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Abstract
Global ischaemia during cardiac surgery, brain surgery and stroke frequently
leads to neuronal injury and lasting neuropsychological dysfunction. Experimental
preconditioning provides beneficial cerebral outcomes in these conditions. In this
study,

the

neuroprotective

effects

of

low-dose

GYKI-52466

prophylactic

preconditioning were evaluated by histological, behavioural, and electrophysiological
paradigms in a rat model of hypoxia-ischaemia (HI).

Male Sprague Dawley rats

(postnatal day 26) were subcutaneously administered with saline or GYKI-52466
(GYKI; 3 mg/kg, 90 min; 1 mg/kg, twice in 120 min; or 0.5 mg/kg, thrice in 180 min)
prior to left common carotid artery occlusion. Animals were allowed to recover for 2
hrs, and then placed in a hypoxia chamber (8% O2/92% N2; 33 ± 1°C) for 1 hr. A
sham surgery group received saline without HI. Histological assessment was carried
out on days 14, and 90 and sensorimotor behavioural tests were performed before
surgery and at 1, 7, 14 and 90 days post-HI. Low-dose GYKI-52466 preconditioning
significantly reduced infarct volume and ventricular enlargement relative to saline
treated controls at day 14 after HI. On day 90, tissue loss was significantly reduced by
GYKI 3 mg/kg compared to saline. Foot-faults, paw use asymmetry, and postural
reflex scores were significantly improved in all GYKI treatment groups.
Hippocampal synaptic plasticity is considered a cellular basis of learning and
memory. Therefore, electrophysiological assessment was performed on days 14 and 90
to assess hippocampal CA1 long-term potentiation (LTP) and long-term depression
(LTD). The contralateral and, where possible, ipsilateral hippocampal slices were
prepared from animals preconditioned with saline or GYKI-52466 (3 mg/kg), and
population spikes and field EPSPs recorded in balanced (2 mM Ca2+ and 2 mM Mg2+)
artificial cerebrospinal fluid at 31 ± 1°C. GYKI-52466 preconditioning significantly
reversed the HI-induced suppression of neuronal excitability and synaptic strength in
both contralateral and ipsilateral hippocampi on both test days. After HI, LTP was
significantly reduced in the contralateral and entirely absent in ipsilateral hippocampi,
but LTD was unchanged. In ischaemic animals preconditioned with GYKI-52466, LTP
was readily induced on both sides. Previously, it has been hypothesised that GYKI52466 can trigger strong, presumably metabotropic, protection against seizures at
exceptionally low doses. To this end, we determined the brain concentrations of
ii

GYKI-52466 following subcutaneous administration of 3 and 20 mg/kg of GYKI52466 in control and brain damaged rats. A low brain concentration of 0.56 μM GYKI52466 was observed with 3 mg/kg compared to 10.7 μM with 20 mg/kg at 90 minutes
post drug administration. GYKI-52466 at 20 mg/kg produced severe ataxia up to 90
min. Furthermore, in ischaemic animals, there was no evidence of a 'surge' in brain
GYKI-52466 concentrations at the infarct, confirming the integrity of blood-brain
barrier.
These results provide evidence of long-term functional neuroprotection by GYKI52466 at doses well below, and at pre-administration intervals well-beyond previous
studies, and suggest that a classical blockade of ionotropic AMPA receptors does not
underlie its neuroprotective effects. Low-dose GYKI-52466 preconditioning represents
a novel, prophylactic strategy for neuroprotection in a field almost devoid of effective
pharmaceuticals.
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prophylactic
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1 Chapter 1: General Introduction

1

1.1 Introduction
Worldwide stroke is considered as the third most common cause of premature
death after cardiac and neoplastic diseases (Roger et al., 2011). According to the
World Health Organisation (WHO), stroke is defined as rapid onset of clinical signs,
which include either focal or global disruption of cerebral functions, enduring greater
than 24 hours or causing death with no apparent principal cause other than that of
vascular origin (Hatano, 1976). Cerebral ischaemia is a substantial cause of distress
and disability found in later in the life of most stroke survivors (Balami et al., 2011).
Significant progress has been made in prevention and rehabilitation, to improve
functional recovery of stroke victims (Hachinski et al., 2010). Studies have shown that
a vast majority of people at risk of stroke are unaware of risk factors, symptoms, and
treatment options, which often delays utilization of the only acute treatment available
(Travis et al., 2003). Community-based educational campaigns via newspaper and
television have been demonstrated to improve basic knowledge regarding stroke among
the public (Becker et al., 2001).
The specific pathological involvement divides the brain damage in stroke into
three principal categories, which are (1) ischaemic stroke, (2) intracerebral
haemorrhage, and (3) subarachnoid haemorrhage. Ischaemic stroke accounts for about
87% of all strokes (Roger et al., 2011) and involves ischaemia leading to reduced blood
flow to brain tissue causing deprivation of glucose and oxygen (Dirnagl et al., 1999;
Moustafa et al., 2008). Intracerebral haemorrhage occurs in about 10% of cases (Roger
et al., 2011) and involves sudden rupture of an artery within the brain causing bleeding
which further results in compression of brain structures (Broderick et al., 1999; Qureshi
et al., 2001).

Lastly, the brain damage caused by subarachnoid haemorrhage is

observed in about 3% of the stroke patients (Roger et al., 2011) causing sudden rupture
of an artery outside the brain. This rupture leads to bleeding into the subarachnoid
space surrounding the brain and spinal cord, finally resulting in compression of brain
structures (Welty and Horner, 1990; van Gijn and Rinkel, 2001).
Stroke is the third commonest cause of death in New Zealand (>2000 people per
year) with an incidence rate of approximately 7600 cases each year and the total stroke
survivors correspond to 60000 (Stroke foundation of New Zealand, 2012). It was
estimated that there were about 5.7 million global stroke deaths, 16 million new stroke
2

cases, and 62 million stroke survivors in 2005 (Feigin, 2007; Strong et al., 2007).
These numbers are further expected to increase up to 23 million new victims, 7·8
million mortality, and 77 million stroke survivors by 2030 (Feigin, 2007; Strong et al.,
2007). About 87% of all stroke deaths of all ages occur, in developing countries,
whereas, in developed countries, it accounts for only 13% (Feigin, 2007; Strong et al.,
2007). The incidence rate and prevalence among men are higher in comparison to
women, but stroke severity is greater in women (Appelros et al., 2009). It has been
shown that New Zealand leads the age-adjusted stroke incidence rate estimated in all
developed countries (Feigin et al., 2009). A 57% increase in stroke mortality was
predicted in New Zealand by 2011, if the above mentioned incidence rate remained the
same (Fink, 2006). Ethnic trends in stroke in New Zealand are more pronounced than
sex differences (Feigin et al., 2007).

It has been suggested that, without future

improvement in primary and secondary prevention of cardiovascular disease, a
significant increase in stroke among Māori and Pacific ethnic groups will be seen in
New Zealand (Fink, 2006; Feigin et al., 2007).
Despite intense research on the development of neuroprotective therapies to
counteract the harmful effects of devastating cerebral ischaemia, no new treatment has
made it into the clinical settings except tissue plasminogen activator, a thrombolytic
drug used for acute management of stroke (Lee et al., 1999; O'Collins et al., 2006;
Iadecola and Anrather, 2011). All the treatment approaches studied so far including
glutamate receptor antagonists, antioxidants, and anti-inflammatory agents mainly
target the mechanisms involved in the ischaemic cascade (Moskowitz et al., 2010).
The failure of all the promising neuroprotectants in clinical trials now questions real
possibilities of rescuing the affected neurons in brain injury through these traditional
approaches (O'Collins et al., 2006; Moskowitz, 2010; Iadecola and Anrather, 2011).
Emergence of findings that the brain can safeguard itself by endogenous protection
mechanisms provided a new avenue for researchers to mitigate the devastating
consequences of cerebral ischaemia (Iadecola and Anrather, 2011).

Prophylactic

treatment approaches are in the horizon as the brain can develop tolerance by selfprotective processes against larger insults when preceded by a smaller insult (Dirnagl et
al., 2009). Several preconditioning strategies have been studied in the recent past, and
pharmacological preconditioning or prophylactic neuroprotection strategy is one of the
promising methodologies for the future, in stroke management arena to salvage dying
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neurons (Savitz and Fisher, 2007). Furthermore, it has been observed that most of the
neuroprotectants provide better protection against ischaemic insults when administered
before, rather than after brain injury (Cheng et al., 2004; Ginsberg, 2008). Although
the prophylactic treatment looks unrealistic for acute treatment of stroke, it has
comprehensive benefits for patients with transient ischaemic attacks, undergoing
cardiac and brain surgery, and those at high risk (Savitz and Fisher, 2007).
1.1.1

Incidence of brain injury following cardiac and brain surgery
Globally, surgical procedures involving brain and heart are life-saving procedures

for millions of people (Wolman et al., 1999). Cardiac surgery often leads to stroke and
neurologic complications in spite of outstanding improvement in anaesthetics, surgical
techniques, perioperative monitoring and management (Bucerius et al., 2003). The
incidence of stroke after coronary artery bypass graft (CABG) surgery is reported to be
from 0.8-5.2 % considering both prospective and retrospective studies (McKhann et al.,
2006).

Cardiac surgery

Mortality ~ 2%
Stroke ~ 5%
Encephalopathy ~ 15%
Long-term cognitive dysfunction ~ 20%

Early cognitive dysfunction ~ 60%
Figure 1.1 The incidence of neurological outcomes following cardiac surgery.
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Post-operative memory impairment is apparent in a large number of patients who
have undergone cardiac surgery, whereas stroke and ischaemic-anoxic encephalopathy
in patients, result in increased mortality, hospital stay and family burden (Mahanna et
al., 1996; Bucerius et al., 2003) (Figure 1.1). There is a significant increase in stroke
outcomes for patients with high risk factors undergoing cardiac surgery. Past stroke,
hypertension, diabetes, age and carotid bruit are the five high-risk factors for
postoperative stroke (Bucerius et al., 2003; McKhann et al., 2006). The incidence of
stroke differs in accordance with the cardiac procedure (CABG, valve, aortic repair
etc.) (McKhann et al., 2006). The stroke rate varies from 3.1-7.9% and about 59-84%
of the stroke identified within two days of cardiac surgery (McKhann et al., 2006).
Improvement in preoperative patient counselling has been reported to reduce the
incidence of stroke in patients undergoing cardiac surgery (Anyanwu et al., 2007). The
counselling process includes several modifiable (co-morbid disease conditions such as
diabetes, hypertension, vascular disease and angina) and non-modifiable (age and sex)
risk factors of stroke (Anyanwu et al., 2007). Additionally, incidence of stroke after
carotid endarterectomy (removal of fatty tissue from the carotid artery bifurcation) is
found to be around 4% (Pappadà et al., 2010). To avoid the incidence of neurological
outcomes during cardiac surgery an individualized treatment approach combined with,
improved technical strategies and drugs, to avoid stroke and neurological outcomes
including a neuroprotective agent have been suggested (Kellermann and Jungwirth,
2010).
1.1.2

The use of animal models to study cerebral ischaemia
A tremendous advancement has been made in our understanding of the

pathophysiological cascade associated with stroke-induced neurodegeneration in the
past few decades (Singhal et al., 2011). The development of animal models of focal
(stroke) and global (cardiac arrest) cerebral ischaemia significantly contributed in the
establishment of the molecular mechanisms involved in the neurodegeneration cascade
(Figure 1.2) and also in the preclinical drug development processes (Dirnagl et al.,
1999; Traystman, 2003; Durukan and Tatlisumak, 2007).

The cerebral infarction

observed in humans always remained complex and heterogeneous, where the
consequences are largely influenced by aetiology, site of infarction, extent of ischaemia
and comorbid conditions (Muir, 2002; Mehra et al., 2012). The animal models of
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experimental stroke induce neural injury comparable to the distinctive features of stroke
in humans and to date no computerized models are available to simulate this complex
injury process (Wang-Fischer and Koetzner, 2008). In contrast, in vitro models (brain
slices and tissue culture) lack the complex environment of the brain, most importantly
the cerebrovascular network imperative for studying the consequences of cerebral
ischaemia (Wang-Fischer and Koetzner, 2008).

Animal models have allowed

investigators to control the variable factors and improve the clinical characterization of
stroke, which is of prime importance in reproducibility of results within experiments
and between species (Mehra et al., 2012).
The majority of experimental stroke models use rats and mice because of the
advantage of reduced ethical concerns, time, and cost effectiveness compared to larger
animals (Ginsberg and Busto, 1989; Durukan and Tatlisumak, 2007). Furthermore, on
the basis of the anatomical and physiological similarities of cerebral circulation
between rat and human, most of the experimental stroke models utilized rat as a
suitable test system (Yamori et al., 1976; Macrae, 1992). However, there is no animal
model that precisely mimics the ischaemic injury observed in humans. Therefore,
developing a realistic animal model of stroke is still a challenge to the neuroscience
community, though considerable progress has been made in imaging, pathological
characterization, and neuroprotection strategies (Mehra et al., 2012). Furthermore,
most of the neuroprotective agents studied in small animals always showed promising
results, but failure in the clinical trials indicates several judgmental issues including the
gap between the animal models and the actual clinical condition observed in humans
(O'Collins et al., 2006). This gap has considerable hindrance to translation of advances
in stroke therapy from bench to bedside. Several approaches have been advocated to
improve the translational process which includes, careful selection of neuroprotective
agents on the basis of proved efficacy in different animal models of stroke, involving
not only rats but also non-human primates (Fukuda and Del Zoppo, 2003; O'Collins et
al., 2006; Fisher et al., 2009;).
Nonetheless, the preliminary preclinical studies still need to be done in rodents
and rabbits until a robust neuroprotection efficacy is established using more than one
species (Fisher et al., 2009). Appropriate selection of animal model is undoubtedly
critical as it enables us to fit any hypothesis on the basis of the aetiology and molecular
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mechanism of the induced-injury, due to the diversification of the experimental stroke
models (Traystman, 2003; Mehra et al., 2012). The selection of an animal model
depends on the type of drug under investigation and its apparent mechanism of action
(Macrae, 2011). The appropriate selection of animal model also provides relevant
outcomes that are more likely to be replicated in higher animal models in the later part
of the drug development process. Experimental models of focal cerebral ischaemia are
generally induced by manipulation of a middle cerebral artery that models acute
ischaemic stroke observed in most of the clinical conditions (Mehra et al., 2012). In
contrast, the animal models of global ischaemia affect the entire brain by severe
reduction in blood supply due to blockade of common carotid artery and vertebral
artery. This mimics the cerebral injury that occurs as a consequence of cardiac arrest or
severe hypotension (Traystman, 2003; Macrae, 2011).
1.1.3

Hypoxia-ischaemia as a model of cerebral injury following cardiac surgery
Hypoxic–ischaemic encephalopathy is often characterized by a diffuse and global

brain injury causing serious CNS complications that lead to significant mortality and
morbidity in term infants (Perlman, 2004; Cuaycong et al., 2011). Neonatal hypoxiaischaemia (HI) in human has been well validated in animal models of neonatal HI
utilizing postnatal day (PND) 7 rats (Levine, 1960; Rice et al., 1981; Ginsberg and
Busto, 1989). In this, the induction of brain injury involves a combination of hypoxia
and ischaemia, caused by unilateral blockade of common carotid artery. The unilateral
HI in PND7 rats often leads to widespread ipsilateral brain damage with chronic
spontaneous motor seizures in 40% of animals even months after HI (Williams et al.,
2004). Cerebral cortex and the hippocampus are the most susceptible structure against
HI-induced brain injury (Azzarelli et al., 1996; Jansen and Low, 1996; Towfighi et al.,
1997). The consequences of hippocampal damage following neonatal HI in humans
frequently leads to mental retardation and deficits in cognitive abilities such as learning
and memory in adulthood (Mañeru et al., 2003; De Vries and Cowan, 2009).
It has been observed that the CA3 (cornu ammonis 3) pyramidal neurons are most
vulnerable to cell death following HI in PND7 rats, followed by the CA1 pyramidal
neurons, and then the granular cells of the dentate gyrus and the cells in the hilus
(Towfighi et al., 1997). In contrast, the selective losses of hippocampal neurons in
adult rats were completely different with significantly higher susceptible neuronal
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populations in the CA1 and the hillar region, followed by CA3 and the dentate gyrus.
This delayed hippocampal neuronal loss has been observed in global forebrain
ischaemia following cardiopulmonary arrest in humans (Petito et al., 1987). The fourvessel occlusion (4VO) model which involves bilateral occlusion of common carotid
artery and vertebral artery in rodents has served as a tool to model the brain injury
happening after cardiopulmonary arrest (Pulsinelli and Brierley, 1979; Pulsinelli et al.,
1982). The patients undergoing cardiac surgery and brain surgery also sustain similar
global forebrain ischaemia due to involvement of cardiopulmonary arrest and
ischaemia. The pattern of hippocampal cell loss observed in the 4VO model is similar
to that of adult rats subjected to HI and also to that of the humans following
cardiopulmonary arrest (Pulsinelli and Brierley, 1979; Pulsinelli et al., 1982; Petito et
al., 1987).
Unlike the middle cerebral artery occlusion (MCAO) model, both the 4VO model
and the unilateral HI model in 30-day old rats produces substantial hippocampal
ischaemia which is more relevant to the features observed in patients who have
undergone cardiac surgery with subsequent cognitive impairment (Williams and
Dudek, 2007). In addition, the HI model in 30-day rats also produces severe cortical
injury which is also seen in about 6% of patients following cardiac surgery. Several
other advantages of HI model in adult rats include cost effectiveness, low mortality and
requires less time for validation.

Furthermore, postoperative seizures have been

reported in patients following cardiac surgery and are regarded as independent
predictors of permanent neurologic deficits and increased mortality (Goldstone et al.,
2011). To this end, HI-induced brain injury in 30-day old rats have been demonstrated
to produce spontaneous motor seizures because of the involvement of both
hippocampal and neocortical injury (Williams and Dudek, 2007). Finally, the HI model
can be used as a screening method for new drug candidates as a tool to establish
neuroprotective effectiveness.

Later, the short-listed compounds can be tested in

animal models of cardiopulmonary bypass (CPB) and hypothermic circulatory arrest
(HCA) as models of ischaemia following cardiac surgery (Jungwirth and de Lange,
2010).
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1.1.4

Cerebral injury after cardiac and brain surgery
Brain and heart surgeries in millions of people worldwide not only gives them a

new life but also provides the improved quality of life one would expect, following
these surgical procedures. However, the postoperative neurological injury in a large
number of patients drastically reduces their life span and compromise the quality of life
(Hogue et al., 2006). The neurological deficits following cardiac surgery have been
categorized into two main types. Type 1 deficits are associated with stroke, lethargy
and coma, and type 2 deficits are described by deterioration in intellectual and memory
insufficiencies (Eagle et al., 2004). Stroke following cardiac surgery is the foremost
concern of short-term and long-term disability, but encephalopathy and neurocognitive
impairment in most of the patients are linked to inferior quality of life, cognitive
function and increased hospital stay and costs (Roach et al., 1996; Phillips-Bute et al.,
2006; Gottesman et al., 2010;). Neurocognitive impairment occurs in 30–80% of
patients undergoing surgery with pump (heart-lung machine) and 30–50% of patients
undergoing cardiac surgery on a beating heart without the aid of a heart-lung machine
(Van Dijk et al., 2004; Hernandez Jr et al., 2007; Yin et al., 2007).
The neurological consequences following cardiac surgery are multifactorial.
Therefore, the management of cerebral outcomes require substantial reduction in
sources of brain injury and induction of tolerance of the brain to ischaemic insults
(Dabrowski et al., 2012). Several pharmacologic and non-pharmacologic strategies
have been employed; however, to date an ideal neuroprotection strategy has not been
approved for patients undergoing cardiac surgery (Van den Bergh, 2010; Dabrowski et
al., 2012). As neuropsychological disorders and stroke remain the foremost adverse
outcomes of cardiac surgery, the development of interventions to prevent or reduce
neurological outcomes after cardiac surgery are still the subject of many experimental
and clinical studies (Dabrowski et al., 2012).

To this end, the pharmacological

preconditioning strategy provides a novel platform to develop pharmacological agents
that can induce tolerance by endogenous mechanisms to protect the brain against
anticipated damage (Van den Bergh, 2010).
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1.1.5

Pathology of cerebral injury following cardiac surgery
The neurological deficits observed in patients following cardiac surgery involve

several factors and seems to be ultimately due to global and focal ischaemia. The
understanding of the aetiology and pathophysiology of neurological dysfunction after
cardiac surgery is still incomplete and hence a better understanding is essential to
develop new remedies (Grocott et al., 2005).

Cardiac surgery often leads to the

formation of micro or macroemboli, low blood pressure, systemic inflammation,
cardiac arrhythmias, hyperthermia, and blood-brain barrier disruption (Newman et al.,
2006). All these factors subsequently results in neurodegeneration due to the activation
of ischaemic brain injury cascade (Figure 1.2). The formation of cerebral macroemboli
has been reported in patients undergoing coronary artery bypass surgery and its number
appears to vary between patients and the type of surgery (Brækken et al., 1997). The
sources of emboli are abundant and include those generated from the CPB apparatus
itself after interaction with blood, release of atheromatous material or generation of air
from the operative site (Brækken et al., 1997; Likosky et al., 2003; Likosky et al.,
2004). The formation of emboli in the vasculature of the brain induces ischaemia and
hence produces transient or permanent neurological dysfunction due to alteration in
neuronal survival.
The global cerebral hypoperfusion encountered during CPB is another critical
factor substantially associated with postoperative brain injury (Gold et al., 1995; Mutch
MD et al., 1997; Gottesman et al., 2006). In addition, cerebral perfusion has been
reported to be affected by the presence of coronary artery disease and carotid stenosis
in patients undergoing cardiac surgery (Gopaldas et al., 2011). Furthermore, patients
maintained on low systemic perfusion pressure during CPB have been shown to
experience early postoperative cognitive dysfunction and delirium more often
compared to high pressure group (Siepe et al., 2011).

An intense systemic

inflammation has been associated with on-pump cardiac surgery and thought to be a
critical factor in the development of cerebral injury through the ischaemic
neurodegeneration cascade (Ramlawi et al., 2006a; Ramlawi et al., 2006b).

This

association has been further validated by the fact that systemic pre-treatment with
methylprednisolone

significantly

reduces

vasogenic

oedema

and

enhances

neuroprotection during deep HCA (Shum-Tim et al., 2001). Atrial fibrillation is often a
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common complication in patients after cardiac surgery and is seen more in aged
patients (Aranki et al., 1996; Funk et al., 2003; Weber et al., 2010). It has been
established that atrial fibrillation, arising following CABG, is a key determinant of
postoperative stroke (Lahtinen et al., 2004).
Moderate hypothermia is considered neuroprotective in experimental models of
stroke (Clark et al., 2008; Yenari and Hemmen, 2010; Silasi and Colbourne, 2011) and
is frequently employed during cardiac surgery (Nathan et al., 2001) and following
sudden cardiac arrest (Bernard et al., 2002; Kim et al., 2005). Rapid rewarming at the
end of the surgery leads to postoperative hyperthermia and often leads to brain injury
(Grigore et al., 2002; Grocott et al., 2002).

Therefore, the cerebral hyperthermia

following cardiac surgery needs to be handled carefully to avoid induction of
pathophysiological cascade leading to postoperative cerebral ischaemia and stroke.
Blood-brain barrier (BBB) disruption has been considered as a pathological factor in
surgery-induced neurological deficits although it is still to be determined whether BBB
dysfunction itself is a cause of neurological outcomes or a consequence of brain injury
(Grocott et al., 2005). A significant increase in cerebrospinal fluid to serum albumin
ratio has been observed in cardiac surgery with CPB, which suggests an alteration in
BBB permeability (Bokesch et al., 2002; Reinsfelt et al., 2012). Although, several
attempts have been made to address causative factors during surgical procedures, there
is still work to be done to understand the pathological basis of neurological outcomes
and, most importantly, there is an urgent need for therapeutics to alleviate the
devastating neurological consequences of brain and cardiac surgeries.
1.1.6

Risk factors for cerebral ischaemia
The only treatment available for a selected group of patients with acute stroke is

the thrombolytic therapy with tissue-type plasminogen activator. However, the primary
prevention strategies involving prophylactic treatments and overall reductions in risk
factors have been considered as the gold standards for reduction in patients presented
with first ever stroke (Goldstein et al., 2011). The risk factors involved in stroke are
mainly divided into (1) non-modifiable risk factors and (2) modifiable risk factors.
Age, sex, ethnicity, family history of stroke or transient ischaemic attack, and low birth
weight have been categorised as non-modifiable risk factors. Correctable factors such
as smoking, hypertension, diabetes, hyperlipidaemia, atrial fibrillation, carotid stenosis,
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obesity, physical inactivity and several other factors, which are in control of a person,
are considered as the modifiable risk factors (Goldstein et al., 2011). The Framingham
Stroke Profile assessment tool is used as a risk-assessment tool in the primary care to
identify individuals at high risk of stroke. Such patients could benefit from early
therapeutic interventions aimed to reduce the risk (Goldstein et al., 2011).
The recent advancement in technical aspects of cardiac surgery allows patients
with higher age and comorbid conditions to undergo cardiac surgery. It has been
observed that more than fifty factors recorded during cardiac surgery have a significant
association with perioperative stroke (Bucerius et al., 2003).

Age, perioperative

anaemia, atherosclerosis, hypertension, cardiac arrhythmias, diabetes, genetic factors,
and hyperlipidaemia are considered as an independent predictor of neurological injury
after cardiac surgery (Bucerius et al., 2003; Dabrowski et al., 2012) (Figure 1.2).
Recent studies have shown that increased age is not an independent risk factor without
the comorbid conditions such as atherosclerosis, previous stroke, diabetes,
hypertension, peripheral vascular disease, and renal failure (Mérie et al., 2012). The
development of a preoperative stroke risk index now helps to identify the key risk
factors and provides information regarding a person‘s chance of experiencing
perioperative stroke in advance (Newman et al., 1996; Newman et al., 2006). Several
of the factors are comorbid conditions, which are considerably controllable and prior
identification of these factors can improve our understanding in the pathogenesis of
stroke following cardiac surgery and also could also contribute in the development of
possible preventative strategies (Bucerius et al., 2003).

1.2 Pathophysiology of ischaemic brain injury
As described earlier in the section 1.1.5, the pathogenesis of cerebral injury
following cardiac and brain surgery involves multiple factors resulting in cellular
ischaemia and the underlying mechanism by which hypoxic-ischaemic insult lead to
neuronal cell death is the same (Baumgartner et al., 1999; Collard and Gelman, 2001;
Allen and Brandon, 2011). The pathophysiology of ischaemic brain injury involves a
complex

sequential

cascade

of

cellular

responses

ultimately

leading

to

neurodegeneration, resulting in stroke and cognitive impairment (Figure 1.2). The
pathophysiological mechanisms are now well-known and include, amongst others
glutamate excitotoxicity, reduced ATP generation, oxidative stress, inflammation,
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elevated intracellular sodium and calcium levels, lipid peroxidation, blood brain barrier
dysfunction, and accumulation of leukocytes (del Zoppo and Hallenbeck, 2000; Won et
al., 2002; Arundine and Tymianski, 2004; Mehta et al., 2007; Wang et al., 2007b;
Tuttolomondo et al., 2008; Allen and Bayraktutan, 2009; Mattson, 2009; Yilmaz and
Granger, 2010; Allen and Brandon, 2011; Mattila et al., 2011).

Therefore, it is

essential to refine our approaches for improving cerebral protection during surgical
procedures and this is conceivable by a better understanding of the pathophysiology of
ischaemic brain injury.
1.2.1

Depolarisation
The mass of the adult human brain is only 2% of the whole body but utilises 20%

of body‘s total oxygen consumption which makes the brain susceptible to damage
during hypoxia and ischaemia (Ames et al., 1995; Rolfe and Brown, 1997). The main
source of neuronal energy is ATP, generated by the aerobic metabolism of glucose via
mitochondria which helps in the maintenance of low ionic gradients (high intracellular
potassium, low sodium, very low free calcium) across the neuronal membrane (Emerit
et al., 2004).
Neurons utilise the majority of the generated energy for the support of their
functional activity rather than vegetative metabolism (Ames and Li, 1992). Therefore,
an uninterrupted blood supply is essential to provide both substrate and oxygen to the
brain at a constant rate. The reduction or abrupt cessation of cerebral blood flow leads
to failure of energy dependent cellular mechanisms owing to a reduction in glucose
dependent ATP production and/or depletion of stored energy (Astrup et al., 1981; Allen
and Brandon, 2011). The rapid depletion of energy sources results in the failure of the
sodium/potassium ATPase (Na+/K+-ATPase) pumps and maintenance of low
intracellular calcium level (Allen and Brandon, 2011). The failure of Na+/K+-ATPase
pumps subsequently leads to efflux of cellular potassium and an excessive influx of
positively charged sodium ions resulting in massive depolarization of neurons (Allen
and Brandon, 2011). Therefore, uncontrolled depolarization of the neurons leads to
failure or alterations in neurotransmitter transport and initiates a disturbed biochemical
cascade.
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Figure 1.2 The neurodegenerative cascade following cardiac surgery.
A schematic drawing of the pathophysiological cascade facilitated during and following cardiac
surgery leading to neurodegeneration.
(AMPA: alpha-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid; ATP: adenosine triphosphate; Ca2+: calcium; Cl-: chloride; COX:
cyclooxygenase; Cytochrome c: cytochrome complex; iNOS: inducible nitric acid synthase; K+:
potassium; MMP: matrix metalloproteinase, Na+: sodium; NMDA: N-methyl-D-aspartate; VS:
Voltage sensitive). Adapted from Lizasoain et al.,2006 and Dabrowski et al., 2012)
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1.2.2

Biochemical cascade
The failure of the neuronal ionic gradients and normal hyperpolarized membrane

potential leads to presynaptic membrane depolarization and results in a flood of
glutamate, a prominent excitatory neurotransmitter (Shalak and Perlman, 2004). The
presynaptic depolarization depends on voltage-sensitive Na+ channels that carry
electrical messages to the synapse and also results in an influx of Ca2+ via the voltagesensitive channels and simultaneous discharge of glutamate (Shalak and Perlman,
2004).

The buildup of glutamate in the extracellular space following ischaemia

activates glutamate receptors on the postsynaptic membrane and also triggers a number
of presynaptic excitatory amino acid receptors and glutamate transporters in order to
regulate the actions and release of excessive glutamate (Dunlap et al., 1995; Whetsell
Jr, 1996; Savolainen et al., 1998).
1.2.2.1 Glutamate and glutamate receptors
Glutamate is the principal fast excitatory neurotransmitter ubiquitously
distributed in the central nervous system (Fonnum, 1984) and its interactions with
specific receptors are accountable for many neurological functions, including cognition,
memory, sensations, and movement (Gasic and Hollmann, 1992). The first evidence of
the role of excitatory amino acids in CNS disorders was documented when injection of
sodium glutamate and sodium aspartate evoked clonic and tonic convulsions in dogs
(Hayashi, 1954). Later in 1957, the systemic administration of glutamate also was
found to induce neurodegeneration of the inner neural layers of the neonatal mouse
retina (Lucas and Newhouse, 1957). Following these studies, glutamate was implicated
in spreading depression, the persistent depolarization of cortical neurons (Harreveld,
1959), and later it was proposed that glutamate plays a key role in hypoxia-induced
cortical changes as both spreading depression and hypoxia-induced changes are
invariably similar (Snow et al., 1983). This assumption was further confirmed when
mature hippocampal cultured neurons died after exposure to hypoxic conditions
mediated by synaptic activity (Rothman, 1983). The accumulation of glutamate and the
excessive activation of glutamate receptors following ischaemia mediate neuronal
injury and cell death, which is called excitotoxicity (Rothman and Olney, 1987; Choi
and Rothman, 1990; Whetsell Jr, 1996).
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The concentration of glutamate in the grey matter of the brain tissue is
approximately 10 mM (Kvamme et al., 1985), and the estimated extracellular glutamate
concentration is found to be 0.6 µM (Bouvier et al., 1992). Nevertheless, intracerebral
microdialysis measurements from rat hippocampus have shown that the extracellular
concentration of glutamate increases by 800% during transient global ischaemia
compared to the level (about 2 µM) before ischaemia (Benveniste et al., 1984; Globus
et al., 1991). Similarly, the extracellular glutamate levels rapidly rise up to a range of
900-1800% following MCAO and peak levels are maintained for 1 hr (Guyot et al.,
2001).

In 4VO model of forebrain ischaemia a significant increase in levels of

glutamate (baseline, 20 µM vs. 256 µM) was observed following vessel occlusion
(Caragine et al., 1998). The glutamate levels achieved during ischaemia have been
shown to induce substantial excitotoxic effects on cultured cortical or hippocampal
neurons in vitro (Meldrum and Garthwaite, 1990; Rosenberg et al., 1992). Excessive
buildup of glutamate in the extracellular space is highly neurotoxic. Hence; it is
continually being recycled under normal physiological conditions by neuronal reuptake systems, resulting in re-storage in the vesicles and re-release (Schousboe, 1981).
Glial cells and astrocytes also contain a similar active transport system that ensures the
effective elimination of glutamate from the synapse (Schousboe, 1981; Sonnewald et
al., 1997). However, ischaemia impairs the capability of neurons and glia to maintain
glutamate uptake following energy depletion (Zhao et al., 1997; Asai et al., 2000;
Raghavendra Rao et al., 2001).
The glutamate released from the presynaptic terminals bind to post-synaptic
glutamate receptors and starts the excitotoxicity cascade with destructive actions of
intracellular calcium (Small et al., 1996). Glutamate receptors have been classified into
two sub-types, either ionotropic or metabotropic depending on the manner they respond
to ligand stimulation (Whetsell Jr, 1996) (Figure 1.3). The ionotropic receptors are fast
excitatory ligand-gated ion channels which are further divided into three functional
classes of receptors on the basis of the specific ligand to which they are sensitive: those
that are sensitive to N-methyl-D-aspartate (NMDA), alpha-amino-3-hydroxy-5-methyl4-isoxazoleproprionate (AMPA), and kainate (KA) (Whetsell Jr, 1996; Blackshaw et
al., 2011; Hassel and Dingledine, 2011).
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Figure 1.3 Classification of glutamate receptors.
The glutamate receptors have been pharmacologically classified into two main sub-types,
ionotropic and metabotropic. Each of the sub-types has been further classified into three
functional classes of receptors. (GluR: glutamate receptor; mGluR: metabotropic glutamate
receptor; KA: kainate; NR: NMDA receptor).

The metabotropic glutamate receptors (mGluRs) are (G)-protein coupled
receptors (GPCRs); activate intracellular second messengers, which regulate a number
of physiological activities including phosphorylation of both ligand- and voltage-gated
ion channels and gene transcription (Pin and Duvoisin, 1995; Simeone et al., 2004).
The mGluRs are further classified into three functional classes/groups of receptors
based on the consideration of their signal transduction mechanisms (Hassel and
Dingledine, 2011). Group I (mGluR1 and mGluR5) receptors are positively coupled
with phospholipase C, which hydrolyses the membrane phospholipid to produce second
messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Sladeczek et
al., 1985; Nicoletti et al., 1986). IP3 triggers release of Ca2+ from cytoplasmic stores,
the endoplasmic reticulum while DAG enhances activation of protein kinase C by Ca2+
(Gerber et al., 2007; Hassel and Dingledine, 2011).

Group I mGluRs are slow

excitatory receptors and have a key role in synaptic plasticity, including long-term
potentiation (LTP) and long-term depression (LTD) in the hippocampus, striatum, and
cerebellum (Wu et al., 2001; Gubellini et al., 2003). Due to their excitatory nature,
over stimulation of group I metabotropic receptors can increase susceptibility of
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neuronal cell groups (excitotoxicity), which can result in apoptotic cell death (Bleich et
al., 2003). In contrast, the Group II (mGluR2 and mGluR3) and group III (mGluR4,
mGluR6, mGluR7, and mGluR8) receptors are slow inhibitory in nature and inhibit
adenylyl cyclase leading to reduction in cyclic adenosine 3',5'-monophosphate (cAMP),
activate K+ channels, and inhibit presynaptic Ca2+ channel (Hassel and Dingledine,
2011) hence activation of these receptors can reduce glutamate release (Bleich et al.,
2003).
The NMDA receptors are characterised by three notable features different from
other ligand-gated ion channels in the brain: (a) requirement for glycine as a coagonist
(b) voltage dependent control of channel opening by Mg2+ ions, and (c) a long-lasting
opening of the ion channels (Gasic and Hollmann, 1992). The NMDA receptors are
heteromeric and consist of three subunit families (NR1, NR2A-D, and NR3A and
NR3B) (Hassel and Dingledine, 2011). The NMDA receptor plays a fundamental role
in LTP in hippocampal CA1, a measure of synaptic plasticity that best describes the in
vivo memory and learning (Collingridge et al., 1983; Collingridge and Bliss, 1987;
Collingridge et al., 1988; Cotman and Monaghan, 1988; Collingridge and Singer, 1990;
Migaud et al., 1998). The NMDA receptors are coupled to high conductance channels
that are associated with a high Ca2+/Na+ permeability and efflux of K+ (McBain and
Mayer, 1994; Mori and Mishina, 1995). The ion channels associated with the NMDA
receptors are blocked by Mg2+ ions at normal resting membrane potential and even after
activation by glutamate and glycine under normal physiological conditions (Mori and
Mishina, 1995).
The Mg2+ blockade is voltage dependent, hence simultaneous binding of active
ligands and depolarization of the neuron by activation of AMPA or kainate receptors, is
required for Ca2+ flow through the NMDA channel (Bleich et al., 2003).

The

depolarisation of the cell membrane occurs when glutamate concentration in the
synaptic cleft increases during synaptic activity to about 1 mM (Clements et al., 1992)
from a concentration of 0.6 µM at the resting condition (Bouvier et al., 1992).
However, under hypoxic or ischaemic conditions, the voltage dependent Mg2+ blockade
is removed by an increase in synaptic glutamate concentration even up to 100 µM, as
such a high concentration persists for a period ranging from minutes to hours
(Szatkowski and Attwell, 1994). This leads to the prolonged activation of NMDA
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receptors and a pathological influx of Ca2+ through NMDA-receptor-channels
(Szatkowski and Attwell, 1994). Therefore, the activation of NMDA receptors during
hypoxia-ischaemia plays a pivotal role in the glutamate excitotoxicity induced neuronal
death, because the inﬂow of Ca2+ ions into the cell is essential for the activation of
catabolic enzymes (Bleich et al., 2003).

Figure 1.4 The ligand and allosteric binding sites of AMPA receptors.
The AMPARs increases the influx of sodium (sometimes calcium) through their associated ion
channels when activated by selective ligands. The 2,3-benzodiazepine derivatives binds to the
allosteric binding site to block the ion channels in a non-competitive manner. (AMPAR: alphaamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor).

AMPA receptors (AMPARs) are widespread throughout the CNS and mediate the
vast majority of fast, excitatory transmission between neurons by ensuring rapid
responses to glutamate released into the synaptic cleft (Dingledine et al., 1999; Fleming
and England, 2010). The major ligands for AMPARs are AMPA, kainate or glutamate
but, not NMDA and based on the molecular composition of the subunits, the associated
ion channels may be permeable to sodium or possibly calcium (Fleming and England,
2010). The presence of a benzodiazepine recognition site (Figure 1.4) on the AMPARs
affects the degree of desensitization of the ionic current to long-term agonist
stimulation which was subsequently confirmed by the development of 2,319

benzodiazepine derivatives (Zorumski et al., 1993). GYKI-52466, the first compound
of this class has been shown to block the kainate- and AMPA-activated currents in a
noncompetitive, voltage and use independent fashion indicating an allosteric
mechanism (Donevan and Rogawski, 1993). The AMPARs are tetrameric structures
composed of four subunits, GluR1-4, which are products of separate genes (Hollmann
and Heinemann, 1994).

The AMPARs are not only crucial for the normal brain

functions by facilitating excitatory synaptic transmission but also mediate the
expression of long-term and short-term synaptic plasticity which are believed to
underlie learning and memory, development, and certain neurological diseases
(Kullmann et al., 2000; Malinow and Malenka, 2002; Makino and Malinow, 2009).
The vast majority of the AMPARs are heteromeric and the nature of the GluR2
subunit determines the Ca2+ permeability (Kew and Kemp, 2005). In the majority of
areas, brain AMPA receptors are permeable to Na+ ions more easily than Ca2+, a
property that is controlled at the nuclear level. The glutamate receptor 2 (GluR2) is the
only subunit out of four subunits of AMPA receptors, whose Q/R site undergoes RNA
editing to replace glutamine by arginine in the pore loop (m2 domain) (Kew and Kemp,
2005). In normal physiological circumstances majority of GluR2 subunits are Q/R
edited and hence impermeable to Ca2+ entry.

The maintenance of high Na+/Ca2+

permeability of the AMPA receptor depends on the presence of at least one GluR2
subunit (Hollmann et al., 1991). A significant reduction in the ratio of GluR2 to other
AMPA receptor subunits has been observed after transient global ischaemic injury,
resulting in altered AMPA channel kinetics and consequently increased Ca2+
permeability (Pellegrini-Giampietro et al., 1992).

Increased expression of Ca2+-

permeable AMPA receptor channels with unedited GluR2 (Q) and reduced GluR2 gene
expression has been observed in vulnerable CA1 pyramidal neurons following
forebrain ischaemia (Soundarapandian et al., 2005).

Inefficient Q/R editing and

reduced adenosine deaminase enzyme activity (ADAR2) have also been linked to
neuronal vulnerability (Peng et al., 2006). This pathological characteristic of AMPA
receptors following ischaemia is perhaps the source of Ca2+-induced excitotoxicity
(Gasic and Hollmann, 1992).
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1.2.2.2 Consequences of calcium influx
Substantial release of glutamate and stimulation of glutamatergic receptors leads
to changes in the concentration of intracellular ions, principally calcium (Ca2+) and
sodium ions (Na+), which initiates several downstream processes that hasten ischaemic
neuronal injury (Figure 1.2). The voltage-dependent and ligand-gated ion channels
facilitate entry of calcium ions into the cell, which results in activation of a number of
mechanisms, including proteases, kinases, lipases (phospholipase A2), nitric oxide
synthases (NOS), reactive oxygen species (ROS) and endonucleases.

These

downstream mechanisms eventually disrupt essential components of the cell directly or
indirectly, ultimately leading to cell death by triggering the intrinsic apoptotic pathway
(Chabrier et al., 1999; Zipfel et al., 1999; Perlman, 2006). The pathogenic influx of
cations and retention of water inside the neurons also leads to cytotoxic oedema
resulting in cellular swelling and eventually necrosis (Perlman, 2006). The activation
of NOS triggers nitric oxide production ultimately lead to cell death through necrosis
by stimulation of lipid peroxidation, which disrupts the cell membrane (Perlman, 2006).
1.2.2.3 Necrosis and apoptosis
Two distinct mechanisms of neuronal death have been demonstrated following
hypoxic-ischaemic brain injury in both animals and humans (Edwards and Mehmet,
1996; Grow and Barks, 2002). Necrosis is a passive mechanism of neuronal death
caused by catastrophic events, including cellular swelling through osmosis,
mitochondrial failure, and disruption of cellular homeostasis resulting in eventual
decomposition of neuronal membranes, discharge of cellular contents and stimulation
of inflammation (Bonfoco et al., 1995). The mechanism of cell death involved in the
injury depends on the intensity of the initial insult; necrosis generally observed
following a severe injury, whereas cellular apoptosis follows a milder insult (Bonfoco
et al., 1995). Therefore, apoptosis is generally observed in the ischaemic penumbral
region rather than ischaemic core (severely energy depleted), where ATP is still
available to fulfil the demands of caspase-dependent neuronal death process (Nicotera
et al., 2000). In addition, the cerebral reperfusion injury also induces necrosis by
leukocyte proliferation and inflammation, which activates cyclooxygenase pathways,
free radical formation and activation of inducible nitric oxide synthase, ultimately
leading to cell death by membrane disruption (Figure 1.2). In contrast, apoptosis is an
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active process of programmed neuronal cell death distinguished from necrosis by the
presence of cell shrinkage, nuclear pyknosis, chromatin condensation, and genomic
fragmentation, without the involvement of an inflammatory reaction (Bonfoco et al.,
1995; Edwards and Mehmet, 1996). It is well evident that severe ischaemic injury may
lead to a sudden surge in glutamate levels, acute Ca2+ overload and cell death through
necrosis, whereas neurons with milder injury undergo apoptosis (Zipfel et al., 1999).
The activation of caspase has been implicated in mediation of apoptotic neuronal
cell death in ischaemic brain injury (Endres et al., 1997; Chen et al., 1998).

In

addition, a prolonged expression of activated caspase-3 and perseverance of cells with
an apoptotic morphology long after HI suggests a persistent role of apoptosis in
hypoxic ischaemic neurodegeneration (Nakajima et al., 2000).

Furthermore, the

effectiveness of apoptotic inhibitors in mild focal ischaemia induced in mice clarifies
the distinct role of apoptosis in brain injury (Cheng et al., 1998; Endres et al., 1998;
Graham and Chen, 2001). However, the inability of caspase inhibitors and other
apoptotic inhibitors in reducing the infarct volume in all animal models of ischaemia
limit their use as a conjunct medication with other therapies targeting different
pathways (Singhal et al., 2011). Therefore, it is conceivable that both of these neuronal
death mechanisms ultimately lead to destruction of neurons in the brain of patients who
have undergone cardiac surgery that are characterised by stroke, encephalopathy and
cognitive impairment (Figure 1.2).
1.2.3

Reperfusion injury
A great body of evidence suggests that the cerebral reperfusion injury following

ischaemia plays a substantial role in the pathogenesis of ischaemic brain injury (Denes
et al., 2010). The leukocyte infiltration in the ischaemic brain is one of the earliest
hallmarks of an inflammatory response and a prolonged elevation in the peripheral
leukocyte counts has been observed in patients with symptoms of acute stroke (Emsley
et al., 2003). It has been observed that neutrophils are the earliest polymorphonuclear
leukocytes to surge following cerebral injury (Feuerstein et al., 1994) and both increase
in neutrophil count and peripheral leukocyte count are strongly associated with infarct
volumes whereas lymphocyte count has no significant association (Buck et al., 2008).
The neutrophils adhere to the walls of endothelial ischaemic brain vasculature through
specific adhesion molecules and their infiltration into ischaemic brain tissue triggers an
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inflammatory response, which results in the release of large amounts of free radicals,
nitric oxide, and proteolytic matrix metalloproteinase enzymes (Barone et al., 1992;
Stowe et al., 2009; Denes et al., 2010; Yilmaz and Granger, 2010). The depletion of
circulating neutrophils by antineutrophil antibody or serum in the animal model of
transient focal ischaemia and hypoxia-ischaemia have been shown to reduce cerebral
oedema and infarct size which further confirms the role of leukocyte infiltration and
activation following brain injury (Matsuo et al., 1994; Hudome et al., 1997). In several
studies, it has been reported that systemic inflammatory reaction plays a pivotal role in
development of cerebral injury following cardiac surgery (Ramlawi et al., 2006a;
Ramlawi et al., 2006b; Caputo et al., 2009). Leukocyte-depleting filters have been
shown to reduce mortality and to improve the behavioural deficits, cerebral injury, after
HCA in pigs (Rimpiläinen et al., 2000). Several cytokines (tumour necrosis factor-α,
monocyte chemoattractant protein-1, interleukin-1β (IL-1 β), IL-8, IL-10) have been
investigated in experimental stroke studies (Offner et al., 2005). Additionally, several
clinical studies demonstrated an association between persistent surge in plasma levels
of IL-6 and severe clinical outcomes after acute stroke (Emsley et al., 2003; Smith et
al., 2004; Basic Kes et al., 2008).

Elevated levels of plasma and cerebrospinal

cytokines after cardiac surgery have been shown to be associated with severe cerebral
encephalopathy and adverse neuromotor outcome (Ramlawi et al., 2006b; Caputo et al.,
2009; Gessler et al., 2009).

Although intravenous steroids have been reported to

improve postoperative care and survival following cardiac surgery, its routine use in the
clinical setting still need to be validated owing to lack of robust evidence (RobertsonMalt et al., 2009).

1.3 Neuroprotection
Neuroprotection is defined as a strategy intended to modify the progression of
neuronal loss and the natural course of the disease by maintaining intactness of the
intercellular communication in the best possible way, ultimately resulting in restoration
of natural neuronal function (Ehrenreich and Sirén, 2001; Vajda, 2002).
Neuroprotection may be achieved in two different approaches based on the intended
application: (1) prophylactic (2) therapeutic approach (Ehrenreich and Sirén, 2001).
The prophylactic neuroprotection approach refers to prevention of histological and
functional loss by a neuroprotectant before it occurs (Ehrenreich and Sirén, 2001;
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Savitz and Fisher, 2007). For example, ischaemic brain injury can be anticipated in a
number of clinical settings such as cardiac and brain surgeries, patients with transient
ischaemic attacks, and patients with multiple comorbid vascular risk factors (diabetes,
atherosclerosis, and hypertension) for a prolonged period of time (Savitz and Fisher,
2007).

The therapeutic neuroprotection approach refers to the salvation of dying

neurons as much as possible to maintain/preserve the remaining function by
administering a neuroprotective drug (Ehrenreich and Sirén, 2001; Sahota and Savitz,
2011). This is normally the case for acute ischaemic stroke in which the damage
process is already in action and drugs are generally developed by targeting different
phases of ischaemic cascade to halt or modify the ongoing injury process, thereby helps
in preservation or recovery of normal function (Sahota and Savitz, 2011). Almost all of
the therapeutic neuroprotectants have a potential to be used before an anticipated
ischaemic insult but, drugs specifically aimed at prophylactic treatment may not be
suitable for acute stroke conditions because of inability to halt or modify the ischaemic
cascade optimally (Savitz and Fisher, 2007).
1.3.1

Rationale for use of neuroprotectants
The mammalian brain has a limited capacity for neurogenesis in the intact brain

except in the subventricular zone of the lateral ventricles (Alvarez-Buylla and Garc aVerdugo, 2002) and the subgranular zone of the hippocampal dentate gyrus (Gage,
2010) where the generation of new neurons is evident. Interestingly, a significant
increase in neurogenesis has been reported following brain injury in several regions of
both animal and human brain (Darsalia et al., 2005; Tonchev et al., 2005; Jin et al.,
2006). However, it is estimated that the turnover of new neurons over dead neurons is
only about 0.2% even after 6 weeks of ischaemic insult and it is unclear to what extent
they contribute to restoration of neural circuitry and functional recovery after stroke
(Arvidsson et al., 2002). Therefore, the current stroke therapy has primarily focused on
the following:
(1) Control of risk factors and treatment of comorbid pathologic conditions e.g.
atherosclerosis, hypertension, diabetes, and noncardioembolic stroke or
transient ischaemic attack (see section 1.1.6) (Furie et al., 2011).
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(2) Restoration of cerebral blood flow by recanalisation of occluded major brain
arteries using intravenous thrombolytic agent (Adams et al., 2007).
The extensive understanding of pathophysiology of cerebral ischaemia led to the
concept of ‗ischaemic core‘ and ‗ischaemic penumbra‘ which is the heart of design and
development of current investigational neuroprotectants (Astrup et al., 1981). Abrupt
reduction in cerebral blood flow to the ischaemic core results in rapid depletion of
energy and ionic imbalance leading to irreversible tissue damage (Astrup et al., 1981;
Hossmann, 1994).

Figure 1.5 The ischaemic penumbra and the necrotic ischaemic core.
Sudden reduction in cerebral blood flow leads to necrosis of brain tissue, called ischaemic core
and early impairment of function due to development of relatively larger ischaemic penumbra
(yellow) surrounding the core. The penumbral region is potentially recoverable by treatment
with a neuroprotectant but if left untreated, gradual expansion of the ischaemic core result in
relapse of functional impairment for the rest of the life (adapted from Dirnagl et al., 1999).

Unlike ischaemic core, the ischaemic penumbra is only functionally impaired due
to constrained blood supply, but preserved energy metabolism makes it potentially
viable tissue surrounding the infarct core (Astrup et al., 1981). The viability of the
penumbral region may persist for up to 48 hours after initiation of brain injury, and the
limited survival is due to periinfarct depolarisations resulting in frequent hypoxia
episodes (Hossmann, 1994; Arakawa et al., 2005). In the absence of interventions that
stop the neurodegeneration process within a specific time, the penumbral tissue is
destined to die and a gradual increase of the infarct core is observed (Figure 1.5)
(Arakawa et al., 2005). Therefore, the possible recovery of the ischaemic penumbra
within a specific time window appears to be a strong rationale for the development and
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testing of neuroprotective agents (Fisher and Takano, 1995; Arakawa et al., 2005).
However, it should be noted that no neuroprotective agent so far has been shown to
reduce stroke outcomes in clinical trials, but newer therapeutic strategies remain to be
investigated (Sahota and Savitz, 2011).
1.3.2

Why prophylactic neuroprotectants
It is well-established that of the many compounds examined as potential

neuroprotectants in animal studies, virtually all have failed in clinical testing (Sahota
and Savitz, 2011). It is also recognized that the general failure of these drugs is related
to their ineffectiveness when administration is significantly delayed, which is almost
invariable in cases of human stroke (Ginsberg, 2008).

Thus, the induction of

endogenous mechanisms of neuroprotection by administration of prophylactic
neuroprotectants to at-risk patients before an ischaemic insult occurs would be the
ultimate neuroprotection strategy (Goulton et al., 2010).

While this may not be

practical for the treatment of acute ischaemic stroke patients, prophylactic
neuroprotection would certainly be of benefit in surgical conditions where global or
focal cerebral ischaemia is likely (Savitz and Fisher, 2007).

Furthermore, not

surprisingly most of the investigational neuroprotective agents provide significant
neuroprotection when administered acutely, prior to the induction of brain injury.
Another desirable feature of a prophylactic neuroprotectant would be an ability to
trigger the induction of a lasting endogenous neuroprotective pathway. To this end, a
great body of evidence has shown that neurons do in fact possess endogenous
neuroprotective mechanisms and can be induced in a variety of ways to protect brain
from anticipated ischaemic insults (Dirnagl et al., 2009).

It is also evident that

preconditioning or prophylactic treatment strategies provide better neuroprotection
efficacy due to blockade of pathways of ischaemic injury early in the cascade as
therapeutic management precedes brain injury (Savitz and Fisher, 2007). In contrast,
the conventional post-ischaemic neuroprotection efficacy looks inconsistent due to
inability of several neuroprotective agents to overcome the damage produced by the
mechanisms, early in the neurodegeneration cascade following the insult. Therefore, it
will be easier to develop and validate a prophylactic neuroprotectant to counterbalance
expected neurological outcomes in patients undergoing cardiac and brain surgeries and
in stroke predisposed patients with multiple risk factors.
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1.4 Neuroprotection during cardiac surgery
Extensive improvement in understanding of pathophysiology of cerebral
ischaemia in last few decades has led to development of several pharmacologic and
nonpharmacologic neuroprotection strategies to counteract cerebral injury following
surgical procedures (Hogue et al., 2006).

Almost all pharmacologic treatment

approaches involve prevention of the ischaemic cascade, whereas nonpharmacologic
treatment approach focuses on hypothermia and prevention of emboli formation and
postoperative hyperthermia (Grocott and Yoshitani, 2007). Although neuroprotective
approaches during cardiac and brain surgery have not been standardized worldwide, a
recent survey in Germany on current practice of neuroprotection in cardiac anaesthesia
showed that hypothermia is employed in 100% of clinics offering CPB and
pharmacological neuroprotection was provided with corticosteroids, barbiturates, and
antiepileptic agents in 58, 50, and 10% of clinics respectively (Erdos et al., 2009). For
maintenance of anaesthesia during surgery, 32.5% of the participating clinics used
neuroprotective inhalational anaesthetics and 20% of hospitals used inhalational
anaesthetics with neuroprotective property.
1.4.1

Pharmacologic neuroprotection

1.4.1.1 Anaesthetics
Anaesthetics used during surgical procedures involving brain and heart have been
extensively studied in animals and humans for their neuroprotective efficacy.
Barbiturates (thiopental) and propofol are the intravenous anaesthetics activate GABAA
receptor and reduce the effects of glutamate induced by ischaemia. Thiopental has
been studied for its ability to reduce neurological outcomes in patients undergoing
coronary artery surgery. Results of a large randomized controlled trial showed that
thiopental was unable to provide protection against occurrence of stroke (Zaidan et al.,
1991) but a significant reversal of neuropsychiatric outcome was observed when
administered at a dose sufficient to silence electroencephalographic activity (Nussmeier
et al., 1986). Furthermore, in a retrospective study thiopental showed insignificant
neuroprotection compared to opioids (Pascoe et al., 1996). In an experimental model
of focal cerebral ischaemia, propofol was shown to have neuroprotective activity
(Gramigni et al., 2006) however, did not afford any neuroprotection and improvement
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of neuropsychiatric dysfunction in coronary artery bypass grafted patients (Roach et al.,
1999; Kadoi et al., 2003).
1.4.1.2 GABA agonists
Clomethiazole, a GABAA receptor mimetic has been studied in several animal
models of global and focal ischaemia (Cross et al., 1995; Sydserff et al., 1995;
Marshall et al., 1999; Clarkson et al., 2005a). Although a significant neuroprotective
effect was confirmed in all the experimental models, no benefit was observed in
patients with acute stroke and patients undergoing CABG (Kong et al., 2002).
1.4.1.3 Sodium channel blockers
Lidocaine, a voltage-gated sodium channel blocker used as a local anaesthetic and
antiarrhythmic agent has been shown to reduce hippocampal cell death and alleviate
cognitive dysfunction following global ischaemia in rats (Popp et al., 2011). Both
randomized and nonrandomized controlled trials of lidocaine in patients undergoing
cardiac surgery showed short-term reductions in postoperative cognitive dysfunction
(Mitchell et al., 1999; Wang et al., 2002a) but in a large randomized double-blind
controlled trial no benefit was observed (Mathew et al., 2009).
1.4.1.4 Anticonvulsants and glutamate release inhibitors
Glutamate release inhibitors riluzole (Bae et al., 2000) and lamotrigine (Shuaib et
al., 1995) have been shown to provide profound neuroprotection in animal models of
global ischaemia. Lamotrigine was also effective in reducing the hippocampal damage
which occurs following cardiac arrest-induced global cerebral ischaemia (Crumrine et
al., 1997). Valproic acid, a well-known anticonvulsant has been shown to inhibit
histone deacetylase to reduce neurological outcomes and infarction in transient focal
ischaemia (Ren et al., 2004). Recently, pretreatment with valproate in a canine model
of CPB and HCA showed significant improvement in histological and behavioural
outcomes indicating its potential as neuroprotectant in cardiac surgery (Williams et al.,
2006).

28

1.4.1.5 NMDA and AMPA receptor antagonists
NMDA receptor antagonists and AMPA receptor antagonists have been
extensively studied for their neuroprotective efficacy in different animal models of
cerebral ischaemia. Dizocilpine (MK-801), an NMDA receptor antagonist has shown
to afford protection against neuronal injury observed in a canine model of HCA
(Redmond et al., 1994; Tseng et al., 2010) however no improvement in neurocognitive
function was observed when remacemide, a noncompetitive NMDA antagonist was
administered to patients undergoing CABG (Arrowsmith et al., 1998). Ketamine is a
widely used intravenous anaesthetic, known to inhibit NMDA receptors and proinflammatory cytokines for its neuroprotective effect. Although intravenous ketamine
has been shown to relieve postoperative cognitive impairments following cardiac
surgery (Hudetz et al., 2009), in a recent study no improvement in neurological
outcome was observed in focal ischaemia in rats following ketamine pretreatment (Cai
and Zhu, 2010). Xenon is also a potent anaesthetic shown to mitigate CPB–induced
neurocognitive impairments in rats through inhibition of NMDA receptor (Ma et al.,
2003). In a recent phase 1 trial, xenon was safely administered to patients undergoing
CABG but randomized controlled clinical trials are required to acquire clinical
evidence of neuroprotection in surgical conditions (Lockwood et al., 2006). Another
NMDA antagonist extensively studied as a neuroprotective agent in cardiac surgery is
magnesium (van den Bergh et al., 2004). Previous studies have shown that magnesium
ameliorates postoperative cerebral function (Bhudia et al., 2006) and atrial fibrillation
(Dabrowski et al., 2008) but recent meta-analysis showed no decline in postoperative
arrhythmias (De Oliveira et al., 2012) following CABG, questioning its clinical
potential.
In addition to NMDA receptor antagonists, the competitive AMPA receptor
antagonist NBQX has been studied in canine model of HCA (Redmond et al., 1995).
Low-dose NBQX treated dogs showed marked reduction in neurologic score and
neuronal injury in comparison to vehicle treated dogs subjected to CPB and HCA
(Redmond et al., 1995) but at high doses adverse effects outweigh the benefits (Aoki et
al., 1994).
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1.4.1.6 Calcium antagonists and release blockers
Several calcium channel antagonists and calcium release blockers have been
studied in animal models of global ischaemia (Weigl et al., 2005). Nimodipine is
extensively studied for its neuroprotective effects in global ischaemia induced in
different species and has been shown to reduce neurological outcomes at lower doses
but is neurotoxic at higher doses (Lazarewicz et al., 1990; Calle et al., 1993; Zapater et
al., 1997). Nimodipine has also been studied in patients undergoing CABG, showing
some improvement in neuropsychological tests in a small study (Forsman et al., 1990)
but in a large trial was found to be associated with higher mortality without any benefits
(Legault et al., 1996). Dantrolene inhibits release of calcium from intracellular stores
and provides neuroprotective activity in experimental global ischaemia (Nakayama et
al., 2002) but its usability in surgical conditions need further evaluation in appropriate
model.
1.4.1.7 Anti-inflammatory agents
Systemic inflammation following cardiac surgery is the greatest contributor of
postoperative neurological dysfunction, hence forms the basis of anti-inflammatory
agents as possible neuroprotectants due to suppression of inflammation and reduction
of neurological complications. Although dexamethasone has been shown to exacerbate
global ischaemia-reperfusion injury in rats (Wang et al., 2003), several clinical trials
involving CABG showed its anti-inflammatory effect (Tabardel et al., 1996; Bronicki
et al., 2000). Methylprednisolone has been studied in a piglet model of CPB with HCA
and shown to mitigate alterations in normal haemodynamics following deep HCA
(Langley et al., 2000) but did not afford any histological neuroprotective effects in the
same model (Abdul-Khaliq et al., 2000). Administration of corticosteroids at moderate
doses has also been shown to prevent postoperative atrial fibrillation in patients
undergone cardiac surgery (Marik and Fromm, 2009). In a recent study in patients
undergoing CPB surgery methylprednisolone caused a significant reduction in
proinflammatory cytokines and neuron-specific enolase, a marker of neuronal damage
suggesting potential in amelioration of neurological injury following cardiac surgery
(Demir et al., 2009). However, more studies looking at improvement in neurological
outcome are required to establish corticosteroids as valid option.
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1.4.1.8 Free radical trapping agents
Resveratrol, a potent antioxidant and free radical scavenger (Sinha et al., 2002;
Lu et al., 2006), protects brain against both focal and global ischaemia induced injury
(Wang et al., 2002b; Gao et al., 2006; Simão et al., 2012). To date no clinical studies
have been done in patients undergoing CABG surgery to evaluate antioxidant therapy
as a potential option but, in a recent acute ischaemic stroke trial, failure of NXY-059
(free-radical–trapping agent) to afford any protection casts doubt over potential usage
of free radical scavengers against neuronal injury (Shuaib et al., 2007).
1.4.1.9 Beta-blockers
Postoperative atrial fibrillation following CABG often leads to cerebral injury and
neurocognitive dysfunction and low-dose beta-adrenergic antagonists reduce the
occurrence of atrial fibrillation (Fujiwara et al., 2009). Additionally, beta-adrenergic
antagonists have been reported to be effective in reducing infarct volume and
neurological deficits following focal ischaemia in rats (Goyagi et al., 2006). Novel
mechanisms of action have been reported regarding neuroprotective effects of betablockers. Prophylactic administration of carvedilol in transient focal ischaemia reduces
oxidative stress, programmed cell death, and overexpression of proinflammatory
cytokines (Savitz et al., 2000). This multimodal action of carvedilol makes it a perfect
candidate for prophylactic neuroprotection in cardiac surgery and for patients with
multiple risk factors of stroke and transient ischaemic attack (Savitz and Fisher, 2007).
Beta-blockers are frequently used in the treatment of cardiovascular disorders but in a
retrospective observational study, administration of beta-blockers was associated with
marked reduction in occurrence of cerebral complications following CABG (Amory et
al., 2002) and warrants further prospective randomized trials in cardiac surgery
conditions to validate this encouraging outcome.
1.4.1.10 Antibiotics
Antibiotics have been studied in both in vitro and in vivo experimental models of
stroke.

Post-stroke administration of ceftriaxone caused a marked reduction in

mortality, infarct size and neurological outcomes in normotensive Wistar rats subjected
to MCAO (Thöne-Reineke et al., 2008). Furthermore, prophylactic administration of
ceftriaxone in hypoxic-ischaemic neonatal rats caused significant reduction in neuronal
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death, demyelination, and HI-induced cognitive impairments (Lai et al., 2011). Studies
in animal models of global and focal ischaemia showed neuroprotective effect of
minocycline and doxycycline attributed to their anti-inflammatory activity (Yrjänheikki
et al., 1998; Yrjänheikki et al., 1999).
1.4.1.11 Ovarian hormones
Estradiol and progesterone have been comprehensively studied in experimental
models of global and focal stroke.

Prior administration of estradiol prevents

hippocampal neuronal loss following global ischaemia in mice (Durham et al., 2012).
Furthermore, acute and long-term oestrogen therapy provides significant protection
against global ischaemia-induced spatial memory impairments and hippocampal CA1
neuronal loss (Gulinello et al., 2006). Prophylactic administration of progesterone in
rats subjected to MCAO has been shown to reduce neuronal loss and ischaemiainduced suppression of spatial memory and hippocampal CA1 long-term potentiation
(Cai et al., 2008). In a prospective double-blind randomized placebo-controlled trial,
perioperative administration of estradiol to postmenopausal women undergoing CPB
surgery showed no reduction in occurrence of neurocognitive impairments, but was
associated with an increase in psychomotor speed compared to placebo (Hogue et al.,
2007).
1.4.1.12 Platelet antagonists
Excessive accumulation of intracellular calcium in the event of cerebral
ischaemia activates Ca2+-dependent phospholipase A2 that releases arachidonic acid
from phospholipids of cell membrane.

The conversion of arachidonic acid into

prostaglandins and thromboxanes lead to a myriad of vascular reactions including
inflammation, BBB permeability, and platelet aggregation. Platelet inhibitors have
reasonable potential in cardiac surgery as formation of microemboli due to platelet
aggregation may contribute to neuronal injury and cognitive impairment following CPB
surgery. Prospective randomized study of prostacyclin, a potent endogenous platelet
inhibitor in CPB surgery showed insufficient clinical benefits with regard to
perioperative neurocognitive functions (Fish et al., 1986; Fish et al., 1987). Similar
negative results were obtained when lexipafant was studied in patients undergoing
CABG (Taggart et al., 2003).
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1.4.1.13 Other agents
Several drugs other than the class mentioned above and plant derived constituents
have been studied for their neuroprotective potential in patient undergoing cardiac
surgery. Reduction in proinflammatory cytokines and markers of neuronal injury were
observed in aminophylline treated group following CPB (Pan et al., 2009). Ginaton, an
active constituent of Ginkgo biloba leaf extract caused reduction in free radical
generation and improvement in cerebral oxygen supply in patients undergoing CPB
surgery (Deng et al., 2006). In a porcine model of HCA, hypertonic saline dextran was
associated with neuroprotective characteristics such as improvement in cerebral
haemodynamics, metabolism, and neurological outcome (Kaakinen et al., 2006).
Gangliosides are the naturally occurring glycosphingolipids found in neuronal plasma
membranes, and have been shown to afford significant neuroprotection in global
ischaemia (Cahn et al., 1989) in a canine model of CPB surgery (Baumgartner et al.,
1998). Nevertheless, more evidence from clinical trials is required to consider these
agents as neuroprotectants in cardiac surgery.
1.4.2

Preconditioning
Preconditioning is a treatment strategy in which an organ develops tolerance

against noxious insults above the damaging threshold, due to activation of endogenous
protective mechanisms by prior administration of subthreshold noxious stimuli. For the
first time in 1986, the ischaemic-preconditioning strategy was used to salvage
myocardium from persistent ischaemic insult by applying repeated brief period of
coronary artery occlusion (Murry et al., 1986). This strategy was then successfully
applied in an animal model of global cerebral ischaemia to curb neuronal death
(Kitagawa et al., 1990).

This ischaemic tolerance was induced by single 2-min

ischaemia (bilateral CCAO) one or two days before prolonged ischaemia induced by 5min ischaemia. Since then, several preconditioning approaches have been studied in
animals and humans to fight against devastating complications of cerebral ischaemia in
a preventative manner due to induction of endogenous neuroprotective mechanisms
(Dirnagl et al., 2009).

These include ischaemic preconditioning, immunologic

preconditioning, hypoxic preconditioning, remote ischaemic preconditioning, and
pharmacologic preconditioning. Preconditioning procedures have the ability to protect
the brain either instantly after the induction or after a delay of few days (Dirnagl et al.,
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2009). It is believed that rapid preconditioning activates numerous cellular events that
lead to expression of sensors, effectors and transducers, which eventually induce
neuroprotection. In contrast, delayed tolerance induced by ischaemic preconditioning
involves alteration in expression of genes that control cell death, metabolic demand,
ionic balance, synaptic activity, and stress response (Stenzel-Poore et al., 2003).
Hypoxia, ischaemia, inflammation, seizures, pharmacological agents, and oxygen
free radicals generally trigger preconditioning mechanisms (Dirnagl et al., 2009) that
involves a myriad of molecular events (Figure 1.6). These triggers activate G protein–
coupled receptor–dependent phospholipase C that converts phosphatidylinositol-4,5bisphosphate (PIP2) to diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3)
(Iadecola and Anrather, 2011). This leads to release of Ca2+ from intracellular calcium
stores that enhance protein kinase C (PKC) activation. Furthermore, phosphorylation
of PIP2 by phosphatidylinositol-3-OH kinase (PI3K) produces phosphatidylinositol3,4,5-trisphosphate (PIP3) that activates Akt pathway.

Entry of calcium through

glutamate receptors activates NOS and production of NO increases the activity of
guanylate cyclase (GC) to activate protein kinase G (PKG).

Activation of early

mediators contributes in early preconditioning by enhancement of synaptic activity,
transporter activity, antiapoptotic activity and activity of mitochondrial potassium ATP
(K-ATP) channels.
In delayed preconditioning, the early mediators along with low oxygen, energy
depletion and ROS activate a series of transcription factors that subsequently lead to
expression of genes involved in neuroprotection.

The genes generally expressed

following delayed preconditioning include cyclic AMP response element–binding
protein (CREB)-dependent prosurvival genes (antiapoptotic factor Bcl2, heat shock
proteins, and the antioxidant enzymes heme-oxygenase-1), hypoxia-inducible factor 1
(HIF1)-dependent genes that regulate cellular activity at low oxygen and glucose
(proangiogenic growth factor vascular endothelial growth factor (VEGF), glucose
transporter and the haematopoietic and cytoprotective factor erythropoietin).
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Figure 1.6 Molecular events involved in early and delayed ischaemic
preconditioning that lead to neuroprotection.
Rapid preconditioning depends on activation of early phase signalling pathways: protein kinase
C, nitric oxide synthase, Akt, extracellular signal–regulated kinase (ERK) resulting in
augmentation of synaptic activity, transporter activity, antiapoptotic activity and activity of
mitochondrial potassium ATP channels. In contrast delayed preconditioning activates
transcription factors resulting in expression of genes responsible for cell survival and regulation
of cellular activity at low oxygen and glucose. EPO: erythropoietin; GLUT1: glucose
transporter; HO-1: heme-oxygenase-1; HSF: heat shock factor; HSPs: heat shock proteins; IFNβ: interferon-β; iNOS: inducible NOS; IRF3: interferon regulatory factor 3; Keap1: kelch-like
ECH-associated protein 1; Lig: ligand; MEK: MAP kinase or ERK kinase; MnSOD:
manganese superoxide dismutase; mPTP: mitochondrial permeability transition pore; Myd88:
myeloid differentiation primary response gene 88; PPARγ: peroxisome proliferator-activated
receptor gamma; TLR: Toll-like receptor; TNF: tumor necrosis factor; TRIF: Toll/interleukin
receptor domain–containing adapter-inducing interferon-β. Modified from Iadecola and
Anrather, 2011.

1.4.2.1 Ischaemic preconditioning
Preconditioning can induce rapid tolerance immediately after the induction
procedure to protect the brain against subsequent ischaemic insults. Single or threerepeated occlusion of middle cerebral artery for five minutes, 30 minutes before
permanent MCAO successfully induced rapid tolerance, evidenced by significant
reduction in infarct volume (Stagliano et al., 1999).
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This early ischaemic

preconditioning benefit was lost when permanent MCAO was performed 2 hrs after the
tolerance induction, suggesting early preconditioning does not involve alteration in
protein expression. Similar rapid ischaemic preconditioning has been shown to protect
hippocampal neuronal loss in animal model of global ischaemia (Pérez-Pinzón et al.,
1997).

Ischaemic preconditioning follows early and delayed preconditioning

mechanisms, which involves induction of early mediators and genes responsible for
neuronal survival (Figure 1.6). Remote ischaemic preconditioning has gained greatest
attention in experimental stroke research. In this approach, a sub lethal stimuli applied
to one organ, induces self-protective mechanism in another organ (Dirnagl et al., 2009).
Rapid remote ischaemic preconditioning induced by occluding femoral artery of
ipsilateral limb significantly reduced infarct size when applied immediately and 2 days
before induction of brain injury by combination of transient bilateral common carotid
artery occlusion (CCAO) and permanent MCAO (Ren et al., 2008). In a proof-ofconcept clinical study, a substantial reduction in recurrence of stroke and better cerebral
haemodynamics was observed in patients with symptomatic atherosclerotic intracranial
arterial stenosis subjected to repetitive episodes of upper arm ischaemia and reperfusion
(Meng et al., 2012).

Remote ischaemic preconditioning has been regarded as an

effective tool in terms of availability and ease of administration, but its superiority over
other tolerance induction procedures in terms of safety and outcome needs further
evaluation (Koch et al., 2012).
1.4.2.2 Immunologic preconditioning
This procedure involves induction of tolerance to brain injury by stimulating the
immune system through administration of low-dose endotoxin lipopolysaccharide
(LPS). Systemic administration of LPS at doses that are not associated with significant
changes in behavioural activity and body temperature led to induction of both early (1
hr) and delayed (24 hrs) preconditioning in mice against NMDA-induced neuronal
injury (Orio et al., 2007).

The neuroprotective effect observed with one hr

preconditioning interval was completely abolished by inhibitors of neuronal NOS and
guanylyl cyclase but unaffected by treatment of anisomycin, a protein synthesis
blocker.

Furthermore, failure of inducing early preconditioning in neuronal or

endothelial NOS deficient mice suggests involvement of cGMP, produced from
endothelial and neuronal NO in LPS-induced rapid tolerance but does not involve de
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novo protein synthesis. In contrast, the protection afforded by 24 hrs preconditioning
was blocked by anisomycin and inducible NOS inhibitor aminoguanidine suggesting
involvement of transcription factors and protein synthesis (Orio et al., 2007).
Activation of Toll-like receptor-4 (TLR4) by endogenous ligands following ischaemic
insult exacerbates brain damage but their activation before induction of brain injury
through systemic LPS induces tolerance to cerebral ischaemia (Tasaki et al., 1997;
Rosenzweig et al., 2004; Hickey et al., 2007).

Administration of LPS induces

proinflammatory cytokines (TNFα, IL-1β, and inducible NOS) by activating TLR4
receptor and induction of these cytokines with subclinical dose of LPS shown to protect
the brain from subsequent ischaemic damage (Tasaki et al., 1997).

Systemic

administration of IFN-β has been shown to ameliorate ischaemic brain injury (Veldhuis
et al., 2003). In a recent gene expression study, LPS preconditioning before focal
ischaemia showed that neuroprotection involves increased expression of IRF3 and
neuroprotective cytokine IFN-β (Marsh et al., 2009). This increase in interferonstimulated gene expression requires efficient TRIF-IRF3 signaling through activation of
TLR4 receptors.

While preclinical results for immunologic preconditioning looks

promising, more robust evidence regarding safety and efficacy in clinical trials are
required to be considered as a treatment option.
1.4.2.3 Hypoxic preconditioning
Brief periods of hypoxia have been studied for preconditioning effects in different
in vitro and in vivo models of cerebral ischaemia (Gidday et al., 1994; Miller et al.,
2001; Bickler and Fahlman, 2009). Pre-exposure to three hrs of normothermic hypoxia
induces

robust

neuroprotection

against

neonatal

HI-induced

24

hrs

after

preconditioning (Gidday et al., 1994). Similar hypoxic preconditioning effects are also
evident when animals were subjected to focal cerebral ischaemia (Miller et al., 2001).
Hypoxic preconditioning in hippocampal slice cultures was shown to reduce neuronal
death induced by oxygen and glucose deprivation (Bickler and Fahlman, 2009). This
hypoxia-induced neuroprotection was associated with a significant increase in
intracellular calcium and all (10 out of 10) cell survival genes studied, which includes
Bcl2-associated X protein (Bax), B-cell lymphoma protein (Bcl2). Only one gene out
of 14 genes related to cell cycle, growth and differentiation was overexpressed in
hypoxic preconditioning group.

Mechanisms behind hypoxia-induced delayed
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tolerance generally involve activation of HIF1, which subsequently induces targeted
genes including VEGF, EPO, and glucose transporter GLUT1 responsible for cell
survival in low oxygen and energy condition (Sharp et al., 2004). A recent study has
shown that hypoxic preconditioning not only reduces cerebral infarct but also protects
BBB due to activation of sphingosine kinase that involves HIF signaling (Wacker et al.,
2012).
1.4.2.4 Pharmacological preconditioning
The understanding of molecular pathways involved in induction of cerebral
neuroprotection during ischaemic preconditioning provided a basis for development of
a more appropriate and acceptable preconditioning strategy, namely, ‗pharmacological
preconditioning‘ (Van den Bergh, 2010).

This involves administration of drug

candidates having preconditioning ability rather than noxious physical or inflammatory
stimuli used in ischaemic and immunologic preconditioning respectively (Dirnagl et al.,
2009). For the first time, acetylsalicylic acid was studied for preconditioning efficacy
in hippocampal slices against hypoxic neuronal injury induced by 15 minutes of
hypoxia, followed by 45 minutes of recovery (Riepe et al., 1997b). Acetylsalicylic
showed neuroprotective activity in both in vitro and in vivo preconditioning conditions.
Nitropropionic acid also showed a similar preconditioning effect, which was partially
blocked by a K-ATP, channel antagonist glibenclamide, suggesting involvement of
mitochondrial K-ATP channel in pharmacological preconditioning (Riepe et al.,
1997a).
Volatile anaesthetics have been studied extensively in animal models of cerebral
ischaemia (Kadoi, 2007), which is regarded as anaesthetic preconditioning. Isoflurane
preconditioning before permanent MCAO and HI in rats caused a marked decrease in
infarct volume, which was associated with a significant increase in inducible NOS
(Kapinya et al., 2002; Zhao and Zuo, 2004) and prolonged activation of p38 mitogenactivated protein kinases (MAPK) (Zheng and Zuo, 2004).

Anaesthetic

preconditioning with isoflurane has been studied in in vitro hippocampal slice cultures.
Unlike hypoxic preconditioning, significant increases in genes associated with cell
cycle, growth, and differentiation was more apparent with isoflurane preconditioning
(Bickler and Fahlman, 2009).

Delayed preconditioning associated with increased

expression of Bcl2, a decrease in cytochrome c release and reduced activation of
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caspase-3 was observed when rats were subjected to isoflurane preconditioning before
permanent MCAO (Li et al., 2008). Sevoflurane, another volatile anaesthetic, induced
both early and delayed preconditioning-induced neuroprotection in a rat model of
global ischaemia (Payne et al., 2005; Wang et al., 2007a).
Diazoxide, a mitochondrial K-ATP channel opener produced profound
pharmacologic preconditioning against cerebral injury induced by CPB and HCA in
dogs, which was evidenced by a remarkable reduction in neuronal death and
neurological score (Shake et al., 2001).

Pharmacological preconditioning with

erythromycin, a macrolide antibiotic, significantly reduced neurological deficits and
hippocampal neuronal loss when administered 12 hrs before induction of global
ischaemic brain injury in rats (Brambrink et al., 2006). Low-dose administration of
domoic acid 45-90 min prior to high-dose administration was shown to induce
pharmacological preconditioning, evidenced by significant decrease in seizure activity
in both young and aged rats (Hesp et al., 2007; Sawant et al., 2008). In a hippocampal
electrophysiology study, administration of low-dose GYKI-52466 followed by washout
induced a robust pharmacological preconditioning against subsequent kainic acidinduced excitotoxicity (Hesp et al., 2004). In the same study, significant reduction in
constitutive GTPase activity was observed in hippocampal plasma membranes obtained
from slices of both young and aged rats preconditioned with low-dose GYKI-52466.
Most recently, in a kainic acid-induced seizure study significant attenuation of seizure
activity was observed when animals were prophylactically preconditioned with GYKI52466 at doses unlikely to cause ionotropic blockade of AMPA receptors long before
administration of kainic acid (Goulton et al., 2010).

1.5 Behavioural testing in animal models of stroke
Rodent models of stroke have helped us to understand mechanisms involved in
brain injury processes and provided an opportunity to explore thousands of putative
neuroprotectants. The histopathology of rodent brain serves as an important tool to
evaluate anatomical neuroprotection following administration of neuroprotective agents
(DeVries et al., 2001). Nonetheless, the assessment of functional recovery following
neurological injury has significant importance, as eventual target of stroke therapy is to
reestablish sensorimotor behavioural functions in patients (Schaar et al., 2010).
Furthermore, the assessment of neurological outcomes by behavioural tests provides a
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prolonged window for the estimation of the extent of injury and recovery after
treatment, which is critical for translational neuroscience research (Fisher et al., 2009;
Schaar et al., 2010).

Over a dozen of behavioural tests, ranging from subjective

neurological scoring to more reliable objective fine motor tasks are available for
assessment of functional disabilities in animals following ischaemic brain injury
(Schallert, 2006; Kleim et al., 2007; Modo, 2009; Schaar et al., 2010; Lipsanen and
Jolkkonen, 2011). In addition, to evaluate learning and memory impairments in an
animal after stroke, many studies employed different cognitive tests, namely, Morris
water maze, passive and active avoidance, T-maze, and radial arm maze (DeVries et
al., 2001; Schallert, 2006; Modo, 2009; Schaar et al., 2010). While studying functional
deficit and recovery in experimental models of ischaemic stroke, it has been claimed
that a battery of sensorimotor functional tests would provide more robust outcomes,
rather than a single behavioural test, due to variation in the outcomes from different
tests (Encarnacion et al., 2011). For the attainment of translational research, it is vital
to select tests that are sensitive to the sites of the brain damage, extent of brain injury,
and severity of impairment, and capable of detecting long-term neurological outcomes
and recovery (Schallert, 2006; Savitz et al., 2011).
1.5.1

Neurological scoring tests
Neurological scoring scales allow us to study a range of neurological impairments

in motor, sensory, reflex and balance activities following experimental stroke (Schaar et
al., 2010). Several scoring scales have been established to provide simple techniques to
identify neurological deficits, since the development of the Bederson global
neurological assessment scale (Chen et al., 2001; Boltze et al., 2006; Lourbopoulos et
al., 2008).

The scoring tests are generally quick and do not require expensive

equipment or extensive training to the experimenter (DeVries et al., 2001).

The

Bederson scale, often called postural reflex test involves subjective grading of
behavioural deficits and is very easy to administer in most experimental settings
(Bederson et al., 1986; Schaar et al., 2010). The assessment includes a scoring scale of
0 to 3 and consists of three different tests, namely, forelimb flexion, resistance to lateral
push, and circling (Bederson et al., 1986). Unilateral brain injury in both humans and
rodents induces contralateral neurological impairments and ischaemic animals score
higher in the neurological scoring scale compared to sham controls (Yonemori et al.,
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1996; Bona et al., 1997; Freret et al., 2006). Animals with unilateral brain damage and
mild neurological deficits, flex their contralateral forelimb when suspended by the tail
50 cm above a table whereas, animals without any brain injury extend both of their
forelimbs towards the table (Smith and Meldrum, 1992; Bona et al., 1997). Animals
with moderate neurological impairment display reduced resistance to lateral push when
a gentle lateral push is applied behind the shoulder contralateral to the brain injury site
(Smith and Meldrum, 1992; Bona et al., 1997). Furthermore, animals with severe
neurological impairments also show circling behaviour towards the contralateral side in
addition to forelimb flexion and reduced resistance to lateral push (Bederson et al.,
1986; Smith and Meldrum, 1992). The Bederson scale is limited by its subjective
nature and spontaneous recovery of neurological deficits, rendering this unfeasible for
long-term assessment of disabilities following experimental stroke (Schaar et al., 2010).
In contrast, the modified neurological severity scores (mNSS) used in animal stroke
studies is more informative, robust and worthwhile for long-term studies (Zhang et al.,
2002). This scoring system assesses multiple neurological deficits which includes
motor (abnormal movement and muscle status), sensory (visual, tactile and
proprioceptive), reflex (pinna, corneal and startle) tests and a beam balance test (Boltze
et al., 2006). The mNSS uses a composite scoring scale of zero (normal score) to 18
(maximal deficit score) to grade the neurological deficits observed following animal
models of stroke (Boltze et al., 2006).
1.5.2

Behavioural sensorimotor tests
Behavioural sensorimotor tests are more robust and provide opportunity to

perform long-term assessment of forelimb and hindlimb impairments following brain
injury.

These tests are different from neurological scoring in terms of their

objectiveness, degree of difficulty and involvement of numerous functions such as
attention, sensorimotor detection and specific motor skills (Modo, 2009). Some of the
tests rely on motor behaviours and are designed to measure the baseline and post-injury
deficits in the preexisting (unskilled) or acquired (skilled) motor behaviours (Kleim et
al., 2007). The tests that measure unskilled motor behaviours are cylinder or rearing,
swimming (forepaw inhibition), sunflower seed opening, foot fault or grid walking,
tongue protrusion, and ladder rung walking test (Gulyaeva et al., 2003; Kleim et al.,
2007; Schaar et al., 2010). These tests generally require only a little pre-training to
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familiarize the animals with the task. In some of the behavioural tasks, like the cylinder
test (vertical exploratory behaviour), Sprague Dawley rats do not initially engage
themselves in rearing in the cylinder (Schallert and Woodlee, 2005). However, the
animals can be encouraged to explore in the cylinder without affecting limb-use
asymmetry by numerous tricks which includes briefly switching off the lights in the
testing room, testing under red light, gently tapping the top of the cylinder, and picking
up and replacing the animal into the cylinder. These tricks also help to encourage
exploratory activity in grid walk test. The motor tests that measure acquired motor
behaviours like fine motor tasks require longer pre-training sessions to reach a stable
baseline assessment and sometimes involve food restriction that interfere with other
behavioural tasks (Kleim et al., 2007). The fine motor tasks generally employed in
experimental stroke studies are ledged tapered beam, reaching chamber/pellet retrieval,
staircase, and pasta test (Kleim et al., 2007; Schaar et al., 2010). These tests are
difficult to administer and time consuming but provide a sensitive measure of motor
impairment and compensatory motor behaviours following stroke for a prolonged
period (Kleim et al., 2007).

In addition, the sensorimotor tests that involve

measurement of motor activities in response to a sensory stimulus are also simple to
administer and require few training sessions (Schaar et al., 2010). These tests include
forelimb flexion, forelimb placing, the corner test, and adhesive removal test, and
generally require well-handled rats in order to obtain robust results. In both humans
and animal models, stroke induces injury in several regions of the brain including
striatum, sensorimotor cortex, forelimb and hindlimb motor cortex, lateral cortex, and
thalamus (Modo, 2009). Therefore, it is appropriate to choose a battery of behavioural
tests that represent damage to different anatomical regions triggered by a stroke.
1.5.3

Cognitive Tests
The Morris water maze, radial arm maze, Y- maze, active, and passive avoidance

tasks are behavioural cognitive tests used in the evaluation of neuroprotective therapies
in experimental stroke research (DeVries et al., 2001; Mori et al., 2001; Schaar et al.,
2010). The Morris water maze and radial arm maze tests are sensitive to hippocampal
damage and generally used to assess both reference and working memory (Gionet et al.,
1991; Kiyota et al., 1991; Markgraf et al., 1992; Yonemori et al., 1996; Nelson et al.,
1997). The hippocampus plays a vital role in the formation of new and episodic
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memories (O'Keefe and Nadel, 1979; Tulving and Markowitsch, 1998), in particular the
CA1 region of the hippocampus is known for its crucial role in formation of spatial
memory (O'Keefe and Dostrovsky, 1971).

Global ischaemia often leads to

morphological damage in the cortex, striatum, and hippocampus with sensorimotor
behavioural abnormalities and cognitive impairment (Block, 1999).

Focal brain

injuries following MCAO also affect cortical and subcortical structures including
hippocampus leading to long-term motor disabilities and loss of cognitive functions
(Danielisova et al., 2011). In most instances, the assessment of sensorimotor and
cognitive functions in experimental stroke research is simple and easy to administer
(DeVries et al., 2001).

Nevertheless, the interpretation of cognitive data is

cumbersome due to confounding effects of motor incapacities and lack of motivation in
performing complex cognitive tasks. The radial arm maze consists of a platform with
arms projecting from the centre. Animals are allowed searching for food rewards at the
end of selected arms. This task requires the animals to be food deprived to motivate
food-searching behaviour, several sessions of training, and a well-coordinated motor
behaviour in order to produce meaningful results (DeVries et al., 2001). However, the
animals suffering brain injury often lose weight, lack motivation for food and
experience motor insufficiencies.

These confounding factors often lead to faulty

assessment of cognitive function in the radial arm maze and hence many studies use the
Morris water maze as a valid alternative (DeVries et al., 2001).
The Morris water maze is a round swimming pool with opaque water in which
animals are trained to find a platform hidden under the water to avoid swimming in the
aversive condition (Morris et al., 1982). The latency to discover the hidden platform
and the swim distance (introduced location to platform location) are the two traditional
parameters used to assess learning and memory in the water maze (Gallagher et al.,
1993). In probe trials (platform removed), the residence time and target crossing in the
target quadrant are assessed, which provides precise information on the nature of search
pattern (Gallagher et al., 1993; Cheng et al., 2012). The Morris water maze has been
used in numerous experimental stroke studies to assess effects of putative
neuroprotectants against ischaemia-induced (both focal and global) deficits in learning
and memory (Cheng et al., 2012; Gordan et al., 2012; Goyagi et al., 2012; Truong et
al., 2012; Yang et al., 2012). However, the effects of sensorimotor or motivational
deficits on cognitive function were not assessed by considering the visible-platform
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version of the task. In this task as the platform is visible, and all animals, including
ischaemic animals, are expected to perform equally (Markgraf et al., 1992). However,
it has been observed that animals with permanent MCAO show significant increase in
the escape latency, path length, swim speed and thigmotaxis in performance during
visible-platform version of the task (Bingham et al., 2012).

This suggests the

traditional hidden-platform version of the task is not efficient to detect learning and
memory deficits in brain injury conditions and even in conjunction with visibleplatform task. Therefore, to minimize misinterpretation of such complex behavioural
data there is still the need for new strategies like inclusion of probe trials, visibleplatform task and training to a predetermined performance criterion (Bingham et al.,
2012).
Active and passive avoidance tasks are also frequently used in the assessment of
associative learning in animal models of stroke. The performance of the animals in
these tests is also altered by sensorimotor impairment following ischaemia (DeVries et
al., 2001). The passive avoidance task has been observed to be more robust compared
to active avoidance task in which more false positive effects are anticipated (DeVries et
al., 2001). Nonetheless, the morphological damage does not correlate with the passive
avoidance outcomes (Yamamoto et al., 1988; Yonemori et al., 1999).

1.6 Hippocampal electrophysiology
The advancement in in vitro brain slice techniques, namely hippocampal
electrophysiology, has provided an exceptional opportunity to assess cognitive
functions at the cellular level in both diseased and control conditions (Bahr, 1995;
Calabresi et al., 2003; Bukalo et al., 2006), in addition to behavioural tests discussed
earlier (section 1.5.3). The assessment of neuroprotective efficacy in experimental
stroke studies involving global ischaemia generally relies on counting viable neurons in
the hippocampus by histopathology (morphological rather than functional) technique
(Lodge et al., 1996; Maginn et al., 1997; Hui et al., 2005; Brambrink et al., 2006;
Charron et al., 2008; Koizumi et al., 2011; Popp et al., 2011).
hippocampal

electrophysiological

technique

allows

In contrast, the

establishing

basic

neurophysiological characteristics of the neurons, and is considered as a functional tool
to study alterations in neural activity under ischaemic conditions (Clarkson et al.,
2005a).

This technique has several advantages over in vivo recording, including
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complete control over the external environment, precise control over electrode
placement, the capacity to record from multiple slices from a single animal and the
opportunity for single cell recording (Selig and Malenka, 1997; Bukalo et al., 2006).
Furthermore, the maintenance of normal neuronal architecture produces neuronal
activity comparable to real time activity observed in live animals, which is unfeasible
with neuronal culture (Selig and Malenka, 1997). The hippocampus is composed of
several distinct layers of neuronal population and synaptic circuits contributing in the
memory formation (Taupin, 2007).

Hippocampal excitatory synaptic transmission

largely depends on the tri-synaptic pathway which consists of perforant pathway
(entorhinal cortex  dentate gyrus), mossy fibre pathway (dentate gyrus, DG  cornu
ammonis 3, CA3), and Schaffer-collateral/commissural pathways (CA3  CA1)
(Figure 1.7).
A transverse slice of the hippocampus preserves all the laminar architecture of the
hippocampus, which makes hippocampal electrophysiology ideal for extracellular field
potential recording (Bukalo et al., 2006). Furthermore, the Schaffer collateral pathway
has been extensively studied for the understanding of basic characteristics and
mechanisms of LTP (Sweatt, 2009).

The extracellular field potential recording

generally allows assessment of population spikes (compound action potentials) and
EPSPs (excitatory post-synaptic potentials) from stratum pyramidale (cell body layer)
and stratum radiatum (dendritic region) respectively. The population spike (Figure 1.7)
represents the synchronous firing (neuronal excitability) of a large population of
neurons whereas the field EPSP (Figure 1.7) reflects the total amount of synaptic
activation (synaptic strength), recorded directly within the apical dendrites.

The

population spikes and EPSPs are the basis of neural communication/synaptic
transmission and often used as the functional tool for assessment of basic
neurophysiological characteristics of the neurons in the area CA1 of the hippocampus
(Sweatt, 2009).
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Figure 1.7 An oversimplified diagram of excitatory synaptic connections in the
hippocampal tri-synaptic pathway and extracellular recording setup.
The tri-synaptic circuit consists of the perforant path, mossy fibre pathway and Schaffer
collateral/commissural pathway. The placement of electrodes and recorded field potentials are
shown. The Schaffer collateral-commissural pathway (stratum radiatum, CA3-CA1) of
hippocampal region CA1 is stimulated and the population spikes and field excitatory postsynaptic potentials are recorded from stratum pyramidale (cell body layer) and stratum
radiatum (dendritic region) respectively.

Synaptic transmission involves a series of pre- and post-synaptic events mediated
by the exchange of electrically charged ions across the cell membrane through opening
or closing of ion channels (Kandel and Siegelbaum, 2000). At chemical synapses, the
stimulation of the presynaptic axon terminal by an action potential opens voltage-gated
Ca2+ channels (Kandel and Siegelbaum, 2000). The increased calcium concentration in
the axon terminal induces a process called exocytosis, in which the fusion of vesicles
(filled with neurotransmitter) with the presynaptic membrane leads to release of
neurotransmitter into the synaptic cleft (a region that separates the pre- and postsynaptic cells) (Kandel and Siegelbaum, 2000). The neurotransmitter then binds to
specific receptors (see section 1.2.2.1) which subsequently leads to opening or closing
of monovalent (Na+, K+ and Cl-) or divalent (Ca2+) ion channels on the post-synaptic
cell. The binding of neurotransmitter (glutamate) at the excitatory synapses causes
influx of Na+ ions due to activation of the AMPA receptor, which depolarizes the post46

synaptic membrane and produces an EPSP (Meldrum, 2000). The generation of the
EPSP is a graded response and depends on the magnitude of neurotransmitter
(glutamate) release that is determined by the number of pre-synaptic fibres being
stimulated. Whenever, the evoked potential surpasses threshold, the post-synaptic cell
fires an all or none action potential due to opening of voltage-gated ion channels at the
soma and continues synaptic transmission from one neuron to another (Koester and
Siegelbaum, 2000).
1.6.1

Pathological changes in neuronal excitability and synaptic strength
following brain damage
It is now clear that the hippocampal CA1 pyramidal neurons are most vulnerable

to ischaemic brain injury and morphological evidence of cell death can be observed
within 2 to 4 days of insult (Kirino et al., 1984). Similarly, the functional death of the
neurons has been assessed by hippocampal electrophysiology to estimate functional
measures of synaptic transmission, namely field EPSP and population spike following
brain injury (Jensen et al., 1991; Clarkson et al., 2005a).

Consistent with

morphological cell death, electrophysiological assessment of glutamatergic synaptic
transmission in the CA1 pyramidal neurons after 72 hrs of global ischaemia (4VO)
initiation showed a significant reduction in both field EPSP and population spike
(Jensen et al., 1991). Unilateral HI-induced brain injury in rats has also been shown to
reduce both maximal population spike and EPSP slope amplitude with significant
reduction in viable neurons in the CA1 region (Krugers et al., 1999). In contrast,
studies have shown that MCAO has no impact on these basic neurophysiological
characteristics and induction of long-term potentiation in the rat hippocampus
(Karhunen et al., 2003).
Fast excitatory glutamatergic synaptic transmission in the pyramidal neurons is
mostly facilitated by AMPA receptors with a smaller component attributed to NMDA
receptors (Andreasen et al., 1989). The reduction in neuronal population in the CA1
region following ischaemia supports the reduction in population spike and EPSP
amplitude, as the number of cells that respond to afferent stimulation of Schaffer
collateral/commissural fibres reduces following brain injury (Krugers et al., 1999).
Furthermore, reduction in AMPA and NMDA receptor population following ischaemic

47

insult clarifies the association between morphological and functional cell death
(Deshpande et al., 1992; Mark Redmond et al., 1995).
1.6.2

Role of hippocampal synaptic plasticity in memory and learning
Human case studies and experimental lesion-induced animal models have

established that hippocampal injury or surgical removal of the hippocampus has
unfavourable effect on performance on a number of memory tasks, including spatial
learning and declarative memory (Lynch, 2004). Thus, the hippocampus has been
regarded as the site for novelty detection (Zhu et al., 1997), explicit memory formation
(Tulving and Markowitsch, 1998) and spatial navigation (O'Keefe and Dostrovsky,
1971).

The Canadian psychologist Donald Hebb postulated the earliest theory

regarding the mechanism of memory (Sweatt, 2009). He proposed that the memories
are formed due to alterations in neural connectivity, which is governed by persistent
activation of pre- and post-synaptic neurons concurrently (Sweatt, 2009).

The

contemporary ideas of memory formation share several common features with the
Hebb‘s theory. Therefore, it is now believed that long-term potentiation (Bliss and
Collingridge, 1993) and long-term depression (Dudek and Bear, 1992; Mulkey and
Malenka, 1992) at the hippocampal glutamatergic synapses (CA3CA1) are the basis
of physiological mechanisms underlying learning and memory.

Furthermore, the

evidence-based animal studies have shown that the abolition of LTP and LTD leads to
impairments in spatial learning tasks (Silva et al., 1992) and novelty acquisition (Dong
et al., 2012) respectively. LTP is a long-lasting increase in neuronal excitability and
efficiency of synaptic transmission following high-frequency stimulation (Bliss and
Lømo, 1973). In contrast, LTD is a long-lasting decrease in efficacy of synaptic
transmission and neuronal excitability following low-frequency stimulation (Lynch et
al., 1977; Dudek and Bear, 1992) of the presynaptic neurons.
Induction of LTP at CA1 synapses requires activation of both pre-synaptic cell
(release glutamate) and post-synaptic NMDA receptors (Harris et al., 1984). The postsynaptic AMPA receptors are the major contributor of the normal fast excitatory lowfrequency synaptic transmission in the hippocampus at normal resting potentials
(Collingridge and Bliss, 1987).

However, the NMDA receptors are blocked by

magnesium ions at the resting stage and hence require depolarisation of the postsynaptic cell to allow calcium ions to flow through the channels (Nowack et al., 1984;
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Collingridge and Bliss, 1987). In experimental conditions, an afferent stimulus through
repeated high-frequency stimulation (100 Hz, two 1 s bursts 30 s apart) produces a
stronger and long-lasting depolarisation (Collingridge and Bliss, 1987; Bliss and
Collingridge, 1993). The uncoupling of magnesium ion from the NMDA receptors
during post-synaptic depolarisation allows flow of Ca2+ and Na+ into the dendritic
spines (Malenka and Nicoll, 1999). Finally, the increase in Ca2+ concentration inside
the spines is believed to trigger an array of biochemical pathways leading to increases
in synaptic efficiency (Collingridge and Bliss, 1987).

The important machinery

involved in the induction of LTP are the activation of post-synaptic protein kinases
which includes α-calcium-calmodulin–dependent protein kinase II (CaMKII), protein
kinase C (PKC), the tyrosine kinase Src, cAMP–dependent protein kinase (PKA), and
mitogen-activated protein kinase (MAPK) (Malenka and Nicoll, 1999). The CaMKII is
the most extensively studied machinery in the LTP induction mechanism and its
activation along with other kinases following increased concentration of Ca2+ is the
final stage of LTP induction (Malenka and Nicoll, 1999). During early phase of LTP,
the activation of CaMKII leads to phosphorylation of AMPA receptors and insertion of
AMPA receptors in the post-synaptic membrane through exocytosis process (Lu et al.,
2001). The insertion of new AMPA receptors increases channel conductance and
thereby reduces failure rate of action potential firing during generation of LTP.
Like LTP, the induction of LTD is also NMDA receptor dependent and often
observed when post-synaptic intracellular calcium concentration could not reach
threshold level required for generation of LTP (Mulkey and Malenka, 1992).
Moreover, it has been described that the generation of LTD may be due to the reversal
of the signal transduction pathways that occurs during LTP (Malenka and Nicoll,
1999).

Specifically, during the LTD induction process, AMPA receptors undergo

dephosphorylation and endocytosis instead of phosphorylation and insertion on to the
post-synaptic membrane that generally occur during LTP induction (Beattie et al.,
2000; Malinow and Malenka, 2002). In the hippocampal CA1 region, low-frequency
stimulation (1 Hz for 15 min) of Schaffer collateral fibres is known to induce a robust,
reversible, synapse-specific and long-lasting LTD (Mulkey and Malenka, 1992).
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1.6.3

Evidence of LTP suppression following brain injury
LTP in the CA1 region of the hippocampus has been studied as a major synaptic

mechanism underlying learning and memory in several experimental models of cerebral
ischaemia. Previous studies involving middle cerebral artery occlusion with early
reperfusion (light hypoperfusion) (Lin and Hsieh, 2010) and two-vessel occlusion
(Marosi et al., 2009; Nagy et al., 2011) in rats showed severe impairments in induction
of LTP without any change in basic neurophysiological properties and histological
evidence of cell death. In contrast, studies involving delayed reperfusion with MCAO
(Sopala et al., 2000; Cai et al., 2008) and 4VO (Kiprianova et al., 1999; Dai et al.,
2007) in rats showed extensive ischaemia-induced histological damage in the CA1
region of the hippocampus with significant suppression of LTP. Severe impairment in
normal fast excitatory synaptic transmission (reduction in input-output profile) was also
observed in hippocampal slices obtained from animals suffering global ischaemia by
4VO (Dai et al., 2007). In an animal model of fluid percussion injury that mimic
traumatic brain injury, significant reduction in population spike and field EPSP has
been reported with increased threshold to generation of population spike and severe
suppression of LTP (D'Ambrosio et al., 1998). LTD in CA3CA1 synapses has not
been frequently assessed following ischaemia; to date, only one traumatic brain injury
study showed no change in LTD (D'Ambrosio et al., 1998). Nevertheless, no studies
have been performed to estimate the effects of unilateral HI on induction of LTP and
LTD in

PND26 rats

although significant

long-lasting reduction in

basic

neurophysiological transmission have been reported in both ipsilateral and contralateral
hippocampi (Clarkson et al., 2005a).

1.7 Evidence of contralateral damage
1.7.1

Trans-hemispheric diaschisis
Constantin von Monakow coined the term ―diaschisis‖ in 1905 and since then it

has been studied extensively in both animals and humans following the emergence of
imaging, electrophysiological, and histochemical techniques that allowed investigators
to monitor functional loss or recovery of particular brain regions (Feeney, 1991).
Diaschisis could be described as the remote attenuation in functional activity of
morphologically undamaged brain areas that are anatomically connected to the site of
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brain injury (Feeney, 1991). Diaschisis involves different varieties of remote effects,
which includes changes in cerebral metabolism, electrical activity, and cerebral blood
flow leading to decline in interhemispheric communication, probably due to loss of
excitatory afferent inputs from the injury site (Feeney and Baron, 1986; Andrews,
1991).

In relation to different neurobehavioural and neuropsychological disorders

several forms of diaschisis exist, including cortico-cerebellar diaschisis, cerebellocortical diaschisis, transhemispheric diaschisis, cortico-thalamic diaschisis, thalamocortical diaschisis; and basal ganglia-cortical diaschisis (Nguyen and Botez, 1998).
Diaschisis has been well documented in animal models of unilateral stroke
(Buchkremer-Ratzmann et al., 1996; Reinecke et al., 1999; Clarkson et al., 2007) and a
recent fMRI study has shown a marked reduction in interhemispheric functional
connectivity even in the nonsensorimotor region (primary visual cortex) in conjunction
with sensorimotor region (van Meer et al., 2010).

Strong electrophysiological

diaschisis is also reported following prolonged ischaemia induced by MCAO and
alleviated by early reperfusion (Hung et al., 2010). This is also frequently observed in
humans with unilateral stroke (Lagreze et al., 1987; Dobkin et al., 1989; Bowler et al.,
1995; Rubin et al., 2000; Buffon et al., 2005) and sometimes severity correlates with
the magnitude of ipsilateral infarction (De Reuck et al., 1997). In addition, several
recent studies in animals documented that the transhemispheric diaschisis is overt when
there is an extensive infarction that includes both cortical and subcortical regions (Hung
et al., 2010; van Meer et al., 2010; El-Hayek et al., 2011).
1.7.2

Seizures and contralateral diaschisis
Epilepsy is one of the commonest comorbidities of stroke and population based

studies have shown a strong relationship between the two (Nuyen et al., 2006; Golomb
et al., 2007). Incidence of seizures and epilepsy varies depending on the type of stroke
but occurs in around 10% of ischaemic stroke cases (Guekht and Bornstein, 2012).
Although occurrence of post stroke seizures primarily depends on the severity of the
brain injury (Reith et al., 1997; Bladin et al., 2000), a direct deleterious effect of
seizures themselves on the ischaemic penumbra could lead to persistent deterioration of
neurological disabilities after a prolonged seizure in stroke survivors (Bogousslavsky et
al., 1992; Hankey, 1993). Spontaneous repetitive seizure activity has been reported
following unilateral hypoxia-ischaemia in rats (Krugers et al., 1995; Williams and
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Dudek, 2007) and both the seizure severity and rate increases over time with generation
of subsequent seizures (Kadam et al., 2010). Recurrent seizure (status epilepticus)
activity has been shown to cause extensive neuronal damage, retard brain growth and
subsequent seizures (Wasterlain, 1997; Dzhala et al., 2000; Holmes, 2002).
Hemispheric and supratentorial stroke frequently leads to crossed cerebellar diaschisis
recognized by reduction in cerebral metabolism and blood flow in the contralateral
cerebellar hemisphere (Nguyen et al., 2010; Samaniego et al., 2010). It is also believed
that the cerebellar injury in the form of crossed cerebellar diaschisis occurs due to
propagation of epileptic activity from the lesioned hemisphere to the other (Mewasingh
et al., 2002; Nguyen et al., 2010).

Furthermore, in unilateral brain injury the

progression of forelimb clonus (seizure behaviour) from one limb to the other and
propagation of electrographic seizure activity from ipsilateral to contralateral
hemisphere are frequently observed, suggesting spread of seizure activity throughout
the brain from the ischaemic core (Kadam et al., 2010). Therefore, the spontaneous
seizure activities observed during unilateral HI could propagate from ischaemic site and
cause widespread neurophysiological impairment in the ipsilateral and contralateral
hemisphere.
1.7.3

Pathological changes observed in contralateral diaschisis
Mechanisms leading to contralateral diaschisis could be explained by a

phenomenon known as ‗soft excitotoxicity‘ (Feeney, 1991; Feeney et al., 1993).
According to this, excessive exposure of glutamate and a sublethal activation of
excitatory amino acid (EAA) receptors, lead to remote disruption of the functional
capabilities instead of death of the neurons, anatomically attached to the dying neurons
(Feeney, 1991).

This sublethal activation of EAA receptors possibly leads to

mitochondrial dysfunction and reduction in activity of Na+K+-ATPase, causing
intermittent depolarisation that ultimately initiates excitotoxic neurodegeneration
(Clarkson et al., 2005b). Another viable mechanism through which diaschisis occurs is
called cortical spreading depression. This is described by propagation of a highly
negative voltage across the hemisphere, induced by a cortical infarct leading to
reduction in EEG (electroencephalogram) activity (Buchkremer-Ratzmann and Witte,
1997). Therefore, cortical spreading depression is believed to be the underlying cause
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of expansion of the ischaemic core into the penumbra, where neurons are able to
survive but unable to function properly (Buchkremer-Ratzmann and Witte, 1997).
In experimental stroke research, the contralateral hemisphere of the brain has
often been considered as an ‗internal control‘ for assessment of effects of drug therapy
on anatomical protection ( Towfighi et al., 1994; Vannucci et al., 2001; Soleman et al.,
2010). The histological assessment approach involves gross morphology of the tissue
that is obvious on the hemisphere ipsilateral to the damage. Nevertheless, remote
changes in functional dynamics on the contralateral hemisphere are also evident and
frequently lead to reduction in functional capacity due to loss of afferent inputs from
the injured hemisphere (Andrews, 1991).

A significant reduction in contralateral

cerebral blood flow and metabolism has been observed in patients with unilateral
ischaemic infarct (Feeney and Baron, 1986; Lagreze et al., 1987). In patients with
unilateral ischaemic stroke, a negative correlation between cerebral glucose metabolism
and lasting functional impairments has been reported (Heiss et al., 1993; Heiss and
Herholz, 1994).

Furthermore, the spontaneous recovery of functional activities

observed in animals and humans after stroke have been believed to occur due to
reversal of diaschisis (van Meer et al., 2010; Pekna et al., 2012). Hyperexcitability of
cortical neurons on both ipsilateral and contralateral cortex has been reported in a rat
model of unilateral photothrombotic stroke (Buchkremer-Ratzmann et al., 1996).
Similar electrophysiological transcortical diaschisis with excitability in the contralateral
neocortex was also reported in rat model of permanent MCAO (Reinecke et al., 1999).
In a later study involving transient MCAO, a substantial reduction in field potential
amplitude was observed when recorded from the lesion border and marked excitability
was observed in the contralateral cortex, which was related to infarct size (NeumannHaefelin and Witte, 2000).

A recent electrophysiological study showed marked

reductions in both contralateral population spikes and field EPSPs in the CA1 region of
the hippocampus in slices obtained from rats treated with unilateral hypoxia-ischaemia
(Clarkson et al., 2005a). Mitochondrial impairment has been implicated in HI-induced
cell death at the injury site and transhemispheric diaschisis, with marked mitochondrial
dysfunction on the ipsilateral and contralateral cortex, hippocampus and cerebellum
(Clarkson et al., 2007). These remote changes in functional properties of the neurons
suggest that the contralateral hemisphere is not a valid control in experimental stroke
research.
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In addition to neurophysiological characteristics, contralateral changes in
neuronal population, gene expression, and activation of inflammatory proteins have
been reported following brain injury. Unilateral injection of an experimental seizure
inducer, kainic acid, into the CA3 subfield of the hippocampus has been shown to
induce selective loss of contralateral CA1 pyramidal neurons (Magloczky and Freund,
1993). Both ipsilateral and contralateral hillar neuronal loss and hyperexcitability was
observed in unilateral traumatic brain injury (Lowenstein et al., 1992). Unilateral HI in
neonatal rats also showed mild neuronal necrosis on the contralateral cortex (Towfighi
et al., 1995). cFOS gene expression is used as a marker of neuronal activation and
known to be associated with terminal differentiation and programmed cell death
(Smeyne et al., 1993; Liu and Chen, 1994).

Several studies demonstrated an

upregulation of cFOS protein and other immediate early genes on the contralateral
hippocampus and hemisphere (Gunn et al., 1990; Collaço-Moraes et al., 1994; Gilby et
al., 1997). Contralateral changes in expression of inflammatory cytokines (IL-6, IL-1β
and TNF-α) have been demonstrated following unilateral brain injury (Liu et al., 1993;
Loddick et al., 1998; Sairanen et al., 2001; van den Tweel et al., 2006).

1.8 Pharmacokinetics of central nervous system drugs
A worldwide surge in the older population has increased the burden on healthcare
systems, particularly due to emergence of debilitating neurological disorders such as
Alzheimer‘s disease, Parkinson‘s disease and stroke (Alavijeh et al., 2005). Even after
a substantial improvement in understanding of the disease pathophysiology and
treatment targets, only a few drug candidates manage to reach clinical settings
(Alavijeh et al., 2005). These numbers are even smaller for drugs acting on central
nervous system (CNS) due to longer lead-time and narrow chance of success (Alavijeh
et al., 2005). Several factors influencing success of a CNS drug candidate have been
identified which includes unwanted CNS adverse effects, blood-brain barrier (BBB)
penetration

and

incomplete

understanding

concerning

mammalian

brain

pathophysiology (Alavijeh et al., 2005). The efficacy of a CNS drug depends on the
amount of the drug reaching brain circulation, which is limited by the ability of the
drug to cross the BBB and in turn, BBB penetration of a drug candidate is governed by
its physicochemical properties and plasma pharmacokinetic profile (Alavijeh et al.,
2005).

Pharmacokinetic study of a drug provides supporting evidence of
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bioavailability, drug delivery, duration of action and metabolism, which are the
principal factors contributing to drug efficacy (Alavijeh et al., 2005).

A lack of

pharmacokinetic data and efficacy has been implicated in the failure of hundreds of
drug candidates selected for clinical development, particularly CNS acting drugs
(Alavijeh et al., 2005). Therefore, pharmacokinetic profile of a CNS acting drug during
preclinical investigations is essential for reviewing its potential for further
development. Moreover, brain concentrations of CNS drugs also provide information
about their anticipated effects due to activation of specific receptors at certain brain
levels. For example, at low concentrations diazepam produces an anxiolytic effect by
binding to α2 subunit-containing GABAA receptors, but sedative and amnesic effect at
high doses due to α1 subunit-containing GABAA receptors (Popik et al., 2006).
1.8.1

Evidence of changes in pharmacokinetics following brain injury
Marked changes in drug concentration at the ischaemic site are evident. For

example, in focal ischaemia induced by MCAO, about 40% increase in concentration of
SB239063, a MAPK inhibitor was observed in the ischaemic hemisphere compared to
the contralateral hemisphere (Barone et al., 2001) suggesting increased permeability of
BBB at the injury site.

In contrast, no surge in concentrations of an

immunosuppressant, tacrolimus, in ischaemic tissue following induction of brain injury
suggests BBB remains intact in endothelin-induced forebrain ischaemia in rats (Butcher
et al., 1997).
1.8.2

Role of seizures and ischaemia in blood-brain barrier disruption
BBB dysfunction has been reported in animal models of ischaemic (Uyama et al.,

1988; Belayev et al., 1996) and traumatic brain injury (Başkaya et al., 1997). Acute
disruption of BBB function starts between 3 to 5 hrs after MCAO and progresses to
wider regions of the brain after 2 days (Belayev et al., 1996). The BBB disruption
following MCAO (Kuroiwa et al., 1985) and traumatic brain injury (Başkaya et al.,
1997) is biphasic and the acute reversible dysfunction is associated with increase in
vasogenic oedema (Başkaya et al., 1997) and activation of matrix metalloproteinases 2
(MMP-2) (Yang and Rosenberg, 2011). Whereas, the late stage disruption of BBB
involves activation of MMP-3 and MMP-9 by reperfusion induced increase in
cytokines and leukocyte proliferation (Yang and Rosenberg, 2011). Hypoxic-ischaemic
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injury also involves an increase in levels of proinflammatory cytokines, vascular
endothelial growth factor and nitric oxide, leading to breakdown of BBB (Ballabh et
al., 2004). In an animal model of global ischaemia, cytotoxic oedema was observed
immediately following restoration of blood flow but vasogenic oedema develops at a
later stage with increased brain water content and BBB permeability (Uyama et al.,
1988).

Studies in humans also showed disruption of BBB following stroke,

Alzheimer‘s disease, Parkinson‘s disease, infections, vascular dementia, and multiple
sclerosis and chronic cerebrovascular disease (Persidsky et al., 2006; Yang and
Rosenberg, 2011). Seizures often occur because of stroke and traumatic brain injury
and are strongly associated with BBB dysfunction (Nitsch and Klatzo, 1983; Marchi et
al., 2010). Severe BBB permeability of Evans blue dye has been observed in rats
following pentylenetetrazol-induced seizures (Üzüm et al., 2006). All these findings
suggest that post-stroke seizures and seizure itself could lead to BBB disruption that
may alter penetration of drug molecules into the brain parenchyma.

1.9 GYKI-52466
GYKI-52466 is a 2,3-benzodiazepine (2,3-BZ) having structural similarity with
classical benzodiazepines and tofisopam, the first compound of the class 2,3-BZ, but
they differ largely on their pharmacological actions (Tarnawa et al., 1989). Selective
anxiolytic activity of tofisopam separated it from pharmacological profile of 1,4- and
1,5-benzodiazepines, being anxiolytic, a muscle-relaxant, anticonvulsant, and sedativehypnotic. Unlike tofisopam, GYKI-52466 showed muscle relaxant and anticonvulsant
activity, which was independent of GABA-ergic inhibition (Tarnawa et al., 1989). This
property further differentiated 2,3-BZs from classical benzodiazepines as induction of
muscle relaxant activity by 1,4- and 1,5-benzodiazepines depends on potentiation of
GABA-ergic inhibition. GYKI-52466 has been shown to block non-NMDA glutamate
receptors in vitro (Ouardouz and Durand, 1991) and kainate- and AMPA- activated
inward currents recorded from cultured rat hippocampal neurons with IC50 values 7.5
and 11 µM, respectively, whereas the currents evoked by NMDA and GABA were
unaffected (Donevan and Rogawski, 1993). GYKI-52466 reduced the KA-evoked
maximal current in a concentration dependent manner without significant alteration in
EC50 values of KA (Donevan and Rogawski, 1993). Therefore, the noncompetitive
AMPA/kainate antagonists, such as GYKI-52466, have an added advantage over
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competitive antagonists for the treatment of neural disorders associated with glutamateexcitotoxicity, particularly under conditions such as ischaemic brain injury in which
excessive release of glutamate would reduce the effectiveness of competitive
antagonists (Donevan and Rogawski, 1993; Kovács and Szabó, 1997).
1.9.1

Efficacy of GYKI-52466 in seizures
Smith and colleagues studied the anticonvulsant activity of GYKI-52466 against

AMPA, KA- and NMDA-induced seizures in mice (Smith and Meldrum., 1990). Mice
pretreated with intravenous administration of GYKI-52466 (20 mg/kg) 15 min before
seizure induction mostly protected AMPA and to a lesser extent, KA- induced seizures
with a relative potency of 9.06 and 2.88 respectively without affecting NMDA-induced
seizures (Smith and Meldrum, 1990).

GYKI-52466 pretreatment 15 min before

seizure-induction resulted in significant protection against audiogenic seizures in
DBA/2 mice with an ED50 value of 4.5 (mg/kg, i.p.) and muscle relaxant activity
producing a therapeutic index of 2.0 (Chapman et al., 1991). Significant reduction in
sound-induced seizures in genetically epilepsy-prone rats was reported at 15 and 30
min after GYKI-52466 administration with ED50 values of 14.5 and 13 (mg/kg, i.p.)
respectively without any observable adverse effects (Smith et al., 1991). Separate
studies in genetically epilepsy-prone rats showed that GYKI-52466 produces a
significant reduction in clonic and tonic seizures but ataxia is evident with a therapeutic
index of ≤ 2 (Smith et al., 1993; De Sarro et al., 1995). GYKI-52466 also has been
reported to provide significant protection against maximal electroshock seizures
(Yamaguchi et al., 1993; Szabados et al., 2001; Barton et al., 2003), chemical
convulsion (Yamaguchi et al., 1993; Donevan et al., 1994; De Sarro et al., 2003), and
amygdala-kindled seizures (Meldrum et al., 1992; Dürmüller et al., 1994; Borowicz et
al., 2001). However, the adverse effects observed at the effective doses of GYKI52466 remains a hurdle for its clinical application (Yamaguchi et al., 1993).

In

genetically epilepsy-prone rats, GYKI-52466 produced a dose-dependent reduction in
seizure scores with maximal protection (seizure score less than 2) between 15-45 min
of administration (De Sarro et al., 1998b).

In the same study, a peak plasma

concentration of GYKI-52466 was observed at 15 min that rapidly decreased to 20% of
the maximal concentration in 60 min. The seizure score remained below five (out of 9)
at two hrs even though GYKI-52466 had completely disappeared from plasma at 90
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min after administration (De Sarro et al., 1998b). Furthermore, a prolonged seizure
suppression activity up to six hrs against audiogenic seizure was observed following
GYKI-52466 (10 mg/kg, i.p.) administration and surprisingly, this long-lasting effect
was credited to an (as yet undescribed) active metabolite of GYKI-52466 (Szabados et
al., 2001).
1.9.2

Evidence of neuroprotective effects of GYKI-52466
First evidence of a neuroprotective effect was observed when co-administration

of GYKI-52466 with kainic acid into rat dorsal hippocampus and intravenous infusion
caused reduction in hippocampal neuronal loss (Moncada et al., 1991). Intravenous
GYKI-52466 (40 mg/kg) administered immediately following transient global
ischaemia in Wistar rats caused significant protection against cell loss in cortex and
striatum but not in CA1 (Le Pillet et al., 1992). This neuroprotective activity was
presumably associated with reduction in ischaemia-induced glutamate release as
evidenced by complete blockade of release and rapid return to baseline due to priorand post-ischaemia administration of intravenous GYKI-52466 respectively (Arvin et
al., 1992). In contrast, GYKI-52466 did not block glutamate release in the cerebral
cortex following global ischaemia in rats suggesting neuroprotective effect depends on
blockade of non-NMDA receptors rather than blockade of glutamate release (Phillis et
al., 1993). A significant reduction in infarct volume was observed when GYKI-52466
was administered immediately after induction of focal ischaemic stroke in Fischer rats
without any side effects (Smith and Meldrum, 1992). Multiple injections of GYKI52466 at 10 mg/kg following 2 hrs of transient MCAO caused significant reduction in
infarct volume (Xue et al., 1994). However, in global ischaemia induced by 4VO in
Wistar rats, pretreatment with GYKI-52466 (30 mg/kg, i.p.) for 20 min before
induction of ischaemia, a significant reductions in hippocampal neuronal cell loss and
spatial learning impairment in the Morris water maze were observed, but these effects
were not evident in post-treatment group (Block et al., 1996). Pretreatment with
GYKI-52466 for 30 min also produced a significant increase in survival time against
cardiac arrest and global ischaemia induced by intravenous MgCl2 (Szabados et al.,
2001).
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1.9.3

Evidence of pharmacological preconditioning with GYKI-52466
The first evidence of preconditioning effects of GYKI-52466 was observed

against KA-induced excitotoxicity in in vitro hippocampal slices (Hesp et al., 2004). In
that study, while exploring mechanisms behind KA-induced tolerance to subsequent
high-dose KA, AMPA receptor antagonists, GYKI-52466 and NBQX were studied for
their preconditioning efficacy against high-dose KA-induced hippocampal CA1
neuronal hyperexcitability and suppression of population spike.

GYKI-52466

preconditioning caused significant blockade of KA-induced excitotoxicity, not only at
high concentration (25 µM) but also at a low bath concentration of 6.25 µM, even after
complete drug washout (Hesp et al., 2004). In addition, an inverse agonism effect of
GYKI-52466 at GPCRs in hippocampal membranes produced a substantial reduction in
basal GTPase activity in both young (72.6%) and aged (50.2%) rats, suggesting that the
tolerance induced by GYKI-52466 involves KA-sensitive G-protein coupled receptors
rather than ionotropic AMPA receptors (Hesp et al., 2004). In a recent study, low-dose
GYKI-52466 preconditioning caused a significant reduction in KA-induced seizure
activity in rats (Goulton et al., 2010). Subcutaneous (s.c.) administration of GYKI52466 at 3 mg/kg, 90 min before KA (10 mg/kg, s.c.) significantly reduced seizure
severity and cFOS expression in the dentate gyrus of the hippocampus (Goulton et al.,
2010). In addition, a marked reduction in seizure score was observed when low-dose
GYKI-52466 (3 mg/kg, s.c.) was administered 180 min before KA injection.
Interestingly, a moderate reduction in seizure behaviours was also evident in GYKI52466 (1 mg/kg, s.c.) group even though administered 90 min before KA injection.
Most importantly, the pharmacological preconditioning effects of GYKI-52466
observed

during

KA-induced

seizure

activity

were

well

supported

by

electrocorticographic activity recorded during saline and GYKI-52466 (3 mg/kg, s.c.)
preconditioning (Goulton et al., 2010). A significant reduction in high frequency/high
amplitude electrographic spikes was observed in animals preconditioned with GYKI52466 (3 mg/kg) 90 min before KA (Goulton et al., 2010). In addition, animals
preconditioned with GYKI-52466 (3 mg/kg) and GYKI-52466 (1 mg/kg) 180 min
before KA administration also showed a moderate suppression of seizure activity.
Significant reductions in electrocorticographic power spectral density across delta,
theta, alpha, and beta frequency bands was observed in animals pretreated with GYKI52466 at 3 mg/kg, 90 min before KA relative to saline preconditioned animals (Goulton
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et al., 2010). Taken together, these findings suggest that GYKI-52466 could be a
prophylactic neuroprotectant suitable for brain and cardiac surgery conditions.

1.10 Aim
The overall aims of the research conducted in this thesis were to evaluate the
neuroprotective effects of low-dose GYKI-52466 prophylactic preconditioning for the
first time against HI-induced brain injury in postnatal day 26 rats. Furthermore, this
research was performed to provide further evidence supporting the hypothesis that the
low-dose prophylactic neuroprotection afforded by GYKI-52466 involves metabotropic
mechanisms of action rather than classical ionotropic blockade of AMPA receptors.
Specifically, the aims were to:
1) Assess whether low-dose GYKI-52466 preconditioning can confer short(14 days) and long-term (90 days) histological protection after HI-induced
neuronal damage (Chapter 2)
2) Establish short- and long-term sensorimotor functional recovery following
HI (Chapter 2)
3) Assess the short- and long-term effects of HI and GYKI-52466
preconditioning on hippocampal neuronal excitability and synaptic
strength (Chapter 3)
4) Examine the short- and long-term effects of HI and GYKI-52466
preconditioning on hippocampal synaptic plasticity (Chapter 3)
5) Determine the plasma and brain concentrations of GYKI-52466 following
low- (3 mg/kg, s.c.) and high-dose (20 mg/kg, s.c.) administration in
healthy and hypoxic-ischaemic rats (Chapter 4).
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2 Chapter 2: GYKI-52466 preconditioning confers
long-term histological neuroprotection and
sensorimotor functional recovery
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2.1 Introduction
Stroke after cardiac surgery leads to neurologic complications despite outstanding
improvements in anaesthetics, surgical techniques and perioperative monitoring and
management (Bucerius et al., 2003). The incidence of stroke after coronary artery
bypass grafting and carotid endarterectomy is reported to be from 0.8-5.2%, with
significant increases in stroke outcomes in patients with high risk factors undergoing
cardiac or aortic surgery (McKhann et al., 2006; Kellermann and Jungwirth, 2010;
Pappadà et al., 2010). At present there are few pharmacological tools available to the
clinician to prophylactically protect the brain from the effects of ischaemic insult.
Developing drugs to protect at-risk patients before an ischaemic insult occurs offers a
valuable opportunity to dramatically improve long-term survival rates and functional
outcomes for surgical patients and people at risk of stroke (Brambrink et al., 2006;
Savitz and Fisher, 2007; Popp et al., 2011).
GYKI-52466 (a 2,3-bezodiazepine derivative; Donevan and Rogawski, 1993;
Zorumski et al., 1993) is widely regarded as a selective non-competitive AMPA
receptor negative allosteric modulator, exhibiting both anticonvulsant activity(De Sarro
et al., 1998a; De Sarro et al., 1998b; De Sarro et al., 2003) and substantial
neuroprotective efficacy in animal models of stroke (Smith and Meldrum, 1992; Erdo et
al., 2005; Matucz et al., 2006; Gigler et al., 2007 ). However, an adverse side effect
profile (sedation, ataxia, confusion) with GYKI-52466 at doses as low as 10-30 mg/kg
limits its therapeutic utility ( Danysz et al., 1994; Donevan et al., 1994; Czuczwar et
al., 1998; Borowicz et al., 2001). We observed that in vitro preconditioning with lowdose GYKI-52466 markedly reduced constitutive GTPase activity in hippocampal
membranes and induced a lasting tolerance against KA-induced toxicity in
hippocampal slices, even after the drug was washed from the preparation (Hesp et al.,
2004). Subsequent in vivo studies showed that low-dose GYKI-52466 (3 mg/kg, s.c.)
provides a significant protection against KA-induced seizures, without adverse side
effects, when administered 90 min before KA administration (Goulton et al., 2010).
However, to date, no 2,3-benzodiazepine derivatives have been assessed for
prophylactic neuroprotective efficacy in any animal models of brain injury following
cardiac or brain surgery.

It has been reported that CNS damage, produced after

hypoxic-ischaemic insult in young rat, models ischaemia following cardiopulmonary
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arrest in humans (Williams and Dudek, 2007). Unlike middle cerebral artery occlusion,
this model produces substantial cortical as well as hippocampal ischaemia (Popp et al.,
2011) with low mortality (Clarkson et al., 2005a). Therefore, in the present study we
explored the therapeutic potential of GYKI-52466 as a prophylactic neuroprotectant in
a rat model of hypoxic-ischaemic brain damage. Experiments were designed to assess
the preconditioning efficacy of low-dose GYKI-52466 on infarct size, lateral
ventricular enlargement, and sensorimotor function up to 90 days after hypoxiaischaemia.

Here we report that low-dose GYKI-52466 preconditioning provides

significant neuroprotection and long-term functional recovery against hypoxicischaemic brain injury at doses well below those known to produce behavioural
toxicity, and at administration intervals well before the induction of hypoxic/ischaemic
damage.

2.2 Materials and methods
2.2.1

Animals
All procedures described in this thesis were approved by the University of Otago

Animal Ethics Committee and conducted in accordance with New Zealand Animal
Welfare Act for the Care and Use of Laboratory Animals. Male Sprague Dawley rats
of postnatal day 21 (PND 21) were obtained from the University of Otago HercusTaieri Resource Unit and acclimatized for five days in an animal room in the
Department of Pharmacology and Toxicology, University of Otago. The animal room
had a normal day/night light cycle (temperature 22°C) and rats had free access to food
and tap water. Experiments were designed and performed with the Stroke Therapy
Academic Industry Roundtable (STAIR) criteria (Fisher, 1999; Fisher et al., 2009) for
stroke investigations by measuring core body temperature and monitoring treatment
effects for 90 days in blinded fashion.
2.2.2

Materials and reagents
All chemicals used in the experimental protocols described in this thesis were

obtained from either BDH Prolabo chemicals (Auckland, New Zealand) or SigmaAldrich New Zealand Ltd. (Auckland, New Zealand). All gases were of medical grade
and obtained from BOC gases (Dunedin, New Zealand). All other materials, equipment
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and reagents used in the following experimental protocol, except where specified are
listed below.
Material/Equipment

Source

Halothane

Piramal Healthcare Ltd., India

Hibitane

Jaychem Industries Ltd., NZ

Michel suture clips

Harvard Apparatus, USA

Surgical sutures

Resorba, Germany

Digital thermometer probe (QM1602)

Jaycar Electronics, NZ

Rearing cylinder

In-house

Grid walk apparatus

In-house

Prehensile traction apparatus

In-house

2.2.3

Experimental design

Figure 2.1 Experimental design for histological and behavioural assessment of
neuroprotection efficacy of low-dose GYKI-52466 preconditioning.
Brain histology was performed on day 14 and 90 after completion of sensorimotor behavioural
tests. Sensorimotor tests were performed on day 0 (before injection of GYKI-52466 or saline)
and 1, 7, 14, and 90 days following HI. Numbers in parentheses indicate the number of animals
in each group. P: postnatal day.
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2.2.4

Drug treatments
Previously we assessed the effects of GYKI-52466 at several low-doses, and at

several preconditioning intervals (Goulton et al., 2010). Based on those results, three
different dosing paradigms were employed here to assess the prophylactic
neuroprotective efficacy of subcutaneously administered GYKI-52466 (Figure 2.1). In
experiment 1, five groups (n = 7-11 each) of male Sprague Dawley rats (PND 26) were
administered saline or GYKI-52466 (3 mg/kg, 90 min; 1 mg/kg, twice in 120 min; or
0.5 mg/kg, thrice in 180 min) before left CCAO and sacrificed 14 days after HI. Core
body temperature was monitored rectally during the drug preconditioning period,
during anaesthesia and also at 24 hrs following administration using a digital
thermometer probe (Jaycar electronics, New Zealand). In experiment 2, two groups of
rats (n = 5 each) were administered saline or GYKI-52466 (3 mg/kg) 90 min before
CCAO and sacrificed 90 days after HI. Selection of dosage was based on previous
findings that 3 mg/kg GYKI-52466, either 90 or 180 min before kainic acid injection
produces significant reductions in seizure activity (Goulton et al., 2010). Based on
evidence of rapid rates of drug clearance (De Sarro et al., 1998b), repeated injections of
GYKI-52466 at 0.5 and 1 mg/kg were employed in the present study to maintain
constant low drug concentrations in the body throughout the preconditioning period.
GYKI-52466 hydrochloride was purchased from Sigma-Aldrich, Australia.
2.2.5

HI surgery
A modified Rice-Vannucci model as previously described (Clarkson et al.,

2005a) was used in this experiment to induce hypoxic-ischaemic brain injury.
Following saline or drug treatments, animals were anaesthetized with 4% halothane and
anaesthesia was maintained under 2% halothane 98% O2 throughout the surgical
procedure.

Body temperature was maintained at 37 ± 0.5°C during the surgical

procedure using a heating pad. The left common carotid artery was visualised by a
midline incision followed by blunt dissection just above the top of the rib cage along
the neckline. The vagus nerve was carefully separated before the common carotid
artery was permanently double ligated using 4-0 silk sutures and the incision was then
closed by Michel suture clips.

Animals were allowed to recover for 2 hrs in a

temperature regulated chamber prior to placement in a hypoxia chamber (Figure 2.2)
for 1 hr. Sham animals received saline, underwent anaesthesia and the left common
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carotid artery was exposed without ligation and hypoxia. During the 1 hr hypoxia
period, seizures were monitored and scored as described previously (Hesp et al., 2007;
Sawant et al., 2010). Seizure activity was scored using a scoring scale of 0 to 5, where
level 0 consisted of: normal resting (e.g. sleeping, grooming, and face washing) or
exploratory behaviours (e.g. air sniffing, walking, floor licking, and wall climbing);
level 1: discomfort behaviours (staring, heaving, unnatural posture, and blinking); level
2: stereotypical behaviours confined to the head and neck region (e.g. head twitches,
head shakes, and head bobbing); level 3: moderate seizure behaviours associated with
stereotypical movements of the limbs or trunk (e.g. wet dog shakes, running or circling,
forelimb and hindlimb twitches, forelimb and hindlimb tremors, scratching, and
hindlimb extension); level 4: severe generalised seizure behaviours (whole body
twitches, whole body tremors, straub tail, praying, tail whipping, and foaming at the
mouth) leading to level 5: clonic-tonic convulsions.

Figure 2.2 A simplified diagram of hypoxia chamber.
The chamber temperature was maintained at 33 ± 1°C using a thermostat controlled water bath
and continuously perfused with 8% O2/92% N2. Chamber temperature was monitored by a
digital temperature probe fixed inside the chamber.

2.2.6

Sensorimotor tests
Sensorimotor tests were performed to assess functional recovery of rats from HI-

induced neurological impairments due to loss of tissue in different brain regions.
Behavioural methods are considered as gold standards for assessing sensory and motor
disabilities in rats following brain injury (Schaar et al., 2010). All rats were tested for
sensorimotor function using a battery of four tests. Tests were performed before
treatment (day 0) and 1, 7, 14 days post-HI in experiment 1 and were extended to 90
days in experiment 2. Rats were habituated to handling before tests, and the same
investigator (PhD candidate) who was unaware of the treatment conditions performed
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all tests. The orders of the tests were maintained for all rats and were performed in the
same day for approximately 15-20 min per rat. The postural reflex test, grid walk test
and modified prehensile traction test used in this study are more appropriate for
evaluating early treatment effects of GYKI-52466, whereas the rearing test is
considered a better estimator of long-term functional deficits produced by HI.
2.2.6.1 Postural reflex test
The rat was held gently by the tail 500 mm above a table. Normal rats extend
both of their forelimbs toward the table. A scoring scale of 0-3 (0 = normal forelimb
extension; 3 = severe deficit) was used to assess the effect of GYKI- 52466 on postural
reflex after HI. Rats that extended both of the forelimbs toward the table were assigned
a score = 0. Rats with unilateral brain damage flex the forelimb contralateral to the
damage hence, rats with flexed right forelimb were assigned a score of 1. Again, rats
with unilateral brain damage usually show reduced resistance to lateral force toward the
right side (contralateral to the brain damage). To test this, each rat was put onto the
table, and a lateral pressure was applied behind the forelimbs of the rat until the
forelimbs slide. This was repeated several times, and a reduced resistance to lateral
force toward the right side was scored 2. Rats with circling behaviour were assigned a
score of 3 (Smith and Meldrum, 1992; Bona et al., 1997).
2.2.6.2 Rearing test

Figure 2.3 Paw use asymmetry during a rearing test following HI.
A: Animal is able to use both forepaws during weight support. B: Animal is not able to use
right forepaw. C: Animal is able to use right forepaw.

This test, designed to evaluate the use of forepaws during vertical exploration in a
glass cylinder, is also sensitive to limb use asymmetries and preference to particular
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forelimb use. Animals were placed in a vertical cylinder (300 mm in height × 200 mm
in diameter) and activity was videotaped for 5 min. While in the cylinder the animals
rear by the support of the cylinder wall using one or both forelimbs. The preferred use
of a particular limb during weight bearing while rearing is an indication of functional
ability of the limb (Figure 2.3). All animals were placed twice in the cylinder before HI
for baseline scores and also tested after 1, 7, 14 and 90 days post-HI. Three parameters
(paw used to rear, paw used to bear weight during leaning, and paw used to land after
rearing) were recorded to assess limb use asymmetry by calculating percentage use of
left, right, and both forepaw (Starkey et al., 2005).
2.2.6.3 Grid walk test
Rats were allowed to walk on an elevated (15 mm) horizontal grid floor (460 
380 mm, square size 25  25 mm, wire diameter 3 mm) surrounded by a custom-made
Perspex observation chamber (Aburn Glass, Dunedin, NZ) and their movement was
videotaped for 2 min. The number of foot-faults and movements with the left and right
fore and hindpaws were recorded for each animal during a 2 min observation period
(Figure 2.4). A foot-fault was defined as the misplacement of a fore- or hindlimb such
that the paw slips between the grid bars. The total number of forelimb movements was
recorded during the 2 min as a measure of overall activity in the novel environment.
Percentage of foot-faults relative to total steps taken was calculated for statistical
analysis (Bona et al., 1997; Starkey et al., 2005).

Figure 2.4 Normal foot placement (left panel) and a foot-fault (right panel) during
grid walk test.
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2.2.6.4 Modified prehensile traction test
The muscle strength of each rat was measured by the ability of the rat to hang on
to a horizontal rope (5 mm diameter plastic rope, tied horizontally between two vertical
wooden pillars, 550 mm above a foam pad of 100 mm thick). Time to falling
(maximum 60 s) was recorded (Bona et al., 1997).
2.2.7

Gross morphologic evaluation
Transcardiac perfusion with 0.01 M phosphate buffered saline (pH 7.4) followed

by 4% paraformaldehyde (Sigma-Aldrich, Australia) solution in 0.1 M phosphate
buffer (pH 7.4) was performed 14 and 90 days post-HI under high dose pentobarbital
anaesthesia.

Immediately following dissection, individual brains were assigned a

numerical score on a scale of 0 to 4 on the basis of gross morphologic appearance of the
left cerebral hemisphere (Gwak et al., 2008). A rating of 0 indicated no apparent size
difference between the two hemispheres, whereas a score of 1 was given if the left
hemisphere was smaller than the right, but no visible infarct was evident. A score of 2
was assigned when there was a difference in hemisphere size and a slight infarct
whereas, score 3 denoted a marked difference in size and a large infarct with some
preservation of the left hemisphere. Lastly, a score of 4 indicated an extensive infarct
with almost total destruction of the left hemisphere (Figure 2.5). The morphologic
scoring was performed by three different observers blinded to treatment.

Figure 2.5 Representative gross brains of all morphological scores.

2.2.8

Histopathology
Brains were then post-fixed with 4% paraformaldehyde solution in 0.1 M

phosphate buffer (pH 7.4) for 2 hrs after morphologic investigations. Post fixation, all
brains were transferred to cryoprotectant solution (30% sucrose in 0.1M phosphate
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buffer) until the brain sank, which takes around 24-48 hrs (Katsman et al., 2003).
Thereafter, brains were embedded in O.C.T. compound and frozen to make tissue
blocks. Serial 50 μm thick coronal sections were cut at 1 mm intervals (bregma 3.20 to
-5.80, 10 sections equidistant apart at different stereotaxic levels covering the entire
forebrain) using a cryostat CM1850 (Leica Microsystems, Germany) and mounted on
poly-L-lysine coated glass slides and allowed to fix.
2.2.9

Cresyl violet staining
Coronal sections of the brain rostral to cerebellum taken on the slides were

washed with 0.01 M phosphate buffered saline (PBS) once for 2 minutes followed by
distilled water for 2 minutes before treatment with filtered 0.1% cresyl violet (SigmaAldrich, Australia) solution for 30 minutes. Thereafter, the sections were washed with
distilled water and tap water each for 2 minutes. Sections were then dehydrated in
ascending concentrations of alcohol (50%, 1 min; 70%, 1 min; 95%, 2 min; and 100%,
3 min) and then immersed in xylene for 5 min to clear. Finally, slides were coverslipped using DPX mount and dried in a fume hood.
2.2.10 Infarct measurement
Cresyl violet stained sections were scanned (Canon PIXMA, Canon New
Zealand) and images were saved on to hard drive for further assessment of infarct area
and tissue loss (%) using image J software (Image J, Bethesda, MD) on day 14 and 90
respectively. At day 14, an infarct is clearly visible for lesion size measurement but as
the time progresses tissue is lost from the infarct area, leaving a hole in the brain.
Therefore, at day 90, percentage tissue lost from the ipsilateral hemisphere was
measured instead of actual infarct.

The total volume of infarction (mm3) was

determined by adding individual areas of infarct obtained from 10 sections equidistant
apart, multiplied by the distance between sections (Soleman et al., 2010). Areas of
lateral ventricles were measured from the ipsilateral (left) and contralateral hemisphere
(right) at all 10 sections equidistant apart throughout the forebrain. Then, the total
ventricular enlargement (mm3) was determined by adding individual ventricular
enlargement, calculated by subtracting contralateral ventricular area from ipsilateral
ventricular area. Individual areas of tissue left on the ipsilateral and contralateral
hemisphere (excluding necrotic tissue and lateral ventricle) were also measured for
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assessment of tissue loss. Percentage of tissue loss was then calculated using the
formula: (volume of contralateral hemisphere−volume of ipsilateral hemisphere)/
volume of contralateral hemisphere, where, volume refers to the amount of tissue left
on the hemisphere (Soleman et al., 2010).
2.2.11 Statistics
All statistical analysis was performed using Prism 5 for Windows software
(version 5.01). Results were expressed as mean ± standard error of the mean (S.E.M.).
Data obtained by scoring or ranking observations were considered non-parametric and
analysed by non-parametric statistical tests. Hence, because of the ordinal nature of the
data, cumulative seizure score, gross morphologic score and postural reflex score data
were analysed using Kruskal-Wallis analysis of variance (ANOVA) with Dunn‘s posthoc tests. Infarct volume and ventricular enlargement were analysed using one-way
ANOVA followed by Bonferroni‘s post-hoc tests. Falling latency was analysed by
one-way ANOVA followed by Bonferroni‘s post-hoc tests. Body weight and foot-fault
data were analysed using two-way ANOVA followed by Bonferroni‘s post-hoc tests
while data from rearing test was analysed using one-way RM ANOVA followed by
Bonferroni‘s post-hoc tests. In the 90 day study, in which there were only two groups,
statistical significance was determined by non-parametric Mann-Whitney test (gross
morphologic score and postural reflex score) or t-test (infarct volume and ventricular
enlargement). Statistical significance was determined at confidence level of P<0.05.

2.3 Results
2.3.1

Low-dose GYKI-52466 preconditioning confers long-term histological
neuroprotection
Morphological scoring was performed on harvested brains to assess gross brain

damage and coronal brain sections were then stained with cresyl violet to reveal infarct
area and ventricular enlargement at day 14 (Figure 2.6A) and 90 (Figure 2.7A) post HI.
At day 14, a significant reduction in gross morphologic score (0.5 versus 2.6; P<0.05;
Figure 2.6B), infarct volume (10 versus 174 mm3; (P<0.05; Figure 2.6C) and
ventricular enlargement (4 versus 45 mm3; P<0.05; Figure 2.6D) was observed in the
GYKI-52466, 3 mg/kg preconditioned group.
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GYKI-52466 (0.5 mg/kg x 3) also

produced a significant reduction in ventricular enlargement (5 versus 45 mm3) relative
to the saline preconditioned group, whereas, reduction in infarct volume was not
significantly different. Non-significant reduction in infarct volume and ventricular
enlargement was observed with GYKI-52466 at 1 mg/kg x 2 dose. At day 90, the
GYKI-52466 (3 mg/kg) preconditioned group exhibited significant reductions in HI
damage, with an overall tissue loss of only 3% versus 29% in saline treated group.
Gross morphologic score and ventricular enlargement were also significantly reduced
in the 90-day GYKI-52466 (3 mg/kg) preconditioned group, further confirming longterm neuroprotective efficacy against HI-induced brain injury (Figure 2.7B-D).
Under our experimental condition, in the 14 day study, histological assessment
revealed that infarct volume varied greatly between animals in saline preconditioned
group with an infarct volume range of 0 to 429 mm3. In 18% of animals (2 of 11), no
clear evidence of necrotic tissue was observed showing similar tissue integrity as in
sham surgery animals.

In contrast, visible infarcts in large regions (cortex,

hippocampus, striatum, and thalamus) of the ipsilateral hemisphere were witnessed in
the remaining (82%) of the animals (9 of 11).

In GYKI-52466 (3 mg/kg)

preconditioned group, visible infarcts were noticed in only 18% of animals (2 of 11)
while remaining animals (82%) had no observable anatomical abnormalities. A mixed
range of ipsilateral infarcts were observed in 0.5 and 1 mg/kg group of GYKI-52466
pretreated animals. On day 90, clear evidence of tissue loss was observed in all animals
(5 of 5) belonging to saline preconditioned group.
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Figure 2.6 Histopathology at 14 days after HI.
A: Representative cresyl violet-stained sections from sham-saline controls (saline, 90 min
followed by sham surgery), saline (90 min) followed by HI, GYKI-52466 (0.5 mg/kg thrice in
180 min) followed by HI, GYKI-52466 (1 mg/kg twice in 120 min) followed by HI, and GYKI52466 3mg/kg (90 min) followed by HI treated animals. B: Gross morphologic score of brain
damage. C: Ipsilateral infarct volume (mm3; mean + S.E.M.). D: Ipsilateral ventricular
enlargement (mm3; mean + S.E.M.). All treatments were given before left CCAO. * and Ψ
indicates P<0.05 versus sham-saline controls and saline + HI, respectively.
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Figure 2.7 Histopathology at 90 days after HI.
A: Representative cresyl violet-stained sections from saline (90 min) followed by HI and
GYKI-52466 3mg/kg (90 min) followed by HI treated animals. B: Gross morphologic score of
brain damage. C: Percentage tissue loss from ipsilateral hemisphere. D: Ipsilateral ventricular
enlargement (mm3; mean + S.E.M.). All treatments were given before left CCAO. Ψ indicates
P<0.05 versus saline + HI group.
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2.3.2

Sensori-motor recovery after low-dose GYKI-52466 preconditioning

2.3.2.1 Postural reflex test
In both experimental groups (14 day study, Figure 2.8A; 90 day study, Figure
2.8B), saline preconditioned HI rats exhibited moderate neurological deficits in the
postural reflex test on all observation days; these deficits were significantly reduced by
low-dose GYKI-52466 preconditioning. Postural reflex test have been considered as a
tool for assessment of early disabilities of stroke. However, in our experiments marked
spontaneous recovery of forelimb flexion was not observed in saline preconditioned
animals over the period of assessment. Significant reduction in neurological deficits
was observed in all GYKI-52466 preconditioned groups on day 1 following HI and
further improvement was witnessed over time, which is possibly due to early
anatomical neuroprotection and facilitation of neuronal remodelling.
2.3.2.2 Modified prehensile traction test
Falling latency was measured to assess muscle strength in a modified prehensile
traction test and significant improvements in muscle grip strength were observed in
GYKI-52466 (3 mg/kg) preconditioned rats on days 14 (Figure 2.9A) and 90 (Figure
2.9B). As the time progressed, a gradual reduction in falling time was observed in all
treatment groups. In addition, a sudden decrease in falling time was observed on day 1
following HI which could be related to the carotid artery ligation surgery.
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Figure 2.8 Neurological outcomes in postural reflex test.
A: Postural reflex scores assessed on day 0 (pre-CCAO), and days 1, 7 and 14 for saline (sham)
controls, saline + HI, and GYKI-52466 + HI animals (all treatments as described in Figure 1
legend). B: Postural reflex scores assessed on days 0, 1, 7, 14 and 90 for saline + HI and
GYKI-52466 (3mg/kg; 90 min) + HI animals. All data expressed a mean + S.E.M. * indicates
P<0.05 vs sham-saline controls and Ψ indicates P<0.05 vs saline + HI group. (note: In panel A,
sham-saline control data lies along the X-axis).
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Figure 2.9 Effects of HI and GYKI-52466 preconditioning on muscle strength.
A: Grip strength was severely impaired in saline +HI controls on day 1 and day 14 after HI.
Whereas on day 14 the effect was reversed in the GYKI-52466 3 mg/kg treated group. B:
Severe impairment was also observed on day 90 in saline preconditioned animals which was
significantly reduced in GYKI-52466 treatment group. * indicates P<0.05 vs sham-saline and
Ψ indicates P<0.05 vs saline + HI group.

2.3.2.3 Grid walking test
Significant sensorimotor impairment was observed after HI, manifested by increased
right forelimb (Figure 2.10A and 2.10B) and hindlimb foot-fault rates (Figure 2.11A
and 2.11B) in saline preconditioned rats compared with sham surgery controls.
Significant reductions in contralateral forelimb foot-fault rates were observed up to 14
days in all GYKI-52466 preconditioned animals (Figure 2.10A) and up to 90 days after
HI in GYKI-52466 (3 mg/kg) preconditioned rats (Figure 2.10B). Increased hindlimb
foot-faults were observed in saline preconditioned rats following HI. Percentage of
hindlimb foot-faults were significantly lower in GYKI-52466 pretreated rats (Figure
2.11A and 2.11B).

Significant functional recovery was also observed in rats

preconditioned with GYKI-52466 at very low doses (0.5 and 1 mg/kg).

Severe

impairment were observed in contralateral forelimb compared to contralateral hindlimb.
Some degree of spontaneous functional recovery in hindlimb foot-faults was also
observed in saline + HI controls (Figure 2.11B).
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Figure 2.10 Neurological outcomes in grid walk test from contralateral forelimb.
A: Percentage contralateral forelimb foot-faults assessed on day 0 (pre-CCAO), and days 1, 7
and 14 for saline (sham) controls, saline + HI, and GYKI-52466 + HI animals (all treatments as
described in Figure 1 legend). B: Percentage contralateral forelimb foot-faults assessed on days
0, 1, 7, 14 and 90 for saline + HI and GYKI-52466 (3mg/kg; 90 min) + HI animals. All data
expressed as mean + S.E.M. * and Ψ indicates P<0.05 versus sham-controls and saline + HI
groups, respectively.
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Figure 2.11 Neurological outcomes in grid walk test from contralateral hindlimb.
A: Percentage contralateral hindlimb foot-faults assessed on day 0 (pre-CCAO), and days 1, 7
and 14 for saline (sham) controls, saline + HI, and GYKI-52466 + HI animals (all treatments as
described in Figure 1 legend). B: Percentage contralateral hindlimb foot-faults assessed on
days 0, 1, 7, 14 and 90 for saline + HI and GYKI-52466 (3mg/kg; 90 min) + HI animals. No
contralateral hindlimb foot-faults were observed in GYKI 3 mg/kg + HI group at day 90. All
data expressed as mean + S.E.M. * and Ψ indicates P<0.05 versus sham-saline controls and
saline + HI groups, respectively.
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2.3.2.4 Rearing test
All rats generally used both forepaws (>64%) for weight support while rearing in
a cylinder before HI (day 0, Figures 2.12A and 2.13A). Use of right or left forepaw
individually was only occasional (Figures 2.12B, 2.12C, 2.13B, and 2.13C).

A

significant change in the pattern of forepaw use during weight support was observed
after HI in saline preconditioned rats. The percentage of both and right forepaw use
(Figures 2.12A, 2.13A, 2.12B, and 2.13B) was significantly decreased relative to day 0
(baseline), while conversely the percentage of left forepaw use (Figures 2.12C and
2.13C) was significantly increased compared to baseline. Paw use asymmetry during
weight support was significantly reversed by low-dose GYKI-52466 preconditioning on
all days except on day 1 in 0.5 and 1 mg/kg preconditioned rats (Figure 2.12A-C and
2.13A-C). A significant paw use asymmetry was observed even after 90 days of HI in
saline controls indicating high sensitivity of rearing test to detect long-term functional
deficits. This also suggests that brain injury sustained after HI is progressive in nature.
Thus, low-dose GYKI-52466 preconditioning is effective in improving long-term
functional recovery after HI.
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Figure 2.12 Forelimb asymmetry while rearing and leaning in a cylinder on days
0, 1, 7 and 14 after HI.
A: Percentage of both forepaw use. B: Percentage of right forepaw use. C: Percentage of left
forepaw use. All treatment groups as described in Figure legend 1 and all data expressed as
mean + S.E.M. * indicates P<0.05 versus day 0 (pre-CCAO).
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Figure 2.13 Forelimb asymmetry while rearing and leaning in a cylinder on days
0, 1, 7, 14 and 90 after HI.
A: Percentage of both forepaw use. B: Percentage of right forepaw use. C: Percentage of left
forepaw use. * indicates P<0.05 versus day 0 (pre-CCAO).
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2.3.3

Effects of preconditioning on seizure score, physiological parameters, and
mortality
Cumulative seizure score was significantly decreased in GYKI-52466 (3 mg/kg)

preconditioned group compared to saline preconditioned group (Figure 2.14). Body
weight change did not differ between treatment groups on all measurement days except
on day 1 after HI, where a significant reduction was observed in the saline, 0.5 mg/kg
and 1 mg/kg GYKI-52466 groups compared to sham surgery group (Figure 2.15). No
change in body temperature was observed during preconditioning in any treatment
group at any time-point during the HI procedure, and no differences between groups
were apparent 24 hours post-HI (Table 2.1). In the 14 day study, 2 out of 13 rats in the
saline group died during hypoxia and one rat each in 0.5 and 1 mg/kg GYKI-52466
groups died during hypoxia out of 8 and 9 rats respectively. No mortality or body
weight (Figure 2.15) reduction was observed in GYKI-52466 3 mg/kg dose group.

Figure 2.14 Assessment of cumulative seizure score during hypoxia following left
common carotid artery occlusion.
Seizure activity was scored for individual animal over the period of 1 hr hypoxia and summed
to get the cumulative seizure score for that animal. All pretreatment doses of GYKI-52466
caused a reduction in seizure score but a significant decrease was observed only in GYKI52466 (3 mg/kg) pretreated group. Ψ indicates P<0.05 versus saline + HI group.
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Figure 2.15 Assessment of body weight change following HI and low-dose GYKI52466 preconditioning.
Body weight was monitored for all treatment groups up to 14 days following HI. A significant
reduction in body weight was observed on day 1 after HI in all groups except the saline
preconditioned sham surgery and GYKI-52466 (3 mg/kg) preconditioned groups. * and Ψ
indicates P<0.05 versus sham-saline controls and saline + HI groups, respectively.
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Treatment groups

Table 2.1 Effects of GYKI-52466 preconditioning on core body temperature.
Temperature change-Δt (°C)
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0hr

1hr

1.5hr

2hr

3hr

24hr

Sham-saline

0.0 ± 0.0

0.0 ± 0.9

0.0 ± 0.09

0.08 ± 0.12

0.17 ± 0.09

0.17 ± 0.09

Saline + HI

0.0 ± 0.0

-0.14 ± 0.10

0.05 ± 0.08

-

-0.27 ± 0.14

-0.36 ± 0.07

GYKI-52466 ( 0.5 mg/kg, s.c.) + HI

0.0 ± 0.0

-0.07 ± 0.13

0.00 ± 0.15

0.0 ± 0.15

0.14 ± 0.14

-0.07 ± 0.13

GYKI-52466 ( 1 mg/kg, s.c.) + HI

0.0 ± 0.0

0.19 ± 0.09

0.13± 0.08

0.31 ± 0.09

-

0.00 ± 0.13

GYKI-52466 ( 3 mg/kg, s.c.) + HI

0.0 ± 0.0

-0.23 ± 0.16

0.05 ± 0.11

-

-0.32 ± 0.08

-0.32 ± 0.10

2.4 Discussion
Here we have shown that low-dose GYKI-52466 preconditioning reduces brain
damage and confers long-term functional recovery up to 90 days after HI in PND 26
rats. The present findings confirm and extend previous work in our lab in which
GYKI-52466 produced marked reductions in kainic acid-induced seizures following
low-dose preconditioning 90-180 minutes prior to seizure induction (Goulton et al.,
2010). Building on this previous work, here three different dosing paradigms were
assessed for neuroprotective efficacy. In addition to revisiting a single low-dose of
GYKI-52466 in the HI stroke model, we also assessed multiple injections of very lowdose GYKI (0.5 and 1 mg/kg, s.c.) over the 2 to 3 hours prior to stroke induction, to
gain insight into prophylactic efficacy by multi-dose or continuous administration in a
clinical setting.
A neuroprotective effect of GYKI-52466 at higher doses (15-30 mg/kg) with 2030 min pretreatment has been observed following global ischaemia (Block et al., 1996;
Szabados et al., 2001).

However, due to its adverse side effect profile (motor

incoordination, ataxia and confusion), the therapeutic utility of GYKI-52466 has
remained limited. In addition, almost all previous stroke studies of GYKI-52466 and
related compounds (GYKI-53773, GYKI-53405, and EGIS-8332) have been limited to
anatomical-morphological and short-term neurological outcomes, with only one recent
study assessing long-term functional recovery (Erdo et al., 2005). To address these
issues, we evaluated the effects of low-dose GYKI-52466 up to 90 days after HI in the
Sprague-Dawley rat, a strain shown to be highly sensitive to ischaemic insult
(Encarnacion et al., 2011).
Recently, we reported that significant protection against KA-induced seizures
could be achieved by pharmacological preconditioning with GYKI-52466 at doses well
below, and at time intervals well beyond previous studies. In that study we argued that
GYKI's anticonvulsant efficacy may relate to novel metabotropic mechanisms of action
involving inverse agonism of G-protein coupled receptors (Goulton et al., 2010), rather
than a classical blockade of ionotropic AMPA receptors. Interestingly, in an early
study of GYKI-52466 efficacy in an audiogenic seizure model, a very long lasting (up
to 6hr) anticonvulsant activity was observed following pre-treatment with GYKI-52466
(Szabados et al., 2001). Although in that study the lasting efficacy was suggested to be
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due to a possible role of uncleared active GYKI-52466 metabolites (Szabados et al.,
2001), a metabotropic mode of action is equally plausible and cannot be ruled out.
The present study again demonstrates a robust neuroprotection by low-dose
GYKI-52466 preconditioning against HI-induced brain damage, with functional
preservation up to 90 days after HI-induced brain tissue loss.

Infarct volume,

ventricular enlargement, and seizure scores were significantly reduced by 3 mg/kg
GYKI-52466 preconditioning. This dose is approximately 5-fold lower than doses
known to produce cognitive or motor impairments.

Widespread damage of the

sensorimotor cortex after ischaemic attack results in substantial loss of corticospinal
neurons from region of primary (M1) and secondary (M2) motor cortex and primary
somatosensory cortex (S1) leading to deterioration of sensory as well as motor function
(Soleman et al., 2010). Here, cresyl violet stained sections from saline treated stroke
animals revealed extensive damage in M1, M2 and S1 regions of cortex. GYKI-52466
(3mg/kg) conferred significant preservation of all regions of cortex, resulting in
significant reductions in sensorimotor functional impairment. In the 0.5 and 1 mg/kg
(20 to 40 fold lower than toxic dose) groups, a partial preservation was observed with
small reductions in infarct volume and moderate reductions in ventricular enlargement.
Effects observed with these very low-doses were not significantly different from those
observed following 3 mg/kg GYKI-52466, raising questions as to the absolute
threshold brain concentrations required for neuroprotection. At the very least, our
results suggest that good functional recovery could be achieved by multiple injections
or continuous administration of very low-dose GYKI-52466.
In addition to histological assessments of neuroprotection, we employed a battery
of functional recovery assessments to evaluate the efficacy of low-dose GYKI-52466.
A combination of subjective (neurological scoring) and quantitative motor tests (grid
walk and rearing test) were used in this study. The postural reflex test used here is
often employed for global neurological assessment and correlates well with extent of
brain damage, but is limited by its subjective nature and inability to detect long-term
deficits (Schaar et al., 2010).

Our results indicate that neurological deficits, as

evidenced by postural reflex test, were high in the saline treated stroke group relative to
sham controls even up to 90 days after HI.

The sustained neurological deficits

observed here may be due to extensive damage to the ipsilateral hemisphere, which is a
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primary predictor of long-term deficits (Zhang et al., 2000). Significant reductions in
neurological deficits were observed in all three GYKI groups, consistent with the
anatomical protection seen in sensory and motor cortex.

Poor sensitivity of the

modified prehensile traction test in our testing conditions masked the overt reduction in
falling time in saline preconditioned animals compared to sham controls on all days of
assessment. Intentional fall onto the foam bed was observed in many animals which
reduced the overall sensitivity of the modified prehensile test. In addition, the gradual
decline in falling time on different assessment days could be due to regular increase in
body weight of rats in different treatment groups.
The grid walk test objectively assesses motor coordination deficits in both
forelimbs and hindlimbs (Schaar et al., 2010).

Significant increases in fore- and

hindlimb foot-fault rates were observed in ischaemic animals treated with saline up to
14 days following HI. Hindlimb foot-faults tend to resolve naturally over time, leaving
only sustained forelimb foot-fault rates by day 90 (Modo et al., 2000). This may be due
to repair and remodelling in the penumbral region of primary somatosensory cortex
(S1HL) representing hindlimb somatosensory functions. In the present study, GYKI52466 significantly reduced impairments of forelimb and hindlimb function in both
study groups (14 and 90 days post-HI). The rearing test on the other hand evaluates
deficits only in spontaneous forelimb use and is considered to be a sensitive test of
long-term motor deficits (Schaar et al., 2010). Consistent with other studies, here we
also observed a sustained forelimb use asymmetry in the saline treated stroke animals
up to 90 days following HI. Significant reversal of limb use asymmetry during weight
support was detected in all GYKI-52466 treated groups up to 14 days post-HI and up to
90 days in 3 mg/kg group. Individual preference in paw use was observed during the
baseline assessment. Some rats choose right paw over left paw and vice-versa during
weight support.

To counteract preference bias, a repeated measure ANOVA was

employed, where findings from different assessment days were compared with baseline
measurements of that group. In GYKI-52466 (3 mg/kg) group, reversal of paw use
asymmetry was evident from day 1, suggesting preservation of cortical tissues (required
for symmetrical use of paws) by prophylactic neuroprotection. In contrast, functional
recovery in 0.5 and 1 mg/kg GYKI-52466 was not evident on day 1, but was apparent
by day 7 following HI. This delayed recovery could be attributed to salvation of
ischaemic penumbra and anatomical remodelling facilitated by low-dose GYKI-52466.
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One abnormal observation in the rearing test was that in GYKI-52466 (3 mg/kg) treated
animals significant increase in right paw was observed without affecting left paw use
and both paw use symmetry. Taken together, these findings reinforce the prophylactic
efficacy of low-dose GYKI-52466 and raise interesting questions regarding its potential
benefits in the promotion of synaptic remodelling in the weeks and months following a
stroke.

Mild therapeutic hypothermia has been proved as a non-pharmacologic

neuroprotective strategy in animal models of cerebral ischaemia (Clark et al., 2008;
Hobbs et al., 2008; Yenari and Hemmen, 2010; Silasi and Colbourne, 2011). In clinical
trials also it has been documented to reduce neurologic outcome following sudden
cardiac arrest and cardiac surgery ( Bernard et al., 2002; Grocott and Yoshitani, 2007;
Klein and Engelhard, 2010; Azmoon et al., 2011; Pietrini et al., 2012; Rivera-Lara et
al., 2012). GYKI-52466 has been shown to produce significant hypothermia at high
doses (>60 mg/kg) in a gerbil global ischaemia model and confer significant
neuroprotective effect (Gyertyán et al., 1999).

Similar hypothermic effects were

observed when GYKI-52466 was administered at 20 mg/kg against stress-induced
hyperthermia in mice, while no significant change in body temperature was observed at
3 mg/kg dose (Rorick-Kehn et al., 2005). In a separate study, no change in body
temperature was observed with GYKI-52466 (10 mg/kg) administration in Sprague
Dawley rats suggesting that GYKI-52466 induced hypothermia is dose, species and
strain dependent (Staszewski and Yamamoto, 2006). In the present study, all animals
were continuously monitored for core body temperature throughout the GYKI-52466
preconditioning period, during periods of anaesthesia and up to 24 hrs post-HI.
Consistent with other studies, here we observed no significant change in body
temperature in rats preconditioned with saline or low-dose GYKI-52466. Therefore,
the neuroprotective effects of prophylactic GYKI-52466 observed in the present study
are not due to hypothermia.
Body weight loss following HI has been described as a strong predictor of
significant cerebral infarct in neonatal rats (Saeed et al., 1993). Similar association was
also observed between change in body weight over the 24 hrs period following HI and
brain injury in a study which used postnatal day 26 rats with a variable hypoxia
protocol (Rivers et al., 2011). In the present study, we observed a significant reduction
in body weight 24 hrs following in the saline preconditioned rats. In contrast, in
ischaemic animals preconditioned with GYKI-52466 (3 mg/kg) no change was
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observed, which suggests neuroprotection early in the HI-induced neurodegeneration
process. HI protocols involving right hemispheric injury have been associated with
seizure severity, cardiac arrhythmias and higher mortality rate (El-Hayek et al., 2011).
Significant prolongations of the QT interval, an independent predictor of fatal cardiac
arrhythmias have been reported in animals with right-sided infarcts induced by right
middle cerebral artery occlusion (Hachinski et al., 1992). In addition, frequent cardiac
abnormalities have been observed in patients with right-hemispheric stroke (Lane et al.,
1992; Tokgözoglu et al., 1999; Orlandi et al., 2000).

The right insula has been

implicated in the autonomic control of cardiac activity and damage to right insular
cortex shown to exaggerate abnormal cardiac functions (Colivicchi et al., 2004). In the
present study, low mortality rate was observed which is attributed to unilateral left
hemispheric injury induced by left CCAO and hypoxia.
In the present study, we employed a modified "Levine" rat-pup model of HI. It
has been argued that PND-26 animals (as used here) are too young to be considered
adequate for translational research, and that models of arterial occlusion might
constitute better models of adult stroke. We employed this HI model not as a model of
any childhood hypoxic pathology per se, but rather as a general model of
neurodegeneration with fundamental similarities to ischaemic stroke. Indeed, using this
model we observed pronounced lesions across large areas of the cortex and
hippocampus ipsilateral to the carotid occlusion. As such, this model is of proven
benefit as an early stage screening method in the development of drugs exhibiting
prophylactic neuroprotective efficacy. Pharmacological preconditioning with low-dose
GYKI-52466 in more clinically relevant models of cerebral injury following cardiac
surgery such as HCA (Redmond et al., 1995; Jungwirth et al., 2006b) and CPB
(Mackensen et al., 2001; Ma et al., 2003), may provide additional information
regarding efficacy and safety in surgical conditions.

2.5 Conclusions
This part of the thesis has clearly demonstrated that pharmacological
preconditioning with low-dose GYKI-52466 is neuroprotective and extended the
previous findings observed against KA-induced seizures. The present results show that
GYKI-52466 preconditioning can provide anatomical protection against HI-induced
brain injury and confer significant long-term sensorimotor functional recovery at doses
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approximately 5 to 40-fold lower than doses known to produce behavioural and
cognitive toxicity. This lingering neuroprotective effects observed 90-180 min after
administration of GYKI-52466 further supports the hypothesis that the neuroprotection
possibly involves metabotropic mechanisms of action. Prophylactic neuroprotection
mediated via metabotropic mechanisms has far-reaching implications for clinical
procedures such as coronary artery by-pass grafting, carotid endarterectomy and brain
surgery in which cerebral ischaemia with adverse neurological outcomes are likely.
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3 Chapter 3: Functional preservation of
hippocampal CA1 and synaptic plasticity by
prophylactic GYKI-52466
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3.1 Introduction
Activation of endogenous protection mechanisms (tolerance) in the brain could
have an enormous benefit in different surgical procedures, such as cardiac and brain
surgery, where reduction in blood flow to the brain is evident (Brambrink et al., 2006;
Goulton et al., 2010; Popp et al., 2011).

Global ischaemia induced under these

conditions frequently leads to lasting neuropsychological dysfunction including
cognitive impairment (Mahanna et al., 1996; Newman et al., 2001) and also reduces
long-term survival (Dacey et al., 2005). As noted earlier (section 1.1.1), stroke occurs
in about 6% of the patients undergoing cardiac surgery whereas; early or late
postoperative cognitive impairment is more common with an incidence rate of more
than 60%.

Anaesthetics, anti-inflammatory agents, NMDA antagonists, and free

radical scavengers have been studied for their clinical neuroprotective efficacy in
surgical conditions (Van den Bergh, 2010). However, to date non-competitive AMPA
receptor antagonists have not been considered in this situation despite proven records of
neuroprotective efficacy in animal models of stroke and seizures.
GYKI-52466 is a 2,3-benzodiazepine derivative, that selectively block AMPA
receptor in a non-competitive manner (Donevan and Rogawski, 1993; Zorumski et al.,
1993). Numerous studies have been conducted to demonstrate its anticonvulsant and
neuroprotective activity in animal models of seizure and stroke (see section 1.9.1 and
1.9.2). As noted in section 1.9.3, we showed that low-dose GYKI-52466 (3 mg/kg,
s.c.) preconditioning significantly protects against KA-induced seizures without any
adverse side effects. Furthermore, for the first time, it was demonstrated in chapter 2
that pharmacological preconditioning with low-dose GYKI-52466 is able to afford
lasting anatomical and functional neuroprotection in a model of HI-induced
neurodegeneration.
The hippocampus plays a significant role in memory formation processes
(Richter-Levin, 2004). Global ischaemia following cardiac arrest has been associated
with delayed hippocampal injury in humans (Petito et al., 1987).

This type of

ischaemia induced by 4VO rats induces selective delayed neuronal loss in the
hippocampal CA1 region (Pulsinelli and Brierley, 1979; Pulsinelli et al., 1982) and
causes functional deficits in synaptic transmission and cognitive functions (Kiprianova
et al., 1999). Supportively, similar patterns of neuronal loss are also observed in 3093

day old rats subjected to HI-induced brain injury, which mimics the condition arising
during cardiac arrest or surgery in humans (Williams and Dudek, 2007). Long-term
potentiation, a major synaptic mechanism underlying hippocampus-dependent learning
and memory is considered as the best-studied cellular model (Bliss and Lømo, 1973).
LTP is a lasting increase in the efficiency of synaptic transmission (synaptic plasticity)
induced by high frequency stimulation (Bliss and Lømo, 1973).
In numerous prior studies of unilateral HI-induced damage, investigators have
often used the contralateral hemisphere as an internal ―control‖ against which ipsilateral
damage is compared (Towfighi et al., 1994; Galvin and Oorschot, 1998; Vannucci et
al., 2001). Moreover, electrophysiological studies have identified acute functional
diaschisis after CNS injury (Buchkremer-Ratzmann and Witte, 1997; Reinecke et al.,
1999; Bütefisch et al., 2003). Together these studies suggest that the contralateral
hemisphere may not be a useful control in experimental models of stroke involving
unilateral carotid artery occlusion, and further provide clues to the nature of global
neuropsychological deficits in some people after focal ischaemia. We have recently
shown that a marked functional diaschisis of contralateral hippocampal field potentials
can be seen up to 90 days post-hypoxia/ischaemia (Clarkson et al., 2005a). This lasting
suppression was evident for both population spike amplitude and area (direct measures
of neuronal excitability) and field EPSP slope (a direct measure of synaptic strength
and glutamatergic transmission).
Histological and behavioural paradigms are generally employed to study
structural and functional recovery following brain injury, whereas, assessment of
functional recovery by hippocampal electrophysiology is often neglected. In the present
study, we employed a modified Rice-Vannucci model (unilateral carotid occlusion
coupled with global hypoxia) and used electrophysiological paradigms to assess the
neuroprotective properties of low-dose GYKI-52466 on synaptic transmission and
synaptic plasticity up to 90 days following HI in postnatal day 26 rats. Here we report
that low-dose GYKI-52466 preconditioning significantly preserves CA1 function and
protects against HI-induced reductions in synaptic plasticity.
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3.2 Materials and methods
3.2.1

Materials and reagents
All chemicals used in the following experimental protocols were obtained from

the sources mentioned previously (see section 2.2.2). All other materials, equipment
and reagents used in the following protocol, except where specified are listed below.
Material/Equipment

Source

Drop-blade tissue chopper

Campus Mechanical, Dunedin, NZ

Grass S48 stimulator

Grass Technologies, USA

Grass stimulus isolation unit (STIU5A)

Grass Technologies, USA

Olympus stereo microscope (SZ40)

Olympus New Zealand Pty Ltd

Temperature probe

Tektronix Inc., USA

Microinfusion pump (Beehive)

Bioanalytical systems Inc., USA

3.2.2

Experimental design and drug treatments
Male Sprague Dawley rats (PND 26) were randomly assigned into three different

groups (Sham, Saline and GYKI-52466, n = 16/group) on the day of surgery. All
animals were administered with saline or GYKI-52466 (3 mg/kg), 90 min before left
CCAO (see section 2.2.5). Eight animals from each group were sacrificed 14 days after
HI and the remaining half 90 days after HI for hippocampal electrophysiology.
Selection of GYKI-52466 dose was based on our previously reported finding that a
significant reduction in seizure and cerebral ischaemia was observed with this lowdose. GYKI-52466 hydrochloride was purchased from Sigma-Aldrich, Australia. All
electrophysiology experiments involving HI animals were performed in a blinded
fashion.
In a separate in vitro experiment, we examined the acute preconditioning effects
of low-dose GYKI-52466 (6.25 µM) on long-term potentiation induced by high
frequency stimulation (HFS) in naïve hippocampal slices. GYKI-52466 or saline was
microinjected into the ACSF perfusion stream (wash-in) via microinfusion pump for 20
min to precondition the rat hippocampal slices after establishing a baseline (30 min)
population spike response. This was followed by a washout period of 30 min to allow
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the responses to come to normal. Following washout, LTP was induced by HFS as
section 3.2.3.2.
3.2.3

In vitro electrophysiology

3.2.3.1 Slice preparation
Electrophysiological assessment was carried out at 14 and 90 days post-HI. Eight
rats from each groups were sacrificed via rapid decapitation under CO2 anaesthesia, and
brains were rapidly removed and cooled in ice cold pregassed (95% O2-5% CO2)
artificial cerebrospinal fluid (ACSF) containing 124.0 mM NaCl, 3.2 mM KCl, 1.25
mM NaH2PO4, 26.0 mM NaHCO3, 2 mM CaCl2, 2 mM MgCl2, and 10.0 mM glucose
(pH 7.4). Individual brains were assigned a numerical score on a scale of 0 to 4, based
on gross morphologic appearance (see section 2.2.7).

Hippocampi were carefully

dissected free, and 400 μm transverse sections generated using a drop-blade tissue
chopper. Contralateral and ipsilateral slices were kept separated all the times. Slices
were placed between nylon mesh nets in a commercial brain slice recording chamber
(Kerr Scientific Instruments Ltd., Christchurch), maintained at 31 ± 1°C, and constantly
superfused at 2-2.5 ml/min with oxygenated ACSF. Slices were left undisturbed for 1.5
h before commencement of recordings.
Orthodromic monosynaptic field potentials were generated using bipolar
microstimulating electrodes (50 μm diameter Teflon-coated tungsten wire), positioned
in the Schaffer collateral-commissural pathway (stratum radiatum) of hippocampal
region CA1. Cell layers in the hippocampal CA1 region were visualized by Olympus
stereo microscope. Biphasic electrical stimulation was applied as 0.1 msec pulses
delivered at 0.1 Hz, with intensity ranging from 2 to 25 V. Low-impedance 50 μm
tungsten recording microelectrodes were positioned by advancing the electrodes into
the pyramidal cell layer (stratum pyramidale) and dendritic field (stratum radiatum) of
area CA1 up to 200 μm and 100 μm respectively. A typical recording set up is shown
in Figure 3.1. Extracellular field potentials were assessed across an array of standard
variables, including population spike amplitude (mV), spike area (mV x msec) and field
excitatory post-synaptic potential (EPSP) slope (mV/msec). Waveforms were filtered
and amplified using a Powerlab 2/25 analog-digital converter (ADInstruments Pty.,
Sydney) and stored in the harddrive for off-line analysis using ChartTM analytical
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software (ADInstruments Pty., Sydney). The temperature of the recording chamber
was monitored throughout the experiment using a temperature probe.
3.2.3.2 Electrophysiological recordings

Figure 3.1 A typical extracellular recording setup for recording from CA1 region
rat hippocampus.
A: Schematic diagram of recording setup. B: Original recording set up. Population spike and
field EPSP were recorded simultaneously from stratum pyramidale and stratum radiatum
respectively. R1 = Recording electrode placed above stratum pyramidale layer; R2 =
Recording electrode placed in the stratum radiatum; S = Bipolar stimulating electrode; T =
Temperature probe.

Input/output paradigms were conducted across a range of stimulus intensities (225 V) to assess neuronal excitability/transmission, response threshold, and maximal
neuronal response. The input stimulation intensity was started with a very low voltage
(2 V) on the stimulator and gradually increased (up to 10 V in the steps of 1 V and then
stimulated with 12, 15, 20, and 25 V) until the hippocampal response (the field EPSP
and population spike) exhibited no further change in amplitude. To assess stroke
related impairment of CNS function, long-term potentiation and long-term depression,
both measures of synaptic plasticity processes underlying memory and learning were
assessed. Slices with 3 mV maximal population spike and 1 mV field EPSP amplitude
or greater were considered acceptable for LTP and LTD studies.

This inclusion

criterion helps to maintain the stimulus intensity used for induction of LTP or LTD
between treatment groups. A stimulus intensity of 50% maximal population amplitude
was used to record baseline hippocampal responses, at a frequency of 0.1 Hz, for 20
min and 30 min during LTP and LTD experiments, respectively. Then, LTP was
induced by tetanic stimulation of Schaffer collateral fibres, applied as two, 1 second
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bursts at 100 Hz with 30 second inter burst intervals. LTD was induced by low
frequency Schaffer collateral stimulation at 1 Hz for 15 minutes. A reliable inhibition
of post-synaptic potentials was observed in control slices following this LTD induction
procedure.

Figure 3.2 Waveform analysis through LabChart extension.
A: Measurement of field EPSP slope by selecting the steepest part of negative going potential.
B: Population spike amplitude measurement by placing the spike within the time window.

The waveforms were analysed using LabChart extension ‗Evoked Response‘ for
Macintosh (Figure 3.2). The field EPSP slope and population spike amplitude were
measured for a single waveform by setting up a time window (Figure 3.2A) and logged
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to the Data Pad. Then, a series of responses were automatically analysed using the
same time window. The steepest part of the negative going EPSP was selected to
measure the slope (Figure 3.2A) whereas, the amplitude of a population spike was
measured by placing the negative going spike within the time window (Figure 3.2B).

3.3 Statistics
All statistical analysis was performed using Prism 5 for Windows software
(version 5.01).

Data recorded from separate slices of an individual animal was

averaged to yield a single value. Results were expressed as mean ± S.E.M. All
hippocampal input/output data was analysed using two-way ANOVA followed by
Bonferroni‘s post-hoc tests.

For LTP and LTD data comparison, last 5 minute

recording of each animal was averaged and analysed using one-way ANOVA followed
by Newman-Keuls post-hoc tests. Threshold for the elicitation of field potentials were
analysed by one-way ANOVA followed by Newman-Keuls post-hoc tests.

Data

between two groups were analysed using t-test. Statistical significance was determined
at confidence level of P<0.05.

3.4 Results
3.4.1

Effects of GYKI-52466 on HI-induced reduction in neuronal excitability
and synaptic strength
On day 14 and 90 after HI induction both population spikes and field EPSPs were

simultaneously recorded from the hippocampal CA1 region by stimulation of Schaffer
collaterals.

On day 14, due to injury, dissection and recording from ipsilateral

hippocampi was possible in 3 animals of saline preconditioned rats with HI, 5 animals
of GYKI-52466 (3 mg/kg, s.c.) preconditioned group and all animals of sham controls.
Moreover, on day 90 following HI the numbers were 7 of GYKI-52466 (3 mg/kg, s.c.),
3 of saline, and all rats of sham controls. All contralateral hippocampi were collected
for recording from animals of each group on both day 14 and 90 after HI.
On day 14 following HI, in saline pretreated animals the threshold for generation
of population spike (ipsilateral, 8.7 ± 2.03V; contralateral, 5.88 ± 0.61V) was
significantly (P<0.05) higher as compared to sham controls (ipsilateral, 4.3 ± 0.33 V;
contralateral, 4 ± 0.37V) and GYKI-52466 (ipsilateral, 4.6 ± 0.4V, contralateral, 4.5 ±
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0.33V) preconditioned animals for both ipsilateral and contralateral hippocampi (Figure
3.3A and 3.3B).

Figure 3.3 Effects of HI and prophylactic GYKI-52466 on field potential
thresholds on day 14 after HI.
A: Threshold for population spike amplitude generation from ipsilateral hippocampi of shamsaline controls (saline, 90 min followed by sham surgery); saline controls (saline, 90 min
followed by HI); and GYKI-52466 (3mg/kg, 90 min followed by HI) treated animals (17, 7, 18
slices from n = 6, 3, and 5 animals, respectively). B: Threshold for population spike amplitude
generation from contralateral hippocampi (29, 46, 39 slices from n = 6, 8, and 8 animals,
respectively). C: Threshold for field EPSP slopes from ipsilateral hippocampi (17, 7, 18 slices
from n = 6, 3, and 5 animals, respectively). D: Threshold for field EPSP slopes from
contralateral hippocampi (29, 46, 39 slices from n = 6, 8, and 8 animals, respectively). GYKI52466 preconditioning significantly reversed HI-induced increase in threshold for generation of
both field EPSP and population spike on ipsilateral side of the hippocampus at 14 days
following HI. * and Ψ indicates P<0.05 versus sham-saline controls and saline + HI,
respectively.

Similarly, the threshold for generation of field EPSP was significantly (P<0.05)
higher in the saline preconditioned HI group (5 ± 1.16V) as compared to sham controls
(2.7 ± 0.33V) and GYKI-52466 (2.6 ± 0.24V) preconditioned animals in the ipsilateral
hippocampi (Figure 3.3C). Nevertheless, the threshold for EPSP generation was not
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different, between contralateral hippocampi of different groups (Figure 3.3D).

In

contrast, in the day 90 experiment only a single significant difference was observed
between treatment groups. Higher stimulus intensity was required to generate field
EPSP in saline preconditioned animals (3.25 ± 0.31V) as compared to sham controls
(2.25 ± 0.16V) on contralateral hippocampi (P<0.05, Figure 3.4D).

In all other

instances difference between groups were statistically insignificant (Figure 3.4A-C).

Figure 3.4 Effects of HI and prophylactic GYKI-52466 on field potential
threshold on day 90 after HI.
A: Threshold for population spike amplitude generation from ipsilateral hippocampi of shamsaline controls; saline + HI controls; and GYKI-52466 treated HI animals (27, 8, 20 slices from
n = 8, 3, and 7 animals, respectively). B: Threshold for population spike amplitude generation
from contralateral hippocampi (22, 38, 30 slices from n = 8, 8, and 8 animals, respectively). C:
Threshold for field EPSP slopes from ipsilateral hippocampi (27, 8, 20 slices from n = 8, 3, and
7 animals, respectively). D: Threshold for field EPSP slopes from contralateral hippocampi
(22, 38, 30 slices from n = 8, 8, and 8 animals, respectively). GYKI-52466 preconditioning
significantly reversed HI-induced increase in threshold for generation of field EPSP on
contralateral side of the hippocampus at 90 days following HI. * indicates P<0.05 versus
sham-saline controls. Treatment conventions are as per Figure 3.3.
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Gradual increases in the post-synaptic responses were observed with increased
stimulus intensities from 2 to 25 volt. In sham control animals, a robust input/output
profile of population spike amplitude and field EPSP slope was observed in slices
obtained from both ipsilateral and contralateral hippocampi (Figure 3.5A-D and Figure
3.6A-D). Ipsilateral maximal population spike amplitude (9.4 ± 0.6 mV) and field
EPSP slope (-1.5 ± 0.1 mV/sec) were indistinguishable from the maximal population
spike amplitude (8.8 ± 0.3 mV) and field EPSP slope (-1.5 ± 0.1 mV/sec) of
contralateral hippocampal slices (Figure 3.5A-D) on day 14. Similar results were
observed in sham control animals even after 90 days post sham surgery (Figure 3.6AD).
In contrast, in saline treated animals with HI a dramatic reduction of both
maximal population spike amplitude and field EPSP slope was observed for both
ipsilateral (3.3 ± 0.5 mV, -0.5 ± 0.1 mV/sec) and contralateral hippocampi (5.6 ± 0.4
mV, -1.0 ± 0.1 mV/sec) on day 14 following HI (Figure 3.5A-D). Specifically, a
significant (P<0.05) reduction was observed in ipsilateral hippocampi at stimulus
intensities ranging from 9-25 V compared to sham controls. This HI-induced reduction
in neuronal excitability and synaptic strength was significantly (P<0.05) reversed by
GYKI-52466 (3 mg/kg, s.c.) pretreatment, particularly at stimulus intensities 12 to 25 V
and 15 to 25 V respectively (Figure 3.5A-D). Similarly, marked suppression of both
population spike amplitude and field EPSP slope was also detected in the hippocampi
obtained from both ipsilateral (2.1 ± 0.2 mV, -0.4 ± 0.1 mV/sec Vs. 7.3 ± 0.2 mV, -1.6
± 0.1 mV/sec) and contralateral (5.3 ± 0.4 mV, -1.2 ± 0.1 mV/sec Vs. 7.4 ± 0.3 mV, 1.5 ± 0.1 mV/sec) hemisphere of saline pretreated animals in compared to sham
controls on day 90 after HI. GYKI-52466 again significantly preserved the neuronal
excitability and synaptic strength even after 90 days of HI insult on the ipsilateral
hippocampi (Figure 3.6A-D).
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Figure 3.5 Effects of GYKI-52466 on HI-induced suppression of neuronal
excitability and synaptic strength on day 14.
A: Population spike amplitudes from ipsilateral hippocampi of sham-saline controls; saline +
HI controls; and GYKI-52466 treated HI animals (17, 7, 18 slices from n = 6, 3, and 5 animals,
respectively). B: Population spike amplitudes from contralateral hippocampi (29, 46, 39 slices
from n = 6, 8, and 8 animals, respectively). C: field EPSP slopes from ipsilateral hippocampi
(17, 7, 18 slices from n = 6, 3, and 5 animals, respectively). D: field EPSP slopes from
contralateral hippocampi (29, 46, 39 slices from n = 6, 8, and 8 animals, respectively). GYKI52466 preconditioning significantly reversed HI-induced suppression of neuronal excitability
and synaptic strength on both ipsilateral and contralateral side of hippocampus at 14 days
following HI. * and Ψ indicates P<0.05 versus sham-saline controls and saline + HI,
respectively. Treatment conventions are as per Figure 3.3.
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Figure 3.6 Effects of GYKI-52466 on HI-induced suppression of neuronal
excitability and synaptic strength on day 90.
A: Population spike amplitudes from ipsilateral hippocampi of sham-saline controls; saline +
HI controls; and GYKI-52466 treated HI animals (27, 8, 20 slices from n = 8, 3, and 7 animals,
respectively). B: Population spike amplitudes from contralateral hippocampi (22, 38, 30 slices
from n = 8, 8, and 8 animals, respectively). C: field EPSP slopes from ipsilateral hippocampi
(27, 8, 20 slices from n = 8, 3, and 7 animals, respectively). D: field EPSP slopes from
contralateral hippocampi (22, 38, 30 slices from n = 8, 8, and 8 animals, respectively). GYKI52466 preconditioning significantly reversed HI-induced suppression of neuronal excitability
and synaptic strength on both ipsilateral and contralateral side of hippocampus at 90 days
following HI. * and Ψ indicates P<0.05 versus sham-saline controls and saline + HI,
respectively. Treatment conventions are as per Figure 3.3.
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Additionally, a complete reversal of suppression in both population spike
amplitude and field EPSP slope on the contralateral hippocampi (contralateral
diaschisis) was observed in GYKI-52466 preconditioned rats on both the days 14 and
90. Transhemispheric diaschisis has been previously described to be related to brain
damage on the ipsilateral side of the brain (Andrews, 1991; Clarkson et al., 2005a).
Therefore, to establish a correlation between the magnitude of brain injury and maximal
neuronal excitability, we plotted gross morphologic score (ipsilateral hemisphere)
versus maximal population spike amplitude (mV) from the contralateral hippocampi. A
significant (P<0.05) negative correlation was observed between the two for both 14
days (Figure 3.7A) and 90 days (Figure 3.7B) following HI. GYKI-52466 not only
preserved hippocampal CA1 function on the ipsilateral side, but also prevented
contralateral diaschisis, a process that slows down the recovery after ischaemic brain
injury.

Figure 3.7 Transhemispheric diaschisis depends on the extent of brain damage.
Spearman‘s non-parametric correlation between ipsilateral gross morphologic score and
maximal neuronal excitability of contralateral hippocampi; A: day 14; P<0.05 and B: day 90;
P<0.05. Treatment conventions are as per Figure 3.3.
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3.4.2

Effects of hypoxic-ischaemic brain injury and prophylactic GYKI-52466 on
induction of long-term potentiation
Previous animal studies have shown that global ischaemia (Gillardon et al., 1999;

Dai et al., 2007; Marosi et al., 2009), traumatic brain injury (D'Ambrosio et al., 1998;
Schwarzbach et al., 2006), focal ischaemia (Sopala et al., 2000; Cai et al., 2008; Lin
and Hsieh, 2010) could abolish induction of long-term potentiation following tetanic
stimulation. Here, we have investigated whether LTP could be induced effectively in
slices obtained from ipsilateral and contralateral hippocampi of animals following
unilateral hypoxic-ischaemic brain injury.

To achieve this, percentage increase in

synaptic strength (EPSP slope or population spike amplitude) following tetanic
stimulation were compared between the treatment groups.
On day 14, LTP was consistently induced after tetanus in sham-operated controls
in both contralateral (27 ± 5.5% increase in field EPSPs) and ipsilateral (29 ± 10.5%)
hippocampi. After stroke, LTP was significantly (P<0.05) reduced in the contralateral
(-1.2 ± 4.1%) and ipsilateral (-31 ± 6.7%, slices obtained only from 2 animals)
hippocampi in the saline treated HI animals.

In ischaemic animals that were

preconditioned with GYKI-52466, LTP was readily induced on both sides
(contralateral: 14 ± 3.9%; ipsilateral: 9.7 ± 10.6%) and was significantly (P<0.05)
higher compared to saline treated HI rats (Figure 3.8A and 3.8C).
On day 90, LTP was consistently induced after tetanus in sham-operated controls
in both contralateral (22 ± 5.8% increase in field EPSPs) and ipsilateral (19 ± 4.1%)
hippocampi. After stroke, LTP was significantly (P<0.05) reduced in the contralateral
(3.9 ± 2.7%) and none of the slices from ipsilateral hippocampi had sufficient response
to induce LTP. In ischaemic animals preconditioned with GYKI-52466, significant
reversal of suppression in LTP was observed on both sides (contralateral: 27.6 ± 6.4%;
ipsilateral: 26.9 ± 4.9%) compared to saline treated controls with HI (Figure 3.9A and
3.9C).

Slightly higher percentage increases in population spike amplitude were

observed after tetanus, whereas the trend of LTP induction remained the same as the
EPSP slope on both day 14 (Figure 3.8B and 3.8D) and 90 (Figure 3.9B and 3.9D)
following HI. Representative field EPSP traces for different treatment groups from
LTP experiment were given in Figure 3.10A.
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Figure 3.8 Effects of low-dose GYKI-52466 on hippocampal LTP in the Schaffer
collateral-CA1 synapse 14 days after hypoxic-ischaemic brain injury.
A: Percentage change in field EPSP slope in slices obtained from ipsilateral hippocampi of
sham-saline controls; saline + HI controls; and GYKI-52466 treated HI animals (3, 3, and 3
slices from n = 3, 2, and 3 animals, respectively). B: Percentage change in population spike
amplitudes in slices obtained from ipsilateral hippocampi (3, 3, and 3 slices from n = 3, 2, and 3
respectively. C: Percentage change in field EPSP slopes in slices obtained from contralateral
hippocampi (5, 10, and 6 slices from n = 5, 7, and 6 animals, respectively). D: Percentage
change in population spike amplitudes in slices obtained from contralateral hippocampi (5, 10,
and 6 slices from n = 5, 7, and 6 animals, respectively). Prophylactic low-dose GYKI-52466
treatment significantly reduced the HI-induced suppression of LTP on both contralateral and
ipsilateral hippocampi. * indicates P<0.05. Treatment conventions are as per Figure 3.3.
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Figure 3.9 Effects of low-dose GYKI-52466 on hippocampal LTP in the Schaffer
collateral-CA1 synapse 90 days after hypoxic-ischaemic brain injury.
A: Percentage change in field EPSP slope in slices obtained from ipsilateral hippocampi of
sham-saline controls; saline + HI controls; and GYKI-52466 treated HI animals (6, 0, and 6
slices from n = 6, 0, and 6 animals, respectively). B: Percentage change in population spike
amplitudes in slices obtained from ipsilateral hippocampi (7, 0, and 5 slices from n = 6, 0, and 5
animals, respectively). C: Percentage change in field EPSP slopes in slices obtained from
contralateral hippocampi (8, 11, and 9 slices from n = 8, 8, and 8 animals, respectively). D:
Percentage change in population spike amplitudes in slices obtained from contralateral
hippocampi (9, 11, and 10 slices from n = 8, 8, and 8 animals, respectively). Prophylactic lowdose GYKI-52466 treatment significantly reduced the HI-induced suppression of LTP on both
contralateral and ipsilateral hippocampi. * indicates P<0.05. Treatment conventions are as per
Figure 3.3.
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3.4.3

Induction of long-term depression not affected by HI
In addition to LTP, another in vitro experimental paradigm that is often used to

assess synaptic plasticity is long-term depression. To evaluate the effects of HI and
prophylactic GYKI-52466 treatment on LTD, both EPSP and population spikes were
recorded from ipsilateral and contralateral hippocampi before, during and after lowfrequency stimulation on day 14 and 90 following HI. On day 14, a stable long-lasting
depression of EPSP slope in both ipsilateral (-26.1 ± 7.1%) and contralateral (-24.6 ±
6.9%) hippocampi was observed in sham control animals (Figure 3.11A and 3.11C). In
ischaemic animals preconditioned with saline, induction of LTD (contralateral: -12.2 ±
3.4%; ipsilateral: -7.5 ± 10.1%) was lower although not statistically significant
(P>0.05) compared to sham controls (Figure 3.11A and 3.11C). LTD was also readily
induced in the slices (contralateral: -10.6 ± 3.8%; ipsilateral: -22.8 ± 5.3%) obtained
from ischaemic animals pretreated with GYKI-52466 (Figure 3.11A and 3.11C).
Representative field EPSP traces of different treatment groups from LTD experiment
were given in Figure 3.10B. Overall, no significant difference was observed between
group means of LTD in both ipsilateral (F = 1.37, P = 0.352) and contralateral (F =
2.39, P = 0.124) side of hippocampus (Figure 3.11A and 3.11C) on day 14 following
HI. In addition, induction of LTD of the population spike was comparable to EPSP
slope and no significant differences in different treatment groups were detected (Figure
3.11B and 3.11D). Similar trends in induction of LTD were observed on day 90
following HI (Figure 3.12A-D). LTD was not induced in any of the slices from the
ipsilateral side of the hippocampus of saline preconditioned rats on day 90 because of
feeble input/output response.
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Figure 3.10 Representative excitatory post-synaptic potential traces from typical
LTP and LTD experiment.
A: Field EPSPs recorded before and after high frequency stimulation from hippocampal slices
of sham-saline controls, saline + HI controls, and GYKI-52466 (3mg/kg) treated HI group.
Percentage change in field EPSP slopes were significantly higher in sham animals and GYKI52466 preconditioned animals compared to saline treated animals with HI. B: Field EPSPs
recorded before and after low frequency stimulation from hippocampal slices of sham-saline
controls, saline controls, and GYKI-52466 (3mg/kg) group. Percentage change in field EPSP
slopes following LTD were not significantly different in between the treatment groups.
Treatment conventions are as per Figure 3.3.
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Figure 3.11 Effects of low-dose GYKI-52466 on hippocampal LTD in the Schaffer
collateral-CA1 synapse 14 days after hypoxic-ischaemic brain injury.
A: Percentage change in field EPSP slope in slices obtained from ipsilateral hippocampi of
sham-saline controls; saline + HI controls; and GYKI-52466 treated HI animals (3, 2, and 2
slices from n = 3, 2, and 2 animals, respectively). B: Percentage change in population spike
amplitudes in slices obtained from ipsilateral hippocampi (3, 2, and 2 slices from n = 3, 2, and 2
animals, respectively). C: Percentage change in field EPSP slopes in slices obtained from
contralateral hippocampi (6, 9, and 5 slices from n = 6, 8, and 5 animals, respectively). D:
Percentage change in population spike amplitudes in slices obtained from contralateral
hippocampi (6, 9, and 6 slices from n = 6, 8, and 6 animals, respectively). No significant
(P>0.05) change in LTD induction was observed following HI. Treatment conventions are as
per Figure 3.3.

111

Figure 3.12 Effects of low-dose GYKI-52466 on hippocampal LTD in the Schaffer
collateral-CA1 synapse 90 days after hypoxic-ischaemic brain injury.
A: Percentage change in field EPSP slope in slices obtained from ipsilateral hippocampi of
sham-saline controls; saline controls; and GYKI-52466 treated animals (3, 0, and 2 slices from
n = 3, 0, and 2 animals, respectively). B: Percentage change in population spike amplitudes in
slices obtained from ipsilateral hippocampi (3, 0, and 2 slices from n = 3, 0, and 2 animals,
respectively). C: Percentage change in field EPSP slopes in slices obtained from contralateral
hippocampi (9, 8, and 8 slices from n = 8, 8, and 8 animals, respectively). D: Percentage
change in population spike amplitudes in slices obtained from contralateral hippocampi (9, 8,
and 8 slices from n = 8, 8, and 8 animals, respectively). No significant (P>0.05) change in
LTD induction was observed following HI. Treatment conventions are as per Figure 3.3.
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3.4.4

Effects of in vitro low-dose GYKI-52466 preconditioning on induction of
LTP
LTP was readily induced in both the saline (24.6 ± 5.13%) and GYKI-52466

(55.3 ± 11.3%) preconditioned hippocampal slices, when high frequency stimulation
(HFS, two 1 second bursts at 100 Hz with 30 second inter burst intervals) was
performed after a 20 min microinjection into the ACSF perfusion stream (wash-in)
followed by a wash-out period of 30 min. However, the LTP observed in the GYKI52466 preconditioned slices was significantly (P<0.05) higher compared to the saline
preconditioned control slices (Figure 3.13).

Figure 3.13 Effects of in vitro GYKI-52466 preconditioning on long-term
potentiation in the rat hippocampal CA1.
Low-dose in vitro preconditioning was achieved by microinfusion of 6.25µM GYKI-52466 to
the recording chamber holding the hippocampal slices for 20 min followed by a washout period
of 30 min. After washout high frequency stimulation was performed to induce LTP and then
recording was performed for further 30 min to get a robust LTP. GYKI-52466 preconditioning
significantly increased the LTP compared to control slices preconditioned with saline. Data
represents 6 slices of saline controls and 5 of GYKI-52466 preconditioned slices. Statistical
analysis was performed by student's t-test. Ψ indicates P<0.05 versus control slices. HFS =
high frequency stimulation (two 1 second bursts at 100 Hz with 30 second inter burst intervals).
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3.5 Discussion
The present data demonstrates that the prophylactic administration of low-dose
GYKI-52466 preserves excitatory synaptic transmission and plasticity in the area CA1
of the rat hippocampus up to 90 days following HI. This further advances our previous
findings that pre-administration of GYKI-52466 at low-doses produces significant
neuroprotection in a rat model of hypoxic-ischaemic brain injury (see chapter 2) and
profound anticonvulsant activity against kainic acid induced seizures (Goulton et al.,
2010). In the previous neuroprotection study (see chapter 2) we found that permanent
ligation of the left common carotid artery followed by a brief period of global hypoxia
resulted in extensive cortical and subcortical infarction in the hemisphere ipsilateral
(left) to the carotid ligation with severe sensorimotor dysfunction on the contralateral
side of the body. In contrast, when animals were pretreated with GYKI-52466 (3
mg/kg) before HI, a marked reduction in infarct volume and tissue loss was observed
with anatomical preservation of hippocampus.

In addition, significant functional

recovery was also observed up to 90 days after HI. Cerebral ischaemia in rats often
leads to selective neuronal damage in the CA1 sector of the hippocampus (Pulsinelli et
al., 1982; Block et al., 1996; Lodge et al., 1996; Williams and Dudek, 2007; Lebesgue
et al., 2010) and produces marked deficits in learning and memory (Wiard et al., 1995;
Block et al., 1996; Zhou et al., 2001; Kumral et al., 2004; Wang et al., 2011). A large
number of patients undergoing cardiac surgery also show some degree of learning and
memory impairment attributed to cerebral injury, often a consequence of the procedure
(Bucerius et al., 2003). To date, histological and behavioural paradigms have been
considered as gold standards for assessing anatomical and functional recovery after
brain injury. However, study of functional recovery by hippocampal electrophysiology
after brain injury is often neglected. Furthermore, a recent study has shown that spatial
memory deficits observed following MCAO could be due to sensory and motor deficits
which cautions against the use of Morris water maze in studies that involve brain injury
related disabilities (Bingham et al., 2012). Therefore, the present study was designed to
evaluate the efficacy of prophylactic GYKI-52466 against HI-induced suppression of
synaptic transmission and plasticity in the hippocampal CA1 region using extracellular
recording technique.
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Earlier studies have shown that the prophylactic administration of GYKI-52466 at
doses greater than 10 mg/kg rescues CA1 neurons in rat models of global ischaemia
(Block et al., 1996; Lodge et al., 1996). However, functional recovery of CA1 neurons
following ischaemia with low-doses of GYKI-52466 has not been investigated. In line
with previous studies (Krugers et al., 1999; Clarkson et al., 2005a; El-Hayek et al.,
2011), we observed a significant reduction of ipsilateral hippocampal CA1 neuronal
excitability and synaptic strength following HI in saline preconditioned animals. We
herein report that low-dose GYKI-52466 (3 mg/kg, s.c.) significantly reverses the HIinduced suppression in population spike amplitude (direct measures of neuronal
excitability) and field EPSP slope (a direct measure of synaptic strength and
glutamatergic transmission). In addition, the HI-induced damage also increased the
threshold to elicit both population spike and field EPSP in saline preconditioned
animals suggesting degeneration of synapses in the CA1 region required for typical
excitatory neurotransmission.

It has been reported that forebrain ischaemia

significantly reduces the number of synapses within the stratum moleculare, stratum
radiatum and stratum oriens layers of the hippocampus (Sakanaka et al., 1998). In a
recent study, it was observed that a brief ischaemia can rapidly increase the postsynaptic density thickness and formation of concave synapses followed by degeneration
of excitatory synapses in the CA1 stratum radiatum (Kovalenko et al., 2006; Ruan et
al., 2012). In contrast, the increase in threshold for elicitation of population spike and
field EPSP was significantly reduced by low-dose GYKI-52466 suggesting
maintenance of fast excitatory synapses.
In addition to ipsilateral suppression of population spike amplitude and field
EPSP slope, a marked suppression was also evident in hippocampi contralateral to the
left CCAO in saline treated HI animals. Unilateral ischaemia has been shown to
decrease contralateral regional cerebral blood flow and metabolism (Lagreze et al.,
1987; Dobkin et al., 1989) and lead to lasting functional deficits (Heiss et al., 1993)
including impairment in mitochondrial energetics (Clarkson et al., 2007). In a recent
study, it was observed that contralateral diaschisis became prominent when there was
an apparent brain injury on the ipsilateral side (El-Hayek et al., 2011). In this study, we
observed a strong correlation between extent of ipsilateral damage and contralateral
diaschisis with significant reduction in neuronal excitability and long-term potentiation
in contralateral hippocampi following HI. Extensive brain injury on the ipsilateral side
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following HI has been reported to be associated with postischaemic seizures and
mortality in mice (El-Hayek et al., 2011). Spontaneous motor seizures were also
reported following HI in 30-day old rats and were associated with significant increase
in Timm staining, a marker of epileptogenesis in the inner molecular layer of the both
ipsilateral and contralateral hippocampi compared to HI rats without any seizures
(Williams and Dudek, 2007). In our study, both generalized and tonic-clonic seizures
were observed in saline preconditioned animals while under hypoxia and frequent
motor seizures were observed post-HI. This suggests a possible role of recurrent
seizure activity in evolution of contralateral diaschisis. The present study confirmed
previous findings from our laboratory (Clarkson et al., 2005a) that unilateral brain
injury produces a lasting contralateral diaschisis up to 90 days following HI.

In

contrast, in animals pretreated with GYKI-52466 before HI, contralateral diaschisis was
completely reversed with reduced seizure activity and gross morphologic score. These
findings suggest that prophylactic GYKI-52466 has a role in anatomical remodelling
that may contribute in the restoration of synaptic function.
A large body of literature has shown that ischaemic insult to the brain abolishes
long-term potentiation in area CA1 of hippocampus and disturbs learning and memory.
In the present study, LTP was completely abolished not only in the ipsilateral
hippocampal slices but also in the contralateral slices up to 90 days post-HI without any
change in LTD induction. Long-lasting seizure activity has been shown to strengthen
synaptic efficiency (Harrison and Alger, 1993). Generalised and focal seizures have
been reported to be associated with excessive glutamate release (Liu et al., 1997;
Holmes, 2002). Not surprisingly, stroke and seizure are closely interrelated. People
often develop epilepsy within months to years of an ischaemic stroke (Berges et al.,
2000). At the same time, lasting seizure activity can overtly induce brain injury
(Holmes, 2002; Björkman et al., 2010). Ischaemia-induced neuronal death, anatomical
remodelling and shifts in glutamate and GABA signaling appear to underlie
epileptogenesis (Pitkänen et al., 2007).

A recent study showed that chronic

spontaneous motor seizures were observed in rats even after 6-12 months of hypoxiaischaemia in connection with neuronal loss and synaptic reorganization (Williams and
Dudek, 2007). Reductions in cerebral blood flow due to ischaemia lead to massive
release of glutamate by excessive depolarization of neurons induced by failure of Na+,
K+-ATPase pump (Lizasoain et al., 2006).
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The persistence impairment of LTP

following HI in this study supports the hypothesis that consequences (e.g. glutamate
release, ionic imbalance) of ischaemia and seizures leads to long-lasting synaptic
modification that prevents further potentiation by external high frequency stimulation
(Harrison and Alger, 1993; Jourdain et al., 2002). This form of synaptic potentiation
has been previously observed following fluid percussion injury in rats and termed as
pathologic potentiation of hippocampal synapses (D'Ambrosio et al., 1998).
However, the suppression of LTP observed in this study may not be solely due to
pathologic form of HI-induced synaptic potentiation, as down-regulation of both
NMDA and AMPA receptor has also been implicated in HCA in dog which appears to
involve glutamate excitotoxicity as a consequence of global hypoxic-ischaemic injury
(Redmond et al., 1994). Induction of LTP in the CA1 region of the hippocampus
involves activation of the NMDA subtype of glutamate receptor and a subsequent
influx of Ca2+ into the post-synaptic cell (Bashir and Collingridge, 1992). It is also well
established that AMPA receptors partly control the opening of NMDA channels by
depolarizing the neuronal membranes and overcoming the Mg2+ blockade of NMDA
channels. Hence, the reduction in NMDA receptor following glutamate excitotoxicity
may explain the suppression of LTP observed in the present study. However, the
absence of change in LTD induction following HI may be explained by the fact that
following HCA, there is only a partial reduction in NMDA receptor density in the
brain. Hence, there are still sufficient NMDA receptors to facilitate LTD even after
glutamate excitotoxicity induced by HI. Prophylactic administration of MK-801, a
selective N-methyl-D-aspartate receptor antagonist before HCA has been showed to
ameliorate cerebral injury following HCA (Redmond et al., 1994). However, the
NMDA receptor antagonists are associated with impairment of learning abilities as
NMDA receptor activation has been implicated in certain kind of normal learning
mechanisms (Davis et al., 1992). Selective AMPA/kainate receptor antagonist NBQX
has been reported to prevent neurological injury and salvation of NMDA and AMPA
receptor density in the CA1 region of the hippocampus following HCA (Redmond et
al., 1995) whereas, severe adverse effects were associated with high-dose
administration of NBQX (Aoki et al., 1994). It has been observed that the noncompetitive AMPA receptor antagonist has an advantage of preventing glutamateinduced neuronal death at any agonist concentration, whereas the competitive AMPA
antagonists failed to do so at high agonist concentration (Kovács and Szabó, 1997).
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Preservation of neuronal excitability on both contralateral and ipsilateral side of lesion
by low-dose GYKI-52466 indicates rescue of AMPA receptors affected by HI-induced
injury in the Schaffer collateral synapses. Hence, it is possible that prophylactic lowdose GYKI-52466 administration preserved the AMPA and NMDA receptors and
thereby LTP in the hippocampus by non-competitive inhibition of the AMPA/kainate
receptors by preventing the HI-induced neurotoxicity cascade.

Finally, the

neuroprotection afforded by the low prophylactic dose of GYKI-52466 used in the
present study was not associated with adverse effects like ataxia and confusion
normally associated with high doses.
Prophylactic neuroprotection by GYKI-52466 observed previously by others and
in this study could be explained by two possible mechanisms. First, GYKI-52466 at
low-doses activates endogenous neuroprotection mechanisms through metabotropic
pathways which was evidenced by reduction in constitutive GTPase activity in
hippocampal membrane preparations (Hesp et al., 2004). In addition, low-dose GYKI52466 has been shown to increase LTP in rat hippocampal slices, while at high bath
concentrations no change in LTP was detected suggesting, though not confirming
metabotropic mechanisms associated with low-dose GYKI-52466 (Kapus et al., 2000).
In line with that, we also observed a significant increase in LTP in hippocampal CA1
when high frequency stimulation was performed after a 20 min microinjection of
GYKI-52466 (6.25 µM) into the ACSF perfusion stream (wash-in) followed by a washout period of 30 min. Thus, considering our results at low-doses and various findings
from other researchers, it is quite rational to come up with the idea that the effects
observed may involve a metabotropic mechanism of action.
Secondly, it is possible that low-dose GYKI-52466 is responsible for causing
neuroprotection by preservation of GluR2 subunit in AMPA receptor channels, which
is often described to be down-regulated following cerebral ischaemia (Wright and
Vissel, 2012), leading to high Ca2+ entry and subsequent cell death (PellegriniGiampietro et al., 1992; Dos-Anjos et al., 2009). In normal central nervous system,
most of GluR2 subunit in AMPA receptor channels are Q/R edited and hence GluR2
(R) are impermeable to Ca2+ (Peng et al., 2006).

Increased expression of Ca2+-

permeable AMPA receptor channels with unedited GluR2 (Q) and reduced GluR2 gene
expression has been observed in vulnerable CA1 pyramidal neurons following

118

forebrain ischaemia (Peng et al., 2006). Inefficient Q/R editing and reduced adenosine
deaminase enzyme activity (ADAR2) has also been linked to this neuronal vulnerability
(Soundarapandian et al., 2005; Peng et al., 2006).

Selective blockade of Ca2+-

permeable AMPARs (GluR2-lacking channels) by 1-naphthyl acetyl spermine (Naspm)
following global ischaemia has been shown to reduce delayed hippocampal CA1
neuronal loss (Noh et al., 2005).

Although sensitivity of specific GluR2 subunit

containing AMPA receptors to GYKI-52466 is not yet known, the beneficial effects of
low-dose GYKI-52466 preconditioning in HI-induced ischaemia may be related to its
selective binding to the AMPA receptors containing GluR2 (Q) subunits. In addition,
GYKI-52466 preconditioning may have modulatory effect on ADAR2 activity, which
in turn preserves Q/R editing to prevent expression of Ca2+-permeable AMPA receptor
channels. Further studies are needed to confirm these possible mechanisms.

3.6 Conclusions
In addition to the neuroprotective activities discussed in chapter 2, the evidence
provided in this chapter illustrates that the prophylactic low-dose GYKI-52466
administration can rescue the long-lasting suppression of long-term potentiation, an in
vitro measure of memory, following unilateral hypoxia-ischaemia in both hippocampi,
ipsilateral and contralateral to the left CCAO. In addition, significant restoration of
neuronal excitability in both hippocampi suggests preservation of CA1 neurons and
both NMDA and AMPA receptor populations in the CA1 synapses.

Considering

possible involvement of metabotropic mechanisms, future studies that elucidate the
location and function of specific G-proteins and receptor editing sites are warranted.
While this study cannot directly confirm a metabotropic mechanism of action, it does
provide strong support for this hypothesis. Nonetheless, a thorough understanding of
brain concentrations of GYKI-52466 following low- and high-doses could provide
supporting

evidence

regarding

the

proposed

119

hypothesis

(see

chapter

4).

4 Chapter 4: Determination of GYKI-52466 by
HPLC-DAD in plasma and brain
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4.1 Introduction
The 2,3-benzodiazepine class of compounds is one of several drug classes
extensively studied for the treatment of stroke. GYKI-52466 (1-(4`-aminophenyl)-4methyl-7,8-methylenedioxy- 2,3-benzodiazepine) was the first molecule of this class of
selective

non-NMDA

receptor

antagonists

to

be

successfully differentiated

pharmacologically from other benzodiazepine derivatives (Chapman et al., 1991;
Donevan and Rogawski, 1993) (Figure 4.1). Surprisingly, early studies of GYKI52466 indicated that it did not act as a classical benzodiazepine, exhibiting little if any
effect via GABAA receptors (Tarnawa et al., 1989). Instead, GYKI-52466 was found
to act as a selective non-competitive AMPA receptor negative allosteric modulator,
with in vitro IC50's of 13-22 μM (Donevan and Rogawski, 1993; Zorumski et al., 1993;
Bleakman et al., 1996). This mode of action was subsequently assumed to underlie its
anticonvulsant and neuroprotective efficacy in numerous animal models of seizure (De
Sarro et al., 1998a; De Sarro et al., 1998b; De Sarro et al., 2003) and stroke (Erdo et
al., 2005; Gressens et al., 2005; Denes et al., 2006; Matucz et al., 2006; Gigler et al.,
2007), at doses ranging from 10-30 mg/kg. However, consistent with its activity as an
ionotropic AMPA receptor blocker, an adverse side effect profile consisting of
sedation, ataxia, and confusion was observed for GYKI-52466 doses as low as 10-15
mg/kg, thus limiting its therapeutic utility (Donevan et al., 1994; Borowicz et al.,
2001).

Figure 4.1 Chemical structures of GYKI-52466 and internal standard midazolam.
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We previously showed that in vitro pre-conditioning with GYKI-52466 induces a
lasting tolerance against KA-induced toxicity in hippocampal slices, presumably by
reducing constitutive G-protein coupled receptor GTPase activity in hippocampal
membranes (Hesp et al., 2004). Subsequent in vivo studies showed that low-dose
GYKI-52466 (3 mg/kg, s.c.) provides a significant degree of protection against KAinduced seizures when administered 90-180 min before KA administration, without any
apparent toxic side effects (Goulton et al., 2010). More recently, we found low-dose
GYKI-52466

to

be

neuroprotective

against

hypoxic-ischaemic

insult

when

administered 90 min before CCAO in PND26 rats (see chapter 2 and 3). This
prophylactic efficacy has particular importance for patients undergoing cardiac or brain
surgeries in which global or focal brain injury are likely. The neuroprotective efficacy
of GYKI-52466 at very low doses, and at very early preadministration intervals,
reinforces the hypothesis that the preconditioning effect is mediated via lasting
metabotropic (i.e., GPCR) cascades.
However, to firmly resolve any likely mode of action for GYKI-52466, it is
necessary to assess its pharmacokinetic profile in blood and brain. The established,
rather high in vitro IC50 of GYKI-52466 suggests that brain concentrations in the midmicromolar range are necessary to trigger classical ionotropic AMPA receptor blockade
(Bleakman et al., 1996; Zappal et al., 2003). Indeed, one early study of GYKI-52466
showed that abolition of spinal reflexes following a bolus 4 mg/kg intravenous injection
was associated with maximal brain concentrations of 23 μM (Farkas et al., 1992). In
addition, it is well-established that in both status epilepticus and stroke, the BBB is
disrupted (Oby and Janigro, 2006; Persidsky et al., 2006; Yang and Rosenberg, 2011;
Heinemann et al., 2012). For example, studies have shown that hypoxic-ischaemic
injury immediately alters the permeability of BBB, allowing passage of protein tracers
into the brain through necrotic vessel walls in areas of infarction (Petito, 1979; Barone
et al., 2001). As such, a surge in drug concentration at a site of CNS injury could take
place. Unfortunately, to date no studies of CNS GYKI-52466 pharmacokinetics have
been conducted following i.p. or s.c. routes of administration in either control or
ischaemic animals.
To address these issues, we developed an assay method involving a single step
extraction procedure suitable for determination of GYKI-52466 in less than 100 μl rat

122

plasma and brain samples using high performance liquid chromatography (HPLC) with
diode array detection (DAD). The assay was validated according to FDA guidelines for
bioanalytical methods and successfully employed for determination of plasma and brain
GYKI-52466 levels after subcutaneous administration in healthy (control) animals as
well as in animals with hypoxic-ischaemic brain injury.

4.2 Materials and methods
4.2.1

Chemicals and reagents
GYKI-52466 hydrochloride was purchased from Sigma-aldrich, Australia.

Internal standard (IS) midazolam was kindly provided by Roche (New Zealand) Ltd.
HPLC grade acetonitrile and methanol were purchased from BDH (Poole, UK). All
other reagents were of analytical grade. All other materials, equipment and reagents,
except where specified are listed below.
Material/Equipment

Source

HPLC system

Shimadzu, Japan

Microfige® 22R centrifuge

Beckman Coulter Inc., Germany

Eppendorf centrifuge 5810R

Eppendorf AG, Germany

Sonics vibra cell sonicator

Sonics and Materials Inc., USA

SevenEasy pH meter

Mettler Toledo, USA

Watvic oven

Clayson Laboratory
Apparatus Ltd., NZ

Auto vortex mixer

Salmond Smith Biolab Ltd., NZ

Magnetic stirrer

Cenco Instrument, The
Netherlands

Buchner filtration unit

In-house

Nylon filter membrane (47 mm, 0.45 µm)

Alltech, Deerfield, USA

Millipore water purification system

Merck Millipore, USA

4.2.2

Instrumentation and analytical conditions
The HPLC system consisted of a Shimadzu LC-10ATVP pump, an SIL-10ADVP

auto injector and a diode array detector (SPD-M10AVP, Shimadzu, Japan).

The

degasser DGU-14A and low-pressure gradient valve FCV-10ALVP (Shimadzu, Japan)
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was used to degas and control the mobile phase components respectively. A column
oven CTO-10ASVP (Shimadzu, Japan) was used to control the column temperature.
The whole HPLC system was controlled from a PC computer using a system controller
SCL-10AVP (Shimadzu, Japan).

Analyst software CLASS-VP (version 6.14 SP2,

Shimadzu, Japan) was used to analyse data.
Liquid chromatography was carried out on a reversed-phase C18 analytical
column (4.6 mm i.d. × 250 mm, 5 μm, Phenomenex) equipped with a C18 guard column
(4.0 mm × 2.0 mm, i.d., Phenomenex) maintained at 25°C. The mobile phase consisted
of 22.5% acetonitrile:37.5% methanol:40% phosphate buffer (25mM, pH 7.0). The
flow rate was set at 1.2 ml/min. The wavelength used for measuring GYKI-52466 was
310 nm whereas the IS was determined at 240 nm.
4.2.3

Standard and working solutions
A stock solution of GYKI-52466 (1.0 mg/ml as free base) was dissolved in

HPLC-grade water. Two sets of the same standard stock solutions were prepared for
standard curves and for quality control (QC) samples respectively.

Intermediate

standard solutions of GYKI-52466 (100 μg/ml) were prepared by diluting 100 μl of
GYKI-52466 stock solution to 1000 μl of either drug free plasma or rat brain
homogenate. Drug free rat brain homogenate was prepared by homogenizing weighed
amounts of fresh rat brain in 30 volumes of HPLC grade water. The stock IS solution
(1.0 mg/ml) was prepared by dissolving 10 mg of midazolam in 10 ml of acetonitrile.
A working solution of the IS (0.2 μg/ml) was prepared by diluting the stock solution
with acetonitrile.
Standard curves of GYKI-52466 were constructed by spiking either drug free
plasma or rat brain homogenate with the intermediate standard solutions of GYKI52466 giving a calibration range of 0.025-100 μg/ml. GYKI-52466 quality control
standards were prepared in single 2.5 ml aliquots in concentrations of 0.1, 1, 5 and 80
μg/ml and stored at −20°C until analyses.
4.2.4

Sample preparation
The same sample preparation procedure was used for plasma and brain

homogenate samples. 100 μl of ice-cold IS working solution (0.2 μg/ml) was added to
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50 μl of each of blank, standards, QCs, rat plasma or brain homogenate samples. The
samples were vortex-mixed for 1 min and centrifuged at 13,000 × g for 10 min to
precipitate the proteins. 100 μl of clear supernatant was transferred to sample vials and
50 μl was injected onto the HPLC system. Approximately 300 mg of brain tissue from
control animals was obtained to prepare brain homogenates by adding 2 volumes of
HPLC grade water. In the case of ischaemic animals, approximately 150 mg of brain
tissue was micro-dissected from each hemisphere, ipsilateral (damaged) and
contralateral to the left CCAO.

Separate brain homogenates were prepared in 2

volumes of HPLC grade water.
4.2.5

Optimization of chromatographic conditions and extraction procedure
The effect of various chromatographic conditions on separation by variation in

composition of mobile phase, the flow rate, column temperature, buffer pH, and buffer
concentration was studied. Different non-aqueous solvents were used individually or in
combination to precipitate the protein in the matrix. Acetonitrile, dichloromethane,
ethyl acetate, and tertiary butyl methyl ether were used as a single extracting solvent.
In addition, mixtures of ethanol: methanol (1:1), methanol: acetonitrile: acetone (1:1:1)
were also assessed as viable solvents for extracting GYKI-52466 from plasma and
brain homogenate matrix.
4.2.6

Method validation
The method was validated in accordance with USFDA guidance for industry and

bioanalytical method validation standards for sensitivity, selectivity, linearity,
precision,

accuracy

and

stability.

Detailed

procedures

are

available

at

www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidance
s/ucm070107.pdf. Human plasma and rat brain were used for validation of this assay
method.
4.2.6.1 Selectivity and specificity
The ability of the method to quantify accurately and specifically GYKI-52466 in
the presence of other components in the sample matrix was established to show that the
GYKI-52466 peak was not contaminated by endogenous matrix components. To this
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end, six blank plasma and rat brain samples were analysed to ensure that the peak
response was due to GYKI-52466 alone.
4.2.6.2 Detection and sensitivity
The maximum wavelength for detection of GYKI-52466 was set at 310 nm,
whereas the internal standard was determined at 240 nm. The lower limit of detection
(LOD) was defined as the lowest concentration of GYKI-52466 in a sample that could
be detected, but not necessarily be quantified with acceptable precision and accuracy.
The lower limit of quantification (LOQ) was defined as the lowest concentration of the
GYKI-52466 that could be quantified with acceptable precision and accuracy. The
LOD and LOQ for this method were calculated according to signal to a noise ratio of
3:1 to test the sensitivity of the method.
4.2.6.3 Linearity, accuracy, and precision
Linearity was determined by constructing calibration curves.

Three

determinations per concentration of standards were performed and calibration curves
were obtained by plotting the peak area ratio of GYKI-52466 to the IS, versus the
known concentration of each calibration standard added to the drug free plasma and rat
brain homogenate. Intra-day and inter-day precision and accuracy were calculated by
five replicate analyses at each chosen concentration (0.1, 1, 5 and 80 μg/ml) and
analysed over a period of 1 month.
4.2.6.4 Recovery and stability
The recovery was calculated from plasma, brain homogenate and aqueous
samples (0.1, 1, 5 and 80 μg/ml) of GYKI-52466. The peak area ratios of plasma and
brain homogenate QCs were compared to the ratio of the standard aqueous samples.
Stability experiments were performed to evaluate the stability of the analyte and
IS in plasma under different conditions. QC samples were subjected to short-term
room temperature condition for 8 h, to long-term storage conditions (−20°C) for one
month, and to three freeze–thaw stability studies. All stability studies were conducted
at four QC levels (0.1, 1, 5 and 80 μg/ml) with three determinations for each.
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4.2.7

Pharmacokinetics of GYKI-52466 in control and hypoxic-ischaemic rats
Male Sprague Dawley rats of postnatal day 21 (80 ± 10 g) were obtained from the

University of Otago Hercus-Taieri Resource Unit and acclimatized for five days in an
animal room in the Department of Pharmacology and Toxicology, University of Otago.
The animal room had a normal day/night light cycle (temperature 22°C) and rats had
free access to food and tap water. Food, but not water, was withdrawn the night before
drug administration. Rats were randomly allocated and divided into two groups to
receive either 3 or 20 mg/kg dose of GYKI-52466 in water for injection and
administered by subcutaneous injection (s.c., maximum volume 0.3 ml) in both healthy
and ischaemic animal study.

Control animals (PND 26) were used to study

pharmacokinetic profile and adverse effects such as ataxia.
Blood (cardiac puncture) and brain samples were collected under CO2
anaesthesia at pre-dose and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 9 and 12 hrs after
subcutaneous administration of GYKI-52466 (n = 3 per time point). Animals were
observed for 3 min in a 58.5 x 68.5 cm open field for any adverse effects (ataxia), 5 min
following GYKI-52466 administration and just before sacrifice. A scoring scale of 0-3
(where score = 0 referred to no signs of ataxia, score = 1 assigned to duck walking;
score = 2 when animal showed strong duck walking and occasionally falling; score = 3
assigned when very strong ataxia was observed and animal unable to walk) was
employed to assess severity of ataxia as previously described (Irwin, 1968; Danysz et
al., 1994).
To study the effect of brain injury on brain concentrations of GYKI-52466, we
employed a modified Rice-Vannucci model (unilateral carotid occlusion coupled with
global hypoxia) to induce neuronal damage as previously described (see section 2.2.5).
Briefly, the left common carotid artery was ligated at 90 min following GYKI-52466
administration and the animal allowed to recover for 2 hrs before 1 hr of hypoxia.
Blood and brain samples were collected at 1, 4.5, and 6 hrs (Figure 4.2, experimental
design below) following GYKI-52466 administration. Blood samples were centrifuged
at 3,000 g for 10 min at room temperature and plasma was collected and stored at
−20°C pending HPLC analysis. Brain samples were also collected, weighed and stored
at −20 °C until HPLC analysis.
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Figure 4.2 Experimental design for collection of rat brain and plasma in HIinduced brain injury condition.
Brain concentrations of GYKI-52466 per gram of brain weight were calculated
by multiplying dilution factor of 0.33 with brain concentrations (µg/ml) obtained from
the standard curve. Noncompartmental pharmacokinetic analysis of the plasma and
brain concentrations (mean data) was performed by the PKSolver (Version 2.0), an
add-in program for pharmacokinetic and pharmacodynamic data analysis in Microsoft
Excel (Zhang et al., 2010). Pharmacokinetic parameters, including the area under
plasma and brain homogenate concentrations–time curves (AUC), mean residence time
(MRT), apparent clearance (Cl/F), apparent volume of distribution (V/F), elimination
half-life (T1/2), and maximum blood concentration and time (Cmax and Tmax), were
calculated.
4.2.8

Statistical analysis
Results were expressed as mean ± S.E.M. Plasma concentrations from control

and ischaemic conditions, and brain concentrations of GYKI-52466 from ipsilateral
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hemisphere (damaged) and contralateral hemisphere (intact) was analysed by two-way
ANOVA followed by Bonferroni‘s post-hoc tests to evaluate impact of brain injury on
GYKI-52466 concentrations at the injury site.

4.3 Results
4.3.1

Optimization of chromatographic system and sample extraction
Chromatographic conditions were modified from the HPLC method of Kronbach

et al (Kronbach et al., 1989). Resolution and analysis time were improved when nonaqueous content of the mobile phase was increased from 56% to 60% in conjunction
with higher flow rate (1.2 ml/min). Figure 4.3A and 4.3B show the effect of nonaqueous content (constant factors: 10 mM phosphate buffer, pH 7, 1 ml/min) and flow
rate (constant factors: 10 mM phosphate buffer, pH 7, non-aqueous content 56%) on
retention time of GYKI-52466 respectively.
Column temperature (constant factors: 10 mM phosphate buffer, pH 7, 1 ml/min)
had very little effect on retention time of GYKI-52466 (5.6, 5.6, and 5.5 min at 25, 30,
and 35°C respectively). Phosphate buffer pH 7 reduced retention time (Figure 4.3C)
but high concentration (50 mM) of buffer tended to increase retention time (Figure
4.3D) of GYKI-52466. Phosphate buffer (25 mM, pH 7) provided optimal conditions
for separation of GYKI-52466 over other interfering components of plasma and brain
homogenate. Acetonitrile provided optimal extraction of GYKI-52466 from plasma
and brain homogenate matrices.

Optimal isocratic separation was obtained by

maintaining a reverse phase column at 25°C and delivering mobile phase (25 mM
phosphate buffer (pH 7): methanol: acetonitrile (40:37.5:22.5) at 1.2 ml/min.
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Figure 4.3 Optimisation of high performance liquid chromatographic conditions.
Effect of non-aqueous content (A), flow rate (B), phosphate buffer pH (C) and buffer
concentration (D) on retention time of GYKI-52466.

4.3.2

Selectivity and specificity
Selectivity was evidenced by the absence of any endogenous peak in blank

plasma and brain homogenate at the retention time of GYKI-52466 and internal
standard. Interference from degradation products was also not evident in samples
spiked with GYKI-52466. Typical chromatograms of blank and spiked samples of
plasma and brain homogenate are illustrated in Figure 4.4A-D and Figure 4.5A-F.
4.3.3

Detection and sensitivity
The retentions time were t′ = 3.8 (± 0.1) for GYKI-52466 and t′ = 9.9 (± 0.12) for

internal standard. The lower limit of detection (LOD), with a signal to noise ratio of 3,
was 20 ng/ml for GYKI-52466.

However, sensitivity of the method allowed a

quantification of 25 ng/ml (LOQ) GYKI-52466 in plasma and brain homogenate.
Figures 4.4 and 4.5 show retention times for GYKI-52466 and internal standard
respectively.
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Figure 4.4 Representative chromatograms of GYKI-52466 at wavelength 310 nm.
Blank plasma (A), blank rat brain homogenate (B), blank plasma spiked with 1 μg/ml GYKI52466 (C), blank brain homogenate spiked with 1 μg/ml GYKI-52466 (D), rat plasma obtained
90 min after 20 mg/kg subcutaneous administration of GYKI-52466 (E), rat brain samples
obtained 90 min after 20 mg/kg subcutaneous administration of GYKI-52466 (F), rat plasma
samples obtained at 90 min after 3 mg/kg subcutaneous administration of GYKI-52466 (G),
and rat brain samples obtained at 90 min after 3 mg/kg subcutaneous administration of GYKI52466 (H). GY = GYKI-52466.
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Figure 4.5 Representative chromatograms of midazolam (MDZ) at wavelength
240 nm.
Blank plasma without midazolam (A), blank rat brain homogenate without midazolam (B),
blank plasma with midazolam (C), blank rat brain homogenate with midazolam (D), blank
plasma spiked with 1 μg/ml GYKI-52466 (E), blank brain homogenate spiked with 1 μg/ml
GYKI-52466 (F), rat plasma samples obtained at 90 min after 20 mg/kg subcutaneous
administration of GYKI-52466 (G), rat brain samples obtained at 90 min after 20 mg/kg
subcutaneous administration of GYKI-52466 (H), rat plasma samples obtained at 90 min after 3
mg/kg subcutaneous administration of GYKI-52466 (I), and rat brain samples obtained at 90
min after 3 mg/kg subcutaneous administration of GYKI-52466 (J).
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4.3.4

Linearity
Two standard curves were prepared for GYKI-52466 quantification (lower range

of 0.025-0.5 μg/ml and high range calibration curve of 1-100 μg/ml). A linear response
was observed across a range of concentrations. Standard curves were constructed from
triplicate measurements of ten concentrations (0.025, 0.05, 0.1, 0.25, 0.5, 1, 10, 25, 50
and 100 μg/ml). For spiked plasma standard samples, the square of the correlation
coefficient was 0.99 (Figure 4.6A) and 0.99 (Figure 4.6B) for low range and high range
calibration curves, respectively. In the case of brain homogenate standard samples, the
square of the correlation coefficient was 0.99 (Figure 4.6C) and 0.98 (Figure 4.6D) for
low range and high range calibration curves, respectively.

Figure 4.6 Standard curves prepared for GYKI-52466 quantification during
method validation.
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4.3.5

Precision and accuracy
The intra- and inter-day precision and accuracy of the assay were assessed by

analysing quality control samples of both plasma and brain homogenate. The precision
(% co-efficient of variation) was calculated using one-way analysis of variance which
ranges from 2.73 to 13.88%. The results, summarized in Table 4.1 (plasma) and Table
4.2 (brain homogenate), demonstrate that the precision and accuracy values are within
the acceptable range (± 15%).
Table 4.1 Accuracy and precision of the HPLC method for analysis of GYKI52466 in plasma.
Nominal concentration
Precision
Accuracy
a
(μg/ml)
Measured concentration (mean
C.V. (%)
M.R.E.b
± S.D.; μg/ml)
Intra-day (n = 5)
0.1
1
5
80
Inter-day (n = 5)
0.1
1
5
80

(%)

0.11 ± 0.02
0.98 ± 0.09
5.21 ± 0.45
79.88 ± 5.58

13.88
8.80
8.62
6.99

8.97
-2.33
4.18
-0.15

0.10 ± 0.01
0.98 ± 0.07
5.69 ± 0.48
82.12 ± 2.76

6.86
6.97
8.50
3.36

-4.93
-0.23
9.39
2.77

a

C.V. (% co-efficient of variation) = (S.D./mean concentration) × 100. bM.R.E. (% mean
relative error) = (measured mean concentration−original concentration)/original concentration
× 100.

4.3.6

Recovery and stability
The recovery of GYKI-52466 from plasma and brain homogenate was estimated

to evaluate test efficiency and reproducibility of the extraction procedure. In plasma
samples, recovery ranged from 86.6% with 1 μg/ml to 100.13% with 0.1 μg/ml. In
brain homogenate, recovery ranged from 94.4% with 80 μg/ml to 111.23% with 0.1
μg/ml (Table 4.3). Stability assessment indicated that GYKI-52466 was stable in both
plasma (Table 4.4) and brain homogenate (Table 4.5) at the end of three consecutive
freeze-thaw cycles, and on the bench at room temperature. Additionally, GYKI-52466
showed no sign of significant degradation during 1 month of storage at –20°C
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Table 4.2 Accuracy and precision of the HPLC method for analysis of GYKI52466 in brain homogenate.
Nominal concentration
Precision
Accuracy
(μg/ml)
Measured concentration (mean
C.V.a (%)
M.R.E.b
± S.D.; μg/ml)
Intra-day (n = 5)
0.1
1
5
80
Inter-day (n = 5)
0.1
1
5
80

(%)

0.09 ± 0.003
0.92 ± 0.08
5.00 ± 0.18
76.77 ± 3.78

2.97
9.12
3.60
4.93

-13.18
-7.85
-0.01
-4.03

0.09 ± 0.004
0.89 ± 0.03
4.95 ± 0.14
77.72 ± 4.33

4.46
3.76
2.73
5.57

-0.27
-5.87
-0.96
-0.11

a

C.V. (% co-efficient of variation) = (S.D./mean concentration) × 100. bM.R.E. (% mean
relative error) = (measured mean concentration-original concentration)/original concentration ×
100.

Table 4.3 Extraction recovery of GYKI-52466 from plasma and brain.
Matrix
Nominal
Measured
C.V. (%) Recoveryc
concentration
concentration (mean ±
(%)
(μg/ml)
S.D.; μg/ml)
Plasma (n = 3)

Brain (n = 3)

0.1
1
5
80
0.1
1
5
80

0.10 ± 0.01
0.87 ± 0.02
4.56 ± 0.22
72.72 ± 3.53
0.11 ± 0.004
1.01 ± 0.01
5.06 ± 0.11
75.52 ± 2.63

c

12.50
2.79
4.77
4.85
3.82
1.43
2.19
3.49

100.13
86.60
91.27
90.90
111.23
100.46
101.15
94.40

Recovery was calculated by comparing the peak areas obtained from extracted samples with
those obtained from the pure compounds of the same concentrations in water.
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Table 4.4 Stability of GYKI-52466 in plasma under various conditions.
Storage condition
Nominal
Measured concentration
Change in
concentration (μg/ml)
(mean ± S.D.; μg/ml)
concentration
(%)
20°C/6hr (n = 3)

−20°C/three
freeze/thaw cycles
(n = 3)
−20°C/30 days
(n = 3)

0.10
1
5
80
0.10
1
5
80
0.10
1
5
80

0.10 ± 0.01
1.03 ± 0.11
5.62 ± 0.10
85.28 ± 3.98
0.11 ± 0.01
1.09 ± 0.14
5.70 ± 0.21
83.55 ± 7.88
0.09 ± 0.01
1.03 ± 0.02
4.94 ± 0.35
79.12 ± 2.84

-2.80
2.76
12.43
6.60
8.14
9.45
13.91
4.44
-12.50
2.85
-1.19
-1.10

Table 4.5 Stability of GYKI-52466 in brain homogenate under various conditions.
Storage condition
Nominal
Measured concentration
Change in
concentration (μg/ml)
(mean ± S.D.; μg/ml)
concentration
(%)
20°C/6hr (n = 3)

−20°C/three
freeze/thaw cycles
(n = 3)
−20°C/30 days
(n = 3)

0.10
1
5
80
0.10
1
5
80
0.10
1
5
80

0.10 ± 0.01
1.03 ± 0.11
5.62 ± 0.10
85.28 ± 3.98
0.11 ± 0.01
1.09 ± 0.14
5.70 ± 0.21
83.55 ± 7.88
0.09 ± 0.01
1.03 ± 0.02
4.94 ± 0.35
79.12 ± 2.84
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-2.80
2.76
12.43
6.60
8.14
9.45
13.91
4.44
-12.50
2.85
-1.19
-1.10

4.3.7

Pharmacokinetics of GYKI-52466 in control and hypoxic-ischaemic rats
The present method was applied to investigate the pharmacokinetics of GYKI-

52466 after s.c. administration of 3 and 20 mg/kg in Sprague-Dawley rats with
hypoxic-ischaemic brain injury versus naive, unoperated controls.

Representative

chromatograms of rat plasma and brain, 90 min after GYKI-52466 administration, are
shown in Figure 4.4E-H. Mean concentrations of GYKI-52466 at each individual time
point were obtained from control animals and used for pharmacokinetic analysis. Noncompartmental pharmacokinetic parameters were calculated using PKSolver and are
shown in Table 4.6.
Table 4.6 Pharmacokinetic parameters of GYKI-52466 obtained from
noncompartmental pharmacokinetic analysis.
Parameters
Plasma
Brain
3 mg/kg, s.c.

20 mg/kg, s.c.

3 mg/kg, s.c.

20 mg/kg, s.c.

Lambda_z

0.55

0.39

0.51

0.34

Tmax (h)

0.5

0.5

0.25

0.5

Cmax (mg/L)

13.46

67.86

0.87

11.64

T1/2 (h)

1.25

1.76

1.36

2.06

AUC(0-12)
(mg/L*h)

42.67

404.47

1.07

22.09

AUC(12-∞)
(mg/L*h)

0.1

8.55

0.07

0.47

AUC(0-∞)
(mg/L*h)

42.77

413.01

1.14

22.56

MRT (h)

2.51

3.93

1.88

2.81

V/F (L/kg/h)

0.13

0.12

5.14

2.64

Cl/F (L/kg/h)

0.07

0.05

2.62

0.89

137

Results indicated that GYKI-52466 is rapidly eliminated from blood and brain
with a half-life of 1.3−1.8 hrs and 1.4−2.1 hrs respectively. Maximal plasma and brain
concentrations of GYKI-52466 were observed at 30 min following subcutaneous
administration. The brain to plasma ratio was 25% in the 20 mg/kg dose group at 15
minutes, which dropped to 6% at 1 hr and remained around 4% up to 12 hrs. In
contrast, a brain to plasma ratio of 7% was observed in 3 mg/kg at 15 min which
dropped to 3% at 30 min and remained steady until 6 hrs. Concentration equilibrium
between the brain and peripheral blood was observed within 1 hr from the time of
subcutaneous injection. The mean plasma concentration–time profiles and brain to
plasma ratio of GYKI-52466 after subcutaneous injection are shown in Figure 4.7A and
4.7B respectively. Ataxia was observed in the 20 mg/kg dose group starting from 5
min (ataxia score 3.0 ± 0.0) and continued for up to 90 min (ataxia score 0.2 ± 0.2)
following the subcutaneous administration of GYKI-52466.

Additionally, a brain

concentration-dependent gradual reduction in ataxia score was observed following
GYKI-52466 administration with score of 3.0, 2.7 and 0.7 at 15, 30 and 60 min
respectively. No obvious motor impairment was evident in 20 mg/kg group from 2 hrs
of GYKI-52466 administration. In contrast, no such adverse behavioural effects were
observed in the 3 mg/kg dose group at any time point. A relationship between brain
concentrations of GYKI-52466 and behavioural toxicity is shown in Figure 4.8.
Comparable plasma concentrations of GYKI-52466 at 1, 4 (4.5 hrs in the
ischaemic condition) and 6 hrs were observed in both control and ischaemic animals at
both 3 mg/kg (F=1.91, P=0.2) and 20 mg/kg (F=0.4, P=0.7) doses (Figure 4.9). In the
ischaemic condition, the brain concentrations achieved in the intact side of the
hemisphere (right) were comparable to the concentrations observed in control brains.
Brain concentrations of GYKI-52466 in the ipsilateral (damaged) side were not
significantly different from the contralateral side in both 3 mg/kg (F=0.13, P=0.88) and
20 mg/kg (F=0.06, P=0.94) dose treated animals (Figure 4.10).

138

Figure 4.7 Pharmacokinetic profiles and brain to plasma ratio of GYKI-52466.

Concentration-time profiles of GYKI-52466 in plasma (●: 3 mg/kg and ▼: 20 mg/kg) and
brain (○: 3 and : 20 mg/kg) after subcutaneous administration (A), brain to plasma ratio of
GYKI-52466 (□: 3 mg/kg and ■: 20 mg/kg) following subcutaneous administration (B). Data
represents mean ± S.E.M. values for n = 3 per time point.
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Figure 4.8 Brain concentrations versus behavioural toxicity.

Relationship between brain concentrations of GYKI-52466 (□: 3 mg/kg and ■: 20 mg/kg)
after subcutaneous administration against motor ataxia. Data represents mean ± S.E.M. values
for n = 3 per time point. The dotted line indicates an estimated minimal brain concentration of
GYKI-52466 associated with motor behavioural toxicity.

140

Figure 4.9 Plasma concentrations of GYKI-52466 in control and hypoxicischaemic brain.

Plasma concentrations of GYKI-52466 at 3 mg/kg (A) and 20 mg/kg (B) in control (□) and
ischaemic brain injury (■) conditions. Data represents mean ± S.E.M. values for n = 3 per time
point.

Figure 4.10 Brain concentrations of GYKI-52466 in control and hypoxicischaemic brain.

Brain concentrations of GYKI-52466 at 3 mg/kg (A) and 20 mg/kg (B) in contralateral ( □,
right intact) and ipsilateral (■, left damaged) hemisphere. Data represents mean ± S.E.M.
values for n = 3 per time point.
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4.4 Discussion
Here we have described a simple, reliable and inexpensive HPLC method to
determine the concentration of GYKI-52466 in the plasma and brain of rat. This is the
first study to demonstrate brain concentrations of GYKI-52466 over an extended period
of time in both control and brain injury conditions. This study also provided substantial
information to establish a relationship between brain concentrations of GYKI-52466
and adverse effects (ataxia) generally observed with high doses. As the validation
process used human plasma, this assay method has future application in clinical
settings.
Utilising a single step extraction and short run time, the assay demonstrated
suitable accuracy and precision for application in pharmacokinetic studies. Notably,
the single step extraction of GYKI-52466 from 50 μl of sample in ice cold acetonitrile
constitutes a significant improvement relative to previous procedures requiring larger
sample volumes and solid phase extraction (De Sarro et al., 1998b; Rizzo et al., 1999).
The limit of detection of GYKI-52466 remained high compared to previous methods
(Rizzo et al., 1998) and a relatively short sample run time (< 12 min) allowed rapid
analysis without being held in the auto injector for long periods. The validation results
demonstrated that precision and accuracy values are within an acceptable range and the
method is suitable for application in animal or human pharmacokinetic studies. The
assay method allowed precise quantification of GYKI-52466 in rat plasma. A small
unknown peak was observed just before the GYKI-52466 peak in plasma samples
obtained from pharmacokinetic studies, which was not evident in brain samples. This
unknown peak is likely a metabolite of GYKI-52466 with hydrophilic characteristics
rendering it either unable to cross or more readily rejected by BBB efflux pumps.
Unlike other benzodiazepines (e.g. diazepam), brain concentrations of GYKI52466 in the present study were dependent on plasma concentrations; i.e. the higher
plasma concentrations facilitated brain penetration. It has been reported that diazepam
and other benzodiazepines of the same class persist in the brain even though the drug is
not measurable in plasma (Friedman et al., 1986). Nevertheless, in the present study no
such lingering effect was noticed with brain concentrations of GYKI-52466. This
could be attributed to the fact that GYKI-52466 has a moderate lipophilicity of −0.393
(De Sarro et al., 1995) compared to diazepam with an extremely high lipophilicity of
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2.8 (Hori et al., 1992). It has been observed that diazepam reaches rapid equilibrium
between the brain and plasma within 5 min of intraperitoneal (i.p.) injection owing to
its higher BBB permeability (Friedman et al., 1986; Jones et al., 1988). However, in
the present study, equilibrium between the brain and plasma concentrations of GYKI52466 was observed 1 hr after administration, possibly due to relatively lower BBB
permeability and continuous release of drug from the injection site into the blood
stream.

In general, the unbound fraction of the benzodiazepines in the plasma

equilibrates with cerebrospinal fluid (Jones et al., 1988). Considering this for GYKI52466, the steady state brain to plasma ratio of around 4% in the present study suggests
a presence of approximately 5% of unbound GYKI-52466 in the plasma, which
equilibrates with the brain circulation.
Consistent with other studies (Danysz et al., 1994), our time course study
revealed that animals treated with high-dose GYKI-52466 (20 mg/kg, s.c.) suffer severe
motor impairment, evident 5 min after dosing and lasting up to 90 min. At these time
points, brain concentrations of GYKI-52466 were 32.5 μM and 10.7 μM respectively.
In contrast, low-dose GYKI-52466 administration (3mg/kg, s.c) produced no motor
impairment and was associated with a maximal brain concentration of only 2.6 μM at
15 min, which is well below that required to elicit classical ionotropic AMPA receptor
blockade. These findings support the hypothesis that low-dose neuroprotection with
GYKI-52466 potentially involves a metabotropic mechanism of action (Hesp et al.,
2004).
The unchanged plasma concentrations of GYKI-52466 in both control and
hypoxic-ischaemic conditions suggests (perhaps not surprisingly) that HI-induced brain
injury has no significant effect on plasma concentrations. Consistent with this, a recent
study showed that focal ischaemia had no significant impact on plasma concentrations
of the neuroprotectant SB 239063 (Barone et al., 2001).

The unchanged drug

concentrations on the damaged site of the brain (relative to the contralateral
hemisphere) suggest that blood-brain barrier integrity was preserved by pretreatment
with GYKI-52466 (Erdo and Erdo, 1998) and hence a sudden increase in drug
concentration, as might have been expected, was not evident. While one might argue
that a loss of BBB integrity could in fact allow for better drug delivery to the site of
damage, our results serve to confirm that high concentrations of GYKI-52466 at the site
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of the infarct are not required for neuroprotection.

Thus, low-dose GYKI-52466

imparts neuroprotection (see chapter 2 and 3) and anticonvulsant activity (Goulton et
al., 2010) not by classical blockade of ionotropic AMPA receptors, which requires
higher concentrations (>10 μM) of GYKI-52466 in the brain (Bleakman et al., 1996;
Zappal et al., 2003), but rather through metabotropic mechanisms (Hesp et al., 2004).

4.5 Conclusions
We have developed a reliable and economical HPLC method to determine
concentrations of GYKI-52466 in the plasma and brain of rat with reasonable accuracy
and precision for application in future pharmacokinetic studies.

The present

pharmacokinetic study revealed that high-dose GYKI-52466 (20 mg/kg, s.c.) was
associated with severe ataxia and high brain concentrations from 5 to 90 min following
drug administration. In contrast, low-dose GYKI-52466 administration (3mg/kg, s.c)
was not associated with ataxia and peak brain concentration achieved was well below
that required to elicit classical ionotropic AMPA receptor blockade. Furthermore, the
similarity of brain concentrations of GYKI-52466 between hemispheres in hypoxicischaemic brain injury rules out the possibility that neuroprotection is due to a surge in
GYKI-52466 delivery to the site of infarct.

Together with previous findings, the

present pharmacokinetic data support the hypothesis that neuroprotection with low-dose
GYKI-52466 involves a metabotropic mechanism of action.
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5 Chapter 5: Discussion and conclusions
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5.1 Summary of major findings
The presence of comorbid risk factors in patients undergoing cardiac and brain
surgery is associated with a substantial increase in perioperative ischaemic neuronal
injury and neuropsychological dysfunction (Boeken et al., 2005).

A number of

prophylactic neuroprotection strategies including administration of pharmacologic
neuroprotectants before the surgical procedures have been investigated in preclinical as
well as clinical settings with insufficient evidence for a recommendation. The current
study was initiated by recent findings from our laboratory that pharmacological
preconditioning with GYKI-52466 at low-doses administered 90-180 min before KA
injection, induces significant protection against KA-induced seizures in rats without
any observable adverse side effects (Goulton et al., 2010).
The current findings that low-dose GYKI-52466 preconditioning can provide
neuroprotection against HI-induced brain injury further confirm and extend our
previous observations in KA-induced seizure model. To date, the neuroprotective
effects of GYKI-52466 had only been studied in animal models of global and focal
ischaemia at doses that are associated with adverse behavioural effects (see section
1.9). The present studies are the first to employ an unilateral HI model in PND26 rats,
which induces a severe hemispheric lesion and also mimics the specific pattern of
hippocampal neuronal cell loss, observed following cardiopulmonary arrest in humans
(Williams and Dudek, 2007). Here, the doses of GYKI-52466 five to forty fold lower
than previously published doses caused a significant reduction in infarct volume (at 3
mg/kg, s.c.) and ventricular enlargement (at 0.5 × 3 and 3 mg/kg, s.c.) at 14 days after
HI even when administered 90-180 min prior to the induction of HI (see chapter 2). To
our knowledge, only a single study had previously evaluated pretreatment efficacy of
GYKI-52466 in global ischaemia at 30 mg/kg, intraperitoneal dose, administered 20
min before induction of four-vessel occlusion (Block et al., 1996). One of the aims in
this study was to assess sensorimotor behavioural activity before and after HI up to 90
days to support the histological findings, as restoration of functional capability is the
ultimate end point of translational stroke therapy. Here, saline preconditioned animals
showed a significant impairment of sensorimotor functions up to 90 days following HI.
This suggests that if not stopped, the neuronal injury following ischaemia progresses
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for a prolonged period, from early excitotoxic damage to delayed programmed cell
death, and culminating in long-term functional impairments (Fig 5.1).

Figure 5.1 Time window of brain injury events following ischaemia.
Schematic representation of the approximate time window of cellular events involved in short
and long-lasting functional impairments following cerebral ischaemia. Preventing the early
events through pharmacological preconditioning could ameliorate long-lasting sensorimotor
disabilities.
IEGs: immediate early genes; ROS: reactive oxygen species; PMN:
polymorphonuclear leukocytes. (Modified from Hsu et al., 2000)

In contrast, substantial amelioration of functional disabilities was evident for all
the doses of GYKI-52466 up to 14 days and up to 90 days in the case of GYKI-52466
(3 mg/kg). In addition, significant reductions in percentage tissue loss with GYKI52466 (3 mg/kg) treatment compared to saline preconditioning, at 90 days following HI
suggests long-term anatomical protection afforded by GYKI preconditioning.
Furthermore, animals preconditioned with multiple injections of GYKI-52466 at 0.5
mg/kg showed remarkable reduction in lateral ventricular enlargement and sustained
recovery from sensorimotor disabilities. This suggests that prolonged maintenance of
low GYKI-52466 brain concentration is sufficient to induce protective mechanisms,
hence a constant infusion of low-dose GYKI-52466 could be beneficial in clinical
settings. Together, the histological and behavioural findings in this thesis suggest that
pharmacological preconditioning with low-dose GYKI-52466 can provide long-term
anatomical and functional neuroprotection when administered long before the induction
of ischaemic insult.
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Another major aim of this study was to investigate whether low-dose GYKI52466 preconditioning could rescue functional properties of hippocampal CA1 neurons
along with structural preservation observed with pretreatment of GYKI52466 (3 mg/kg,
s.c.). Therefore, we employed hippocampal electrophysiology to record extracellular
field potentials from CA1 region of the hippocampus. Chapter 3 of this thesis reported
and confirmed that ischaemic brain injury suppresses generation of field EPSPs and
population spike recorded from ipsilateral hippocampi. This study also confirmed the
occurrence of transhemispheric diaschisis evidenced by reduction in slope of field
EPSPs and population spike amplitude on the contralateral hippocampi, reported
previously using the unilateral HI model in rat (Clarkson et al., 2005a).

We

demonstrated, for the first time, that pharmacological preconditioning with low-dose
GYKI-52466 significantly reversed the suppression of neuronal excitability (population
spikes) and synaptic strength (field EPSPs) not only on the contralateral side but also
on the ipsilateral side of the hippocampus. Although the study was not designed to
provide direct evidence of mechanisms responsible for this widespread suppression in
population spikes and field EPSPs, we suggest that the degeneration of hippocampal
neurons and synapses along with reduction in AMPA and NMDA receptors play a vital
role. Recent literature supports the dependence of transhemispheric diaschisis observed
following unilateral HI on the presence of a visible infarct on the ipsilateral hemisphere
(El-Hayek et al., 2011). To this end, the current study demonstrated a significant
correlation between gross morphologic score that represents the extent of brain injury
and the maximal population spike amplitude, which represents the degree of neuronal
excitability. This finding suggests that the widespread suppression in brain functioning
observed in some patients following cerebral ischaemia is due to the severity of the
brain injury.
The next major finding in this study was selective suppression of LTP both in the
ipsilateral and contralateral hippocampi obtained from saline preconditioned animals
which underwent unilateral HI without any significant change in the induction of LTD.
Pharmacological preconditioning with low-dose GYKI-52466 significantly reversed
this HI-induced suppression of LTP induction. The hippocampus plays a critical role in
the formation of new memory, and hippocampal LTP and LTD are considered the basis
of physiological mechanisms underlying learning and memory. Severe suppression of
LTP has been reported in animal models of middle cerebral artery occlusion, fluid
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percussion, and 4VO induced brain damage (D'Ambrosio et al., 1998; Sopala et al.,
2000; Dai et al., 2007).

Our study confirmed the loss of LTP on the ipsilateral

hippocampi described previously in other models of cerebral ischaemia and traumatic
brain injury, but for the first time reported loss of LTP on the contralateral hippocampi,
suggesting involvement of contralateral diaschisis. As noted, induction of LTP requires
activation of AMPA and NMDA receptors, which is only possible if viable neurons are
recruited during afferent stimulation.
The widespread loss of neuronal transmission observed following HI-induced
brain injury suggests a loss of synapses, hence reduction in receptor population required
for LTP induction. This impairment in LTP induction may also involve pathogenic
potentiation that is generally induced during ischaemia because of excessive glutamate
release, which prevents further potentiation of synaptic strength upon high frequency
stimulation (D'Ambrosio et al., 1998). The contralateral suppression of LTP induction
could be explained by electrophysiological diaschisis and impairment in mitochondrial
function on the contralateral hippocampi. As noted, the occurrence of seizure activity
during hypoxia and following HI may also contribute to the contralateral diaschisis
observed in this study.

In support of this, we observed that pharmacological

preconditioning with GYKI-52466 (3 mg/kg) 90 min before induction of HI
significantly attenuated the seizure activity observed during 1 hr hypoxia when
compared to saline preconditioning group (see Figure 2.9). Collectively, the findings
from our study suggest that beside anatomical protection and behavioural recovery,
preconditioning with low-dose GYKI-52466 could rescue physiological functions of
the hippocampal neurons involved in memory formation. If translated into human
settings, this pharmacological preconditioning strategy would prevent the incidence of
perioperative neurocognitive impairment that occurs in 30-80% of patients undergoing
cardiac surgery.
The final aim of the thesis was to collect supporting evidence towards the
hypothesis that the tolerance induced by pharmacological preconditioning with lowdose GYKI-52466 involves metabotropic mechanisms of action rather than a classical
blockade of ionotropic AMPA receptors (Goulton et al., 2010). Previous findings from
our laboratory showed that low-dose GYKI-52466 preconditioning in in vitro
hippocampal slices produced a significant tolerance against KA-induced excitotoxicity
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(Hesp et al., 2004). In the same study, in hippocampal membrane preparations, low
concentrations of GYKI-52466 caused a significant reduction in basal GTPase activity,
suggesting involvement of GPCRs in the tolerance induction process. On the basis of
recent findings, that GYKI-52466 preconditioning at doses 5-20 fold lower than that
causing adverse side effects, produces a significant reduction in KA-induced seizure
activity, it was hypothesised that the seizure protection involves metabotropic
mechanisms rather than direct blockade of AMPA receptors (Goulton et al., 2010).
Although it has been reported that GYKI-52466 is rapidly eliminated from the body
(De Sarro et al., 1998b), it could be argued that a sudden surge in brain concentrations
in seizure and brain injury conditions could be sufficient to block classical ionotropic
AMPA receptors.
To test this possibility, we employed a single step extraction procedure and
determination of GYKI-52466 by high performance liquid chromatography with diode
array detection technique from 50 µl plasma samples. In addition, brain concentrations
were determined in both healthy and HI-induced brain injury condition in two groups of
animals treated with low-dose (3 mg/kg, s.c.) and high-dose (20 mg/kg, s.c.) GYKI52466. Our findings confirmed that healthy rats administered with 20 mg/kg dose of
GYKI-52466 showed ataxia starting from 5 min after drug administration until 90 min.
This behavioural adverse effect was associated with high brain concentrations of
GYKI-52466; 33 μM and 11 μM at 5 and 90 min, respectively. The behavioural
toxicity associated with high brain concentration of GYKI-52466 is likely due to its
classical mode of action as a negative allosteric modulator of ionotropic AMPA
receptors. In contrast, the maximal brain concentration of GYKI-52466 achieved in 3
mg/kg group was only 2.6 μM at 15 min, without causing any adverse side effects.
Given the in vitro IC50 of GYKI-52466 against classical ionotropic AMPA receptor
range from 12 to 22 µM (Bleakman et al., 1996; Zappal et al., 2003), we suggest that
the concentrations observed with 3 mg/kg dose are unlikely to elicit classical ionotropic
AMPA receptor blockade. As noted, seizures, ischaemia and post stroke seizures often
leads to BBB disruption and permeability that may allow a surge in brain
concentrations of GYKI-52466 at the infarct site. The results in this study showed no
change in brain concentration of GYKI-52466 at the infarct site upon administration of
both low- and high-doses, suggesting preservation of BBB, which could be due to
seizure protection activity of GYKI-52466 preconditioning.
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Taken together, the

findings from our study support the hypothesis that low-dose GYKI-52466
preconditioning involves metabotropic mechanisms of action behind its seizure
protection and neuroprotective activity.

5.2 Future of neuroprotection strategies
The continuous failure of neuroprotective agents in clinical trials has raised doubt
over the viability of neuroprotection strategies to alleviate the consequences of acute
ischaemic stroke in humans. These have put the results obtained from experimental
stroke models under scrutiny as most of the compounds tested in clinical trials showed
significant neuroprotective efficacy in preclinical studies (O'Collins et al., 2006). A
great body of evidence suggests that animal models of stroke have clinical applicability,
and the replication of effectiveness in humans that are observed in appropriate nonhuman models depends upon the use of similar exposure and time window (Richard
Green et al., 2003). Guidelines (STAIR recommendations) have been formulated to
improve the standards of preclinical testing before conducting clinical trials of
experimental agents, as this could minimize translational failure (Savitz, 2007; Fisher et
al., 2009). Even though, preclinical testing of NXY-059 was more extensive than any
other experimental neuroprotectants, its recent failure has been attributed to poor
adherence to STAIR recommendations, insufficient data on therapeutic time window
from preclinical studies, poor BBB permeability, and inappropriate design of clinical
trial (Savitz, 2007).

Furthermore, experimental stroke research is plagued with

inconsistencies between results obtained from animal models of stroke and clinical
trials due to heterogeneity of human stroke, difference in complexity of human and
animal brain and better control of physiological parameters in animal models
(Woodruff et al., 2011). This suggests that the preclinical efficacy data obtained from
non-human models of stroke are not sufficient to ensure translation of experimental
neuroprotective agents from laboratory to bedside (Gibbons and Dragunow, 2010).
It is very hard to model the complexities of human brain in animals during
induction of neuronal injury. This is because human brain cells show vast structural
and molecular diversity compared to rodents (Dragunow, 2008).

Therefore, it is

believed that preclinical testing in adult human brain cells are required to identify lead
molecules that may have potential to ameliorate neurodegeneration (Dragunow, 2008).
Now, the utilization of cultured adult human brain cells is limited by tissue availability,
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low cell yield, and variability (Gibbons and Dragunow, 2010). Nonetheless, shortages
of human brain tissue could be fulfilled in the future by the establishment of more brain
banks (Gibbons and Dragunow, 2010).

One of the factors that contribute to

translational failure in neuroscience research is the use of animals from homogenous
genetic make-up and environmental conditions (Dragunow, 2008). The introduction of
genetic and environmental variability into the laboratory settings, through human brain
cells obtained from dissimilar patients, would simulate the individual variations
observed in human neurodegenerative diseases in clinical settings (Dragunow, 2008).
Therefore, the variability associated with heterogeneous brain samples in turn may
foster the development of drugs due to a higher chance of translation (Dragunow,
2008). Together, it could be conceived that rigorous STAIR compliant efficacy studies
in animals, pharmacokinetics and BBB permeability studies, and studies in dissociated
adult human brain cells could pave a way for the development of successful clinically
active neuroprotectants.
Clinical trials of prophylactic neuroprotectants in cardiac surgery are also
disappointing despite the evidence of experimental rationale (Hogue et al., 2006).
Although trials of thiopental, lidocaine, nimodipine, and aprotinin on limited patients
showed significant benefit, large randomized clinical trials failed to confirm the
findings (Van den Bergh, 2010). This suggests that the heterogeneity of cerebral
ischaemia induced during cardiac surgery may play a significant role in this failure. As
noted in section 1.1.5, the pathology of neuronal injury observed in patients undergoing
cardiac surgery depends on several factors and some are associated with the CPB
procedure itself.

Experimental data pertaining to efficacy of a drug suitable for

neuroprotection during cardiac surgery are generally obtained from animal models of
global ischaemia (Weigl et al., 2005), which do not mimic exactly the surgical
condition per se but induces cerebral injury and pattern of cell loss equivalent to that
observed in humans.
Animal models of CPB have been developed using large animals, but are limited
by feasibility,

cost-effectiveness,

and

unavailability of

neurocognitive assessment (Jungwirth and de Lange, 2010).

validated

tools

for

Rats are used in

experimental stroke research due to low cost, ease of handling, and availability of wellvalidated protocols to assess both neurological as well as neuropsychological
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dysfunction. In a rat model of CPB, significant increase in neurological outcome and
impairment of performance in Morris water maze was observed, suggesting potential
for assessing neuroprotective agents in this model (Mackensen et al., 2001). However,
prophylactic administration of xenon mitigated CPB-induced neurologic and
neurocognitive deficits when studied in a rat model of CPB (Ma et al., 2003), but
conferred opposite effect in the presence of cerebral air emboli, which prompted safety
concerns (Jungwirth et al., 2006a).
Recently, a refined rat model of CPB has been developed to facilitate
consideration of factors such as hypoperfusion, cerebral emboli, and hyperthermia into
the CPB effect, without any need of blood donor rats (Jungwirth and de Lange, 2010).
Therefore, the neuroprotective effects of low-dose GYKI-52466 and other putative
neuroprotectants need to be validated using the rat model of CPB for its possible
clinical safety and benefits, before any consideration as a therapeutic option in cardiac
and brain surgery conditions. As noted in section 1.1.6, the presence of comorbid
diseases significantly increases the risk of perioperative cerebral injury. Therefore,
neuroprotective effects of experimental agents in CPB need to be validated in various
comorbid conditions such as diabetes, age and atherosclerosis in order to gather
sufficient evidence before clinical trials.

5.3 Opportunities for future studies
Evidence from the present set of experiments identified a number of opportunities
for future research. In this study, multiple injections (thrice in 180 min) of very lowdose GYKI-52466 before induction of HI produced a significant reduction in
ventricular enlargement and behavioural disabilities. However, in clinical settings a
low-dose continuous infusion would be more reliable than inconvenient multiple dosing
protocol. Hence, safety and efficacy of low-dose infusion of GYKI-52466 needs to be
evaluated in a systematic study. Recent development of the rat model of CPB provided
an opportunity for rigorous testing of neuroprotectants in a relevant animal model of
cardiac surgery. Promising neuroprotective effects of low-dose GYKI-52466 against
HI-induced brain injury shown in this thesis prompts safety and efficacy studies in a rat
model of PCB.

Furthermore, it was shown that HI-induced neurodegeneration in

PND26 rats caused suppression of LTP on both ipsilateral and contralateral hippocampi
that was significantly reversed by GYKI-52466 preconditioning. However, properly
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designed behavioural cognitive tests need to be performed to support the present
electrophysiological data.
AMPA and NMDA receptors play a vital role in induction of LTP following high
frequency stimulation. In past studies, reduction in AMPA and NMDA receptors has
been reported following CPB in dogs along with neurologic outcomes. Therefore, the
suppression of LTP observed in this study could be due to the loss of these receptors
population at the CA1 synapses. This needs to be further addressed by determining
protein expression levels of the GluR1, GluR2 subunits of AMPA receptor, the NR1,
NR2A, and NR2B subunits of the NMDA receptor, and alpha-CaMKII using western
blotting and immunohistochemistry. Findings from this study further supports the
hypothesis that low-dose GYKI-52466 neuroprotective efficacy involves metabotropic
mechanisms. In a recent study, GYKI-52466 at high doses significantly blocked the
convulsing effects of group I metabotropic glutamate receptor agonist (S)-3,5dihydroxyphenylglycine (DHPG) (Barton and Shannon, 2005). However, effects at
low-doses of GYKI-52466 need to be assessed to confirm the association. Lastly, there
is evidence that activation of KA and AMPA receptors may modulate second
messengers through a G-protein liked function (Goulton et al., 2010).

Therefore,

further studies are planned to assess effects of low-dose GYKI-52466 on protein kinase
C, protein kinase A, and mitogen-activated protein kinase.

5.4 Conclusions
The development of therapeutic options for ischaemic brain injury is an intense
area of medical science research due to continuous increase in worldwide incidence of
debilitating ischaemic stroke and subsequent neuropsychological dysfunction. Cardiac
and brain surgery often lead to similar cerebral outcomes and treatment is limited due
to unavailability of promising therapy. These sets of experiments have shown that
pharmacological preconditioning with low-dose GYKI-52466 produced long-term
anatomical neuroprotection, sensorimotor behavioural recovery, and restoration of
neurophysiological activity in a model of HI-induced brain injury that mimic cerebral
injury following cardiopulmonary arrest in humans. Nevertheless, further study in
relevant animal models of CPB and if possible, in cultured adult human brain cells need
to be completed to gather more evidence on mechanisms, safety and neuroprotective
efficacy, before any thoughts on clinical trials. Prominently, findings from this thesis
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demonstrate and significantly expand the literature knowledge of what is already
known about GYKI-52466 and pharmacological preconditioning strategies.

These

findings confirm the low-dose preconditioning efficacy of GYKI-52466 following HI,
which was previously observed against KA-induced seizures.

From hippocampal

electrophysiology, it was concluded that the lasting transhemispheric diaschisis shown
following HI is not limited to suppression of neuronal excitability, but rather involves a
global suppression of mechanisms underlying learning and memory.

The basic

mechanism of action of any neuroprotectant is essential for drug development and
discovery to continue. Together with previous findings and the present results from
pharmacokinetic study support the hypothesis that neuroprotection with low-dose
GYKI-52466 involves a metabotropic mechanism of action.
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