial protein up-regulation on cell viability following

hydrogen peroxide exposure
Adenoviral-mediated over-expression of NDPKA and Bcl-XL significantly increased
neuronal survival, while over-expression of PHB exacerbated neuronal death
following hydrogen peroxide exposure (Figure 5.5). Over-expression of the other
proteins (viz. GRP78, GRP75, HSP60, CS and VDAC1) had no effect on cell viability.
All doses of AdRSV:NDPK (moi: 25, 50, 75, 100) increased neuronal survival but
only a moi of 25 increased cell survival to statistically significant levels (Figure
5.6).
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Figure 5.5: Cell viability of neuronal cultures treated with adenovirus
[AdRSV:Empty Vector, Bcl-XL, GRP78, GRP75, HSP60, PHB, NDPKA, VDAC1 and CS;
moi of 75] at 24 hours following hydrogen peroxide exposure (3 M) compared to
control cultures treated with an empty vector (taken as 100% cell survival). Values
are expressed as means SD (n = 12; * P<0.05).
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Figure 5.6: Dose response relationship between cell viability and level of
AdRSV:NDPKA transfection in neuronal cultures. Cortical neuronal cultures were
treated with recombinant adenovirus (moi of 25, 50, 75, 100) and exposed to
hydrogen peroxide (3 M), whereas control cultures were treated with an empty
vector (taken as 100% cell survival). Values are expressed as means
P<0.05).
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SD (n = 12; *

5.3.4

Effect of mitochondrial protein up-regulation on cell viability following L-

glutamic acid exposure
Adenoviral-mediated over-expression of NDPKA and Bcl-XL significantly increased
neuronal survival, while over-expression of PHB exacerbated neuronal death
following L-glutamic acid excitotoxicity (Figure 5.7). As one would predict,
treatment of neuronal cultures with L-glutamic acid receptor antagonists
increased the level of protection. . Although most concentrations of AdRSV:NDPKA
(moi: 25, 50, 75)	
  were	
   associated	
  with	
  increased	
  neuronal	
   survival,	
  only	
  moi’s	
   of	
  
25 and 75 increased cell survival to statistically significant levels (Figure 5.8).
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Figure 5.7: Cell viability of neuronal cultures treated with adenovirus
[AdRSV:Empty Vector, Bcl-XL, GRP78, GRP75, HSP60, PHB, NDPKA, VDAC1 and CS;
moi of 75] at 24 hours following L-glutamic acid exposure (6 M) compared to
control cultures treated with an empty vector (taken as 100% cell survival). Values
are expressed as means SD (n = 12; * P<0.05).
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Figure 5.8: Relationship between cell viability and the level of transfection with
AdRSV:NDPKA in neuronal cultures. Cortical neuronal cultures were treated with
recombinant adenovirus (moi of 25, 50, 75, 100) and exposed to L-glutamic acid (6
M), whereas control cultures were treated with an empty vector (taken as 100%
cell survival). Values are expressed as means SD (n = 12; * P<0.05).

101

5.4

Discussion

The current study showed for the first time that adenovirally-mediated NDPKA
over-expression could protect cultured cortical neurons from hydrogen peroxidemediated oxidative stress, L-glutamic acid excitotoxicity and in vitro ischaemia. By
contrast, over-expression of PHB appeared to increase neuronal cell death
following hydrogen peroxide stress and L-glutamic acid excitotoxicity.
No previous study has implicated NDPKA as a neuroprotective protein in any in
vitro or in vivo brain or neuronal injury model.

While the mechanism of

neuroprotection is at present unknown, studies on non-neuronal effects of NDPKA
suggest a number of possible elements to this neuroprotection.
It is possible that NDPKA over-expression might reduce ROS levels and increase
levels of anti-oxidants. A previous study has demonstrated that over-expression of
NDPKA in HeLa cells protects against oxidative stress by reducing intracellular
levels of ROS, activating p53 signalling and increasing levels of the anti-oxidant
glutathione peroxidase-1 (GPX-1) following exposure to hydrogen peroxide (An et
al., 2008b). In line with this, it is reported that GPX-1 is neuroprotective against
ischaemia/reperfusion and oxidative stress-mediated injuries (Crack et al., 2001,
Crack et al., 2003, Crack et al., 2006, Knorpp et al., 2006). However, western blot
analysis in the current study did not indicate any significant up regulation of GPX-1
in neurons transfected with NDPKA adenovirus compared to control viral vector
(data not shown), suggesting that the NDPKA-mediated neuroprotective effect may
not involve the anti-oxidant function of GPX-1.
Another neuroprotective effect of NDPKA might involve a DNA repair mechanism.
NDPKA is known to engage genes involved in the DNA damage response such as,
the human apurinic endonuclease-1 (APEX-1) protein, and which increases
resistance of human lung cancer and murine bone marrow-derived cell lines to
oxidative stress and ionising radiation (Arnaud-Dabernat et al., 2004, Zhang et al.,
2011).
It was also reported that intracellular NDPKA interacts with the oestrogen
receptor alpha within breast tumour cells (Curtis et al., 2007). The significance of
this protein-receptor interaction is yet unknown, however the binding of
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oestrogen receptor alpha by its specific ligand, the 4,4’, 4”-(4-Propyl- [1H]pyrazole-1, 3,5-triyl) tris-phenol (PPT) protects mice neurons against L-glutamic
acid-induced toxicity (Bryant and Dorsa, 2010) raising the possibility that NDPKA
may possess a similar function in regulating neuronal survival.
The transduction of neuronal cultures with different concentrations of NDPKA
expressing adenovirus (moi of 25, 50, 75 and 100) was usually neuroprotective in
all three ischaemia-related	
   injury	
   models.	
   However,	
   higher	
   moi’s	
   did	
   not	
   always
result in significant neuroprotective outcome, especially in the hydrogen peroxide
injury model. This may reflect the variability in neuronal cultures (eg. cell density,
level of maturation, astrocyte population), degree of injury and/or finding the right
balance between over-expressing sufficient NDPKA protein to induce a protective
effect while minimising the impact of a higher adenoviral load. The latter
parameter could be tested by means of adjusting cellular levels of the expressed
protein, for example, by utilising promoters of differing strengths, whilst at the
same time controlling for adenoviral load.
Over-expression of PHB was shown to increase neuronal death in hydrogen
peroxide and L-glutamic acid excitotoxic injury models. This finding is in contrast
with a study reporting that over-expression of PHB reduces neuronal death
following oxygen-glucose deprivation and oxidative stress (Zhou et al., 2012). This
discrepancy may be attributed to the use of different cell preparations and injury
models. The oxygen-glucose deprivation model adopted in the current study uses
primary rat cortical neuronal cultures, whereas mice hippocampal slice cultures
were used by Zhou et al. Similarly, in the current study, oxidative stress was
induced by exposing cell cultures to hydrogen peroxide, whereas Zhou et al.
(2012) used xanthine/xanthine oxidase to precipitate oxidative stress.
While there have been no studies reporting a damaging effect of PHB up-regulation
in neuronal cells, there are reports of it exerting negative effects in non-neuronal
cells. For example, PHB up-regulation is reported to increase the expression of the
pro-apoptotic protein Bax, and to promote caspase-3 and caspase-9 activation in a
gastric cancer cell line resulting in cell cycle arrest and apoptosis (Zhang et al.,
2012). In addition, the over-expression of PHB in a human leukaemia cell line
activates the stress-activated c-Jun N-terminal kinases (JNK) pathway leading to an
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up-regulation of Bax as well as the activation of caspase-3 and poly (ADP-ribose)
polymerase, elements involved in the apoptotic pathway (Liu et al., 2012).
Therefore investigating PHB mediated pro-apoptotic pathways in neurons
following injury may be worth exploring in future studies.
The current study showed no consistent significant effects of up-regulation of the
chaperonin proteins GRP78, GRP75 and HSP60 on neuronal viability following
injury. This contrasts with some published studies. It is reported that the overexpression of GRP78 following treatment with 2-deoxy-D-glucose, a potent inducer
of GRP78 expression, protects cultured hippocampal neurons and adult rats
against excitotoxic injury and oxidative stress (Lee et al., 1999a, Yu et al., 1999).
The fact that we were unable to confirm any effects of GRP78 up-regulation on
neuronal viability may reflect the use of different injury models as Lee et al. (1999)
subjected adult male rats to kainic acid induced excitotoxic injury whereas
neuronal cultures were exposed to 6

M L-glutamic acid for 5 minutes in this

study. Similarly, in the current study, oxidative stress was induced by exposing cell
cultures to hydrogen peroxide whereas Lee et al. (1999) used ferrous sulphate. It
cannot be precluded that some of the differences between our study and that of
Lee et al. (1999) reflect the use of different cell preparations as we used 11-day-old
primary rat cortical neuronal cultures compared to the 7-9-day-old primary rat
hippocampus cultures used by Lee et al (Lee et al., 1999a). Furthermore, plasmid
DNA mediated over-expression of GRP78 in astrocyte cultures were also resistant
to cell death following oxygen-glucose deprivation injury (2 hours) (Ouyang et al.,
2011).
A previous study has demonstrated that over-expression of GRP75 was
neuroprotective against oxygen-glucose deprivation injury (Voloboueva et al.,
2008). Our study was unable to confirm the effects reported by Voloboueva et al.
(2008). The difference may be attributed to the use of different cell preparations
(11-day-old primary rat cortical neuronal cultures versus 21-day-old mouse
astrocyte cultures) and/or the degree of oxygen-glucose deprivation (40 minutes
versus 4.5 hours). Moreover, it was reported that plasmid DNA mediated overexpression of GRP75 in both astrocytes and neurons decreases infarct volume in a
rat model of focal cerebral ischaemia (Xu et al., 2009).
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Similarly, the over-expression of HSP60 (adenovirus) is neuroprotective in a gerbil
model of cerebral ischaemic injury (Hwang et al., 2007). These findings make it
difficult to explain the absence of mitochondrial chaperonin-mediated protection
in the current study. These discrepancies could be attributed to differences in the
cell cultures versus in vivo environments for the injury models used. The degree of
protein up-regulation may also contribute as different techniques may lead to
different degrees of protein up-regulation.
While there have been no studies on the effects of CS up-regulation on neuronal
viability in in vitro ischaemia-related injury models, it is reported that the
preservation of intracellular CS activity is vital for the induction of epigallocatechin
gallate (a potent anti-oxidant) mediated neuroprotection against ischaemic brain
damage (Sutherland et al., 2005). The activation of VDAC1 has been shown to
correlate with the activation of pro-apoptotic signalling mechanisms (eg. p53,
caspase-3 and Bax) in a rat model of brain ischaemia suggesting that VDAC plays a
role in ischaemic-induced apoptosis (Park et al., 2010).
Previous published studies have demonstrated that over-expression of the antiapoptotic protein Bcl-XL helps reduce neuronal death caused by in vitro ischaemia
(oxygen glucose deprivation), oxidative stress and L-glutamic acid excitotoxicity
(Xu et al., 1999a, Xu et al., 1999b, Luetjens et al., 2001, Panickar et al., 2005, Dietz
et al., 2007). This is in agreement with the current study, which showed that Bcl-XL
up-regulation, consistent with its role as an anti-apoptotic protein protected
neurons against hydrogen peroxide stress and L-glutamic acid excitotoxicity.
However, no neuroprotection was observed in neurons over-expressing Bcl-XL
following oxygen-glucose deprivation. It is likely that the differences in the type
and severity of injury, method of neuronal culture and level of Bcl-XL overexpression are responsible for these discrepancies.
In summary, this study provides evidence for a neuroprotective function for
NDPKA in L-glutamic acid excitotoxicity, in vitro ischaemia and hydrogen peroxide
oxidative stress. In contrast, over-expression of PHB exacerbates neuronal death in
the hydrogen peroxide oxidative stress and L-glutamic acid excitotoxicity model.
Taken together, the data suggests that NDPKA is a potential therapeutic target for
the development of a treatment to prevent neuronal death in ischaemia, and
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possibly other neurodegenerative diseases. It is on this basis that Chapter 6 of this
thesis focuses on generating a recombinant NDPKA protein in order to assess its
effects using in vitro ischaemia-like injury models.
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Chapter 6
The effects of exogenous recombinant nucleoside diphosphate
kinase A (NDPKA) protein in cortical neuronal cultures and
outcomes in ischaemia-like injury models
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6.1

Introduction

One of the better characterised roles of NDPKA is its metastasis suppressing
function (Steeg et al., 1988), a process which is dependent on its intracellular
kinase activity. However, it has been proposed that NDPKA may possess other
functions besides intracellular signalling. There is evidence that NDPKA is secreted
and that extracellular NDPKA enhances the secretion of granulocyte-macrophage
colony-stimulating factor and interleukin-1 beta, which promote the growth of
leukaemia cells (Okabe-Kado et al., 2009b). Thus, given the extracellular actions
and the pro-survival functions of NDPKA in neurons, the next logical step was to
investigate if exogenous NDPKA is neuroprotective in neuronal cultures.
Therefore, this chapter aimed to determine whether NDPKA protein added
exogenously to neuronal cultures is neuroprotective in in vitro ischaemia, Lglutamic acid excitotoxicity, hydrogen peroxide and glucose deprivation injury
models. In order to undertake this study, it was first necessary to generate
recombinant NDPKA protein. For this reason, this chapter outlines the
experimental procedures used to generate and purify recombinant NDPKA protein
and the systemic investigation of the neuroprotective potential of extracellular
NDPKA protein in neuronal cultures subjected to in vitro ischaemia-like injury
insults.
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6.2 Material and Methods
6.2.1 Recombinant NDPKA protein production and purification
To produce recombinant protein, PCR amplified NDPKA cDNA was inserted into
the pET-28 protein bacterial expression vector that contains a promoter (T7), HIStag, a repressor gene (lac) and a transcription blocker (Studier and Moffatt, 1986).
The pET-28 bacterial expression system is commonly used for recombinant
protein production because of its ability to generate relatively large amounts of
protein (Mierendorf et al., 1998).
Following transformation of chemically competent KRX E. coli cells with the pET
expression vector, several colonies were inoculated into 2 ml microfuge tubes
containing 1.8 ml 2x YT media containing kanamycin (50 g/ml), and fitted with
Eppendorf LidBac membrane filters (PTFE). These were incubated overnight at
37 C with shaking at 1,400 rpm. Four ml of the overnight cultures was used to
inoculate 400 ml of a media containing terrific broth (Table 6.1) supplemented
with 50 g/ml kanamycin in a 2 L conical flask. This was incubated at 37 C with
shaking at 275 rpm until the cell growth achieved an optical density (OD600) of 0.81.0. The flask was then incubated at room temperature with shaking at 275 rpm
until an OD600 of 1.2-1.5 was obtained. At this point, protein expression was
induced by the addition of 4 ml 0.1 M isopropyl- -D-1-thiogalactopyranoside
(IPTG, Promega) and 2 ml 20% (w/v) rhamnose (Sigma). After overnight
incubation at room temperature with shaking at 275 rpm, the culture was
transferred to a 250 ml centrifuge tube and centrifuged at 10,000 g for 10 minutes
at 4 C. The supernatant was discarded and the pellet stored at -20 C until use. To
lyse cells, the pellet was thawed, resuspended in 25 ml cold lysis buffer (Table 6.1)
containing EDTA-free protease inhibitor (Sigma) and DNase (10

l/ml of 2

units/ml) and subjected to three passages of homogenisation using a French press.
The lysate was centrifuged at 10,000 rpm for 15 minutes at 4 C in readiness for
nickel-nitrilotriacetic acid (NTA) affinity chromatography.
Purification of recombinant NDPK protein was carried out using a HIS-tag nickelnitrilotriacetic acid (NTA) agarose flow cartridge (Qiagen). A 25 ml syringe was
attached	
   to	
   the	
   cartridge	
   inlet	
   and	
   the	
   cartridge’s	
   outlet	
   was	
   connected	
   to	
   a	
  
vacuum aspirator. The column was first equilibrated with 10 ml lysis buffer before
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25 ml of the lysate was applied to the column at a flow rate of 1 ml/minute. The
flow-through was collected into a separate flask. Using a fresh syringe and the
same flow rate (1 ml/min), the cartridge was washed with 15 ml wash buffer
(Table 6.1) containing 1% (v/v) Triton X-114 (Sigma) as an aid to remove
endotoxin. The protein was then eluted by passing 10 ml elution buffer (Table 6.1)
through the cartridge and collecting the effluent in 1 ml aliquots in 1.5ml
microfuge tubes. To recover additional protein, the process was repeated using the
lysate from the first flow-through. Before 1 ml aliquots were pooled, they were
checked for purity and yield using SDS-PAGE. Only those fractions showing a
distinct single protein band on SDS-PAGE were pooled.
Once aliquots were pooled, a Slide-A-Lyzer dialysis cassette (Thermo Fischer
Scientific) was used to remove low molecular weight contaminants and allow
equilibration with PBS (Table 6.1). The protein sample was dialysed against 2 L
PBS with three exchanges over a period of 18 hours. After the dialysis step, the
protein solution was removed from the cassette and filtered through a 0.2

m

Mustang E-membrane filter (endotoxin-binding filter; Pall corporation) to allow
sterilisation of the protein solution and removal of any residual endotoxin
contaminants.
6.2.2 Protein quantification (Bradford Assay)
The Bradford assay was used to determine protein concentration. Duplicate bovine
serum albumin (BSA) standards diluted in PBS to 0.1, 0.05, 0.025, 0.0125, and
0.00625 µg/µl were used as protein standards. Five ml of protein samples was
diluted in 155	
   μl	
   of	
   Baxter	
   water.	
   Forty	
   ml	
  of Bradford protein assay reagent (BioRad Laboratories) was added to the BSA standards and protein samples.
Absorbance of the product was measured at 595 nm using a microtitre plate
reader (ASYS, UVM 340, Hi-tech GmbH). The concentration of proteins was
determined using a standard curve produced using the BSA standards adjusted for
dilution.
The purified NDPKA protein was then aliquoted into smaller sample volumes (600
µl) and stored at -80°C until future use.
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6.2.3

SDS-PAGE gel electrophoresis

The quality and purity of recombinant proteins were analysed using sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE using a pre-cast
gel (4-12% (w/v) NuPAGE Bis-Tris gel, Invitrogen life sciences). The Novex® prestained protein ladder (Invitrogen) was used as a protein standard to determine
the molecular weight of the recombinant protein. A master mix containing 1 µl 10X
sample reducing agent (Invitrogen), 2.5 µl 4x LDS sample buffer (Invitrogen) and
1.5 µl Baxter water was prepared for each sample. Five ml of protein samples were
added to each aliquot of master mix and heated at 70°C for 10 minutes. 3-(Nmorpholino) propanesulphonic acid (MOPS) running buffer (Invitrogen) (Table
6.1) was used as the outer chamber buffer (anode) and 500 µl of Nupage
antioxidant (Invitrogen) was added to 200 ml MOPS buffer for the inner chamber
buffer (cathode) to prevent oxidisation of proteins. Four ml of the pre-stained
ladder and 10 l of the protein mixtures were loaded onto the NuPAGE SDS gel and
subjected to electrophoresis for 50 minutes at a constant voltage of 200 V. The gel
was stained with Coomassie blue for 1 hour and then de-stained for a further hour
at room temperature.
6.2.4 Measurement of endotoxin
Limulus amebocyte lysate (LAL, Pyrotell-T, Cape Cod Inc., USA) assay was used to
detect and quantify endotoxin levels (lipopolysaccharide, LPS) present in protein
samples. Endotoxin standards were prepared at the following concentrations: 4, 3,
2, 1, 0.5 and 0.25 endotoxin units (EU)/ml using commercial endotoxin (purchased
from Cape Cod Inc.). A negative control consisted of pyrogen-free water (Baxter
water). 350 ml Pyrotell T was added to cuvettes containing 350 µl of endotoxin
standard, control or protein samples at a ratio of 1:1. The reaction was mixed for 5
to 30 seconds. The time taken for the specimen to reach an OD of 0.02 at 600 nm
was recorded. A standard curve was constructed by plotting a regression line of
the log onset time to reach OD 0.2 against the log of endotoxin concentration as
derived from the standards. The concentration of endotoxin in each sample was
calculated from the standard curve using the equation:

Y = aX + b

where Y = log onset time, X = log endotoxin concentration, a = slope of the line of
best fit, b = y-intercept. On this basis, endotoxin concentration, X is equal to 10-[(log
time-b)/a].
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Table 6.1

Buffers and solutions used in protein purification

Solutions
Elution buffer

Composition
20 mM Tris-HCl, 300 mM NaCl, 250 mM imidazole, made
up in Baxter water, pH adjusted to 8 and filter sterilised
(0.2	
  μM).

Lysis buffer

20 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, 1%
(v/vM) NP-40, made up in Baxter water, pH adjusted to 8
and filter sterilised (0.2	
  μM).

Wash buffer

20 mM Tris-HCl, 300 mM NaCl, 30 mM imidazole, 0.1%
(v/v) Triton-X114, made up in Baxter water, pH adjusted to
8	
  and	
  filter	
  sterilised	
  (0.2	
  μM).

Phosphate buffered 14.4 g disodium hydrogen orthophosphate anhydrous, 80 g
saline (PBS), 10X
sodium chloride, 2 g potassium chloride and 2.4 g
potassium dihydrogen phosphate dissolved in ultrapure
water to 1 L, pH adjusted to 7.5 and filter sterilised (0.2
m).
Terrific broth

12 g Bacto-tryptone, 24 g Bacto yeast extract, 4 ml glycerol
topped up to 900 ml with Baxter water and sterilised by
autoclaving. 100 ml of sterile solution containing 0.17 M
KH2PO4 and 0.72 M K2HPO4 was then added to the sterile
900 ml solution.

3-(N-morpholino)
propanesulphonic
acid (MOPS) buffer

10 mM MgSO4, 2.5 M NaCl, 0.5 M MOPS, made up in Baxter
water, pH adjusted to 7.5 and filter sterilised.

6.2.5 Treatment of neuronal cultures with recombinant protein
On day in vitro 10, media from cortical neuronal cultures was removed and
replaced with Neurobasal/2% (v/v) B27 media containing purified recombinant
NDPKA protein at different concentrations (100, 500 and 1000 nM). Cultures were
incubated at 37 C for 24 hours before being subjected to in vitro injury (viz.
oxygen glucose deprivation, glucose deprivation, L-glutamic acid excitotoxicity and
112

hydrogen peroxide) with or without incubation with NDPKA-containing medium
during the injury phase. In the case of the L-glutamic acid excitotoxicity and
hydrogen peroxide injury models, the NDPKA-containing medium used for
neuronal culture during the injury period was replaced by NDPKA-free medium
post-injury. By contrast, in the case of the oxygen glucose deprivation and glucose
deprivation injury models, the NDPKA-containing medium used during the injury
phase was diluted 50% with fresh NDPKA-free medium post-injury. Qualitative
and quantitative measurement of cell viability of neuronal cultures was performed
as described in Chapter 2. For all models, three independent experiments were
performed; each in quadruplicate or sextuplicate and data obtained was pooled for
statistical and graphical analysis.
6.2.6 Glucose deprivation model
In addition to the in vitro ischaemia, L-glutamic acid excitotoxicity and hydrogen
peroxide injury models (Chapter 4), a glucose deprivation/nutrient deprivation
model was also used in the current study. This model involved removing media
from wells (plastic 96 well microtitre plate) containing neuronal cultures and
washing these with 315 l glucose-free balanced salt solution (see Chapter 4 for
details) before resupplying wells with 60 l glucose-free BSS. Plates were then
placed in an incubator (5% CO2/95% air) at 37°C for 4.5 hours. Following
incubation, an equal volume of Neurobasal media containing 2% (v/v) N2
supplement (Invitrogen) was added to the wells and cultures incubated for a
further 24 hours. Using 2% N2 rather than the normal 1% ensured that the final
concentrations of glucose and other nutrients were at levels normally used for
neuronal culture. Control cultures were subjected to the same procedure, except
for exposure to glucose deprivation. Neuronal viability was assessed at 24 hours
after glucose deprivation (see Sections 2.4 and 2.5 in Chapter 2). In this model,
NDPKA treatment was assessed during pre-incubation, pre-incubation and during
injury, and only during glucose deprivation.
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6.3

Results

6.3.1 Production and purification of NDPKA recombinant protein
Coomassie blue stained SDS-PAGE gels confirmed the presence of highly purified
recombinant	
   NDPKA	
   protein	
   with	
   a	
   size	
   of	
   ≈18kda,	
   which	
   is	
   in	
   good	
   agreement	
  
with its expected molecular weight of 19.5 kDa (Figure 6.1). Note: recombinant
NDPKA protein also contains a HIS tag (MW = 2.33 kDa ). Two slightly larger
protein bands with approximate molecular weights of 20 kDa and 25 kDa were
also consistently observed. These larger bands could represent NDPKA proteins
generated due to translational read-through of the normal mRNA stop codon
during protein expression, resulting in the translation of proteins of a larger
molecular weight. Indeed, analysis of the protein expression vector sequence
identified two stop codons downstream of the normal mRNA stop codon, whose
locations if translated into proteins matched the size of the two larger protein
bands observed. There were also several high and low molecular proteins
observed in some preparations, but these were in relatively low concentrations
compared with the prominent 18 kDa protein.
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Figure 6.1: A typical SDS-PAGE gel stained with Coomasie blue showing the
presence	
   of	
   highly	
   purified	
   recombinant	
   NDPKA	
   protein	
   (≈18	
   kDA)	
   as	
   confirmed	
  
by comparison with molecular weight standards (protein ladder).
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6.3.2

Effect of recombinant NDPKA protein on cell viability following in vitro

ischaemia
A 24 hour pre-incubation of neuronal cultures with recombinant NDPKA protein
followed by exposure to NDPKA-containing medium during in vitro ischaemia
resulted in significantly increased neuronal survival for all three protein
concentrations tested (Figure 6.2). From a mechanistic perspective, it is interesting
that no neuroprotective effect was observed when cultures were only exposed to
NDPKA protein either during the 24 hour pre-incubation period or only during the
period of injury (Figures 6.3 and 6.4). Shortening the pre-incubation period of
NDPKA exposure to 6 hours compared to 24 hours with or without subsequent
exposure of cultures to NDPKA during the injury phase was not associated with
any neuroprotective effect (Figures 6.5 and 6.6).
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Figure 6.2: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations during both 24 hours pre-incubation and in vitro
ischaemia (50 min) compared to control cultures treated with media without
NDPKA protein (taken as 100% cell survival). Values are expressed as means
(n = 18; * P<0.05).
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SD

Figure 6.3: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) only during in vitro
ischaemia (50 min) compared to control cultures treated with media without
NDPKA protein (taken as 100% cell survival). Values are expressed as means ± SD
(n = 18). There were no statistically significant differences between treatments
(P>0.05).
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Figure 6.4: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) only during the 24 hours
pre-incubation period and not during in vitro ischaemia (50 min) compared to
control cultures treated with pre-incubation media without NDPKA protein (taken
as 100% cell survival). Values are expressed as means ± SD (n = 18). There were
no statistically significant differences between treatments (P>0.05).
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Figure 6.5: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations during both 6 hours pre-incubation and in vitro ischaemia
(50 min) compared to control cultures treated with media without NDPKA protein
(taken as 100% cell survival). Values are expressed as means ± SD (n = 18). There
were no statistically significant differences between treatments (P>0.05).
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Figure 6.6: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) only during the 6 hours
pre-incubation period and not during in vitro ischaemia (50 min) compared to
control cultures treated with pre-incubation media without NDPKA protein (taken
as 100% cell survival). Values are expressed as means ± SD (n = 18). There were
no statistically significant differences between treatments (P>0.05).

121

6.3.3

Effect of recombinant NDPKA protein on cell viability following hydrogen

peroxide exposure
Treatment of neuronal cultures with recombinant NDPKA protein both during 24
hours pre-incubation and during hydrogen peroxide exposure did not consistently
result in any neuroprotection (Figure 6.7). Similarly, no protective effects were
observed when cultures were only pre-incubated with NDPKA protein 24 hours
prior to injury (Figure 6.8).

Figure 6.7: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) both during 24 hours preincubation and hydrogen peroxide exposure (3.5 M) compared to control cultures
treated with media without NDPKA protein (taken as 100% cell survival). Values
are expressed as means ± SD (n = 12). There were no statistically significant
differences between treatments (P>0.05).
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Figure 6.8: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) for during the 24 hours
pre-incubation period and not during hydrogen peroxide exposure (3.5

M)

compared to control cultures treated with media without NDPKA protein (taken as
100% cell survival). Values are expressed as means ± SD (n = 12). There were no
statistically significant differences between treatments (P>0.05).
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6.3.4

Effect of recombinant NDPKA protein on cell viability following L-glutamic

acid exposure
Treatment of neuronal cultures with recombinant NDPKA protein both during 24
hour pre-incubation and L-glutamic acid exposure resulted a significant increase in
neuronal survival at all three concentrations tested (Figure 6.9). Treatment of
neuronal cultures with NDPKA protein only during the 24 hours pre-incubation
period but not during L-glutamic acid exposure only did not exert any protective
effect (Figure 6.10). Shortening the pre-incubation period of NDPKA exposure to 6
hours compared to 24 hours with or without subsequent exposure of cultures to
NDPKA during the injury phase was not associated with any neuroprotective effect
(Figures 6.11 and 6.12). In all experiments involving L-glutamic acid exposure,
treatment with L-glutamic acid antagonist [MK801 (5 M) and 6-cyano-7nitroquinoxaline (5 M; CNQX)] consistently negated the effects of L-glutamic acid
on cell survival.
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Figure 6.9: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) both during 24 hours preincubation and L-glutamic acid exposure (12.5 M) compared to control cultures
treated with media without NDPKA protein (taken as 100% cell survival). Values
are expressed as means SD (n = 12; * P<0.05).
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Figure 6.10: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) only during 24 hours preincubation and not during L-glutamic acid exposure (12.5 M) compared to control
cultures treated with media without NDPKA protein (taken as 100% cell survival).
Values are expressed as means SD (n = 12; * P<0.05).
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Figure 6.11: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) both during 6 hours preincubation and L-glutamic acid exposure (12.5 M) compared to control cultures
treated with media without NDPKA protein (taken as 100% cell survival). Values
are expressed as means SD (n = 12; * P<0.05).
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Figure 6.12: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) during a period of 6
hours pre-incubation and not during L-glutamic acid exposure (12.5

M)

compared to control cultures treated with media without NDPKA protein (taken as
100% cell survival). Values are expressed as means SD (n = 12; *P<0.05).
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6.3.5

Effect of recombinant NDPKA protein on cell viability following glucose

deprivation injury
Treatment of neuronal cultures with recombinant NDPKA protein both during the
24 hour pre-incubation and during the phase of glucose deprivation injury had no
effect on cell viability (Figure 6.13). Similarly, no neuroprotective effect was
observed when cultures were only exposed to NDPKA protein either during the
24-hour pre-incubation period or only during the period of injury (Figures 6.14
and 6.15).
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Figure 6.13: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) both during 24 hours preincubation and glucose deprivation (4.5 hours) compared to control cultures
treated with media without NDPKA protein (taken as 100% cell survival). Values
are expressed as means ± SD (n = 12). There were no statistically significant
differences between treatments (P>0.05).
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Figure 6.14: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) during a period of 24
hours pre-incubation and not during glucose deprivation (4.5 hours) compared to
control cultures treated with media without NDPKA protein (taken as 100% cell
survival). Values are expressed as means ± SD (n = 12). There were no statistically
significant differences between treatments (P>0.05).
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Figure 6.15: Cell viability of neuronal cultures treated with NDPKA protein at
different concentrations (100 nM, 500 nM and 1000 nM) only during the phase of
glucose deprivation (4.5 hours) compared to control cultures treated with media
without NDPKA protein (taken as 100% cell survival). Values are expressed as
means ± SD (n = 12). There were no statistically significant differences between
treatments (P>0.05).
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6.4

Discussion

This study has demonstrated for the first time that exposure of neuronal cultures
to recombinant NDPKA protein is neuroprotective following in vitro ischaemia
(oxygen-glucose deprivation) and L-glutamic acid excitotoxicity. By contrast,
NDPKA protein did not have a neuroprotective effect in neuronal cultures exposed
to hydrogen peroxide and glucose deprivation. A summary of the neuroprotective
effects of NDPKA protein down-/up-regulation and exposure to recombinant
protein on neuronal cultures is provided in Table 6.2.
Table 6.2: Summary diagram of the effects (yes or no) of neuronal cultures to
NDPKA down-/up-regulation and exposure to recombinant NDPKA protein.
Injury model

NDPKA downregulation

NDPKA upregulation

Exposure to
recombinant
NDPKA

No

Yes

Yes

Hydrogen peroxide

No

Yes

No

L-glutamic acid

No

Yes

Yes

N/A1

N/A1

No

Oxygen-glucose
deprivation

excitotoxicity
Glucose deprivation
1

Experiments were not performed.

To date, no study has investigated the neuroprotective effects of NDPKA protein on
neuronal survival following ischaemia-like injuries, however it has been reported
that extracellular NDPKA protein stimulates neurite outgrowth in both chick and
rat dorsal root ganglion neurons (Wright et al., 2010). The exact mechanism
involved in this neurotrophic effect has not been elucidated, but it appears to be
independent	
  of	
  NDPKA’s	
  nucleoside	
  diphosphate	
  (NDP)	
  kinase	
  activity	
  (Wright et
al., 2010). Therefore, an avenue for future research is to investigate if the
neuroprotective effect of extracellular NDPKA is dependent on its kinase activity.
Mutant NDPKA protein defective in its kinase activity can be generated through
site directed mutagenesis; in order to investigate whether neuronal cultures were
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protected against ischaemia-related insults following exposure to the mutant
protein.
Studies have also examined the effects of extracellular NDPKA on non-neuronal
cells. Treatment with recombinant NDPKA protein promotes the growth and
survival of acute myeloid leukaemia cells, again via a kinase independent
mechanism (Okabe-Kado et al., 2009a). NDPKA exposure of the leukaemia cells,
however, led to the stimulation of cytokine secretion, including the secretion of
tumour necrosis factor alpha, interleukin-1 beta, interleukin-6, interleukin-8 and
granulocyte macrophage colony-stimulating factor (Okabe-Kado et al., 2009a).
Cytokines such as interleukin-1 beta and granulocyte macrophage colonystimulating factor are known growth factors for myeloid leukaemia cells. In
addition, extracellular NDPKA protein activates mitogen-activated protein kinase
(MAPK) pathways in myeloid leukaemia cells, which involves the signalling
molecules extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinases
(JNK) and the p38 (Okabe-Kado et al., 2009a).
A potential mechanism whereby NDPKA can stimulate MAP kinase signalling has
been identified. A cleaved form of the type 1 membrane glycoprotein of the mucin
family (MUC1) membrane receptor, referred to as MUC1*, that is expressed on the
surface of embryonic stem cells (Hikita et al., 2008) and various tumour cell lines
(Mahanta et al., 2008) has the ability to bind NDPKA. Binding of NDPKA to MUC1*
results in the dimerisation of MUC1*, leading to the activation of the MAP kinase
pathways (Mahanta et al., 2008). To date, the expression of MUC1* in neurons
have not been investigated and whether the MUC1* receptor mediated MAP kinase
pathway is active in neurons is at present unknown.
It is also reported that NDPKA is involved in the negative regulation of
transforming growth factor beta (TGF- ) signalling where NDPKA interacts with
the serine/threonine kinase receptor associated protein, a TGFinteracting protein that inhibits TGF-

receptor

signalling and together, mediate a

suppressive effect on TGF- induced apoptosis in HeLa cells (Seong et al., 2007).
Ideally, further experiments are required to explore whether exposure of neuronal
cultures to extracellular NDPKA has an effect on TGF- signalling.
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Insights into the mechanism whereby NDPKA exerts neuroprotection are provided
by an analysis of the results of the injury models in which neuroprotection is
observed. Briefly, neuroprotective effects were only seen in cultures exposed to
oxygen deprivation and L-glutamic acid excitotoxicity. The fact that no
neuroprotective effects of NDPKA were evident on hydrogen peroxide exposure or
glucose deprivation suggests that NDPKA does not achieve its neuroprotective
effect by simply modulating oxidative stress or influencing the supply of cellular
substrates.

Similarly, insights into the mechanism whereby NDPKA exerts

neuroprotection are provided by an analysis of the timing of the neuroprotective
effect, specifically whether it requires exposure during the pre-incubation period
and/or during the period of injury. Table 6.3 provides a summary of the findings
on this issue. Basically, neuroprotection was only observed in both the oxygenglucose deprivation and L-glutamic acid excitotoxicity models if cultures were
exposed to NDPKA both during pre-incubation and during the injury phase. Even
reducing the period of pre-incubation to 6 hours (compared to 24 hours) in both
the oxygen-glucose deprivation and L-glutamic acid excitotoxicity model is
sufficient to prevent NDPKA exerting a neuroprotective effect. This suggests that
cells need to be exposed to NDPKA prior to and during the injury for any
neuroprotective effect to be exerted. What this means in mechanistic terms is
unclear.

135

Table 6.3: Summary diagram of the effects (yes or no) of exposure of neuronal
cultures to NDPKA during pre-incubation and/or during the injury phase.
Injury model

NDPKA exposure
only during preincubation

NDPKA exposure
during both preincubation and
injury phase

NDPKA exposure
only during the
injury phase

No2

Yes1

No

Hydrogen peroxide

No

No

N/A3

L-glutamic acid

No2

Yes1

N/A3

No

No

No

Oxygen-glucose
deprivation

excitotoxicity
Glucose deprivation
1But not
2Both

if pre-incubation is limited to 6 hours.

with 6 hours or 24 hours pre-incubation.

3Experiments

were not performed due to the short exposure time during injury phase.

The challenging question is what the above findings mean in the context of the
known biological actions of NDPKA. Broadly speaking, NDPKA might act via upregulating MAP kinase pathways, inhibiting TGF- signalling, stimulating cytokine
release and/or promoting anti-oxidant production. The fact that NDPKA had no
neuroprotective effect in hydrogen peroxide stress suggests that NDPKA-mediated
anti-oxidant production has a lesser role. A potential mechanism whereby NDPKA
exerts neuroprotection in both the oxygen-glucose deprivation and L-glutamic acid
excitotoxicity is via the secretion of pro-survival cytokines such as granulocyte
macrophage colony-stimulating factor, where it has been reported to exert a
neuroprotective effect in in vitro models of L-glutamic acid excitotoxicity and rat
models of cerebral ischaemia (Nakagawa et al., 2006, Yata et al., 2007, Kong et al.,
2009). However, neurons are not known for their capacity to secrete granulocyte
macrophage colony-stimulating factor, therefore other as yet to be identified
secretable factors may be involved. In spite of this, it is reported that granulocyte
macrophage colony-stimulating factor is secreted by cultured astrocytes (Kalish
and Phillips, 2009). To this end, neuronal cultures used in the current study
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contained 1-2% of astrocytes, and may play a role in the neuroprotective effects
exerted by extracellular NDPKA.
In addition, the up-regulation of MAP kinase pathways (ERK and p38 signalling)
could also contribute to NDPKA mediated neuroprotection where it was reported
that activation of these pathways might be involved in neuroprotection following
in vitro models of L-glutamic acid excitotoxicity and both in vitro and in vivo
models of cerebral ischaemia (Huang et al., 2010, Karmarkar et al., 2011, Wang et
al., 2011, Jiang et al., 2012). Hence, a further avenue of study would be to examine
MAPK signalling levels in neuronal cultures following exposure to NDPKA proteins
in this study.
In conclusion, this study has demonstrated that the application of exogenous
NDPKA protein to neuronal cultures is neuroprotective following in vitro
ischaemia and L-glutamic acid excitotoxicity. The exact mechanisms involved in
this protective phenomenon remain unclear, however a number of potential
pathways such as the activation of MAP kinase pathway, inhibition of TGFsignalling and secretion of pro-survival cytokines are possibilities. Indeed, the MAP
kinase pathway and pro-survival cytokines such as granulocyte macrophage
colony-stimulating factor have been implicated as playing a crucial role in
regulating cellular survival or death following cerebral ischaemia (Nakagawa et al.,
2006, Sawe et al., 2008, Kong et al., 2009). Thus, the elucidation of these
mechanisms will help target the use of recombinant NDPKA either directly or
indirectly for therapeutic application.
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Chapter 7
General discussion and significance of this study
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At present, there are no treatments that are proven to be neuroprotective and are
able to minimise brain damage in stroke patients. Hence, finding new treatments
that reduce acute ischaemic brain injury and improve stroke recovery has the
potential to improve the quality of life and lessen social and economic impacts on
the community. One approach to develop new therapeutic agents is to focus on
proteins that are up- or down-regulated	
   by	
   ‘preconditioning’,	
   a	
   natural	
   response	
  
utilised by the brain to counter damaging insults, such as ischaemia. In a previous
study, our laboratory identified seven mitochondria-related proteins that were
either up- or down-regulated in primary cortical neuronal cultures following four
different preconditioning inducers; heat stress (42.5 C, 1 hour), exposure to
erythropoietin (12 hours), cycloheximide (protein synthesis inhibitor, 24 hours) or
MK801 (L-glutamic acid blocker, 30 minutes) (Meloni et al., 2005, Meloni et al.,
2006). These proteins included citrate synthase (CS), prohibitin (PHB), voltagedependent anion channel 1 (VDAC1), heat shock protein 60 (HSP60), glucoseregulated protein 78 (GRP78), glucose-regulated protein 75 (GRP75) and
nucleoside diphosphate kinase A (NDPKA). It is known that mitochondria play a
crucial role in neuroprotective signalling processes after preconditioning due to
their critical role in regulating cell survival and cell death (Beal, 2005, Nunnari and
Suomalainen, 2012). Taken together, these findings provided a rational approach
to focus on these mitochondrial proteins as potential targets for neuroprotective
drug discovery.
The overall aim of this thesis was to characterise the consequences of the up- or
down-regulation of several mitochondrial proteins in neurons following in vitro
ischaemia-like insults. The hypothesis was that specific up- or down-regulation of
mitochondrial proteins may have either a neuroprotective or damaging effect on
neurons challenged by ischaemia-related insults (viz. in vitro ischaemia/oxygenglucose deprivation, L-glutamic acid excitotoxicity and hydrogen peroxide
oxidative stress). In addressing this aim, use was made of the RNA interference
[RNAi] technique as described in Chapter 3. Following confirmation of the
suitability of this technique to neuronal cultures, the methodology was applied
(Chapter 4) to down-regulate specific mitochondrial protein prior to ischaemialike insults. Similarly, the neuroprotective/damaging effects of adenovirusmediated mitochondrial protein up-regulation following ischaemia-like insults
were also examined (Chapter 5). In Chapter 6, the neuroprotective activity of one
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specific candidate protein, NDPKA was further characterised using exogenous
recombinant protein (Chapter 6.) The overall significance of the current study in
relation to cerebral ischaemia is outlined below.
The first challenge was the establishment of the RNAi technique as a means of
down-regulating target proteins in neuronal cultures. For RNAi down-regulation
Dharmacon AccellTM siRNA constructs were trialled. In trial experiments it was
confirmed that an Accell green fluorescent protein (GFP) RNAi construct (siRNA:
GFP) was capable of down-regulating the adenoviral-mediated GFP expression in
primary rat cortical neuronal cultures. Importantly, the Accell GFP RNAi construct
was used without the application of lipid-based transfection reagents or
electroporation, thus avoiding any potential toxicity linked to these delivery
methods. To this end, when assessed even at the highest recommended dose (1000
nM), the GFP RNAi construct and the non-targeting construct (siRNA:NT) were
confirmed not to cause any significant neuronal toxicity as assessed by light
microscopy, LDH release and the MTS viability assay. Based on these findings, it
was concluded that the RNAi protocol using Accell RNAi constructs is an effective
and simple technique to down-regulate specific proteins in the rat cortical
neuronal culture system. This was an important starting point for this thesis, as the
intracellular delivery of nucleic acid constructs to cultured primary neuron is
considered extremely inefficient and invariably associated with some degree of
toxicity.
In terms of the down-regulation of specific mitochondria proteins, one important
finding was that down-regulation of the control anti-apoptotic protein Bcl-XL (Bcell lymphoma extra large) exacerbated neuronal death in hydrogen peroxide
injury, but not in injuries linked to oxygen-glucose deprivation or L-glutamic acid
excitotoxicity. This strongly – and perhaps predictably – suggests that apoptotic
mechanisms may play a greater role in oxidative stress induced neuronal death
compared to other forms of injury.
Surprisingly, down-regulation of none of the other mitochondrial proteins induced
any significant degree of neuroprotection or increased neuronal death. This is in
contrast to previous studies reporting that down-regulation of other specific
mitochondrial proteins (GRP78 and PHB) exert damaging effects on neuronal cells
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following oxidative stress and L-glutamic acid excitotoxicity (Yu et al., 1999, Zhou
et al., 2012). It is also reported that treatment of rat brain slices with anti-VDAC1
antibody reduces neuronal death following oxygen-glucose deprivation and Lglutamic acid excitotoxicity (Perez Velazquez et al., 2003). These contrasting
results could be associated with differences in the cell cultures and injury models
used.
While it is somewhat surprising that protein down-regulation exerts such limited
effects on neuronal cultures, this may reflect the fact that the effects of downregulation are more subtle affecting cell metabolism and protein synthesis, but
having no impact on cell viability following damaging insults. For this reason, it
was important to investigate the effects of up-regulation of specific proteins. To
this end, up-regulation studies provided evidence for the first time that overexpression of NDPKA is neuroprotective in oxygen-glucose deprivation, hydrogen
peroxide stress and L-glutamic acid excitotoxicity model. By contrast, overexpression of PHB appears to increase neuronal cell death following hydrogen
peroxide and L-glutamic acid excitotoxic injury. Other protein examined did not
have any significant effect of neuronal outcome in the three injury models.
The NDPKA protein is expressed mainly in the brain, testis and liver (Lacombe et
al., 2000). While there have been limited studies on the role of NDPKA in neurons
and the brain, the protein has been studied extensively in the field of oncology. One
of	
   NDPKA’s	
   best	
   characterised	
   roles	
   is	
   its metastasis suppressing function in
cancer (Steeg et al., 1988), a function shown to be dependent on its kinase activity
(see Chapter 1 for additional information). In addition, depending on cell type,
NDPKA can either have positive or negative effect on differentiation. For example,
over-expression of NDPKA in a breast cancer cell line induces growth arrest and
formation of glandular structures (Howlett et al., 1994), while in rat
pheochromocytoma cell lines (PC12D) it induces neural cell differentiation. In
contrast, a reduced level of NDPKA is reported in hematopoietic progenitors and
leukaemia cell lines during differentiation (Yamashiro et al., 1994, Willems et al.,
1998). Furthermore, it has been suggested that the over-expression of NDPKA
increases the susceptibility of transgenic Drosophila against energy deprivation
induced-death (Onyenwoke et al., 2012).
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Studies on the effects of NDPKA in non-neuronal cells may provide an insight into
possible mechanisms whereby NDPKA exerts neuroprotection. It has been
reported that over-expression of NDPKA in HeLa cells protects against hydrogen
peroxide oxidative stress by reducing ROS levels, increasing levels of the antioxidant glutathione peroxidase-1 (GPX-1) and activating the p53 signalling
pathway (An et al., 2008b). Of particular relevance to stroke, it has been
demonstrated that GPX-1 plays a vital role in neuroprotection in cerebral
ischaemia and oxidative stress-related injuries (Crack et al., 2001, Crack et al.,
2003, Crack et al., 2006). A further study has reported that NDPKA protects human
lung cancer and murine bone-marrow cell lines against oxidative stress and
ionising radiation by activating the human apurinic endonuclease-1 protein
(APE1), which is involved in the cellular DNA damage response (Arnaud-Dabernat
et al., 2004, Zhang et al., 2011). Taken together, these findings suggest that the
neuroprotective effect of NDKPA could be linked to increases in cellular antioxidant levels and the activation of pathways that mitigate against DNA damage.
The current study showed that over-expression of PHB increased neuronal death
in hydrogen peroxide and L-glutamic acid excitotoxic injury but not in oxygenglucose deprivation. This is in contrast with a study reporting that over-expression
of PHB reduces neuronal death following oxygen-glucose deprivation and
xanthine/xanthine oxidase-mediated oxidative stress (Zhou et al., 2012).
Furthermore, another study has demonstrated that the neuron-specific
inactivation of PHB2 in mouse forebrain causes extensive neurodegeneration and
is associated with cognitive deficiencies and behaviour impairments in mice
(Merkwirth et al., 2012). However, insights into the mechanism whereby PHB may
exert a damaging response in neuronal cultures are provided by studies on the
protein’s	
   effects	
   on	
   non-neuronal cells. These showed that PHB up-regulation
increases the expression of the pro-apoptotic protein Bax, activates the stressactivated c-Jun N-terminal kinases (JNK) pathway and promotes the activation of
caspase-3, caspase-9 and poly (ADP-ribose) polymerase (PARP), elements
involved in the apoptotic pathway (Liu et al., 2012, Zhang et al., 2012). The clear
inference is that the effects of PHB over-expression could be mediated through the
activation of apoptosis but this needs to be confirmed by future studies. Our
finding that over-expression of the anti-apoptotic protein Bcl-XL helps reduce
neuronal death caused by hydrogen peroxide oxidative stress and L-glutamic acid
142

excitotoxicity is generally consistent with a anti-apoptotic mechanism (Xu et al.,
1999b, Luetjens et al., 2001, Panickar et al., 2005, Dietz et al., 2007).
Ideally, further experiments are required to explore whether up-regulation of
NDPKA and PHB is linked to factors (viz. production of ROS, loss of mitochondrial
membrane potential, apoptotic pathways, intracellular calcium levels, activation of
inflammatory cytokines) known to be part of the neurodamaging processes. For
example, studies in a Burkitt lymphoma derived B-cell line using DNA microarray
analysis has identified the involvement of multiple downstream pathways in the
action of NDPKA (Choudhuri et al., 2010). A further avenue of study would be to
examine the effects of cerebral ischaemia in transgenic mice over-expressing
NDPKA, although to date, there are no known NDPKA transgenic mice.
Given that over-expression of NDPKA protein was shown to be neuroprotective, it
was a logical step to focus on assessing the effects of recombinant NDPKA protein
exposure on neuronal cultures in ischaemia-like injury models. In doing so, it was
demonstrated for the first time that exposure of cortical neuronal cultures to
NDPKA protein improved cell survival following oxygen-glucose deprivation and
L-glutamic acid excitotoxicity. By contrast, no neuroprotective effects of NDPKA
were evident following hydrogen peroxide exposure or during glucose deprivation,
suggesting that extracellular NDPKA does not exert its neuroprotective effect by
simply manipulating oxidative stress and the supply of cellular substrates. An
important finding was that the NDPKA-mediated neuroprotection observed in
oxygen-glucose deprivation and L-glutamic acid excitotoxicity required cell
cultures to be exposed to NDPKA both before (24 hour pre-incubation) and during
the injury phase. What this means mechanistically remains to be established,
however, given that NDPKA is a known secreted protein, the finding is not totally
unexpected. A potential mechanism whereby extracellular NDPKA can exert an
effect on cells is through the interaction with the type 1 membrane glycoprotein of
the mucin family (MUC1) membrane receptor (Hikita et al., 2008). NDPKA is
known to bind to MUC1 receptors in tumour cell lines (Mahanta et al., 2008),
however whether the NDPKA-MUC1 receptor interaction is present in neurons is
at present unknown.
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What is known is that the exposure of recombinant NDPKA has been shown to
have several effects on leukaemia cells, and if it were to occur in neurons or the
brain,	
  may	
  have	
   implications	
   in	
  terms	
  of	
  the	
   protein’s	
  neuroprotective	
   actions.	
  For	
  
example, exposure of leukaemia cells to recombinant NDPKA protein stimulates
cytokine secretion, including granulocyte macrophage colony-stimulating factor,
interleukin-1 beta and interleukin 6 (Okabe-Kado et al., 2009b, a). In particular, the
granulocyte macrophage colony-stimulating factor is a known growth-inducing
cytokine that is reported to exert neuroprotective effects in animal models of
cerebral ischaemia via the up-regulation of anti-apoptotic proteins (Bcl-2 and BclXL) and by modulating the expression of pro-apoptotic elements, such as Bax,
caspase-3 and p53 (Nakagawa et al., 2006, Yata et al., 2007, Kong et al., 2009, Choi
et al., 2011). In addition, extracellular NDPKA protein activates mitogen-activated
protein kinase (MAPK) pathways in myeloid leukaemia cells, which involves the
signalling molecules extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinases (JNK) and the p38 (Okabe-Kado et al., 2009a). It was reported that
activation of these pathways might be involved in neuroprotection following in
vitro models of L-glutamic acid excitotoxicity and both in vitro and in vivo models
cerebral ischaemia (Huang et al., 2010, Karmarkar et al., 2011, Wang et al., 2011,
Jiang et al., 2012).
While the current study has provided strong evidence for the beneficial effect of
recombinant NDPKA in in vitro models of ischaemia-like injury, additional work is
required to identify NDPKA interacting proteins and the survival pathways
involved. To this end, a previous study employing a yeast-two hybrid screen using
human NDPKA as bait has identified eight proteins that physically interact with
NDPKA (Seong et al., 2007). Another avenue for future research are studies
investigating the neuroprotective actions of recombinant NDPKA protein in vivo
using	
   animal	
   stroke	
   models,	
   although	
   there	
   is	
   the	
   issue	
   of	
   NDPKA’s	
   ability	
   to	
   cross	
  
the blood-brain barrier. One way to overcome delivery problems of the NDPKA
protein (and other proteins to be investigated) is the use of transgenic and gene
knockout animals for stroke models.
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Significance of this study
Cortical neuronal cultures were used in this current study because these neuronal
subtypes are commonly affected in stroke and thereby provide a useful system for
in vitro stroke/ischaemia models. Nevertheless, the use of neuronal cultures has its
limitations, as other components of the nervous system, such as the blood-brain
barrier, and endothelial and glial cells are not present. Thus, the neuroprotective
functions of NDPKA require further investigation using animal stroke models.
Despite this, the current study made the novel finding that NDPKA has a
pronounced neuroprotective effect suggesting that it or its downstream pathways
may be a legitimate target for the design of drugs to limit neuronal death following
cerebral ischaemia and brain trauma. These therapeutic agents could take the form
of compounds that directly target damaging processes or activate specific prosurvival pathways. If the protein itself was to be used therapeutically, it could be
fused to a carrier molecule such as TAT to gain entry into the brain.

Such

therapeutic agents could result in better treatment options for stroke sufferers,
improve patient outcomes and reduce societal and economic impacts to the
broader community.
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