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ABSTRACT 
Ischaemic brain injury and neurodegenerative pathologies, including perinatal hypoxia-ischaemia 

(HI), involve a number of inflammatory and excitotoxic pathways associated with, and 

contributing to, apoptotic and necrotic cell death. A number of inflammatory enzymes are known 

to be involved including: cyclooxygenase (COX) metabolism of arachidonic acid and nitric oxide 

synthase (NOS) production of the free radical nitric oxide. Consistent with published data, we 

found, both COX-2 and inducible (i)NOS immunoreactive cells, located primarily within the peri-

infarct regions following HI, and identified these as non-neuronal in origin due to the lack of co-

localization with the neuronal marker NeuN. This suggests that modulation of COX, and in 

particular COX-2, or NOS could have beneficial effects after HI.  

 

The non-selective COX inhibitor, aspirin, and the COX-2 selective antagonist, nimesulide, have 

previously been shown to afford significant protection in animal models of stroke. However, 

neither compound has been assessed using an HI model of brain injury, nor is there clear 

evidence as to the underlying protective mechanisms of these drugs. We initially hypothesised 

that both aspirin and nimesulide would provide significant protection against HI-induced 

neuronal injury. We also hypothesised that nimesulide would exert greater protection due to 

having a higher affinity for COX-2. Prophylactic treatment with aspirin (4mg/kg) reduced the 

infarct volume to 23.5±11.9mm3 (P<0.01) following HI-induced injury compared to saline treated 

controls (94.3±12.8mm3). However, contrary to our hypothesis, nimesulide treatment (12mg/kg) 

failed to afford any significant neuroprotection when compared with vehicle-treated 

Polyvinylpyrrolidone (PVP) controls. These results suggest that inhibition of COX-2 alone is 

unlikely to play a significant role in protection against cell death following HI. 

 

The neuroprotective effects of ARL 17477, a selective nNOS inhibitor, were also assessed 

following HI. Previous work by our group had shown ARL 17477 to be neuroprotective and that 

this protection was mediated, in part, via increased arginase activity (18±3.0µg urea/mg 

compared to 12±2.0µg urea/mg for HI+saline). Expanding on these findings, we found that ARL 

17477 significantly reduced total NOS activity (500±2.0pM L-citrulline/min/mg compared to 

760±4.0pM L-citrulline/min/mg for HI+saline); and significantly protected all the mitochondrial 

complexes against HI-induced damage. These data further confirm the involvement of NOS 

activity in the regulation of cell death and impairment of mitochondrial enzyme kinetics. This 
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also suggests that the arginase enzyme, which has had very little attention in terms of modulating 

cell death/neuronal injury, may play a significant role that warrants further investigation.   

 

To determine the underlying neuroprotective properties associated with aspirin treatment 

compared with treatment with nimesulide, we investigated the associated changes in NOS, 

arginase, and COX activities. Both aspirin (0.15±0.67pg/min/mg) and nimesulide 

(0.13±0.04pg/min/mg) treatment groups showed a significant decrease in COX activity compared 

to their respective vehicle controls (HI+saline 0.53±0.15pg/min/mg; and HI+PVP 

0.57±0.22pg/min/mg). Arginase was unaltered by HI or either of the drug treatments. HI+saline 

resulted in elevated nitrite levels (73.19±4.8µM/mg) compared with non-intervention control 

(30.9±4.0µM/mg), aspirin treatment partially mitigated the increase in nitrite (59.3±2.6µM/mg). 

In the ipsilateral hemisphere HI+saline led to increased 15-HETE (3480±511.0pg/mg) compared 

with non-intervention control (1822±143.8pg/mg) which was ameliorated by aspirin 

(2406±219.6pg/mg) However, within the contralateral hemisphere aspirin elevated 15-HETE 

levels (3500±200.7pg/mg) compared with non-intervention controls (2156±194.1pg/mg) while 

HI+saline did not. There is evidence that 15-HETE and NO mediate part of the anti-inflammatory 

action associated with aspirin treatment by decreasing inflammatory cell infiltration and 

inhibiting the production of pro-inflammatory eicosanoids. This provides an additional 

mechanism of action for the neuroprotection seen with aspirin treatment. Nimesulide treatment 

led to decreased levels of nitrite  (39.1±3.9µM/mg compared with HI+PVP (56.6 ± 5.3µM/mg) 

and decreased iNOS activity (292.1±89.82pM L-citrulline/min/mg) compared with HI+PVP 

treatment (593.2±57.51pM L-citrulline/min/mg). Despite these decreases nimesulide was not 

neuroprotective, suggesting drugs that target multiple and broad targets are more likely to be 

successful.  

 

We have found that prophylactic treatment with low-dose aspirin is beneficial in the HI model of 

brain injury and could be clinically useful as a neuroprotective agent.  However, contrary to our 

hypothesis and to previously published data, nimesulide was not found to be neuroprotective. 

These results suggest that COX-1 inhibition, rather than COX-2, may offer benefit in protection 

against HI-injury. However, further studies are required to confirm and substantiate these 

findings. Based on our findings and the clinical failure of so many compounds, it appears that no 

single target offers significant protection against ischaemic cell death and that combination 

therapy maybe a better option. There is recent pre-clinical data, showing interfering with N-
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methyl-D-aspartate (NMDA)/post-synaptic density protein (PSD)-95 signalling is 

neuroprotective. Disruption to NMDA/PSD95 also alters nNOS signalling, this highlights the 

importance of further investigations into the exact role that NOS and other inflammatory 

pathways are playing in cell death. 
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1.1 Stroke and Hypoxia Ischaemia 

1.1.1 Ischaemic and Haemorrhagic Stroke 

In developed countries, stroke is the third most common cause of death with 5.5 million people 

worldwide dying annually (Mackay et al., 2004). In New Zealand the incidence of stroke is 

around 7,600 cases annually, with 5,640 of these cases being first ever strokes (Stroke Foundation 

of New Zealand, 2005). Mortality from stroke is high, approximately 20% of patients die within 

one month following a stroke (Green et al., 2003). There is also a huge burden placed on health 

care systems and society, as non-fatal strokes cause long lasting neuronal injury and motor and 

cognitive deficits. More than 30% of patients who survive longer than six months after the initial 

stroke will remain dependent on others for care (Green et al., 2003). 

 

Strokes are classified as being either thrombotic or haemorrhagic (Figure 1.1). The end result is 

during a stroke an area of the brain is deprived of blood and oxygen. This is either due to an 

occlusion caused by a thrombosis, known as ischaemic stroke (panel A), or a ruptured blood 

vessel, known as a haemorrhagic stroke (panel B). The most common type (~80%) of stroke is of 

ischaemic origin. 

 

Figure 1.1 Ischaemic (A) and Haemorrhagic (B) Stroke 
(A) Ischaemic stroke caused by an atherosclerotic plaque (arrow). The ischaemic core is 

indicated by the red circle and the penumbra by the black circle and grey region. (B) 
Haemorrhagic stroke caused by a ruptured blood vessel (arrow). Note the area of damage starts 

in the area enclosed in the black circle (Adapted from the New Zealand Stroke Foundation). 
 

A B
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In ischaemic stroke there are two critical areas of damage, the ischaemic core and the penumbra. 

Within the ischaemic core the tissue is considered to be dead and unsalvageable. However, the 

penumbra is a hypoperfused area of brain surrounding the infarct that is considered an area at 

risk, and if left untreated will most likely die, but can be recovered if normal blood flow is 

restored. The critical rate of blood flow to the penumbra is 20-25% of normal blood flow; 

anything less than this and the tissue becomes irreversibly damaged (Barone et al., 2000). 

 

1.1.2 Hypoxia-Ischaemia  

Hypoxia-ischaemia (HI) is a form of perinatal and neonatal brain injury with an incidence of one 

to four full term infants per 1000 subjected to asphyxia (Clarkson et al., 2005b; Perlman, 2006). 

In a study examining the aetiology of neonatal seizures, it was found that the biggest risk factor 

for the development of seizures was either global (40%) or focal (18%) cerebral HI (Tekgul et al., 

2006). The pathophysiological mechanisms that underlie the neuronal damage caused by HI are 

complex. Decreases in the foetal oxygen supply causes a switch from oxidative phosphorylation 

to anaerobic metabolism, which leads to a depletion in adenosine triphosphate (ATP), 

accumulation of lactic acid and loss of cellular functions (Perlman, 2006). Ischaemic stroke and 

HI result in cell oedema, increased extracellular glutamate, sodium and calcium mediated 

excitotoxicity, decreased cellular respiration and mitochondrial energetics, increased free radical 

production, especially nitric oxide (NO), and increased inflammation post HI (see section 1.3; 

Clarkson et al., 2005b; Leker et al., 2003; Perlman, 2006). All these events can lead to cell 

necrosis and apoptosis, in particular cell oedema, and sodium and calcium excitotoxicity. HI brain 

injury has been implicated in cerebral palsy, epilepsy and mental retardation (Back et al., 2005; 

Clarkson et al., 2005b; Robinson, 2005). In a follow-up study one year following birth, 36% of 

infants that experienced neonatal seizures as a result of global HI, had severe neurological 

impairments, whilst 43% of infants had severe cognitive impairments (Tekgul et al., 2006). 

 

1.1.3 Animal Models for Stroke and HI  

The HI model of brain injury was first described in adult rats in the 1960’s (Levine, 1960). This 

model was adapted to juvenile rats to better mimic perinatal HI-induced brain injury (Rice et al., 

1981). The model involves the ligation or occlusion of one of the common carotid arteries 

coupled with exposure to global hypoxia for a defined period (Clarkson et al., 2004a; Clarkson et 

al., 2005a; Derrick et al., 2004; Eklind et al., 2001; Gilland et al., 1998b; Golan et al., 2006; 
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Guan et al., 2004; Hagberg et al., 1996; Hagberg et al., 2002). There are variations between 

studies in the species of animal used, the age of the animal and the length and percent of hypoxia 

used. However, as a general rule HI results in damage to ipsilateral cortical and subcortical 

regions, including periventricular white matter, striatum and hippocampus fed by the common 

carotid artery (Vannucci et al., 1999). 

 

There are three broad categories of animal models of stroke: haemorrhagic, global, and focal 

ischaemia (Green et al., 2003). Focal ischaemia can be further broken down into permanent and 

transient ischaemia (Green et al., 2003). The global ischaemia model is considered closer to 

cardiac arrest-induced brain injury rather than stroke. Global ischaemia usually involves 

permanent or temporary occlusion of two or more carotid arteries that supply the forebrain (Green 

et al., 1992; HenrichNoack et al., 1996; Hetz et al., 2005; Martin et al., 1998). The current gold 

standard animal model for stroke is the middle cerebral artery occlusion (MCAO) model. Similar 

to the HI model there are numerous variations in the MCAO models used, in particular, the 

duration of ischaemia, the method of occluding the artery, and the age and species of animal used 

(Ashwal et al., 1993; De Cristobal et al., 2001; Gourmala et al., 1997; Kidd et al., 2005; Stumm 

et al., 2001; Wang et al., 2004; Xia et al., 2006). This has led to conflicting results between 

different laboratories with some potential neuroprotective agents. There has also been criticism of 

animal models for not truly replicating the co-morbidities of humans who have strokes (O'Collins 

et al., 2006). 

 

1.2 Aetiology of Stroke and HI 

The biggest risk factors for stroke are those that generate cardiovascular disease. The World 

Health Organisation (WHO) Guidelines for Management of Hypertension (1999) lists pre-

existing cardiovascular disease as an important indicator of future risks (WHO, 1999). Diabetes, 

both non-insulin (type II) and insulin dependent (type I), are associated with an increased 

incidence of ischaemic stroke, independent of blood pressure. Hypertension has previously been 

shown to correlate positively with the incidence of stroke in both Eastern and Western 

populations (Basile et al., 2006; Bornstein et al., 2006; Candel et al., 2006; Collins et al., 1994). 

The risk of stroke from elevated blood pressure is greater than the association between similar 

hypertensive states and fatal coronary heart disease. Lifestyle factors including smoking, 

excessive alcohol consumption and diet, specifically that leading to obesity, high total 

cholesterol, and high levels of low-density lipoprotein cholesterol have been shown to be 
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important determinants for future stroke risk (Afridi et al., 2003; WHO, 1999).  There are also 

other factors such as age, genetics, socioeconomic status, and sex that cannot be controlled by the 

patient associated with changes in stroke incidence (Broderick et al., 1998; Bullen et al., 1996; 

Cappuccio, 1997; WHO, 1999). 

 

Hypoxia-ischaemia is caused by impairment in cerebral blood flow. This can result from an 

imbalance in foetal and maternal blood supply such as impaired placental blood flow and gas 

exchange, and ischaemic insult such as breaching or premature separation of the placenta 

(Clarkson et al., 2005b; Perlman, 2006). Epidemiological studies have also identified in utero risk 

factors for the development of neonatal brain injury, including HI. These include maternal 

alcohol or cigarette consumption, maternal metabolic disorders, such as diabetes or 

hypercoagulation, and maternofoetal infection (Bloch, 2005; Folkerth, 2005). Animal research 

has identified that foetal inflammation, whether caused by maternal or foetal infection, is the 

greatest predictor for the occurrence of neurological complications (Wang et al., 2006b).  

 

There are, of course, differences in risk factors for stroke and HI. However, because the 

underlying pathology is similar, it is not surprising that these two pathologies have common risk 

factors. This and the similarity in the pathology between HI and ischaemic stroke, means that 

there could be overlapping therapeutic targets for both of these pathologies. 

 

1.3 Pathology of Ischaemic Brain Damage 

Following an ischaemic event within the brain a number of events occur (Figure 1.2).  

Immediately following ischaemia, there is uncontrolled glutamate and aspartate release, which in 

turn causes persistent activation of both N-methyl-D-aspartate (NMDA) and Alpha-amino 3-

hydroxyl-5-methyl-4-isoazole propinonate (AMPA) receptors (Leker et al., 2003).  This leads to 

increased intracellular calcium and sodium, disruption of ionic homeostasis and increased 

intracellular water, which facilitates oedema. Increased intracellular calcium concentrations also 

trigger increases in cellular oxidative stress, activation of lipases, proteases and calcium 

dependent endonucleases, which results in cell death (Leker et al., 2003). Reactive oxygen 

species (ROS) and NO production are amplified due to the increase in intracellular calcium. 

Increased ROS and NO production are particularly toxic to the central nervous system (CNS) 

because the brain has limited endogenous antioxidant capacity and repair mechanisms. Most of 

the signalling elements in the adult CNS are post mitotic, non-replicating neuronal cells, which if 
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lost or damaged cannot be replaced. Following an ischaemic event there is an increase in 

antioxidant enzymes and low molecular weight antioxidants including: manganese superoxide 

dismutase (SOD), extracellular SOD, Cu-Zn-SOD and glutathione (Leker et al., 2003). However, 

these are quickly overwhelmed due to the large amount of free radicals being generated. 

 

As well as immediate cellular disruptions and free radical generation, pro-inflammatory cytokines 

such as interleukin (IL)-1, IL-6 and tumour necrosis factor-alpha (TNF"), are produced as early 

as one hour post ischaemia (Barone et al., 2006; Hill et al., 1999). Intracellular cell adhesion 

molecule (ICAM)-1, endothelium leukocyte adhesion molecule and vascular cell adhesion 

molecule are also up-regulated post ischaemia and have been shown to promote apoptosis (Leker 

et al., 2003; Perera et al., 2006). There is also an increase in anti-inflammatory cytokines such as 

IL-10 seven days post-stroke and an up-regulation of heat shock proteins (HSP), in particular 

HSP70, HSP72 and HSP27 (Leker et al., 2003; Perera et al., 2006). Anti-inflammatory cytokines 

antagonise pro-inflammatory cytokines whilst HSP prevent protein degradation (Perini et al., 

2001; Sammut et al., 2001), which is important for neuroprotection and repair following 

ischaemic damage (Perera et al., 2006). There is also increased production of growth factors, 

specifically nerve growth factor, brain-derived neurotrophic factor, glial-derived growth factor, 

basic/acidic fibroblastic growth factor and transforming growth factor (TGF)-!1 (Buisson et al., 

2003; Leker et al., 2003). The exact role that growth factors play following an ischaemic event 

has not been fully elucidated; however in vitro evidence suggests that TGF-!1 can protect 

neurons against both necrotic and apoptotic cell death (Buisson et al., 2003).  
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Figure 1.2 Ischaemic-Reperfusion Cascade. 
The cascade of events that occur in the brain directly following an occlusion and upon 
subsequent reperfusion. Adenosine triphosphate (ATP); Nitric Oxide Synthase (NOS). 
(Information for diagram obtained from Leker et al., 2003; Perera et al., 2006). 
 

1.4 Inflammation and Autoimmunity in Neurodegenerative Pathologies 

There are similarities between the inflammatory and the immune response following cerebral 

ischaemia and neurodegenerative disorders. The pathology and progress of stroke and HI are not 

the same as neurodegenerative disorders such as Multiple Sclerosis (MS), Alzheimer’s disease 

and Parkinson’s disease, as these are chronic diseases that involve the progressive loss of neurons 

beginning in discrete areas of the brain. Ischaemic injury however, results in the acute loss of 

neurons in discrete areas of the brain, yet the inflammatory response in both chronic and acute 
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neurodegenerative pathologies are similar. Patients with inflammatory neurological disorders, 

such as MS and aseptic meningitis, have been shown to have increased anti-cytokine auto-

antibodies to interferon gamma (IFN$), TNF", IL-4 and IL-10 (Elkarim et al., 1998). In the 

cerebrospinal fluid (CSF) of MS and aseptic meningitis patients the pro-inflammatory cytokine 

auto-antibodies (IFN$: 3.56ng/mL, TNF": 4.61ng/mL) were greater than the anti-inflammatory 

cytokine auto-antibodies (IL-4: 0.32ng/mL, IL-10: 1.5ng/mL). It has also been shown following 

stroke that IL-4 (0.034ng/mL) and IL-10 (0.019ng/mL) auto-antibodies are increased in CSF 

compared with controls (0.005 and 0.0048ng/mL respectively), although not to the same extent as 

in MS and aseptic meningitis (Elkarim et al., 1998). However, no change in auto-antibodies to 

IFN$ or TNF" following stroke were observed compared to controls. Clinical evidence suggests 

that decreased IL-10 levels indicate neurological worsening following ischaemic stroke (Vila et 

al., 2003). This highlights an important need to have highly regulated feedback mechanisms. 

 

Within the ageing brain there is an increase in reactive microglia and cytokine production. These 

increases are linked with the development of Alzheimer’s disease, Parkinson’s disease and 

amyotrophic lateral sclerosis. In IL-1! receptor knock out mice that had penetrating brain injury, 

the amoeboid microglia were largely absent from tissue surrounding the wound tract (Basu et al., 

2002). In fact, in IL-1! receptor knockout mice there was a failure to recruit peripheral 

macrophages and activate endogenous microglia, indicating that IL-1! receptors play an 

important role in the activation and recruitment of microglia to the site of injury within the brain. 

The main enzyme system associated with microglia is cyclooxygenase (COX). COX produces 

prostaglandins (PGs) and 5-lipoxygenase (LO) that produce leukotrienes (Klegeris et al., 2002). 

In post mortem brain samples from Alzheimer’s disease sufferers, activated microglia and 

reactive astrocytes have been found (Minghetti, 2005). Activated microglia and astrocytes are 

implicated in excitotoxic and ischaemic brain injuries following the application of compounds 

such as lipopolysaccharide (LPS), IFN$, or NMDA, or damage resulting from surgical means, 

such as MCAO, and animal models of Parkinson’s disease (Bal-Price et al., 2001; Basu et al., 

2002; Choi et al., 2003; Gebicke-Haerter, 2001; Gourmala et al., 1997; Gregersen et al., 2000; 

Kokovay et al., 2005; Minghetti et al., 1999; Shie et al., 2005; Stoll et al., 1998). 

 

Granulocyte-macrophage colony stimulating factor (GM-CSF) is increased during active MS and 

animal studies using GM-CSF knock out mice have shown that these animals are less susceptible 

to experimental allergic encephalomyelitis (EAE; McQualter et al., 2001). In vitro studies have 

shown that TNF" and IFN$ induce amyloid ! peptide in neuronal cells (Blasko et al., 1999). 
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Similarly, in vivo studies demonstrated that over-expression of the amyloid ! peptide stimulated 

increased expression of both IFN$ and IL-12 in the cerebral cortex (Abbas et al., 2002). In 

addition, in Parkinson’s disease there is an increase in IL-1! and IL-6 within dopaminergic and 

striatal neurons and increased TNF" in both the brain and CSF (Blum-Degen et al., 1995; Mogi 

et al., 1994). Both IL-1 and TNF are involved in the progression from acute to chronic 

inflammation and repair. IL-1! and TNF" promote fibroblast, endothelial and synovocyte 

proliferation (Billingham, 1987). Kinins activate collagen synthesis and cellular proliferation 

through altering membrane permeability of cells to different ions, affecting dioxyribose nucleic 

acid (DNA) synthesis (Regoli, 1987). IL-1 and TNF, similar to bradykinin, also regulate 

prostaglandin release, both in acute and chronic inflammatory conditions (Billingham, 1987). In 

chronic inflammation, this can involve the metabolism of muscle and adipose tissue. Cytokines 

are also involved in the general malaise that often accompanies chronic inflammatory diseases. 

However, not all cytokines that are expressed during chronic inflammatory pathologies are 

detrimental. During the stable phase of MS and EAE there is increased expression of the anti-

inflammatory cytokines IL-10 and TGF-!1 (Sorensen et al., 1999). Similarly, during the 

progression of Alzheimer’s disease there is increased TGF-! within the CSF, possibly to 

counteract the effects of IFN$ (Tarkowski et al., 2002). IL-10 knockout mice have an increased 

infarct size following ischaemic brain damage and the application of IL-10 or TGF-!1 has been 

shown to decrease the size of the infarct (Grilli et al., 2000; Gross et al., 1993; Spera et al., 1998). 

These findings indicate that following both ischaemic brain injury and during conditions of 

neurodegeneration, both IL-10 and TGF-!1 are part of the brain’s innate protection against 

injury.  

 

1.4.1 Substance P, Histamine and Kinins in Neuroinflammation 

Substance P has been implicated in the maintenance of seizures and in the MCAO model of 

stroke, where increased substance P immunoreactivity has been observed in glutamatergic 

neurons (Stumm et al., 2001). Histamine acting on the H2 histamine receptor is responsible for a 

decrease in the immune and inflammatory response. Post-ischaemic administration of L-histidine, 

the precursor to histamine, with either an H3 receptor antagonist or a histamine-N-

methyltransferase inhibitor significantly decreased the size of infarction by 22-32% (Motoki et 

al., 2005). The kinin B2 receptor also has a neuroprotective role. In the MCAO model of stroke, 

B2 receptor knockout animals had an increased mortality rate (75% compared to 53%) and a 43% 

larger infarction volume compared to wild type animals (Xia et al., 2006). However, there is also 
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evidence that both bradykinin acting on the B2 receptor and histamine acting on the H2 receptor, 

are associated with increased blood brain barrier permeability following cerebral ischaemia 

(Abbott, 2000). The kinins are involved in the liberation of phospholipids, mediating the 

production of prostaglandins and prostacyclin (PGI2), as well as altering cellular membrane 

potentials and cell surface receptors (Regoli, 1987), which could lead to increased blood brain 

barrier permeability (Abbott, 2000).  

 

1.4.2 Cytokines  

Cytokines are a collection of molecules that are grouped by their biological action. Two of the 

most important cytokines are IL-1! and TNF" and, with a few exceptions, these two molecules 

have the same mechanisms of action. Both IL-1! and TNF" are produced in a variety of cell 

types: macrophages/monocytes, endothelial cells, fibroblasts, neutrophils and microglia are just a 

few (Billingham, 1987). IL-1! production is induced, like histamine and bradykinin, in response 

to a range of noxious stimuli, including TNF", ischaemia, and bacterial infection (Konsman et 

al., 2007; Stoll et al., 1998). IL-1! can also co-induce TNF", creating a positive feedback loop 

(Billingham, 1987). Unlike histamine and bradykinin, IL-1! is not stored within cells, and 

requires synthesis and cleavage prior to release. The messenger ribose nucleic acid (mRNA) for 

IL-1! increases within one hour of the stimuli and peaks at around six hours (Billingham, 1987). 

In addition, IL-1! increases vascular permeability as well as inducing local oedema and increased 

temperature within four hours (Billingham, 1987). IL-1! and TNF" induce adhesion molecule 

and chemokine expression in macrophages and endothelial cells which leads to leukocyte 

infiltration at the site of injury (Konsman et al., 2007). 

 

It has been shown that during ischaemic brain injury, blood vessels within the damaged cortex are 

filled with adhering leukocytes and neutrophils, which results in significant oedema and neuronal 

cell loss (Barone et al., 2000). Damage within the brain associated with inflammation is a result 

of free radicals and cytotoxic by-products, in addition to the loss of cerebral blood flow (Barone 

et al., 2000). Animal models of stroke have shown an acute increase in IL-1!, TNF", IL-6 and 

IL-12. This profile is similar to the increases observed in clinical studies and the levels of IL-6 

have been correlated with the severity of stroke (Kouwenhoven et al., 2001; Vila et al., 2000). In 

addition, IL-1!, TNF" IL-6 and IL-8 are also up-regulated both clinically and in animal models 

of HI (Clarkson et al., 2005b; Gregersen et al., 2000; Hill et al., 1999). Neither TNF" nor IL-1! 

are neurotoxic themselves, but increased levels of either one will amplify the amount of 
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ischaemic damage (Barone et al., 2000; Hagberg et al., 1996). IL-1! promotes the production of 

pro-inflammatory PGE2 and anti-inflammatory PGF2a without affecting thromboxane (TX), 

leukotriene or PGD2 synthesis (Dayton et al., 1996).  In macrophages, INF$ caused a synergistic 

increase in the amount of COX-2 mRNA produced in response to TNF" and LPS (Arias-Negrete 

et al., 1995). These are some of the mechanisms by which TNF" and IL-1! cause 

neurodegeneration. In IL-1! receptor knockout mice that underwent penetrating brain injury there 

was a decrease in COX-2 protein production compared to wild type controls (Basu et al., 2002).  

There is also an increase in IL-8, which recruits neutrophils and GM-CSF following stroke. IL-6 

is acutely increased and IL-10 is decreased until seven days post ischaemia where there is an 

increase in IL-10 (Perini et al., 2001). IL-10 is an anti-inflammatory cytokine and, following 

ischaemia, is involved in the resolution of inflammation, whereas IL-8 and IL-6 are both involved 

in the recruitment of inflammatory cells that are associated with causing damage. 

 

During chronic inflammatory diseases, such as MS, Alzheimer’s and Parkinson’s disease there is 

persistent recruitment of leukocytes by cytokines, like TNF" and IL-1! (Tsukada et al., 1991). 

During inflammatory brain damage both IL-1! and TNF" are present in some neurons but mainly 

immune cells, such as activated microglia and infiltrating macrophages, with TNF" levels 

persisting for up to five days post injury (Barone et al., 2000). Within the CSF of MS patients 

increased levels of IL-1! and IL-6 have been found (Huang et al., 1999; Tsukada et al., 1991). 

Amyloid ! peptide has been shown to increase IL-1", IL-1!, TNF" and macrophage chemotaxic 

protein-1 (MCP-1). In vitro pro-inflammatory cytokines have been shown to be induced by 

amyloid ! peptide which could be decreased following the application of the anti-inflammatory 

cytokine, IL-10 (Szczepanik et al., 2001).  

 

1.4.3 Chemokines 

Chemokines are small molecular weight cytokines, involved in regulating the chemotaxic 

migration of immune cells during inflammation. Immune and inflammatory cells are involved in 

the phagocytosis of damaged cells. Following stroke there is increased CD8+ lymphocytes as part 

of the immune response (Schroeter et al., 1994). Astrocytes surrounding the penumbra have 

increased expression of MCP-1 6 hours post ischaemia (Gourmala et al., 1997). There is an 

increase in macrophage inflammatory protein-1alpha (MIP-1"), MIP-1! and Regulated upon 

Activation Normal T-cell Expressed and Secreted (RANTES) that precedes the migration of 

lymphocytes post stroke (Bona et al., 1999; Wang et al., 1998). Four days post ischaemia, cells 
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expressing increased MCP-1 levels change from astrocytes to microglia and macrophages 

(Gourmala et al., 1997). Microglia have been implicated in neurodegenerative pathologies 

including both Parkinson’s, Alzheimer’s disease and stroke (Choi et al., 2003; Denker et al., 

2007; Frank et al., 2007; Gebicke-Haerter, 2001; Gregersen et al., 2000). During active MS there 

is an increase in RANTES within the vasculature, which is involved in the recruitment of 

inflammatory cells (Sorensen et al., 1999). Increased MIP-1" is found within astrocytes, 

macrophages and MS plaques, while MIP-1! is increased within macrophages/microglia within 

the lesion site (Clarkson et al., 2004b). In addition, these increased chemokine levels have also 

been seen in the experimental MS model, EAE (Miyagishi et al., 1997). There is also an increase 

in monokine induced by interferon-gamma (MIG) in the CSF during active MS, which 

contributes to neurodegeneration (Sorensen et al., 1999).  

 

1.5 Arachidonic Acid Metabolism 

Arachidonic acid (AA) is a polyunsaturated fatty acid found in phospholipid membranes (Ziboh 

et al., 2000) within the brain (Mattammal et al., 1995). AA is liberated from cell membranes by 

phospholipase A2 (Kapoor et al., 2005; Minghetti, 2004) and is also produced as a metabolite of 

the endogenous cannabinoid, anadamide (Wiley et al., 2006). In the brain, prostaglandins are 

expressed constitutively and are involved in CNS function. Neurotransmitters such as 5-

hydroxytryptamine and dopamine have been shown to increase the synthesis of PGE2, one of the 

end products of AA metabolism (Mattammal et al., 1995). AA release within the CNS can be 

increased by noradrenaline, 5-hydroxytryptamine and dopamine via increased phospholipase A2 

activity (Lee et al., 2007; Mattammal et al., 1995; Qu et al., 2006). There are three enzyme 

pathways by which AA is metabolized: COX, LO, and P450 epoxygenase (Figure 1.3). Increased 

AA release associated with some neurodegenerative pathologies has been shown to increase 

blood brain barrier permeability via the metabolism by COX and LO (Abbott, 2000), whilst 

phospholipase A2 inhibitors have been shown to have some neuroprotective effects through 

reduced AA release (Farooqui et al., 2006).  
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Figure 1.3 Arachidonic Acid Metabolism.  
Following injury, phospholipases are activated and liberate AA from phospholipid membranes. 
Free AA can then be metabolised by three enzymes: COX catalyses the conversion of AA into 

PGG2 which is converted into PGH2 by a hydroperoxidase enzyme, LO produces LTs, HETEs and 
the P450 epoxygenase enzyme synthesizes epoxyeicosatrienoic acids. With the action of 

individual PG synthase enzymes, PGH2 is converted into TXA2, PGD2, PGE2, PGF2! and PGI2. 
The 15- and 12-LO enzymes produce 15- and 12-HETE respectively. 5-LO yields 5-HPETE, 

which is then converted into LTB4 or LTE4. (Kapoor et al., 2005 with permission). 
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COX-1 and COX-2 metabolism of AA produces PGH2, the precursor to thromboxanes and 

prostaglandins. For example, COX-1 activity within platelets ultimately leads to the production of 

TXA2, a pro-aggregatory eicosanoid (Rocca et al., 2002; Williams et al., 1988). LO metabolism 

produces leukotrienes (LTs) and hydroxyeicosatetraenoic acids (HETEs) via the production of 

hydroperoxyeicosatetraenoic acid (HPETE). Cytochrome P450 epoxygenase also forms hydroxy 

fatty acids, such as 19(R)-hydroxy AA and 3(R)-HETE, as well as epoxy fatty acids including 

5,6-expoxide of AA, which has vasodilator properties (Williams et al., 1988). There is also 

evidence that the cytochrome P450 metabolites have angiogenic and protective effects in 

endothelial cells (Medhora et al., 2007).  

 

1.5.1 Physiology and Pathology of Cyclooxygenase  

In 1971, Sir John Vane described the enzymatic target for aspirin and related compounds that 

produced their anti-inflammatory and analgesic actions (Vane, 1971). COX is the enzyme 

responsible for the metabolism of AA to PGH2 which is further metabolised to a variety of 

prostaglandins and TXs (Williams et al., 1988). COX and the resulting prostaglandins have 

diverse roles within the body including mediating inflammation and homeostatic function of the 

gastrointestinal tract. The disruption of homeostatic processes, in particular within the 

gastrointestinal tract, leads to serious side effects following treatment with non-steroidal anti-

inflammatory drugs (NSAIDs; Appleton, 1996; Mitchell et al., 2006; Miyataka et al., 2002; 

Sciulli et al., 2005). 

 

Between 1989 and 1992 research characterised a second form of COX, a form that was induced 

by injury or infection, COX-2 (Kujubu et al., 1991; Xie et al., 1991). The COX-2 gene, which has 

60% amino acid homology with COX-1 (O’Banion et al., 1991), is encoded by a different gene 

located on a different chromosome to COX-1. The exact chromosome is dependent on the species 

(Rocca et al., 2002). COX-1 is considered the constitutive enzyme, responsible for the generation 

of eicosanoids involved in platelet aggregation, cytoprotection of the gastric mucosa, and renal 

function (Rocca et al., 2002). COX-2, while expressed constitutively in a few discrete areas of the 

body, for example the hippocampus where it regulates neural transmission (Rocca et al., 2002), is 

generally accepted as the inducible enzyme. Various studies, using many models of 

inflammation, have found that COX-2 is induced by various pro-inflammatory cytokines and 

stimuli and that this induction causes increased prostaglandin production (Parente et al., 2003; 

Rocca et al., 2002). Both COX-1 and COX-2 have been implicated in inflammatory damage. 
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Over-expression of COX-2 within the brain is implicated in acute neurotoxicity following HI and 

seizures and is also associated with neuronal loss in MS (del Zoppo et al., 2001; Minghetti, 

2004). In the reversed dermal Arthus reaction in rats, it was discovered that COX-1 is the main 

enzyme responsible for the production of TXB2 and PGE2 (Smith et al., 1998). However, in this 

same study it was found that although selective COX-1 inhibition could reduce PGE2 levels in 

carrageenan-induced paw inflammation, only COX-2 inhibition reduced oedema and 

hyperalgesia.  

 

In 2002, several splice variants of the COX-1 gene, one known as COX-3, were identified and 

characterised in rodents and dogs (Chandrasekharan et al., 2002; Fig 1.4). The identifying feature 

between the original COX-1 and COX-3 variant is that COX-3 retains intron 1 and a signal 

peptide attached to the n-terminus of the COX-1 gene (Chandrasekharan et al., 2002). However, 

there is controversy over whether a functional COX-3 protein is expressed by humans and what 

possible role this protein could play (Schwab et al., 2003). 

 

 

 

Figure 1.4 The Structures of COX-1 and COX-3 Genes.  
The COX-1 and COX-3 genes are identical except for the i-s sequence on the n-terminus of COX-

3 (red box) this is intron-1 which is cleaved off during wild type COX-1 pre-transcription. 
(Adapted from Chandrasekharan et al., 2002). 

 

1.5.2 Lipoxygenase: Role in Inflammation 

The lipoxygenase enzyme has a greater metabolic affinity for n-3 fatty acids, such as 

eicosapentaenoic acid (Rose et al., 2000). Eicosapentaenoic acid is metabolised into LTB5 and 5- 

hydroxyeicosapentaenoic acid by 5-LO (Rose et al., 2000). 5-LO produces the pro-inflammatory 

COX-1

COX-3
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leukotriene, LTB4, from the metabolism of AA, which regulates neutrophil function and 

chemotaxis (Eberhard et al., 2002; Herlin et al., 1990; Rose et al., 2000). 5-LO also produces 

several other LTs (such as LTC4; see Figure 1.3) and 5-HETE, which are chemotaxic agents 

(Rose et al., 2000). It has been shown that following focal ischaemia, both COX-2 and 5-LO 

accumulate at the same rate (Tomimoto et al., 2002). 5-LO mRNA and protein levels were 

increased (30% and 71% respectively) in the ischaemic core from 12-24 hours following 

reperfusion (Zhou et al., 2006). LTB4, 12-HETE and 15-HETE have all been implicated in the 

regulation of neutrophils during inflammation by controlling chemotaxis, degranulation and 

adherence (Eberhard et al., 2002). The by-products of LO metabolism act in a complementary 

and occasionally opposite fashion to those of COX, thereby regulating inflammation. 

 

1.5.3 Cyclooxygenase, Inflammation and Ischaemia 

A critical event during ischaemic brain damage is the development of an inflammatory response. 

While in acute tissue injury, inflammation plays an important role in repair and regeneration; 

there is debate as to the relative value and/or harm of inflammation that occurs following cerebral 

ischaemia. Clark et al. (1993) tracked the development and resolution of inflammation after 

ischaemic brain injury in rats. This study showed that most of the inflammatory cells were located 

within or directly adjacent to the area of infarction. Without any intervention, this inflammatory 

response resolved 15-30 days post the initial insult, leaving a fluid filled cyst in the area formerly 

occupied by necrotic tissue (Clark et al., 1993). It has been shown clinically that ischaemic stroke 

triggers an increase in the inflammatory markers, C-reactive protein (CRP), MCP-1 and ICAM-1, 

as well as 8-isoprotanes, an oxidative stress marker (Sanchez-Moreno et al., 2004). This increase 

in inflammatory markers, especially CRP, was proportional to a decrease in plasma vitamin C 

levels (Sanchez-Moreno et al., 2004). In both primary rat microglial and neuronal cell cultures, it 

has been shown that both aspirin and vitamin C can inhibit PGE2 synthesis by blocking COX-2 

activity and that in combination, vitamin C potentiates the inhibitory effect associated with 

aspirin (Candelario-Jalil et al., 2006; Fiebich et al., 2003). Sanchez-Moreno et al., found that a 

decrease in plasma vitamin C was also associated with a decrease in both PGE2 and PGI2 levels 

(Sanchez-Moreno et al., 2004). Decreases in PGI2 levels increased the risk of additional clots 

forming as PGI2 normally opposes the pro-thrombotic actions of TXA2 (Clark et al., 2004; 

Williams et al., 1988). 
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There is controversy over the harm versus the benefit of COX driven inflammation following 

ischaemia. During ischaemia there is increased production of pro-inflammatory cytokines and 

mediators as well as hyperthermia, oedema and increased pro-thrombotic TXA2 production as a 

result of the inflammatory cascade (del Zoppo et al., 2001). However, there is also the failure of 

anti-inflammatory treatments in ameliorating the stroke-induced neurodegeneration (Feuerstein et 

al., 2001) as well as some evidence suggesting that COX-2 inhibitors increase the immune 

response in the brain (Blais et al., 2005). Several studies, using animal models of stroke, have 

shown increased mRNA expression and protein levels for COX-2 post insult (Nogawa et al., 

1997; Planas et al., 1995; Sasaki et al., 2003; Yokota et al., 2003). In post mortem brain samples 

from patients who had suffered from cerebral artery occlusion, there is an increase in both COX-2 

immunoreactivity and inflammatory cells expressing COX-2 within the penumbra and infarcted 

region (Iadecola et al., 1999). However, COX-2 has been found constitutively in dendritic 

profiles of glutamatergic neurons. Following cerebral ischaemia there is evidence showing 

increased COX-2 expression in neurons, glia, vascular and inflammatory cells (Iadecola et al., 

2005). At 30 minutes post ischaemia-reperfusion in rats there was a concomitant up-regulation of 

HSP70 and COX-2 mRNA and protein levels within the cortex and the striatum in the ipsilateral 

hemisphere (Planas et al., 1995).   

 

Although COX-1 is often considered to be a constitutively expressed enzyme that maintains 

gastrointestinal and renal homeostasis, the modulation of COX-1 expression could be important 

for neuroprotection post ischaemia. COX-1 based gene transfer in an animal model of stroke 

increased PGI2 levels and decreased the volume of infarction by 30% (Lin et al., 2002). 

Increasing COX-1 activity conferred neuroprotection, by increasing PGI2 and other 

prostaglandins while decreasing LTB4 and LTC4 levels (Lin et al., 2002). Additional modification 

of the enzyme by increasing both COX-1 and PGI2 synthase further reduced the infarct volume 

by 38% and increased PGI2 levels without increasing the production of other prostaglandins (Lin 

et al., 2002). These data suggest that increased COX-1 may be neuroprotective. 

 

In cells over-expressing COX-2 there was an increase in the level of !-amyloid1-42 secreted by the 

cells compared with wild type cells (Kadoyama et al., 2001). !-amyloid1-42  is the protein complex 

responsible for the characteristic neurofibrillary tangles and neuronal cell loss seen in 

Alzheimer’s disease. There is also epidemiological evidence that long-term use of NSAIDs for 

other conditions is inversely linked to the occurrence of Alzheimer’s disease. This is borne out by 

studies showing increased COX-2 expression within the frontal cortex of patients with 
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Alzheimer’s disease compared with controls (Pasinetti et al., 1998). Interestingly, while 

inflammation is often seen as mediated via the COX-2 enzyme, a study using cultured 

neuroblastoma and primary cortical neurons found that selective COX-1 inhibitors conferred the 

greatest protection against !-amyloid1-42 compared with both 5-LO inhibitors and COX-2 

inhibitors (Bate et al., 2003). However, there was an increase in the production of amyloid 

precursor protein (APP) in neuroblastoma cells over-expressing COX-2. This could be attenuated 

by pre-treating the cells with either the non-selective NSAID indomethacin or the COX-2 

selective inhibitor JTE-522 (Kadoyama et al., 2001). 

 

1.5.4 Potential Anti-inflammatory Role of COX-2 

There is evidence to suggest that COX-2 may not be only pro-inflammatory. In a murine model 

of chronic granulomatous tissue formation, COX-2 was elevated at 14 days post injury, which is 

not consistent with COX-2 being pro-inflammatory as this is occurring during the resolving phase 

of inflammation (Appleton et al., 1995). Gilroy et al., (1999) not only showed that during the 

acute phase of inflammation COX-2 and PGE2 levels peaked at 12 hours, but there was a second 

increase in COX-2 protein levels and increased PGJ2, an anti-inflammatory prostaglandin, at 48 

hours. At 48 hours post-induction, the selective COX-2 inhibitor, NS-398, exacerbated the 

inflammatory response (Gilroy et al., 1999). In models of delayed and acute hypersensitivity, 

COX-2 has been shown to be up-regulated at a time when the immune response is resolving 

(Willoughby et al., 2000b). This suggests that anti-inflammatory prostaglandin production is also 

mediated by COX-2 during the resolution phases of both acute and chronic inflammation.  

 

1.5.5 Interactions Between Lipoxygenase and Cyclooxygenase 

Within the brain, ageing is associated with the mobilisation of inflammatory gene responses, such 

as COX-2 and 5-LO (Manev et al., 2000). Ten mg/kg kainate injections caused an increase in 

both COX-2 (2-fold) and 5-LO (4-fold) mRNA expression which could be ameliorated by the 

selective COX-2 inhibitor, NS-398 (Manev et al., 2000). Post focal ischaemia 

immunohistochemistry revealed COX-2 labeling within neurons, glial cells and endothelial cell 

nuclei (Tomimoto et al., 2002). 5-LO immunoreactivity was co-expressed with the COX-2 

reactive neurons in the cytoplasm and in endothelial cells as well as in mononuclear leukocytes 

and glial cells infiltrating the infarct (Tomimoto et al., 2002). There is in vitro evidence to 

suggest that the inhibition of both enzymes together could protect against neurotoxicity more 
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effectively than single enzyme inhibition. Treatment of activated microglial cultures with 

suboptimal doses of a 5-LO inhibitor (1!M of REV 5901) in combination with the NSAIDs 

ibuprofen, indomethacin or NS-398 (1!M), decreased cell death more than the NSAIDs alone at 

the same concentration (Klegeris et al., 2002). This suggests that inhibition of both 5-LO and 

COX-2 could confer greater neuroprotection than inhibition of only one of the enzymes involved 

in AA metabolism. 

 

1.6 Eicosanoids 

1.6.1 Prostaglandins: Role in Physiology and Pathology 

Different prostaglandins are produced by different enzymes from the substrate PGH2 (Figure 1.3). 

Prostaglandins have been implicated in the progression of symptoms in migraines via dilatation 

or constriction of blood vessels, the potentiation of bradykinin-induced pain, the mediation of the 

inflammatory response and the modulation of neurotransmitter release by different prostaglandins 

(Moskowitz et al., 1981). During inflammation, migrating neutrophils are the main source of 

TXB2 and LTB4, whilst inflamed tissue is the main source of PGE2 and PGI2 (Williams et al., 

1988). In the brain PGI2, PGE2, and PGD2 are the main prostaglandins produced, and these 

prostaglandins typically have a vasodilating effect on blood vessels (Moskowitz et al., 1981). 

Experiments using COX-2 knockout mice have found that there is a higher postnatal mortality, 

compared with either wild type or heterozygote mice (Dinchuk et al., 1995). The largest cause of 

mortality was chronic renal failure caused by the kidneys being functionally underdeveloped 

(Dinchuk et al., 1995). This indicates that prostaglandins play an important role in development. 

Renal problems also are associated with chronic, high doses of traditional NSAIDs, which inhibit 

prostaglandins required for normal homeostatic function.  

 

Within the brains of patients suffering from Parkinson’s disease, PGD2, PGE2 and PGF2" have 

been found in the substantia nigra, caudate nucleus, and putamen (Mattammal et al., 1995). In 

addition, PGE2 levels were elevated in patients who died from Alzheimer’s disease when 

compared to control subjects (Mattammal et al., 1995). Part of the MS pathology is an abnormal 

inflammatory response. It has been shown that there is a decrease in PGE1, PGE2, and PGF2" 

levels in blood samples from patients with MS compared with controls (Shivastava et al., 1975). 

In another study however, significantly greater levels of PGE1, PGE2, PGF2", PGI2, and LTC4 

have been found in CSF of MS sufferers compared to controls (Dore-Duffy et al., 1991). Active 
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E-rosette formation, a measure of immune competence specifically T cells ability to indentify and 

bind foreign antigen on red blood cells, was significantly lower in MS patients compared with 

controls and this was remedied following application of PGE1 and PGE2 in vitro (Offner et al., 

1982). The prostaglandin-mediated increase in active E-rosette formation was only seen in MS 

patients and almost paradoxically aspirin also caused an increase in their formation (Offner et al., 

1982). It has been postulated that the decrease in prostaglandin formation could also explain some 

of the platelet abnormalities (Shivastava et al., 1975). Using the EAE model of MS it has been 

shown that the long acting PGE1 analogue, misoprostol, can increase cyclic 3’, 5’-adenosine 

monophosphate (cAMP) and decrease cytokine secretion by T helper 1 cells, which led to a 

resolution of symptoms in EAE (Reder et al., 1994).  

 

Studies have shown in vitro that 15-deoxy-'12,14 PGJ2 (15-'PGJ2), the spontaneous breakdown 

product of PGD2, suppressed the production of NO and TNF" in LPS stimulated microglial cells 

(Drew et al., 2001). 15-'PGJ2 also decreased IFN$ and TNF" induction of NO and IL-12 

production in microglial cells. These results indicate that 15-'PGJ2 can inhibit the production of 

pro-inflammatory cytokines by microglia, which are the endogenous macrophage found in the 

CNS. Indomethacin, a NSAID that is more selective for COX-1, has been shown to resolve active 

EAE (Reder et al., 1994). A combination of indomethacin with misoprostol, a long acting PGE1 

analogue, caused an even greater decrease in both the clinical and histological appearance of EAE 

and also resulted in the attenuation of delayed-type hypersensitivity to myelin basic protein 

(Reder et al., 1994). Together these results indicate that although inflammation may be a 

detrimental event in the active stage of MS, there is also decreased production of certain PGs that 

can mediate the progression of the disease, and application of certain PGs or PG analogues such 

as 15-'PGJ2 or PGE1, can help to retard this progression.  

 

Application of either PGE1 or PGA1 has been shown to stimulate neuroblastoma cells to 

differentiate into their final phenotype in a time-dependent manner (Prasad et al., 1998). PGA1 

treatment led to increased cellular degeneration four days following treatment; with all the cells 

completely degenerated by six days. The increase in cellular degeneration with PGE1 was 

associated with an increase in !-amyloid and ubiquitin staining, a peptide involved in apoptosis, 

at four and six days following treatment, while PGA1 treated cells did not stain for either !-

amyloid or ubiquitin because of the extent of cell loss at the time points measured (Prasad et al., 

1998). Cells that over-express APP have been found to be more susceptible to PGA1, hydrogen 

peroxide, and NO mediated degeneration than wild type cells (Hanson et al., 2003). This 
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indicates that cells, which express APP, are more likely to be damaged by certain prostaglandins 

and free radicals. 

 

1.6.2 PGE2 

Prostaglandin E2 is the predominant prostaglandin present during inflammation (Salmon et al., 

1987). PGE2 production in vitro, was dose-dependently increased by the pro-inflammatory 

cytokine, IL-1! (Dayton et al., 1996). PGE1 and PGE2 have been found to increase IL-6 mRNA 

and protein synthesis by themselves as well as through the increase in IL-1! (Fiebich et al., 

1997). IL-6 is involved in the pathology of various CNS disorders, including Alzheimer’s disease. 

In the frontal cortex of aged mice there was a significant increase in the levels of PGE2 and 6-

ketoPGF1" from two to fourteen months followed by a decrease in these prostaglandins from 14 to 

26 months (Montine et al., 2002). The fluctuations in prostaglandin levels were abolished by pre-

treatment with indomethacin. PGE2 acts on the dual functioning EP receptors, G-protein coupled 

receptors that bind PGE2, following ischaemia, as EP-2 may mediate some neuroprotection and 

EP-1 is potentially neurodegenerative (Iadecola et al., 2005). Activation of EP-1 receptors have 

been implicated in neuronal injury caused by NMDA injection and MCAO (Kawano et al., 2006). 

EP-2 receptor activation has been found to be neuroprotective following NMDA application and 

oxygen/glucose deprivation (McCullough et al., 2004). EP-1 knockout mice have comparable 

PGE2 levels compared to wild type animals, but they have reduced lesions in response to NMDA 

injection or MCAO (Kawano et al., 2006), whereas EP-2 knockout mice had increased lesions 

following MCAO (McCullough et al., 2004). However, it has also been shown in vitro that EP-2 

receptors are involved in LPS-mediated iNOS induction in microglia (Shie et al., 2005). Kawano 

et al. also found that EP-1 immunoreactivity was absent in microglia following both MCAO and 

LPS infusion (Kawano et al., 2006). The exact role however that EP-1 and EP-2 receptors play in 

conditions of neurodegeneration are unclear. It appears that EP-1 is important for neuronal 

toxicity, while EP-2 may be involved in neuroprotection in neurons but mediate immune cell 

toxicity. 

 

As an inflammation mediator, PGE2 acts as a vasodilator (Williams et al., 1988), but does not 

alter vascular permeability by itself. However, PGE2 can potentiate the vascular permeability 

induced by both bradykinin and histamine. In the presence of neutrophils, PGE2 and PGI2 are 

capable of causing plasma leakage and oedema (Salmon et al., 1987). In the carrageenan model 

of pleurisy, both neutrophils and PGE2 levels were elevated during the first 12 hours (Ianaro et 
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al., 2001). PGE2 has immunosuppressive actions as it inhibits the proliferation of lymphocytes 

(Willoughby et al., 2000b). The activity of the PGE2 synthase enzyme can be regulated by the 

levels of other prostaglandins, for example increased production of the anti-inflammatory PG, 15-

'PGJ2, negatively feeds back on PGE2 synthase leading to decreased PGE2 production (Quraishi 

et al., 2002). It is possible that PGE2 opposes the anti-inflammatory actions of PGD2 and PGJ2 

(Willoughby et al., 2000b). PGJ2, when exogenously applied during carrageenan-induced 

pleurisy, reduces both cell migration and exudate volume by 50% (Ianaro et al., 2001).   

1.6.3 PGI2 

Prostacyclin is a potent vasodilator that does not affect vascular permeability (Williams et al., 

1988). The vasodilatory action of PGI2 counteracts the pro-aggregatory action of TXA2. An 

imbalance between PGI2 and TXA2 levels within the body may contribute to clotting disorders in 

diabetes and atherosclerosis (Moskowitz et al., 1981), and the increased risk of heart damage with 

COX-2 inhibitors (Clark et al., 2004). PGI2 has been shown to be an important prostaglandin for 

protection against ischaemic damage in animal studies, most likely due to decreased platelet 

aggregation and vasodilator properties associated with PGI2 (Lin et al., 2002). Conversely TXA2, 

LTB4, and LTC4 were found to be detrimental as they increase vasoconstriction, platelet 

aggregation and inflammation (Lin et al., 2002). PGI2 has been trialled as a thrombolytic in 

stroke. However, meta-analysis showed that PGI2 treatment had a worse outcome compared to 

control (O'Collins et al., 2006). Prostaglandins are not chemotaxic agents and are not generally 

involved in leukocyte recruitment and both PGI2 and PGE2 may actually attenuate leukocyte 

migration (Williams et al., 1988).  

 

1.6.4 Leukotrienes  

Unlike PGE2 and PGI2, some leukotrienes, in particular LTC4 and LTD4 are both vasoconstrictors 

and promoters of vascular permeability (Williams et al., 1988). LTB4, one of the most common 

leukotrienes, however, has no discernible effect on blood flow or vascular permeability. LTD4 

microinjection resulted in increased blood brain barrier disruption and induced brain oedema 

(Wang et al., 2006a). This may be due to increased expression of cysteinyl leukotriene receptor-1, 

the receptor for LTC4, LTD4, and LTE4. Cysteinyl leukotriene receptor-1 mRNA has been found 

to be up-regulated following MCAO (Fang et al., 2006). LTB4 produces hyperalgesia that is 

dependent on circulating neutrophils as it is a chemoattractant that induces neutrophil adherence 

and degranulation (Williams et al., 1988). It has been shown in a model of traumatic brain injury 
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that LTB4 production is linked with both neutrophil and microglia/macrophage infiltration 

(Schuhmann et al., 2003). Increases in LTC4, LTD4 and LTE4 mirrored the development of 

cytotoxic oedema. Leukotrienes are neurodegenerative following both MCAO and brain trauma 

due to increased blood brain barrier disruption and increased inflammatory cell influx. 

 

1.6.5 TXA2 and PGF2! 

Thromboxane A2 production is not induced by IL-1! (Dayton et al., 1996) or other agents that 

cause inflammation. The rate of TXA2 synthesis is dependent on the level of COX activity 

(Appleton et al., 1996). PGF2" and TXA2, both vasoconstrictors, are implicated in the 

pathogenesis of vasospasms after a subarachnoid haemorrhage (Moskowitz et al., 1981). 

PGF2" has also been found to be increased 45-fold following transient HI (Taniguchi et al., 2007). 

Neutrophils are the major contributor of TXA2 during inflammation. TXA2, produced via COX-1 

in platelets, is involved in homeostatic control of clotting (Hamberg et al., 1975) contributing to 

the cardiovascular risks associated with selective COX-2 inhibitors. During inflammation, unlike 

PGE2 and PGI2, TXA2 mediates vasoconstriction and platelet aggregation (Hamberg et al., 1975). 

PGF2" inhibits oedema formation by PGE2 and reduces vascular permeability induced by 

bradykinin and histamine (Willoughby, 1968; Willoughby et al., 2000b).  

 

1.6.6 Cyclopentenone Prostaglandins 

The cyclopentenone prostaglandins include PGA1, PGD2, PGJ2, and 15-'PGJ2. 15-'PGJ2 is a 

metabolite of PGD2 produced both spontaneously and from PGJ2 under the control of serum 

albumin (Shibata et al., 2002). The cyclopentenone moiety induced apoptosis and reduced cell 

viability in vitro (Vosseler et al., 2003), giving the cyclopentenone prostaglandins their anti-

proliferative characteristics. Fifteen-'PGJ2 induces apoptosis and DNA fragmentation, indicating 

that it is more potent than the parent molecule PGD2, which induces apoptosis to a lesser (10%) 

extent than 15-'PGJ2 (Vosseler et al., 2003).  

 

Prostaglandin D2 production has been found to be induced during the resolution stages of 

inflammation. It has been associated with decreased numbers of inflammatory macrophages 48 

hours following carrageenan-induced pleurisy (Ianaro et al., 2001). Cyclopentenone 

prostaglandins can inhibit I#B kinase (IKK) activity (Willoughby et al., 2000a). PGD2 production 

has been shown to be increased 90-fold following transient HI and inhibition of PGD2 binding to 
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the specific PGD2 G-protein coupled receptor, DP1, led to increased brain oedema and vascular 

endothelial cell damage (Taniguchi et al., 2007). Both PGA1 and 15-'PGJ2inhibited nuclear 

factor (NF)-#B signalling and interfered with the interaction between TNF" and IKK and the 

I#B-" protein (Zernecke et al., 2003). This reduced cell adhesion molecules and induced 

apoptosis (Zernecke et al., 2003). Also, by inhibiting NF-#B and IKK, PGA1 prevented the 

induction of the COX-2 gene and reduced inflammation (Rossi et al., 2000). One of the aspects of 

Parkinson’s disease pathogenesis is mitochondrial complex I dysfunction that leads to the 

induction of apoptosis. Using a dopaminergic cell line, Wang and colleagues showed that the 

cyclopentenone prostaglandin, PGA1, inhibited rotenone-induced apoptosis by increasing HSP70 

and HSP27 levels, which prevented the translocation of NF-#B to the nucleus and blocked the 

elevation of caspase-3 activity (Wang et al., 2002).  

 

The cyclopentenone prostaglandins, in particular 15-'PGJ2, have been found to induce the 

hemeoxygenase (HO)-1 enzyme (Zhuang et al., 2003b). HO-1 is the enzyme that metabolises 

heme-containing molecules and prevents oxidative stress damage. This is important because in a 

range of pathologies, including stroke and neurodegenerative diseases, oxidative stress plays a 

role in damage. These effects of 15-'PGJ2 on HO-1 could in part explain 15-'PGJ2 anti-

inflammatory properties. 

 

1.6.7 15 deoxy-"12,14 Prostaglandin J2 

The cyclopentenone prostaglandin, 15-'PGJ2, is anti-proliferative, anti-angiogenic, represses the 

pro-inflammatory cytokine TNF" and the enzyme iNOS, and promotes apoptotic and necrotic 

cell death (Nosjean et al., 2002). In microglial and macrophage cells, 15-'PGJ2inhibited NO, IL-

1, and IL-12 production induced by TNF", INF$, and LPS (Drew et al., 2001; Maggi et al., 

2000). 15-'PGJ2 mediated apoptosis in human neuroblastoma cells by up-regulating pro-

apoptotic p53-responsive genes, but not Bcl2 genes (Kondo et al., 2002). 15-'PGJ2 has also been 

shown to induce HSP70 in rat islet cells (Maggi et al., 2000). This is thought to be one way in 

which 15-'PGJ2 exerts its anti-inflammatory effects. Not only is 15-'PGJ2 anti-inflammatory in 

its own right, but it also promotes other anti-inflammatory molecules and enzymes. For instance, 

in mouse primary neuronal cells, 15-'PGJ2 has been shown to induce HO-1, which has both anti-

inflammatory and antioxidant actions (Zhuang et al., 2003a).  
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Some of the properties of 15-'PGJ2, especially the apoptotic and anti-angiogenic effects, are 

thought to be mediated via the peroxisome proliferator-activated receptor gamma (PPAR$) 

signalling pathway. The PPAR$ binds 15-'PGJ2 and other LO and COX products such as 13-

hydroxyoctadienoic acid, 15-HETE, and PGJ2 (Nosjean et al., 2002). Incubation of monocytes 

with LPS induced COX-2, IL-1, IL-6, IL-10, IL-12, TNF", and GM-CSF mRNA expression 

(Azuma et al., 2001), and decreased the expression of PPAR$ mRNA (Hinz et al., 2003). 15-

'PGJ2 pre-treatment prevented the induction of COX-2 and inflammatory cytokine mRNA levels 

(Azuma et al., 2001), and restored PPAR$ mRNA expression (Hinz et al., 2003). However, 15-

'PGJ2 only weakly binds to the PPAR$  receptor and exogenous compounds that act via the 

PPAR$  receptor, such as pioglitazone and rosiglitazone, do not have the same anti-inflammatory 

properties as 15-'PGJ2. This would indicate that 15-'PGJ2 acts through mechanisms other than 

the PPAR$  receptor to produce the majority of its effects (Nosjean et al., 2002). 

 

The protein expression of HSP72, which was up-regulated in the carrageenan paw oedema model, 

was increased further, along with heat shock factor (HSF)-1 following 15-'PGJ2 pre-treatment 

(Ianaro et al., 2003). This led to decreased oedema formation. Gilroy et al. (2003) demonstrated 

in carrageenan-induced pleurisy that the non-selective COX inhibitor, indomethacin, and the 

selective COX-2 inhibitors, SC-58125 and NS-398, significantly impaired apoptosis of 

macrophages and neutrophils at 24 hours, delaying the resolution of acute inflammation. By 

applying exogenous 15-'PGJ2, the anti-apoptotic effects of indomethacin, SC-58125 and NS-398 

could be surmounted (Gilroy et al., 2003). COX-2 protein and iNOS mRNA expression have also 

been shown to be inhibited by 15-'PGJ2 (Maggi et al., 2000). The inhibition of both COX-2 and 

iNOS enzymes by 15-'PGJ2 could indicate that it acts as part of a negative feedback loop to bring 

about the resolution of inflammation. 

 

1.6.8 15-HETE 

In keratinocytes stimulated with LPS, neutrophil function including chemotaxis, adherence, and 

degranulation was regulated by LTB4, 12-HETE, and 15-HETE (Eberhard et al., 2002). Fifteen-

HETE mediated a decrease in LTB4 induced chemotaxis of neutrophils and inhibited LTB4 

production in IL-4 stimulated monocytes (Chanez et al., 2002). In an animal model of 

experimental arthritis, intra-articular application of 15-HETE decreased the clinical symptoms of 

arthritis by decreasing neutrophil infiltration, LTB4 and PGE2 production (Herlin et al., 1990). 
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Carrageenan injection into joints caused a time-dependent increase in soft tissue swelling, 

external joint temperature and transient joint effusion, all of which was decreased by the 

administration of 15-HETE (Fogh et al., 1989). This showed that exogenous application of 15-

HETE is anti-inflammatory. 

 

1.6.9 Lipoxins  

Lipoxin (LX)-A and LXB are formed by leukocytes via the addition of 15-hydroperoxide to AA 

(Hansson et al., 1986; Serhan et al., 1986a; Serhan et al., 1986b). 15(R)-HETE is produced by the 

acetylation of the serine residue 516 in COX-2 (Mancini et al., 1994). 5-LO further metabolises 

15(R)-HETE to produce 15 epi-LXA4 (Paul-Clark et al., 2004). As part of its mechanism of 

action aspirin has been shown to acetylate COX-2 and produce 15(R)-HETE (Mancini et al., 

1994). In addition, aspirin has been shown to be involved in the production of 15 epi-LXA4. 

Application of 15 epi-16(para-fluoro)-phenoxy-LXA4-methyl ester, a stable analogue of 15 epi-

LXA4, has been found to increase NO production and decrease inflammation (Paul-Clark et al., 

2004). This indicates that the anti-inflammatory mechanism of aspirin is not solely due to 

inhibition of COX. 

1.7 Non-Steroidal Anti-inflammatory Drugs  

There are benefits to inhibiting COX, in particular the inhibition of COX-2 during the acute phase 

of inflammation. During carrageenan-induced pleurisy, indomethacin and NS-398 decreased 

exudate and cell migration at 2 hours (Ianaro et al., 2001). Inhibition of COX by these two 

compounds also decreased NF-#B DNA transcription and increased HSF-1 DNA transcription 2 

hours post carrageenan injection. There is also evidence for COX inhibition being beneficial in 

certain disease states. In vitro evidence suggests that both traditional NSAIDs (pre 1991) and 

selective COX-2 inhibitors can prevent the over-expression of APP and over production of 

amyloidogenic peptides (Lee et al., 2000). Furthermore, in vivo evidence suggests that pre-

treatment with the selective COX-2 inhibitor, rofecoxib, can prevent glial cell activation and loss 

of choline acetyltransferase-positive cells (Scali et al., 2003). This has implications for 

Alzheimer’s disease, a pathology already associated with COX inhibition due to the 

epidemiological evidence inversely linking osteoarthritis and rheumatoid arthritis to incidences of 

Alzheimer’s disease (Minghetti, 2004).   
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Drugs Assays IC50 (OC) Ratio 

COX2/COX1 

 COX-2 COX-1  COX-2 COX-1  

Aspirin Broken J774.2 M% Broken 

BAEC 

200 8 25 

Aspirin Purified enzyme Purified 

enzyme 

210 5 42 

Aspirin J774.2 M% BAEC 50 0.3 166 

Nimesulide  Human 

mononuclear cells 

Human 

platelets 

7.0 3.5 2 

Nimesulide A549 pulmonary 

epithelial cells 

HASM 4.1X10-3 >1.0 <0.0001 

Table 1.1 Aspirin and Nimesulide selectivity for COX-1 and COX-2. 
The table lists the in vitro assay used to determine the IC50 value for each isoform of COX, the 

IC50 value and the ratio between the two.  The lower the ratio, the more selective the drug is for 
COX-2. Bovine aortic endothelial cells (BAEC); human airway smooth muscle (HASM); 

Macrophage (M$). (Data obtained from: (Appleton, 1996; Grossman et al., 1995; Kato et al., 
2001; Meade et al., 1993; Mitchell et al., 1993; Range et al., 2000). 

 

It has also been shown that inhibition with selective COX-2 inhibitors leads to a significant 

decrease in the volume of infarct in the MCAO model of stroke (Candelario-Jalil et al., 2004; 

Nogawa et al., 1997), which confirms the detrimental role of COX-2. Maximal COX-2 

expression was found to occur 12-24 hours post ischaemic insult (Nogawa et al., 1997), which 

corresponds with the large therapeutic window for the selective COX-2 inhibitor, nimesulide 

(Table 1.1) when given 24 hours post insult (Candelario-Jalil et al., 2004). In the ischaemic brain 

of COX-1 knockout mice, the lack of COX-1 had no effect on various outcomes of ischaemia 

(Cheung et al., 2002). 

 

There is also evidence that non-selective COX inhibition is beneficial post stroke. High-dose 

aspirin has been shown to be neuroprotective in an animal model of stroke (Berger et al., 2004), 

although this seems contrary to other studies examining the inhibition of COX-1 in cerebral 

ischaemia showing little to no effects (Cheung et al., 2002). Low-dose aspirin (Table 1.1) also 

has a role in neuroprotection against glutamate-induced excitotoxicity as well as in the 

amelioration of electroencephalogram abnormalities (Persegani et al., 2001). This is due to low-
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dose aspirin irreversibly inhibiting TXA2 production by platelets, without affecting the ability of 

endothelial cells to produce PGI2. Aspirin is more selective for COX-1 than COX-2 (Table 1.1) at 

low doses, and is one of the only NSAIDs to irreversibly inhibit COX. In vitro studies 

demonstrated that aspirin inhibited COX-1 activity in a time-dependent fashion while not 

affecting the activity of COX-2 (Meade et al., 1993). The same study also showed, using 

radioactive labelled AA, that aspirin decreased prostaglandin production of COX-2 by 

approximately 90%, while completely abolishing prostaglandin production by COX-1. Aspirin, 

by acetylating serine residue 516 on the COX-2 enzyme, stimulates the production of 15(R)-

HETE (Mancini et al., 1994; Meade et al., 1993). This is significant in light of the anti-

inflammatory properties of 15-HETE, as the dose of aspirin required to produce an anti-

inflammatory effect is greater than the dose required to inhibit PG synthesis. 

 

Aspirin can also induce NO production, unlike some other NSAIDs (Paul-Clark et al., 2004). In 

fact, the anti-inflammatory effects of aspirin are, in part, mediated by its intrinsic ability to induce 

NO. Other NSAIDs, such as ibuprofen and indomethacin, inhibit iNOS gene induction or 

scavenge reactive NO (Aeberhard et al., 1995; Perez et al., 2007). In eNOS and iNOS knockout 

mice, aspirin lost its anti-inflammatory effects, whereas this did not occur in the nNOS knockout 

mice (Paul-Clark et al., 2004). In contrast, other studies have shown that iNOS expression, in 

vitro, can be inhibited by aspirin (Appleton, 1996). The anti-inflammatory effects of aspirin have 

been shown to be mediated by NO preventing leukocyte trafficking (Paul-Clark et al., 2004). 

NFkB, which is involved in the activation of pro-inflammatory cytokines, is inhibited by aspirin 

(Appleton, 1996). As pro-inflammatory cytokines, in particular TNF", are responsible for 

hyperalgesia this could be a mechanism by which aspirin analgesia is independent from COX 

inhibition.  

 

Clinically all forms of COX inhibitors, steroidal and non-steroidal, have no benefit in ischaemic 

stroke (Feuerstein et al., 2001). In vitro evidence suggests that COX inhibition may in fact cause 

greater damage following ischaemia reperfusion injury (Rossoni et al., 2002). One of the 

problems with the selective inhibition of COX-2 is that there is no decrease in TXA2, a pro-

aggregatory eicosanoid, within platelets. In cardiac ischaemia, NSAIDs have been found to have 

little benefit because of the inhibition of PGI2 production (Rossoni et al., 2002). It has also been 

shown that selective COX-2 inhibitors are no better and lack the potentially beneficial effects of 

inhibition of TXA2 (Rossoni et al., 2002). COX-2 expression, within endothelial cells lining the 

vasculature, is partly responsible for the production of PGI2 (Clark et al., 2004), a PG that is both 
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anti-thrombotic and a vasodilator (FitzGerald, 2002). Both of these properties are considered 

desirable after occlusive stroke. A decrease in PGI2 levels has been shown to cause increased 

response to pro-thrombotic stimuli and increased risk of clot formation (FitzGerald, 2002). 

Increased cell proliferation in the subgranular zone and dentate gyrus of the hippocampus post 

ischaemia in mice, is mediated in part by COX-2 expression and inhibition of COX-2 decreases 

cell proliferation (Sasaki et al., 2003). In this situation the inhibition of COX-2 is likely to not 

have any benefits as it could prevent cell renewal and potentially increase the risk of further clot 

formation.  

 

Selective COX-2 inhibitors were initially considered to be safer and more effective than 

traditional NSAIDs. However they have proved to be no better than traditional NSAIDs in terms 

of safety and efficacy. Selective COX-2 inhibitors were supposed to have superior gastric 

tolerability and a reduced adverse effect profile when compared to the traditional NSAIDs. Broad 

inhibition of COX-1 and -2 is associated with significant adverse effects related to prostaglandin 

inhibition in renal and gastric function. In fact COX-2 inhibition exacerbates gastric ulcers by 

decreasing re-epithelialisation, angiogenesis, and wound healing (Willoughby et al., 2000c). In 

animal studies of acute inflammation, COX-2 inhibitors given during the resolution phase of 

inflammation exacerbate the injury (Gilroy et al., 1999). At 48 hours post carrageenan-induced 

pleurisy inhibition of COX by either indomethacin or NS-398 resulted in increased exudate 

formation and cell migration, as well as an increase in NF-#B DNA transcription (Ianaro et al., 

2001). Part of this is caused by the non-selective or COX-2 selective inhibitors reducing 

apoptosis of macrophages and neutrophils 24 hours following inflammation (Gilroy et al., 2003). 

This inhibition of apoptosis does not occur with COX-1 selective inhibitors, indicating that there 

is a COX-2 specific role in the resolution of inflammation. Inhibition of COX at this time also 

caused an incomplete stress response and a down-regulation of functional HSF-1 and HSP72 

(Gilroy et al., 2003).  

 

1.8 L-Arginine Metabolism by Nitric Oxide Synthase and Arginase 

1.8.1 L-Arginine Metabolism: Physiology  

L-arginine is an amino acid found throughout the body. It is mainly metabolised by two groups of 

enzymes, nitric oxide synthase (NOS) and arginase (Wiesinger, 2001). There are three isoforms 

for the NOS enzyme; endothelial (e)NOS, neuronal (n)NOS and inducible (i)NOS. All three 
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isoforms can be found within the brain. Both eNOS and nNOS are expressed constitutively, 

whereas iNOS is only expressed during conditions of inflammation, ageing and immune response 

(Ferrini et al., 2002). There are two isoforms of the arginase enzymes, arginase II is expressed in 

mitochondria and arginase metabolism of L-arginine is important for normal mitochondrial 

function (Li et al., 2001; Sherratt, 1991). Arginase I is a cytosolic enzyme and is important for the 

production of the polyamines (Li et al., 2001). Arginase and NOS activities are inversely 

proportional. It has been demonstrated, in vitro, that over-expression of either arginase I or 

arginase II in endothelial cells causes a decrease in basal NO production (Li et al., 2001). NOS 

produces NO and L-citrulline from L-arginine, whereas arginase produces urea and L-ornithine. 

L-Ornithine can be further metabolised to form putrescine, and other polyamines, and glutamate 

(Wiesinger, 2001). NO is a potent vasodilator, originally identified as endothelial relaxing factor 

(Arnal, 1997; Igari et al., 1998). Under physiological conditions NO can act as an anterograde 

and/or retrograde messenger, for both excitatory and inhibitory processes in the brain (Du et al., 

2000; Wiesinger, 2001). In some animal studies it has been shown that inhibiting nNOS improves 

associative learning and that NO donor compounds reduce learning (Du et al., 2000). However, 

this is dependent on the learning paradigm as other animal studies have shown that either non-

selective inhibition of NOS or selective nNOS inhibition can have no effect or cause impaired 

learning (Du et al., 2000). NO, produced by nNOS, plays a role in synaptic plasticity such as 

learning and memory, long term potentiation and depression (Wiesinger, 2001). In situ 

hybridization showed that L-arginine transporter proteins are expressed in the CA1-CA3 regions 

of the hippocampus and the neocortex (Braissant et al., 1999). 

 

As well as roles in normal homeostatic function, NOS and arginase metabolism of L-arginine are 

also involved in several pathological processes including ischaemic brain damage and 

inflammation. iNOS is induced during excitotoxic, inflammatory and neurodegenerative events 

(Bal-Price et al., 2001; Boje et al., 2003; Brown et al., 2003; Ebadi et al., 2003; Hamilton et al., 

1998). During the resolution of chronic inflammation, arginase by-products are increased leading 

to decreased NO production as arginase inhibits NOS activity (Appleton et al., 1996).  

 

1.8.2 NOS and Arginase in Ischaemia and Neurodegeneration 

There are several mechanisms that cause NOS up-regulation during ischaemia; ischaemia results 

in excessive glutamate release causing activation of excitatory receptors such as NMDA and 

AMPA, which in turn results in the production of free radicals such as NO (Boxer et al., 1997; 
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Siesjo, 1992). Stimulation of the NMDA receptor activates NOS leading to the production of NO 

(Garthwaite et al., 1989). NO, by itself and at normal physiological levels, is not cytotoxic (Ebadi 

et al., 2003). However, in the presence of superoxide it reacts to form peroxynitrite, one of the 

most potent reactive nitrogen species. In the MCAO model of stroke, within infarcted brain 

regions, there is increased nitrated tyrosine, indicating increased peroxynitrite (Eliasson et al., 

1999). At low concentrations of L-arginine, the NOS enzymes can generate superoxide which 

reacts more efficiently with NO to produce peroxynitrite than it does with SOD (Wiesinger, 

2001). NO and peroxynitrite within the brain can cause DNA damage, lipid peroxidation, 

mitochondrial dysfunction, and loss of cellular energetics (Bolanos et al., 1999; Bolanos et al., 

1998; Heales et al., 1999; Moncada et al., 2006; Moro et al., 2005). NO has been implicated in 

neuronal damage in Alzheimer’s disease, MS and Parkinson’s disease as well as stroke (Hu et al., 

1998; Ishii et al., 2000; Singh et al., 2005; Smith et al., 2002). The role of NO in brain injury and 

neurodegeneration is dependent on both the isoform of the enzyme producing it and the presence 

of superoxide. For example, MS patients have higher than normal levels of iNOS and NO and 

increased iNOS expression has been implicated as a factor in the progression of the disease 

(Heales et al., 1999; Smith et al., 2002). Animal models of stroke using nNOS knock out mice 

(Huang et al., 1994; Huang et al., 1995) and eNOS knock out mice (Huang et al., 1996a; Huang 

et al., 1996b) have shown that loss of nNOS activity can limit the extent of neuronal injury 

whereas, loss of eNOS increased lesion size. Increased NO has also been shown to be a beneficial 

immunomodulatory agent by inhibiting T-cell proliferation and macrophage recruitment, as well 

as increasing T-cell apoptosis (Smith et al., 2002). This dual role of NO has made attempts to 

modulate the enzymes responsible for NO production more complicated. 

 

In vitro, activated glial cells release NO produced by iNOS, resulting in neuronal cell death (Bal-

Price et al., 2001). COX-2 protein expression during an ischaemic event has also been associated 

with an up-regulation in iNOS expression (Nogawa et al., 1997). Immunohistochemistry showed 

increased levels of citrulline from one hour following MCAO, indicating increased NOS activity 

(Eliasson et al., 1999). This increase was attributed to nNOS, as nNOS knock out mice had 

reduced citrulline labeling at three hours and none at one-hour post MCAO. In the HI model, 

30mg/kg of 2-iminobiotin, an iNOS and nNOS inhibitor, was shown to be neuroprotective at six 

weeks when administered immediately following HI induction with two subsequent doses at 12 

and 24 hours post HI (van den Tweel et al., 2005). Other studies, using the MCAO model of 

stroke have found that nNOS inhibition is beneficial, whereas eNOS inhibition is detrimental 
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(Huang et al., 1996a; Huang et al., 1996b; Huang et al., 1994; Kidd et al., 2005; Peeters-Scholte 

et al., 2002).  

 

It has been shown in rats chronically exposed to an hypoxic environment that there is an up-

regulation of both eNOS and iNOS in pulmonary arteries (Shirai et al., 2003). It has been 

hypothesised that both eNOS and iNOS up-regulation may be an attempt to counteract 

vasoconstriction caused by the hypoxia and thus prevent pulmonary hypertension. nNOS does not 

play a protective role in chronic hypoxia (Shirai et al., 2003). It has also been shown that iNOS 

up-regulation is essential for preconditioning to HI-induced brain damage in neonatal rats (Zhao 

et al., 2005). Rats housed in an hypoxic environment treated with either a non-selective NOS 

inhibitor (L-NAME) or a selective iNOS inhibitor (L-canavanine) had decreased pulmonary 

artery internal diameter, and treatment with an antagonist to the inhibitors, L-arginine, restored 

the internal diameter (Shirai et al., 2003). It has also been found in vitro that exogenous 

application of arginase is neuroprotective (Lange et al., 2004). This may be due to increased 

polyamine production as, following HI, treatment with 10mg/kg of spermine, a polyamine, 

reduced lesion volume by 89% (Clarkson et al., 2004a). The polyamines have also been found to 

protect neurons from DNA damage and oxidative stress (Lange et al., 2004).  

 

1.8.3 NOS and Arginase in Inflammation 

Nitric oxide synthase and arginase play a role in normal inflammatory processes. Inflammation 

induced in the periphery triggers increased expression of nNOS in the spinal cord, which led to 

increased NO production (Coutinho et al., 1999). NO modulates COX activity and, conversely, 

prostaglandins can modulate NOS activity. In vitro studies have found that both NOS and COX 

activities were impaired in the presence of selective NOS inhibitors (Salvemini et al., 1993). 

Cells cultured in L-arginine free medium had reduced production of NO and PGE2 compared with 

cells in normal medium (Salvemini et al., 1994). Macrophages produce NO via iNOS in response 

to inflammatory cytokines and bacterial challenge (Moncada et al., 1991). Pro-inflammatory 

prostaglandins, PGI2 and PGE2, can inhibit iNOS production in vitro (Marotta et al., 1992). IL-1 

stimulated induction of NOS can be inhibited by PGE2 (Tetsuka et al., 1994), but production of 

NO and PGE2 is co-induced in LPS-stimulated macrophages (Salvemini et al., 1993). During 

acute inflammation, neutrophils synthesize NO, which acts as a vasodilator, antimicrobial agent 

and opposes thrombin-induced platelet aggregation (Appleton et al., 1996). NO also inhibits 

leukocyte trafficking in the carrageenan pleurisy model of acute inflammation and decreases IL-
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1!-induced leukocyte flux (Paul-Clark et al., 2004). NO can inhibit the production of PGE2 and 

TXB2 by COX in vitro, by reducing COX activity (Stadler et al., 1993). Other inflammatory 

products can also affect NO production. For example, 15 epi-LXA4, which is produced in 

response to IL-1!, stimulates the production of NO (Paul-Clark et al., 2004). 

 

It has been found that aspirin treatment following inflammation leads to increased NO, which 

inhibits PGE2 production (Paul-Clark et al., 2004). However, other studies have found that aspirin 

can inhibit NO production (Aeberhard et al., 1995; Amin et al., 1995). In Kupffer cells, an 

inhibition of NO production led to increased PGE2, TXB2 and IL-6 synthesis (Stadler et al., 1993) 

indicating that NO could have some anti-inflammatory properties.  However, PGI2 production can 

be decreased by inhibiting NOS (Sautebin et al., 1994), and bradykinin induced PGE2 release is 

attenuated by NOS inhibition (Salvemini et al., 1994). In vitro studies have found that NO 

production peaks at 6 hours, whereas PGE2 levels peak at 24 hours (Stadler et al., 1993). iNOS 

and eNOS null mice have impaired NO production, which is associated with a decrease in aspirin 

and 15 epi-LXA4’s ability to reduce inflammation and leukocyte trafficking (Paul-Clark et al., 

2004).  It has also been shown in vitro that NO can specifically down-regulate COX-2 activity 

(Habib et al., 1994; Swierkosz et al., 1995). NO not only can mediate inflammation but also has 

anti-inflammatory actions. In both inflammation and neurodegeneration NO can be either 

beneficial or detrimental. This duality is related to several factors including the isoform 

responsible for NO production, the presence of superoxide and the levels of L-arginine. Arginase 

has a beneficial role in both the resolution of inflammation and in oxidative stress and 

neurodegeneration. NO, as a vasodilator, is important for maintaining blood flow to the brain, 

however, NO can also act as a free radical to cause cellular damage and death.  

 

1.8.4 NOS inhibitors as therapeutic agents 

As previously discussed (Section 1.3; Section 1.8.2) during ischaemia excessive glutamate release 

initiates a series of events including increased NO production (Boxer et al., 1997; Siesjo, 1992; 

Silverstein et al., 1986). This has been shown to cause oxidative tissue damage, lipid and DNA 

peroxidation, mitochondrial dysfunction and damage to the respiratory chain complexes (Almeida 

et al., 2002; Bolanos et al., 1999; Bolanos et al., 1998; Moncada et al., 2006). Mitochondrial 

damage by NO can result in apoptosis as well as necrosis. It was therefore thought that inhibition 

of the NOS enzyme could reduce neuronal cell loss and be an effective therapeutic target (Kohno 

et al., 1997).  
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Early NOS inhibitors that were developed were non-specific and studies using them had 

conflicting results (Willmot et al., 2005). Further research demonstrated that damage as a result 

of NO production was enzyme isoform, and enzyme cellular location, specific. NOS isoform 

knockout experiments showed that following stroke decreased nNOS was beneficial (Huang et 

al., 1996a; Huang et al., 1994; Huang et al., 1995); whereas loss of eNOS was detrimental 

(Huang et al., 1996a; Huang et al., 1996b). Selective inhibitors of nNOS, including 7-

nitroindazole, 1-(2-trifluoromethylphenyl) imidazole, ARL 17477, and the dual iNOS/nNOS 

inhibitor 2-iminobiotin, were developed for use and found to be neuroprotective in animal models 

of HI and stroke (Harukuni et al., 1999; Mander et al., 2004; Moro et al., 2004; O'Neill et al., 

2000; Park et al., 2006; van den Tweel et al., 2005; Zhao et al., 2003).  

 

ARL 17477 is a water-soluble amidine derivative nNOS inhibitor and has been reported to be 

more selective in vitro for nNOS and less selective for eNOS than other non-water-soluble nNOS 

inhibitors (O'Neill et al., 2000). Animal studies have shown that ARL 17477 treatment gives 

neuroprotection during both global and focal ischaemia when given prior to, or immediately 

following an ischaemic event (Harukuni et al., 1999; O'Neill et al., 2000). Clinical trials 

involving NOS inhibitors have been abandoned in phase three due to lack of neurological 

improvement (De Keyser et al., 1999). Instead they are often used in mechanistic animal studies. 

The biggest problem was that NOS inhibitors were only effective when given soon after the onset 

of the stroke, and this narrow therapeutic window has rendered them ineffective as a therapeutic 

option (O'Collins et al., 2006). However, selective NOS inhibitors are valuable in aiding 

understanding the NOS pathways and the downstream effects of these enzymes during disease. 

Selective inhibitors also have advantages over knockout animal models as they can be 

administered transiently during disease rather than altering the homeostatic action of the 

enzymes. 

 

1.9 Mitochondria and ischaemic brain damage 

1.9.1 Mitochondria physiological function 

Mitochondria are small organelles found within the cytoplasm of cells that are responsible for 

cellular respiration and ATP synthesis. Mitochondria also help regulate a number of physiological 

and pathophysiological functions including Ca2+ homeostasis and regulation of apoptotic 
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pathways (Bernardi et al., 2001; Rutter et al., 2000). Impaired mitochondrial function, due to 

either disease or injury, can lead to cellular disruption through ATP depletion and impaired 

regulation of Ca2+ homeostasis (Di Lisa et al., 1998).  

 

Mitochondria generate ATP and energy for normal cellular function via oxidative 

phosphorylation. Oxidative phosphorylation is carried out via the 5 multi-subunit enzyme 

complexes that make up the electron transport chain found within the inner mitochondrial 

membrane (Sherratt, 1991). Complexes I and II collect electrons from nicotinamide adenine 

dinucleotide (NADH) and succinate respectively and transfer these electrons to coenzyme Q10 

(CoQ). From CoQ, the electrons move through complex III, cytochrome c, and complex IV 

before being bound by oxygen to form H2O.  The energy released from this reaction causes 

increased flow of protons across the mitochondrial inner membrane, generating an 

electrochemical gradient. This electrochemical gradient facilitates the production of ATP from 

adenosine diphosphate (ADP) + Pi by complex V (ATP-synthase). The ATP is transferred from 

the mitochondrial inner membrane to the rest of the cell by the adenine nucleotide translocator.   

 

1.9.2 Mitochondria following hypoxia-ischaemia  

As well as being vital for the survival of cells, mitochondria when placed under 

pathophysiological stress also mediate neuronal cell damage (Fiskum et al., 1999) through the 

over-production of ROS, abnormal Ca2+ homeostasis, and release of apoptotic proteins. 

Mitochondrial impairment has been previously shown to occur following ischaemia (Clarkson et 

al., 2004a; Dave et al., 2001; Rosenthal et al., 1995; Sciamanna et al., 1992; Sims et al., 1987; 

Sutherland et al., 2005). Previous studies have demonstrated that following HI-induced brain 

damage, cellular energy reserves decrease in a biphasic fashion (Blumberg et al., 1997; Gilland et 

al., 1998a). There is a decrease in cellular energy reserves immediately following the initial 

insult, followed by a transient restoration of glucose utilisation and ATP and phosphocreatine 

production caused by reoxygenation of the affected tissue (Blumberg et al., 1997; Gilland et al., 

1998b). However, 6-48 hours post-insult there is a secondary decrease in energy reserves in most 

brain regions that is accompanied by impaired glucose utilisation and the beginning of cell 

apoptosis as indicated by activation of caspase-3 and DNA fragmentation (Blumberg et al., 1997; 

Gilland et al., 1998a; Gilland et al., 1998b; Puka-Sundvall et al., 2000; Wyatt et al., 1989).  
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The opening of the mitochondrial permeability transition pore has been suggested to have a great 

effect on cellular integrity. Opening of the mitochondrial permeability transition pore leads to a 

collapse in membrane potential and therefore a decrease in ATP synthesis, which leads to cellular 

injury. The opening of the mitochondrial permeability transition pore may also be involved in the 

initiation of apoptosis (Pastorino et al., 1996; Petit et al., 1996).  

 

There is good evidence that mitochondria are key regulators of apoptotic cell damage following 

HI (Budd, 1998). A number of apoptotic mediators have been found to be increased after HI-

induced damage, particularly caspase-3 (Hu et al., 2000; Liu et al., 2004; Nakajima et al., 2000; 

Wang et al., 2001), apoptotic protease activating factor-1 (Ota et al., 2002), Bcl-2 (Merry et al., 

1994), and apoptosis-inducing factor (Zhu et al., 2003). The release of apoptosis-inducing factor 

may be controlled through the anti-apoptotic protein Bcl-2, which impedes apoptosis-inducing 

factor release from the mitochondria l., 1996). Overproduction of Bcl-2 or Bcl-xL has been 

shown to prevent both mitochondrial and nuclear apoptotic events (Decaudin et al., 1997). 

Previous studies have shown that a decrease in caspase-3 activity using a variety of different 

treatment options, including the selective nNOS/iNOS inhibitor 2-iminobiotin, leads to 

neuroprotection (Fukuda et al., 2001; Han et al., 2000; Peeters-Scholte et al., 2002; Puka-

Sundvall et al., 2000).  However, others have shown that even by decreasing caspase-3 activity, 

release of apoptosis-inducing factor from mitochondria and preservation of CNS tissue was not 

evident following treatment with boc-aspartyl-(Ome)-fluoromethyl-ketone, a multicaspase 

inhibitor (Joly et al., 2004; Zhu et al., 2003). These studies indicate that apoptosis following 

cerebral ischaemia can be either caspase-dependent or independent.  

 

1.10 Aims 

The main goal of this study is to determine the effect of prophylactic treatment with either aspirin 

or nimesulide in the HI model of brain injury. We chose both aspirin and nimesulide as our 

therapeutic agents as they are both compounds currently clinically available. Further, both are 

selective, aspirin for COX-1 and nimesulide for COX-2, allowing us to delineate the effects of 

inhibiting either isoform and both have been suggested to be neuroprotective (Berger et al., 2008; 

Berger et al., 2004; Candelario-Jalil et al., 2007; Candelario-Jalil et al., 2004). To do this we set 

up several hypotheses; the first was to assess whether aspirin or nimesulide would modulate 

inflammatory-induced nitrite production in a macrophage cell line, in particular whether aspirin, 

but not nimesulide would increase nitrite levels. We hypothesised that both drugs would be 
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neuroprotective in the HI model of brain injury, with nimesulide affording greater protection than 

aspirin. It was also hypothesised that aspirin would have an effect on COX-1 protein levels, but 

not COX-2 protein, whilst nimesulide would only affect COX-2 protein levels and these effects 

on protein levels would relate to decreased COX activity. Based on the literature it was also 

hypothesised that aspirin would increase NOS activity and protein levels, particularly the iNOS 

and eNOS isoforms. Aspirin was also expected to increase 15-HETE levels. Nimesulide was 

hypothesised not to have an effect on NOS activity or protein levels or on 15-HETE. We also 

examined the biochemical effects of ARL 17477, a selective nNOS inhibitor, in the HI model of 

brain injury as we had already determined the histological effect of this compound (Shaw OM, 

Clarkson AN, Sutherland BA, Jackson DM, Sammut IA and Appleton I, 2003 unpublished 

observations). We hypothesised that ARL 17477 would inhibit the activity of the nNOS enzyme 

without having an effect on the specific activity of iNOS, leading to a decrease in total NOS 

activity in our assay. This reduction in nNOS activity would lead to a decrease in nitrite levels. 

We also hypothesised that there would be an increase in arginase activity following ARL 17477 

treatment as more substrate would become available as a result of decreasing NOS activity levels. 

It was hypothesised that nimesulide would lead to a decrease in 11-!PGF2", because of the 

decrease in COX-2 protein levels. To test these hypotheses we set out to perform several studies. 

 

1.10.1 To Determine the In Vitro Effects of Aspirin and Nimesulide on Nitrite Production 

Aspirin has been shown to both increase and decrease NO production as part of its mechanism of 

action (Amin et al., 1995; Chen et al., 2006; de Miguel et al., 1999; Fierro et al., 2003; Filep et 

al., 2003; Jozsef et al., 2002; Paul-Clark et al., 2004). Other NSAIDs, including nimesulide, have 

been shown not to alter or to down-regulate NO production (Aeberhard et al., 1995; Amin et al., 

1995; Berg et al., 1999; Callejas et al., 2003). NO has been implicated as being both a 

neurodegenerative and neuroprotective agent. Aspirin and other NSAIDs, in animal studies of 

neurodegeneration, have been shown to be neuroprotective. Using RAW 264.7 murine 

macrophages stimulated with LPS to produce NO, the effects of aspirin and nimesulide on the 

nitrite (a breakdown product of NO) levels will be assessed over a range of concentrations using 

the Griess assay. The change in nitrite will be correlated with cell viability to ensure that any 

inhibition of NO is not a direct effect of cell cytotoxicity. 
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1.10.2 To Determine the Histological Effects of Aspirin and Nimesulide Treatment following 

HI 

There has been no work examining the effect of COX inhibition in the HI model of brain injury. 

Previous studies, using the MCAO model of stroke, have shown that COX-2 and COX-1 

inhibition is neuroprotective (Candelario-Jalil et al., 2004; Nagayama et al., 1999; Sugimoto et 

al., 2003). Clinical evidence indicates that NSAIDs are not beneficial as a stroke therapy. The 

purpose of this part of this study is to determine the effect of prophylactic treatment with aspirin, 

or nimesulide, during HI.  Additionally, the peripheral drug effects will be determined. 

 

1.10.3 To Determine the Distribution of COX-2 and iNOS Post-HI 

Cyclooygenase-2 protein expression has been implicated in various neuropathologies including 

cerebral ischaemia. Both COX-1 and COX-2 enzymes have already had their constitutive 

distribution in the brain determined (Breder et al., 1995; Breder et al., 1992) and COX-2 

distribution has been determined following several excitotoxic models of neurodegeneration 

(Acarin et al., 2002). However, the spatial distribution of COX-2 has not been determined in the 

HI model of brain injury. iNOS has also been reported to be up-regulated along with COX-2 in 

neurodegenerative disorders (Acarin et al., 2002; Choi et al., 2003). The aims of this part of the 

study are to determine the spatial distribution of both COX-2 and iNOS in the HI model of brain 

injury, in particular to determine if COX-2 and iNOS are expressed in both neurons as well as 

inflammatory cells. 

 

1.10.4 To Determine the Biochemical Mechanism of Action of Aspirin, Nimesulide and ARL 

17477 following HI 

As well as elucidating the histological effect of aspirin and nimesulide on HI-induced 

neurodegeneration, we will examine the biochemical mechanisms by which these effects occur. 

In particular we will measure the effect of aspirin and nimesulide on eicosanoid production, NOS 

activity, nitrite production, and arginase activity. We have previously determined the histological 

effect of ARL 17477 following HI (Shaw OM, Clarkson AN, Sutherland BA, Jackson DM, 

Sammut IA and Appleton I, 2003 unpublished observations) but the biochemical mechanisms by 

which this occurs remains to be fully determined. In this instance we will focus on NOS activity, 

as ARL 17477 is a selective nNOS inhibitor. We also seek to determine the effects of aspirin and 

nimesulide on protein levels for the two COX and the three NOS enzymes.  
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1.10.5 To Determine the Effects of ARL 17477 on Mitochondrial Energetics following HI 

Mitochondrial damage is a frequent occurrence during neurodegeneration and can lead to 

apoptosis through the release of cytochrome c and caspases. In addition to the biochemical effects 

of ARL 17477 we aim to assess the effects that this drug has on mitochondrial energetics and 

membrane integrity. 
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2.1 Materials 

Material Supplier 

Halothane Merial, Auckland NZ 

Hypoxia chamber Computer Electronic Mechanical Instruments, 

University of Otago, Dunedin NZ 

Accu-check Advantage II glucose test strips Roche Diagnostics, Germany 

Accu-check Advantage glucose meter Roche Diagnostics, Germany 

Aspirin Reckitt Benckiser, UK 

Nimesulide Biomol, USA 

Polyvinylpyrrolidone (PVP) Sigma, Australia 

Multiparin heparin sodium Artex LTD, Waipukurau NZ 

1 mm rat brain matrix ASI instruments, USA 

2,3,5-Triphenyltetrazolium Chloride (TTC) Sigma, Australia 

Bovine serum albumin (BSA) Sigma, Australia 

Bradford reagent BioRad Laboratories, Life Sciences Research, 

NZ 

Total bilirubin kit Eagle Diagnostics, Texas, USA 

Alanine aminotransferase (ALT) kit Eagle Diagnostics, Texas, USA 

11!PGF2" enzyme immunoassay (EIA) kits Cayman Chemical, USA 

15(s)-HETE EIA kits Cayman Chemical, USA 

! nicotinamide adenine dinucleotide phosphate 

(NADPH) 

Sigma, Australia 

Calmodulin Sigma, Australia 

Tetrahydrobiopterin Sigma, Australia 

L-valine Sigma, Australia 

L-arginine Sigma, Australia 

Dowex (mesh size 50X) Sigma, Australia 

[3H]L-arginine Perkin Elmer Life and Analytical Sciences, 

USA 

Biodegradable counting scintillant Amersham Biosciences, UK 

Anti-PGE2 Sigma, Australia 
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[3H]PGE2 Amersham Biosciences, UK 

Dextran Sigma, Australia 

Activated charcoal Sigma, Australia 

Sulfanilamide Sigma, Australia 

Napthylethylenediamine Sigma, Australia 

1:29 bis acrylamide BioRad Laboratories, Life Sciences Research, 

NZ 

Aluminum persulphate (APS) BioRad Laboratories, Life Sciences Research, 

NZ 

N,N,N’,N’-tetramethylene diamine (TEMED) BioRad Laboratories, Life Sciences Research, 

NZ 

Broad range kaleidoscope marker BioRad Laboratories, Life Sciences Research, 

NZ 

Polyvinylidene fluoride (PVDF) membrane BioRad Laboratories, Life Sciences Research, 

NZ 

Enhanced chemiluminescence (ECL) reagent Amersham Biosciences, UK 

Hyperfilm Amersham Biosciences, UK 

Hyperfilm cassettes Amersham Biosciences, UK 

Dulbecco’s modified eagle media (DMEM) Gibco, NZ 

Anti-biototic/anti-micotic mix Sigma, Australia 

Gentamycin Sigma, Australia 

Foetal bovine serum Gibco, NZ 

Water-soluble tetrazolium salt (WST)-1 Dojindo Molecular Technology, Japan 

1-methoxy-phenazinium methylsufate (PMS) Dojindo Molecular Technology, Japan 

Table 2.1 Materials and equipment and supplier information 
 

All organic compounds were purchased from BDH (NZ). All antibodies were purchased from 

Santa Cruz Biotechnology Inc, USA. Photographic supplies were from Kodak, NZ. ARL17477 

was a kind gift from AstraZeneca, Sweden. Murine RAW 264.7 macrophages were a kind gift 

from Associate Professor Glen Buchan (Department of Microbiology, University of Otago, 

Dunedin NZ). 
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2.2 HI Surgery  

2.2.1 Animals 

All procedures described in this thesis were carried out in accordance with the Guidelines on the 

Care and Use of Laboratory Animals set out by the University of Otago Animal Ethics 

Committee (modification of AEC#57/02).  Male Wistar rat-pups, aged post-natal day (PND) 26 

were sourced from the University of Otago Animal Facility, Dunedin New Zealand. Animals 

were housed five to a cage on a 12 h light/dark cycle and allowed water and food ad libitum.  

2.2.2 Induction of HI 

The surgical methods described here are adapted from those previously published by our group 

(Clarkson et al., 2004a; Clarkson et al., 2005a; Sutherland et al., 2005). The animals were 

anaesthetised with 2% halothane in O2, which was supplied and maintained through the use of a 

nose cone. Animals were positioned so that their ventral side was upmost and the throat area was 

shaved between the fore limbs extending up to the ears. The shaved area was then cleaned with 

0.5% hibitane in ethanol. A 5 mm vertical incision was made along the neckline of the animals, 

and the left common carotid artery was exposed.  The artery was separated from the vagus nerve, 

and connective tissue, and double ligated using 4.0 silk surgical sutures. The incision in the neck 

was then stapled and cleaned with hibitane. Once the wound had been closed, the animals were 

taken off the halothane and allowed to recover for a period of 2 h. The rats were then placed in a 

hypoxia chamber that was maintained at 34°C in order to maintain a normothermic 37.0±0.2°C 

core temperature, and constantly perfused with a humidified atmosphere of 8%O2 in N2 for 1 h to 

induce the hypoxia. The animals were then returned to normal housing conditions and left to 

recover. Animals were excluded from analysis if there was no evidence of a lesion upon sacrifice, 

as well as a complete absence of behavioural changes associated with HI surgery; such as weight 

loss following surgery, a tendency to twist the spine to the left and a droopiness of the left eyelid 

(ptosis). Animals that were sacrificed early to comply with ethical standards were also excluded 

from analysis. Three-days post-HI, animals were sacrificed by decapitation and the brains rapidly 

extracted for the assessment of histological and biochemical endpoints. 
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2.2.3 Blood Glucose and Body Temperature 

The effects that the surgery and/or the drug treatments had on blood glucose and body 

temperature were measured. Blood samples were obtained through a small tail vein prick across 

the 3-day period of treatment. In addition, a blood sample was also collected from the carotid 

artery at the time of sacrifice. Blood glucose measurements were obtained using an Accu-Check 

Advantage meter with Accu-Check Advantage II test strips. Body temperature was monitored 

using a rectal probe attached to the homeothermic control unit and assessed during the course of 

HI surgery and drug administration. 

  

2.2.4 Treatment Protocols 

Rats were randomly assigned, by drawing numbers out of a bag, into seven treatment groups: 

non-intervention controls, aspirin (4mg/kg intra-peritoneally (i.p.), nimesulide (12mg/kg i.p.), 

ARL17477 (3mg/kg i.p.), and saline (500µl i.p.) and polyvinylpyrrolidone (PVP; 500µl i.p.) as 

vehicle controls. The dose for nimesulide (12mg/kg) was chosen based on previous studies 

showing that 12mg/kg nimesulide was the most effective dose in a transient model of MCAO 

(Candelario-Jalil et al., 2004). The dose of 4mg/kg of aspirin was chosen as previous studies have 

shown that 4mg/kg of aspirin reduced inflammation in a model of vascular inflammation and 

atherosclerosis (Cyrus et al., 2002), there is also evidence that although aspirin is rapidly 

metabolised to salicyate, the COX inhibitory effect of a single-dose aspirin persists for more than 

six hours (Higgs et al., 1987) For aspirin and nimesulide treatment and their respective vehicle 

controls, animals were treated immediately following the induction of HI (approximately 2.5h 

after carotid ligation) and again once daily for two days post HI induction. Aspirin was made up 

in saline, while nimesulide (which is insoluble in water), was dissolved in a 2% solution of PVP 

in saline (Candelario-Jalil et al., 2004).   

 

For animals treated with the selective nNOS inhibitor, ARL17477, the dose of 3mg/kg had 

previously been shown to be effective in models of global (O'Neill et al., 2000) and focal 

ischaemia (Harukuni et al., 1999; O'Neill et al., 2000). ARL17477 was made up in saline and was 

dosed one hour before induction of HI and then again once daily for two days post HI induction. 

The study included 6-16 rats per group for histological analysis and 8 rats per group for 

biochemical analysis (total of 140 animals).  
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2.2.5 Preparation of Samples for Immunofluoresence 

The brain samples (n=4 HI treated animals, n=4 untreated controls) for immunohistochemistry 

were prepared by Dr Andrew Clarkson. Briefly, 3-days post-HI (see section 2.2.2 for description 

of HI procedure) animals were anaesthetised, and perfused transcardially with 0.1M phosphate 

buffer (pH 7.4) followed by 4% phosphate buffered paraformaldehyde (pH 7.4). The brains were 

then extracted from the skull and post fixed in 4% phosphate buffered paraformaldehyde for one 

hour at 4°C. The brains were then transferred into 30% phosphate buffered sucrose (which acts as 

a cryoprotective agent) and left at 4°C over night or until the tissue had sunk to the bottom of the 

tube. Once the brains had sunk, they could either be processed immediately or stored at -80°C 

until required. 

 

2.2.6 Preparation of Samples for Biochemical Analysis  

Rats randomised for the biochemical analysis were sacrificed by decapitation. The brains were 

removed and the cerebellum discarded. Left and right hemispheres were then separated and 

individually snap frozen in liquid N2 and subsequently stored at -80°C until required. 

 

2.2.7 Preparation and Collection of Plasma Samples for Biochemical Analysis 

Microcentrifuge tubes were coated with 5000 international units (IU)/mL of heparin sodium 

solution and stored at 4°C until required. Immediately following decapitation, the animal’s body 

was placed over a funnel and the blood drained into a heparinised microcentrifuge tube. The tube 

was then centrifuged at 4°C at 13000 g for 5 min and the supernatant (plasma) was removed by 

pipetting and placed into another labeled microcentrifuge tube and stored at -20°C until use. 

 

2.3 Histology   

2.3.1 2,3,5-triphenyltetrazolium chloride (TTC) Staining 

Histological assessment using TTC staining was performed as previously described (Bederson et 

al., 1986; Rahman et al., 2005). Animals for TTC staining were sacrificed 3-days post-HI 

induction by decapitation and the brains rapidly extracted. The brains were placed in ice-cold 

0.9% saline buffered with 20mM tris (tris buffered saline; TBS, pH 7.4) before being placed in a 

brain matrix, maintained on ice. One mm thick serial sections were cut throughout the brain and 
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the sections carefully placed into individual wells of a 12 well plate containing 1-2mL of 20mM 

TBS.  Once all sections had been cut, the buffer was then aspirated and replaced with 3% TTC in 

saline and the plates wrapped in foil to exclude light and left for a period of 25 min to allow 

sufficient colour development. Viable tissue appeared dark red in colour while the 

lesion/infarcted region remained a white colour. The TTC was subsequently aspirated and 

replaced with 10% neutral buffered formalin to preserve the tissue. The plates were then stored at 

4°C for 2 days, at which point the sections were then photographed and the lesion quantified as 

previously described (Rahman et al., 2005). 

 

2.3.2 Quantification of Lesioned Area and Volume 

All slices were photographed using a 60 mm lens and a Zeiss AxioCam HRc digital camera 

connected to a PC computer. Quantification of the lesioned area was done using Axiovision LE 

REL 4.4 software. First, the scale was calibrated using a fixed measurement on the photographs 

to convert pixels to mm. The whole circumference of each brain slice was measured, using the 

measure outline function and a 2D surface area in mm2 was calculated. A second circumference 

measurement of the same slice was made, this time excluding the lesioned portion and both 

calculated area values were entered into an Excel spreadsheet. The percentage of lesioned brain 

for each section was then calculated. Lesion volume for each animal was determined by plotting 

the raw lesioned area versus mm through brain and calculating the area under the curve (AUC) 

using GraphPad Prim 4. The individual AUCs were then averaged for each treatment to give 

mean and standard error of the mean (SEM).   

 

2.3.3 Preparation of Poly L-Lysine Coated Slides  

Plain frosted glass slides were immersed in poly L-lysine (1:10 dilution in distilled water) for 10 

min. Slides were then allowed to air-dry overnight before being wrapped in tin foil. All slides 

were pre-labeled with the animal number and section number in pencil. 

 

2.3.4 Preparation of Free Floating Brain Tissue for Immunofluoresence  

Both HI and control brains were coated in OCT embedding compound, mounted on a chock and 

sectioned using a Leica RM 2055 cryostat (Leica Instruments, Germany). Serial 40µm thick 
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sections were taken every 1mm throughout the brain where the main infarction occurred and 

floated in 50mM TBS (pH 7.4) in a 12 well plate.   

 

2.4 Immunofluoresence Labelling of COX-2 and iNOS  

Brain sections were washed three times in 50mM TBS (pH 7.4) for 5 min each. Sections were 

blocked with 2% normal donkey serum in 50mM TBS containing 0.1% Triton X 100 for 30 min. 

Sections were then incubated for 48 hr at 4°C with either COX-2 (goat anti-human) or with iNOS 

(rabbit anti-human) primary antibodies (1:100 dilution) in 50 mM TBS containing 0.1% bovine 

serum albumin (BSA), 0.1% Triton X 100 and 2% normal donkey serum (to block non-specific 

binding). After 48 hr the sections were washed three times in 50mM TBS and 0.1% Triton X 100 

for 5 min each, then incubated for 2 hr in donkey anti-goat or donkey anti-rabbit Alexa Fluor 568 

(Invitrogen) secondary antibodies (1:200 dilution) in 50mM TBS containing 0.1% Triton X 100 

and 2% normal donkey serum. Sections were then washed three times in 50mM TBS (5 min 

each) before being mounted on the pre-labeled poly-L-lysine coated slides and cover-slipped 

using Krebs-Hîenselet solution (25mM NaCO3, 118mM NaCl, 4.7mM KCl, 1.2mM MgSO4, 

1.2mM NaH2PO4, 1.2mM CaCl2; Krebs et al., 1932) and stored flat in the dark at 4°C until 

pictures were taken. All primary antibody concentrations were determined by decreasing the 

concentration by two fold i.e.: 1:50, 1:100, 1:200, 1:400, 1:800 until no staining was seen with a 

fixed concentration of secondary antibody, the same process was repeated with a fixed 

concentration of primary antibody and decreasing concentration of seconday antibody (1:100, 

1:200, 1:400) to determine to optimal concentration of secondary antibody. To control for non-

specific binding and autofluorescence of the tissues, isotype controls, as well as primary antibody 

omitted and secondary antibody omitted controls were run concurrently. Positive staining for both 

primary antibodies was confirmed in acetone-fixed, LPS-stimulated RAW 264.7 murine 

macrophages (see Section 2.8.1) mounted on poly-L-lysine coated slides. 

 

2.4.1 Double Immunofluoresence labelling  

For double immunofluoresence labeling, brain sections were washed three times in 50mM TBS 

(pH 7.4) for 5 min each. Sections were then blocked with 2% normal donkey serum in 50mM 

TBS containing 0.1% Triton X 100 for 30 min, followed by co-incubation for 48 h at 4°C with 

either rabbit anti-human iNOS or goat anti human COX-2 (1:100 dilution) and mouse anti-human 

NeuN (1:200 dilution; Invitrogen) primary antibodies in 50mM TBS containing 0.1% BSA, 0.1% 
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Triton X 100. After 48 h, the sections were washed three times in 50mM TBS and 0.1% Triton X 

100 for 5 min each, then co-incubated for 2 h in either donkey anti-goat or donkey anti-rabbit 

Alexa Fluor 568 and donkey anti-mouse Alexa Fluor 488 (Invitrogen) secondary antibodies 

(1:200 dilution) in 50mM TBS containing 0.1% triton X 100 and 2% normal donkey serum 

(Figure 2.1). Sections were then washed three times in 50mM TBS (5 min each) and mounted on 

poly-L-lysine coated slides and coverslipped using Krebs-Hîenselet solution (Krebs et al., 1932) 

and stored flat at 4°C in the dark until photographed. 

 

 

Figure 2.1 The principal of Double Immunofluoresence. 
Figure demonstrating how each primary and secondary antibody binds to their respective 
antigens and how the yellow colour for co-localisation occurs (From Dr Ian Appleton, used with 
permission). 
 

2.4.2 Imaging Immunofluoresence Staining 

Sections were imaged using a Zeiss AxioScope compound microscope with a mercury burner and 

a filter tree with excitation bandpass filters for 360/51, 485/17 and 560 and detecting emission at 

460, 520 and 600nm. The images were captured using a Zeiss AxioCam HRc digital camera 

connected to the microscope and a PC computer running Axiovision LE REL 4.4 software. 

2.5 Biochemical Assays   

2.5.1 Preparation of Samples 

Left and right brain hemispheres were homogenised in 10mL of 50 mM tris buffer containing the 

protease inhibitors (10µM leupeptin, 1µM pepstatin A and 1mM phenylmethylsufonyl fluoride) 

Antigen 1

Antigen 2

Tissue section

2nd primary antibody
goat anti-human COX-2

2nd secondary antibody
rabbit anti-goat TRITC conjugated

1st primary antibody
rabbit anti- human iNOS

1st secondary antibody
goat anti-rabbit FITC conjugated

Green Red

Double exposure yellow
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using a Polytron homogeniser (Kinematica PCU-2, Switzerland).  Samples were centrifuged at 

4°C, 300 g for five min to remove un-homogenised connective tissue and dura and 200µL 

samples of the resulting supernatant was aliquoted into 1.8 mL cryotubes and stored at -80°C 

until required. 

 

2.5.2 Protein Level Assay 

Protein concentrations for the homogenised brain samples were determined using the Bradford 

method (Bradford, 1976). The standard curve was constructed using BSA in ascending 

concentrations (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1mg/mL). Ten µL of neat sample or a 1:10 

dilution of the sample was pipetted in duplicate into a 96 well microtitre plate, a BSA standard 

was also pipetted in duplicate into the plate. To each well 200µL of filtered (Grade 1 filter paper) 

Bradford reagent (BioRad Laboratories, Life Sciences Research, NZ) was added. The plates were 

read at 595 nm using a spectrophotometric plate reader (SpectraMax Plus, Molecular Devices, 

USA) and results expressed as mg/mL protein. 

 

2.5.3 Alanine Aminotransferase (ALT) Assay 

Alanine aminotransferase (ALT) activity was measured in the plasma using a UV kinetic method 

(Wroblewski et al., 1956). Elevated serum ALT and bilirubin are an indication of hepatic toxicity 

and as both nimesulide and aspirin can have systemic adverse effects, monitoring ALT and 

bilirubin ensured that the treatments were not detrimental. The ALT activity assay kit (Eagle 

Diagnostics, Texas, USA) was used according to the manufacturer’s instructions. Briefly, the 

ALT reagent was made up in 15.5mLdistilled water to give a reagent mix containing 12mM "-

ketoglutarate, 400mM dL-alanine, 1200UL lactate dehydrogenase (LDH) and 0.2mM reduced 

NADH (pH 7.8). The reagent mix was incubated at 37°C in a shaking water bath for 5 min prior 

to use. To 100µL of plasma, 1mL of ALT reagent was added and incubated at 37°C for 2 min. 

The change in absorbance was measured using a spectrophotometer (SpectraMax Plus, Molecular 

Devices, USA) at 340 nm at 37°C over 3 min and recorded. ALT activity was calculated using 

the formula and expressed as IU/L:  

 

Change in absorbance X total reaction vol. * conversion of IU/mL to IU/L 

Light path in cm X mM absorptivity of NADH X plasma vol. 
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2.5.4 Total Bilirubin Assay 

The concentration of bilirubin in plasma was determined using a colourimetric assay (Eagle 

Diagnostics total bilirubin kit, Eagle Diagnostics, Texas, USA), following the manufacturer’s 

instructions. The principle of the assay was based on the compounds in the bilirubin reagent 

reacting with the bilirubin present in the sample, giving a coloured product. The amount of 

bilirubin within the sample is proportional to the intensity of the coloured product. By comparing 

the absorbance values of the samples to a known concentration of bilirubin (derived using a 

bilirubin calibrator provided with the kit), then the amount of bilirubin in the sample can be 

calculated. Briefly, a working solution of bilirubin reagent was prepared by adding 1 drop of 

activator solution (active ingredient 60mM sodium nitrite) to 3mL total bilirubin reagent (active 

ingredient 32mM sulfanilic acid). To 50!L of plasma, 1mL of working solution was added and 

allowed to stand for 90 sec in the dark. The sample was then read on a spectrophotometer 

(SpectraMax Plus, Molecular Devices, USA) at 540 nm. The amount of bilirubin in the sample 

was calculated against a known concentration of bilirubin (bilirubin calibrator 5.0mg/dL), using 

the formula and expressed as mg/dL: 

 

Sample concentration = Absorbance sample  * Calibrator concentration (5.0 mg/dL) 

   Absorbance calibrator 

 

2.5.5 11#PGF2!  Enzyme Immunoassay (EIA) Assay 

11!Prostaglandin F2" (11!PGF2"") production was measured using a colourimetric, competitive 

Enzyme Immunoassay (EIA) technique. 11!PGF2" EIA kits were used according to the 

manufacturer’s instructions. Briefly, 11!PGF2" standards or tissue homogenates were incubated, 

in duplicate, with a 11!PGF2" specific antibody and an acetylcholinesterase linked 11!PGF2" 

tracer in a goat polyclonal anti-mouse IgG coated 96 well plate at room temperature for 18 h. The 

wells were then washed using wash buffer and Ellman’s reagent was added and the plate was 

developed in the dark for 90 min. The plate was then read on a spectrophotometer (SpectraMax 

Plus, Molecular Devices, USA) at 412 nm and results expressed as pg 11!PGF2"/mg protein. 
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2.5.6 15(S)-HETE EIA Assay 

15(S)-Hydroxyeicosatetraenoic acid  production was measured using a colourimetric, competitive 

EIA technique. 15(S)-HETE EIA kits were used according to the manufacturer’s instructions. 

Briefly, 15(S)-HETE standards or tissue homogenates were incubated, in duplicate, with a 15(S)-

HETE specific antibody and an acetylcholinesterase linked 15(S)-HETE tracer in a goat 

polyclonal anti-mouse IgG coated 96 well plate at 4°C for 18 h. The wells were then washed 

using wash buffer and Ellman’s reagent was added and the plate was developed in the dark for 90 

min. The plate was then read on a spectrophotometer (SpectraMax Plus, Molecular Devices, 

USA) at 412 nm and results expressed as pg 15(S)-HETE/mg protein. 

 

2.5.7 Generation and Regeneration of the Dowex Column 

Dowex powder (mesh size 50x; Sigma, Australia) was initially suspended in 2L of 1M NaOH and 

stirred overnight. The next day the Dowex was allowed to settle and separate from the NaOH. 

The NaOH solution was decanted off and the Dowex washed in 2L of distilled H2O and the pH 

adjusted to 7.0 with HCl. The distilled water was then decanted and the Dowex was re-suspended 

in 800mL of stop buffer (20mM N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid] 

(HEPES), 1mM ethylene-diamine-tetra acetic acid (EDTA) and 1mM ethylene glycol-bis(!-

aminoethylether)-N,N,N’,N’tetraacetic acid (EGTA); pH 5.5) and stored at 4°C until required. 

  

Dowex viability was tested to determine how effectively the Dowex bound free [3H] L-arginine. 

A solution of [3H] L-arginine in 100µM L-arginine (ratio of 1:1003) was made and 10µL of [3H] 

L-arginine solution and 90µL distilled H2O, were added to two Kimble tubes. To one of these 

tubes, designated the blank, an extra 1mL of distilled H2O and 1mL of Dowex were added and 

the tube vortexed. To the other tube, designated the total, an extra 2mL distilled H2O was added 

and the tube vortexed. One mL from each tube was transferred to their respective scintillation 

vials containing 4mL scintillation fluid and read using a Beckman Coulter scintillation counter 

(Beckmann, Ca, USA).  If the blank value was greater than 15% of the total value the Dowex was 

considered to not have effectively bound the  [3H] L-arginine and needed to be degenerated and 

regenerated. 

 

To degenerate and regenerate the Dowex, it was suspended in stop buffer on a magnetic stirrer. 

When the Dowex was completely re-suspended it was allowed to settle and the stop buffer was 
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removed, until the Dowex was dry. Then, 2L of 1M HCl was added to re-suspend the Dowex and 

stirred for 6 h. After stirring, the Dowex was allowed to settle and the HCl was removed and 

replaced with 2L of distilled H2O to wash the Dowex for 45 min. The distilled H2O was removed 

and the Dowex washed a further 4 times in distilled H2O. Following these washes, 2L of distilled 

H2O was added to the Dowex and, while stirring, the pH was adjusted to 7.0 with NaOH. The 

NaOH and distilled H2O were removed and 2L of 1M NaOH was added to the Dowex and stirred 

for 6 h. After the NaOH was removed 2L of 1M HCl was added and stirred for 6 h, then the HCl 

was removed and the Dowex was washed 5 times in distilled H2O, as previously described. After 

the final wash, 2L of distilled H2O was added to the Dowex and, while stirring, the pH was 

adjusted to 7.0 with HCl.  The distilled H2O was decanted and 800mL of stop buffer was used to 

re-suspend the Dowex and the viability was tested as described previously. 

 

2.5.8 NOS Assay 

NOS activity was determined as previously described (Vane et al., 1994). The NOS assay is 

based on an enzyme limited reaction with all other components in excess. In this case, there is an 

excess of L-arginine, the substrate for the NOS enzyme; and all the co-factors required for the 

enzyme to work, the limiting step in the reaction is the amount of functional NOS enzyme. Tissue 

homogenates containing the NOS enzyme were incubated (30 min) with the substrate and co-

factors and the reaction stopped by denaturing the enzyme through ion chelation. Any residual 

un-metabolised [3H] L-arginine was chelated using a Dowex column, allowing the labeled end-

product of the NOS reaction [3H] L-citrulline to be measured using a scintillation counter and the 

activity of the NOS enzyme could be calculated from this. Thirty µL of homogenates were 

incubated for 30 min at 37°C in 50mM tris (pH 7.4), containing NADPH (1mM), calmodulin 

(30nM), tetrahydrobiopterin (5µM), CaCl2 (2mM), L-valine (50mM) and the substrate (a 1:1003 

mixture of 24.4µM [3H] L-arginine and 100 µM unlabeled L-arginine giving a final radioactive 

concentration of 41Ci/mmol), with a total volume of 70µL added to the homogenate.  To assess 

the contribution of iNOS (calcium-independent) from total NOS (calcium-dependent and calcium 

independent), duplicate samples were subjected to the above but in the absence of CaCl2 and 

presence of 1mM EGTA.  Following the incubation, the reaction was stopped by the addition of 

1mL ice-cold stop buffer (20mM HEPES with 1mM EDTA and 1mM EGTA; pH 5.5).  The 

newly formed [3H] L-citrulline was separated from [3H] L-arginine by passing the mix over the 

pre-activated Dowex (mesh size 50x) chromatographic column and 1 mL of the supernatant was 

removed for counting. Four mL scintillation fluid was then added and radioactivity was measured 
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using a Beckman Coulter multi-purpose scintillation counter (Beckmann, Ca, USA) and the 

results expressed as pmol [3H] L-citrulline/30min/mg protein.  

 

2.5.9 Nitrite Assay (Griess Reaction)  

The nitrite assay (Griess reaction) is a colourimetric assay; allowing the absorbance of the 

coloured end product (usually a vivid pink/red) to be measured using a spectrophotometer and the 

absorbance values obtained for the samples can then be converted into a concentration of nitrite 

by the use of known nitrite standards. All the reagents and standards have to be prepared in 

nitrite-free or high performance liquid chromatography (HPLC) grade solutions to prevent trace 

amounts of nitrites from contaminating the assay. Ten g of sulfanilamide is dissolved in 50mL of 

nitrite free H3PO4 and made up to 1L with HPLC grade water to give a final concentration of 

10g/L. One g/L of napthylethylenediamine was prepared in HPLC grade water; a 1:1 mixture of 

the two solutions was then prepared.  One hundred µL of the mixture of the two solutions was 

added to 100 µL of the homogenate sample or nitrite standards (0, 0.5, 1, 5, 10, 25, 50, 100µM) 

and the absorbance read on a spectrophotometer (SpectraMax Plus, Molecular Devices, USA) at 

560 nm. Results are expressed as µM nitrite/mg protein. 

 

2.5.10 Arginase Assay  

The arginase assay was performed as previously described (Jude et al., 1999). The arginase assay 

is based on the enzymatic conversion of L-arginine to urea by the arginase enzyme. Briefly, 

MnCl2 was used to prevent competition for the substrate by the NOS enzyme, then the enzyme 

was incubated with L-arginine, the substrate, for 1 h. The reaction was stopped using an H2SO4 

H3PO4 acid solution in H2O (1:3:7 mix) to denature the proteins and isonitrosopropiopheanone in 

ethanol was added because it reacts with urea to form a coloured product. The relative intensity of 

the coloured product was measured using a spectrophotometer and the absorbance values 

obtained for the samples can then be converted into a concentration of urea by the use of known 

urea standards. To each 50 µL of brain homogenate, 50µL of 10mM MnCl2 in 50mM tris HCl, 

pH 7.5, was added and incubated at 55°C for 10 min.  Then 25µL of the brain homogenate-10 

mM MnCl2 mixture was aliquoted out, and a 25µL 1:10 dilution of the brain homogenate-10mM 

MnCl2 mixture was also prepared.  L-arginine (0.5M; pH 9.7) was added to both the neat, and 

1:10 dilution, of the samples and these were incubated at 37°C for 1 h. The reaction was stopped 
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by adding 400µL of an acid mix containing H2SO4, H3PO4 and H2O (ratio 1:3:7). Twenty-five µL 

9% isonitrosopropiopheanone in ethanol was then added and the samples heated for 45 min at 

100°C, then removed and left in the dark for a further 10 min to allow colour development.  Two 

hundred µL of the neat sample and the 1:10 dilution were pipetted in duplicate into a 96 well 

microtitre plate (Falcon). Urea standards (0, 5, 10, 15, 20, 25, 50µg/mL) also had 400µL acid mix 

and 25µL 9% isonitrosopropiopheanone in ethanol added and were heated for 45 min at 100°C, 

then left in the dark for a further 10 min. Two hundred µL of the standards were also added to the 

plates in duplicate. The amount of urea was measured using a spectrophotometer (SpectraMax 

Plus, Molecular Devices, USA) set to 540 nm and the results are expressed as µg urea /mg 

protein. 

 

2.5.11 COX Assay 

The COX assay works on the principle that in the presence of excess AA the limiting step in the 

production of PGE2 by COX metabolism of AA is the amount of working COX enzyme. Excess 

AA was incubated with samples containing an unknown amount of COX enzyme, both COX-1 

and COX-2, for a set period of time (30 min). After this, the reaction was stopped and the amount 

of PGE2 produced was measured through a competitive radioimmunoassay. [3H]PGE2 and anti-

PGE2 were added to the samples and [3H]PGE2 competed with the unlabeled PGE2 in the samples 

for binding with the PGE2 antibody. The unbound PGE2 was sequestered by dextran-coated 

charcoal. The exact concentration of PGE2 in the samples was calculated by comparing the 

unknown samples to a set of PGE2 standards. In 1.8mL microcentrifuge tubes, 50µL of brain 

homogenate was added to 450µL of 30µM AA and incubated at 37°C for 30 min. The reaction 

was stopped by incubating at 100°C for 10 min then centrifuging at 10000g at 4°C for 30 min. 

One hundred µL of the supernatant was removed and added to 500µL of anti-PGE2 in 0.01 M 

PBS (pH 7.4) with 0.1% BSA and 0.1% sodium azide, this was incubated for 1 h at 4°C. Five 

hundred µL of the anti-PGE2 solution was added to the PGE2 standards (10, 5, 2.5, 1.25, 0.625, 

0.3125, 0.15625, 0.078125, 0 ng/mL PGE2) and these were also incubated for 1 h at 4°C. Then 

100µL of [3H]PGE2 in 0.1M PBS (pH 7.4) with 1% BSA and 1% sodium azide (concentration of 

[3H]PGE2 0.5µM at 187Ci/mmol) was added to the samples or standard and incubated for a 

further 30 min at  4°C. Two hundred µL of ice-cold 0.1% dextran coated 1% activated charcoal in 

0.1M PBS (pH 7.4) with 1% BSA and 1% sodium azide was added to the samples and standards, 

and incubated for 10 min on ice. The tubes were then centrifuged at 2000g for 15 min at 4°C. Six 
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hundred µL of the supernatant was removed and placed in scintillation vials. Four mL of 

scintillation fluid was added to each tube and the tubes vortexed before being counted in a liquid 

scintillation counter (Beckmann, Ca, USA). Results are expressed as ng PGE2/min/mg protein. 

2.6 Gel Electrophoresis and Western Blotting   

2.6.1 Preparation of Samples  

Protein concentrations of the brain homogenates were determined using the Bradford method 

(Bradford, 1976; Section 2.5.2). Samples were then diluted to a protein concentration of 2 

mg/mL, with 500mM TBS.  The samples were further diluted with 1.5M Tris HCl (pH 6.8) 

sample loading buffer containing: 20% sodium dodecyl sulfate (SDS), 50% glycerol, 200 mM 

EDTA, neat !-mercaptoethanol and 1% bromophenol blue to give a final protein concentration of 

1 mg/mL. Samples were then boiled at 100°C for 5 min and stored at 4°C until use. 

 

2.6.2 Gel Electrophoresis  

Proteins of interest in brain homogenates were separated by molecular weight using an SDS-

PAGE gel electrophoresis system as previously described (Laemmli, 1970). A 10% resolving gel 

solution containing: 1.5M tris buffer (pH 8.8), 1:29 bis acrylamide, 20% SDS and 50% glycerol 

in distilled water was made up and degassed prior to use. Glass plates with 0.75 mm spacers and 

short glass plates were cleaned with methanol and clamped together. Ten percent ammonium 

persulfate (APS) and neat N,N,N’N’tetramethylene diamine (TEMED) were added to the 

resolving gel solution and the gel carefully pipetted between the two plates and allowed to set.  

The surface of the gel was smoothed with methanol. Ten% APS and neat TEMED were then 

added to a stacking gel solution (1.5M Tris buffer (pH 6.8), 1:29 bis acrylamide and 20% SDS in 

distilled water) and the gel carefully pipetted on top of the resolving gel and a 15-well comb was 

inserted. The gel was allowed to set. The gels were then clamped into the electrode assembly 

(mini protean III system, BioRad Laboratories, Life Sciences Research, NZ) and placed into the 

chambers that were then filled with running buffer (120mM Tris base, 969mM glycine, 12mM 

SDS). The combs were removed and 4µL of a broad range kaleidoscope markers or 10µL 

prepared sample were pipetted into each well (Figure 2.2). 
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Figure 2.2 Diagram showing Gel Loading for Electrophoresis 
Figure demonstrating how each gel was loaded for electrophoresis. All gels were loaded with a 

molecular weight marker then the left hemisphere samples, in the order non-intervention control, 
HI+saline, HI+PVP, HI+aspirin and HI+nimesulide (denoted as Nimes in the figure) and then 

the right hemisphere samples in the same order as the left hemisphere. 
 

The electrode assembly was attached to a power pack 1000 (BioRad Laboratories, Life Sciences 

Research, NZ), the voltage was set to 90 V and the power pack turned on for 15 min to allow the 

samples to run through the stacking gel.  The power pack was then reset to 120V and the samples 

were run through the resolving gel for a further 1 to 2 h, until the marker bands had separated and 

the dye front had reached the bottom of the gel. 

 

2.6.3 Transfer of Proteins to Polyvinylidene Fluoride membrane (PVDF) Membrane 

While the gels were running, the PVDF membrane was cut to size and soaked in methanol for 1 

min, then in transfer buffer (25mM tris HCl, 192mM glycine, 20% v/v methanol) for a minimum 

of 5 min.  Nylon pads and blotting paper were also soaked in transfer buffer. When the gels had 

finished running, the glass plates containing the gels were removed from the electrode assembly.  

The glass plates were carefully separated and the stacking gel discarded.  The resolving gel was 

carefully laid on a piece of filter paper and a piece of PVDF membrane was laid over the gel, 

ensuring there were no air bubbles.  This was then covered with another piece of filter paper.  The 

filter papers containing the gel and the membrane were placed between two nylon pads and 

encased in a transblot cassette. The cassette was placed in a transblot box with a magnetic stirrer 

and a cooling coil and attached to the power pack.  The transfer was carried out at 90 V for 1 h. 

 

2.6.4 Western Blotting 

Following transfer of the proteins to the PVDF membrane, non-specific protein binding was 

blocked for 2 h with 1% non-fat milk powder (Pams, Auckland, New Zealand) and 0.1% BSA in 

50 mM TBS with 0.1% Tween 20 (TTBS) at room temperature. Membranes were then incubated 

Marker

Left Hemisphere Samples Right Hemisphere Samples

Control    Saline PVP     Aspirin   Nimes Control    Saline PVP     Aspirin   Nimes



  Chapter 2: MATERIALS AND METHODS 

  57 

overnight with primary antibody (goat anti-human COX-1 and COX-2 1:1000, rabbit anti-human 

iNOS, nNOS and eNOS 1:1000 or mouse anti-human !-actin 1:1000) at 4°C as previously 

described (Kapoor et al., 2007; Kapoor et al., 2006).  The primary antibody was diluted with 

0.1% non-fat milk powder and 0.1% BSA in TTBS. Membranes were washed in 50mM TTBS 

and incubated with horseradish peroxidase (HRP) conjugated secondary antibody (rabbit anti-

goat, goat anti-rabbit or donkey anti-mouse) in 50mM TTBS (dilution 1:3000) for 2 h at room 

temperature. Membranes were washed with 50mM TTBS, and then with 50mM TBS 2 times for 

5 min.  Membranes were then immersed in enhanced chemiluminescence (ECL) reagent for 1 

min.  Membranes were dried and placed between two sheets of cling film and taped into the 

hyperfilm cassette.  Membranes were exposed to hyperfilm ECL (Amersham, UK) and the film 

developed using standard photographic techniques. Briefly, once the film had been exposed to the 

membrane it was removed from the cassette under safe-light conditions (within a darkroom) and 

was submerged in developer solution (Kodak photographic supplies, Kodak NZ), made up as per 

the manufacturer’s directions. After one minute the film was briefly submerged in stop solution 

(Kodak photographic supplies, Kodak NZ) to stop the reaction before being submerged in fixative 

(Kodak photographic supplies, Kodak NZ) then rinsed in running tap water and dried before 

being analysed. 

 

2.6.5 Analysis of Western Blots  

After the films were developed they were scanned using a GS 710 calibrated densitometer 

(BioRad Laboratories, Life Sciences Research, NZ). The densities of the bands at the correct 

molecular weight for the protein of interest were determined using Quantity One 1-D analysis 

software (BioRad Laboratories, Life Sciences Research, NZ). The bands of interest and a 

matched background area of the same size were measured and recorded. For each band the 

background density value was subtracted from the total density to give the adjusted band density. 

The adjusted band density for the antibodies of interest was then normalised to the adjusted band 

density of the matched !-actin loading controls. Normalised data from four membranes that had 

been labeled for each of the antibodies and developed at the same time were combined for 

analysis and results are expressed in optical density (OD) units, relative to !-actin. Representative 

gel images were, post-analysis, processed in Adobe Photoshop to improve contrast between the 

bands and the background. This processing had no effect on the data collected as it occurred after 

the analysis had been done. 
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2.7 Mitochondrial Energetics  

Prior to performing complexes I, II-III, IV and V, citrate synthase and aconitase assays, 

mitochondrial tissue samples were isolated for the assays as previously described (Clarkson et al., 

2004a). Left and right brain hemispheres were individually homogenized as previously described 

(Section 2.5.1) and subsequently freeze-thawed in liquid N2 three times to ensure complete 

mitochondrial lysis. The protein concentrations of the samples were then determined using the 

Bradford assay (Bradford, 1976). Samples were then diluted to 1mg/mL using mitochondrial 

isolation buffer (10mM tris HCl with 320 mM sucrose and 1mM K+EDTA, pH 7.4) and stored at 

-80°C until use. All experiments were conducted in 96 well flat-bottomed plates.  

 

2.7.1 Mitochondrial Complex I Assay  

Complex I activity was measured as previously described (Sammut et al., 2001). Complex I is 

responsible for the oxidation of NADH through the transfer of electrons from NADH via complex 

I to ubiquinone (CoQ1) which is then reduced to ubiquinol. The complex I assay measures the 

kinetic rate of ubiquinol production in the absence and presence of rotenone, which inhibits 

NADH. Two hundred and fifty !L of the reaction mixture (25mM phosphate buffer pH 7.2 with: 

0.2mM NADH, 10mM MgCl2, 1mM potassium cyanide (KCN), 2.5mg BSA) was added to each 

well containing 10!L of lysed tissue sample (Section 2.7).  The reaction was initiated by the 

addition of 50!M ubiquinone and the kinetic rate read on a spectrophotometer (SpectraMax Plus, 

Molecular Devices, USA) at 340 nm for 5 min. Rotenone (0.5mM) was then added and the 

inhibited rate was measured for a further 5 min. Results for the rotenone sensitive inhibited rate 

are expressed as nmol/min/mg protein. 

 

2.7.2 Mitochondrial Complex II-III Assay  

Complex II-III activity was measured as previously described (Sammut et al., 2001). Complex II 

is responsible for the oxidation of succinate. Electrons are then transported from complex II by 

CoQ, reducing it to ubiquinol, to complex III. The complex II-III assay measures the kinetic rate 

of cytochrome c reduction in the absence and presence antimycin A, an inhibitor of complex II-

III. Two hundred and fifty !L of the reaction mixture (100mM phosphate buffer (pH 7.4) with 

0.3mM K+EDTA, 1mM KCN and 100!M cytochrome c) was added to each well containing 10 

!L of lysed tissue sample (Section 2.7). The reaction was initiated by the addition of 1 mM 
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succinate to each well, and the kinetics read on a spectrophotometer (SpectraMax Plus, Molecular 

Devices, USA) at 550 nm at 30°C for 5 min. Two mg/mL antimycin A was added and the 

inhibited rate read for another 5 min.  Results for the antimycin A inhibited rate are expressed as 

nmol /min/mg protein. 

 

2.7.3 Mitochondrial Complex IV Assay  

Complex IV activity was measured as previously described (Sammut et al., 2001). Complex IV 

assay measures the oxidation of reduced cytochrome c by cytochrome oxidase. Complex IV 

activity is dependent on cytochrome c concentration. Reduced cytochrome c was prepared by 

adding 1-2 crystals of ascorbate to oxidized cytochrome-c in water and residual ascorbate 

removed from the reduced cytochrome c using a PD10 gel filtration column (Pharmacia, USA). 

The reaction mixture contained 10mM phosphate buffer pH 7.0, 50!M reduced cytochrome c and 

1mM K3FeCN6 in a final volume of 260µL of the reaction mixture.   

 

The reaction was initiated by the addition of 12µL of lysed tissue sample (Section 2.7). The first-

order rate constant (k) was calculated as the difference between the natural logarithms of the 

absorbance at t=0 and at three time points 1, 2, and 3 min following addition of mitochondrial 

protein (tissue homogenate) at 550 nm using a 96 well plate reader (SpectraMax Plus, Molecular 

Devices, USA). The mean of these values (k) was taken and the activity expressed as k/min/mg 

protein.  

 

2.7.4 Mitochondrial Complex V Assay  

Complex V activity was measured as previously described (Sammut et al., 2001). The complex V 

assay measures the mitochondrial ATPase activity in the absence and presence of oligomycin, 

which inhibits mitochondrial ATPase activity. Two hundred and twenty five !L of the reaction 

mixture (100 mM Tris buffer (pH 8.0) with 5mM PEP, 1mM KCN, 100mM KCl, 0.3mM NADH, 

6 mM MgCl2, 10 !M rotenone, 25U LDH and 25 U of pyruvate kinase) was added to 10!L of 

lysed tissue sample (Section 2.7).  The reaction was initiated by the addition of 300mM ATP and 

read on a spectrophotometer (SpectraMax Plus, Molecular Devices, USA) at 340nm at 30°C for 5 

min.  Then 100!g/mL oligomycin (in ethanol) was added and the inhibited rate read again for 5 

min.  Results for the oligomycin inhibited rate are expressed as nmol /min/mg protein. 

 



  Chapter 2: MATERIALS AND METHODS 

  60 

2.7.5 Citrate Synthase Assay  

Citrate synthase activity was measured as previously described (Sammut et al., 2001). The citrate 

synthase enzyme catalyses the condensation of oxaloacetate and acetyl-CoA to form citryl-CoA 

and free CoA. This assay is a measure of mitochondria membrane integrity. The citrate synthase 

assay measured the kinetic reaction of free CoA with 5,5’ dithio-bis 2-nitrobenzoic acid upon the 

addition of oxaloacetate over a set time. Two hundred and fifty !L of the reaction mixture 

(100mM tris buffer (pH 8.0) with 0.1mM acetyl-CoA, 0.2mM 5,5’ dithio-bis 2-nitrobenzoic acid, 

0.1% (v/v) Triton X 100) was added to each well containing 10!L of lysed tissue sample (Section 

2.7). The reaction was initiated by the addition of 20mM oxaloacetate and read on a 

spectrophotometer (SpectraMax Plus, Molecular Devices, USA) at 412nm at 30°C for 10 min.  

Results are expressed as nmol/min/mg protein. 

 

2.7.6 Aconitase Assay   

The aconitase assay catalyzes the reversible isomerization of citrate to isocitrate, via an aconitate 

intermediate. Exposure to oxidants results in inactivates of the aconitase enzyme, therefore, loss 

of aconitase activity can be used as a measure of oxidative damage. This assay measures the rate 

of production of aconitate by aconitase from isocitrate and compares it to the inhibited rate, 

measured in the presence of the citrate analog, fluorocitrate. The reaction mixture was 240!l of 

120mM tris base (pH 8.0) and 10!l of lysed tissue homogenate (Section 2.7). The reaction was 

initiated following the addition of 20mM isocitrate (tri-sodium salt) and read for 5 min at 240 nm 

using a 96 well plate reader (SpectraMax Plus, Molecular Devices, USA). The inhibited rate was 

then measured in the presence of 11 mM fluorocitrate for a further 10 min. Results are expressed 

as nmol product generated/min/mg protein. 

 

2.8 Cell Culture 

2.8.1 Establishment and Maintenance of RAW 264.7 Macrophage Cell Line  

RAW 264.7 murine macrophages (gifted by Assoc. Prof. Glen Buchan, Microbiology, University 

of Otago, Dunedin NZ) were grown in Dulbecco’s modified eagle media (DMEM; Gibco, NZ) 

supplemented with 10% foetal bovine serum (Gibco, NZ) and enriched with antibiotic/antimicotic 

mix and gentamycin. Cells were incubated at 36°C with 5% CO2. Cells were grown to confluence 

in T75 flasks, passaged and plated into 96 well plates at a seeding density of 1x104 cells per well.  
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When the plates were 90-95% confluent the media was removed and replaced with 200µL media 

containing 10µg/mL LPS and increasing concentrations of aspirin, nimesulide, indomethacin, 

piroxicam, celecoxib, diclofenac, and paracetamol ranging from 1x10-12M to 1x10-5M. The cells 

were incubated in the presence of 10µg/mL LPS with or without the drugs for 18 h. One hundred 

µL of the media was then removed and the nitrite assay performed as previously described 

(Section 2.5.9). 

 

2.8.2 WST-1 Cell Viability  

Ten mM WST-1 (Dojindo Molecular Technology, Japan) and 10µM 1-methyoxy-PMS (Dojindo 

Molecular Technology, Japan) were prepared in 10 mM PBS. Once 100µL of the supernatant 

from each well had been removed for the nitrite assay 10µL of the WST-1/PMS solution was 

added to each well. The plate was then incubated for 2 hours at 36°C with 5% CO2. Each plate 

was then shaken for 1 min and read on a spectrophotometer (SpectraMax Plus, Molecular 

Devices, USA) at 450 nm. The wells containing only cells and media were taken as being 100% 

cell viability controls and all others were expressed as a percentage of these wells. To calculate 

the nitrite concentration per percentage of viable cells, the nitrite value for each well was divided 

by the corresponding percentage of viable cells for each specific well. These results were then 

averaged and the results expressed as µM nitrite/viable cell.  

 

2.9 Statistical Analysis   

The analysis of the histological data was performed with assistance from Andrew Gray 

(Department of Social and Preventative Medicine, University of Otago, Dunedin) due to the 

complex nature of analysis required. Briefly, total brain and total infarction areas were calculated 

for each treatment with input of missing values using the mean adjacent values (iteratively where 

necessary) and the total percent area of infarct was calculated from this. To adjust for the 

presence of 0 residuals and skewed data, the data was transformed by adding one to each data 

value before undergoing a natural log transformation. From this, a one-way analysis of variance 

(ANOVA) examining the differences in log-transformed areas/percentages was used.  Data was 

collapsed down to subject-level summary measures as there was insufficient data for a repeated 

measures analysis of segment*treatment interactions. A P value of <0.05 was considered 

statistically significant. Data are presented as mean ± standard error of the mean (SEM) for each 
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section and graphed using Prism version 4 for Windows, (GraphPad Software, CA, USA) 

software. For the biochemical analysis, data was analysed using GraphPad Instat 3 (GraphPad 

Software, CA, USA). Data are presented as mean ± SEM for each treatment and hemisphere and 

graphed using Graphpad Prism 4 software. A one-way ANOVA was performed and a Bonferonni 

post-hoc test was only performed when the ANOVA showed statistical significance. Guissan’s 

distribution and data normalcy were also tested.  
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3.1 Introduction 

One of the critical events associated with ischaemic brain damage is the inflammatory response. 

Inflammation, as a consequence of ischaemia, leads to elevated levels of pro-inflammatory 

cytokines and chemokines and hyperthermia and oedema (del Zoppo et al., 2001). Several HI and 

MCAO studies have shown increased expression of COX-2, iNOS and nNOS mRNA and protein 

levels following ischaemia (Blomgren et al., 2006; Bolanos et al., 1999; Huang et al., 1996a; 

Lacza et al., 2001; Moro et al., 2004; Nogawa et al., 1997; Planas et al., 1995; Sasaki et al., 

2003; van den Tweel et al., 2005; Yokota et al., 2003; Zanelli et al., 2006; Zhang et al., 1996). 

We have previously established a model of HI-induced brain damage and shown that HI 

modulates NOS and arginase pathways and triggers an increase in circulating pro-inflammatory 

cytokines (Clarkson et al., 2004a; Clarkson et al., 2005a; Clarkson et al., 2007b; Sutherland et 

al., 2005). However, before we can determine the mechanisms of action associated with 

therapeutic interventions that provide neuroprotection we must first investigate what effects HI 

alone is having on the brain. By doing this we can better select treatments that target the 

pathophysiology of HI. 

 

In this study we sought to determine the cellular distribution of COX-2 and iNOS following HI. 

In addition, the present study assessed the effects of HI on total COX activity, 15-HETE and 

11!PGF2" levels as well as on total NOS, iNOS, and arginase activity.  

 

3.2 Results: Effect of HI surgery 

Animals that have undergone HI surgery can be observed for physical deficits. That is, animals 

that had undergone HI treatment were more prone to seizures and had pronounced physical 

deficits, a tendency to twist the spine to the left and a droopiness of the left eyelid (ptosis), 

compared to non-intervention controls. Three days following HI surgery the animals had 

developed a pronounced lesion in the left hemisphere that can be visualized using TTC staining 

(Figure 3.1). Overall the premature mortality rate was 8.6%. Premature mortality was due to 

animals either not surviving to three days following surgery or who had be culled early for 

humane reasons. Out of the remaining animals there was also an 8.4% surgical failure rate, 

animals that did not exhibit either physical characteristics or had no lesion present upon sacrifice. 

In both cases these animals were excluded from any further analysis. 
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Figure 3.1 Normal and HI Treated Animal Brain Sections.  
Representative photomicrograph of TTC stained brain sections from normal (A) and HI treated 

(B) animals. The section is taken 4 mm from the frontal pole of the brain, 3-days following 
surgery. The red stain indicates metabolically active / healthy tissue; the lesion area (indicated 

by arrows) is white in colour due to the brain being metabolically inactive. 
 

3.3 Results: Immunohistochemistry 

3.3.1 Distribution of COX-2 and iNOS Following HI 

Both COX-2 and iNOS positive cells can be seen infiltrating the peri-infarct region 3-days 

following HI (Figure 3.2). As illustrated in Figure 3.2, iNOS and COX-2 positive cells 

accumulate close to the border of the infarct. As also shown, only a few positive cells can be seen 

further into the infarct as this tissue is most likely necrotic at 3-days following HI. It can also be 

seen that there are fewer immunoreactive cells towards the midline of the brain, similar to what 

was seen with both COX-2 and iNOS cell distribution in both the striatum and white matter. 

 

3.3.2 Spatial Distribution of COX-2 Following HI 

As shown in figure 3.3 (A-C) there were a large number of COX-2 positive cells in the peri-

infarct region following HI. It can also be seen that most of these cells are not neurons due to the 

lack of co-localisation with the neuronal marker, NeuN. In addition, positive immunoreactivity 

for COX-2 can be seen in both the striatum (Figure 3.3 D-F) and white matter (Figure 3.3 G-I); 

although not as many positive cells were detected as compared to the peri-infarct region. Almost 

none of the COX-2 expressing cells in these two brain regions were neuronal cells, as determined 

by the lack of co-localisation with NeuN.  
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Figure 3.2 Representative Photomicrographs of iNOS and COX-2 Immunolabelling 
in the peri-infarct region of HI Treated Animals.  

Immunohistochemical labelling of iNOS (A and B) and COX-2 (C and D) in the peri-infarct 
region 3-days following HI. The white line on the left-hand images (A and C) delineates the edge 
of the infarction and the white box indicates the area of interest seen at a higher magnification in 
images B and D. A large number of both iNOS and COX-2 positive cells have accumulated close 

to the border of the infarct. Scale bar (A and C) = 1 mm, scale bar (B and D) = 100!m. 
 

3.3.3 Spatial Distribution of iNOS Following HI 

Following HI a large number of iNOS positive cells were detected within the peri-infarct region 

(Figure 3.4 A-C). Some of these iNOS expressing cells were neurons, as illustrated by the co-

localisation with NeuN. Similar to the pattern of COX-2 expression, there were a reduced number 

of iNOS positive cells within the ipsilateral striatum and these were exclusively non-neuronal in 

origin (Figure 3.4 D-F). There appeared to be more iNOS expressing cells within the white matter 

(Figure 3.4 G-I) compared to those expressing COX-2, although this appeared markedly less than 
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in the peri-infarct region. These iNOS expressing cells were almost exclusively not neurons as 

determined by the lack of co-localisation with NeuN. 

 

 

Figure 3.3 Representative Photomicrographs of COX-2 and NeuN Immunolabelling 
in HI Treated Animals 

Immunohistochemical labelling of COX-2 (Panels A, D & G; in red) and NeuN (Panels B, E & 
H; in green) in the peri-infarct region (A-C) the ipsilateral white matter (D-F) and ipsilateral 

striatum (G-I) 3-days following HI. The merged image (Panels C, F & I) indicates that there is a 
degree of co-localisation between COX-2 and NeuN however; the majority of COX-2 positive 
cells are not neurons. The asterisk in panels D-F indicates the Corpus Collosum. Scale bar = 

100!m. 
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Figure 3.4 Representative Photomicrographs of iNOS and NeuN Immunolabelling 
in HI Treated Animals  

Immunohistochemical labelling of iNOS (Panels A, D & G; in red) and NeuN (Panels B, E & H; 
in green) in the peri-infarct region (A-C) the ipsilateral white matter (D-F) and ipsilateral 

striatum (G-I) 3-days following HI. The merged image (Panels C, F & I) indicates that there is 
some co-localisation of iNOS and NeuN (as indicated by the arrow in panel C) however, the 

majority of iNOS positive cells are not neurons. The asterisk in panels D-F indicates the Corpus 
Collosum. Scale bar = 100!m. 

 

3.4 Results: COX Activity 

Three days following HI there was a significant (P=0.0027) increase in COX activity in the 

ipsilateral (left) hemisphere (0.55±0.12pg PGE2/min/mg; n=8; Figure 3.5) compared to non-

intervention controls (0.12±0.03pg PGE2/min/mg; n=9). There was also a small increase in COX 

activity following HI in the contralateral hemisphere (0.16±0.04pg PGE2/min/mg; n=14) 

compared to non-intervention controls (0.12±0.03pg PGE2/min/mg; n=9); however, this did not 

reach significance (P=0.471). 
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Figure 3.5 COX Activity 3-days following HI in the Left (A) and Right (B) 
Hemispheres 

COX activities ipsilateral (A) and contralateral (B) to an HI insult were investigated for non-
intervention control (black bars) and HI (white bars). Assessment was carried out 3-days post-

HI. Values represent the mean ± SEM for n=9 control ipsilateral and contralateral, n=8 HI 
ipsilateral and n=14 HI contralateral animals. ** P<0.01 compared to non-intervention 

controls. 
 

3.4.1 11#PGF2! Levels 

There was a significant (P=0.0125) increase in 11!PGF2" levels (5.22±0.83pg/mg; n=9) 3-days 

following HI compared to non-intervention controls (2.99±0.33pg/mg; n=12; Figure 3.6) in the 

ipsilateral (left) hemisphere. In the contralateral hemisphere there were no significant changes in 

11!PGF2" levels (P=0.380). 
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Figure 3.6 11!PGF2" Levels 3-days following HI in the Left (A) and Right (B) 
Hemispheres 

11#PGF2! levels ipsilateral (A) and contralateral (B) to an HI insult were investigated for non-
intervention control (black bars) and HI (white bars). Assessment was carried out 3-days post-
HI. Values represent the mean ± SEM for n=12 control ipsilateral and contralateral, n=9 HI 

ipsilateral and n=14 HI contralateral animals. * P<0.05 compared to non-intervention controls. 
 

3.4.2 15(S)-HETE Levels 

Three days following HI there was a significant (P=0.0017) increase in 15(S)-HETE levels 

(2990±274.9pg/mg; n=11) in the ipsilateral hemisphere compared to non-intervention controls 

(1822±143.8pg/mg; n=10; Figure 3.7). There was no difference in 15(S)-HETE levels between 

HI treated animals and non-intervention controls in the contralateral hemisphere (P= 0.2097). 
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Figure 3.7 15(S)-HETE levels 3-days following HI in the Left (A) and Right (B) 
Hemispheres 

15(S)-HETE levels ipsilateral (A) and contralateral (B) to an HI insult were investigated for non-
intervention control (black bars) and HI (white bars). Assessment was carried out 3-days post-

HI. Values represent the mean ± SEM for n=10 control ipsilateral and n=14 contralateral, n=11 
HI ipsilateral and contralateral animals. ** P<0.01 compared to non-intervention controls. 

 

3.5 Results: L-Arginine metabolism 

3.5.1 Arginase Activity 

Assessment of arginase activity 3-days following HI revealed no significant differences in 

activity in either the ipsilateral or contralateral hemispheres between control animals and HI 

intervention animals (Figure 3.8; P=0.533 and P=0.741 respectively). 
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Figure 3.8 Arginase Activity 3-days following HI in the Left (A) and Right (B) 
Hemispheres 

Arginase activities ipsilateral (A) and contralateral (B) to an HI insult were investigated in non-
intervention controls (black bars) and HI intervention (white bars) animals. Assessment was 
carried out 3-days post-HI. Values represent the mean ± SEM for n=7 control ipsilateral and 

contralateral, n=15 HI ipsilateral and n=14 HI contralateral animals. 
 

3.5.2 Nitrite Levels 

In the ipsilateral hemisphere there was a significant (P=0.0004) increase in nitrite levels 3-days 

following HI (63.73±5.93µM/mg; n=8) compared to control animals (23.76±2.89µM/mg; n=5) 

that did not undergo the HI surgery (Figure 3.9).  
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Figure 3.9 Nitrite Levels 3-days following HI in the Left (A) and Right (B) 
Hemispheres 

Nitrite levels ipsilateral (A) and contralateral (B) to an HI insult were investigated for non-
intervention control (black bars) and HI-treated (white bars) animals. Assessment was carried 

out 3-days post-HI. Values represent the mean ± SEM for n=5 control ipsilateral and n=7 
control contralateral, n=8 HI ipsilateral, and n=11 HI contralateral animals. *** P<0.001 

compared to non-intervention controls. 
 

Assessment of nitrite levels in the contralateral hemisphere revealed a small increase in activity, 

49.89±3.87µM/mg (n=11) compared to 37.77±6.4µM/mg for non-intervention controls (n=7), 

however this did not reach significance (P=0.117).  
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3.5.3 Total and iNOS Activity 

Assessment of total NOS activity 3-days post HI revealed a statistically significant (P=0.0044) 

increase in activity in the HI treated animals (2455±114.4pM L-citrulline/min/mg; n=10) 

compared to non-intervention control animals in the ipsilateral hemisphere (1819±122.9pM L-

citrulline/min/mg; n=5; Figure 3.10). There was no difference in total NOS activity between HI 

treated and non-intervention control animals in the contralateral hemisphere (P= 0.72).  

 

Assessment of iNOS activity following HI treatment revealed a similar increase to that shown for 

total NOS activity in the ipsilateral hemisphere, 545.8±41.15pM L-citrulline/min/mg (n=11) 

compared to 310.7±65.86pM L-citrulline/min/mg for non-intervention controls (n=5; P=0.0075; 

Figure 3.11). iNOS activity contributed 17.09±3.62% to total NOS activity in the ipsilateral 

hemisphere of non-intervention controls which increased to 22.23±1.68% in HI treated animals. 

No significant differences in the contralateral hemisphere were observed for iNOS activity 

(P=0.563). 
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Figure 3.10 Total NOS Activity 3-days following HI in the Left and Right 
Hemispheres 

Total NOS activities ipsilateral (A) and contralateral (B) to an HI insult were investigated for 
non-intervention control (black bars) and HI. Assessment was carried out 3-days post-HI. Values 
represent the mean ± SEM for n=7 control ipsilateral and contralateral, n=10 HI ipsilateral and 

n=13 HI contralateral animals. ** P<0.01 compared to non-intervention controls. 
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Figure 3.11 iNOS Activity 3-days following HI in the Left and Right Hemispheres 
iNOS activities ipsilateral (A) and contralateral (B) to an HI insult were investigated for non-
intervention control (black bars) and HI treated (white bars) animals. Assessment was carried 

out 3-days post-HI. Values represent the mean ± SEM for n=5 control ipsilateral and 
contralateral, n=11 HI ipsilateral and n=8 HI contralateral animals. ** P<0.01 compared to 

non-intervention controls. 
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3.6 Discussion 

In the present study COX-2 and iNOS positive cells were located primarily within the peri-infarct 

region following HI. The majority of these cells were non-neuronal in origin as shown by the lack 

of co-localisation with the neuronal marker, NeuN. These findings are corroborated by previous 

studies looking at different models of brain injury (Acarin et al., 2002; Guzik et al., 2003; Heneka 

et al., 2001; Iadecola et al., 2001a; Iravani et al., 2002; Moro et al., 2004). These COX-2 and 

iNOS positive cells appeared to be migrating towards the infarct region as this is where the 

greatest numbers of immunoreactive cells appeared to be present. The lack of NeuN co-

localisation and the migratory nature of the COX-2 and iNOS positive cells suggest that these 

cells are likely to be either resident microglia or recruited immune cells such as neutrophils or 

monocytes. Other studies support the idea that the COX-2 and iNOS positive cells within the 

brain following HI are recruited inflammatory cells (Clark et al., 1993). Further work using 

markers for specific immune cells would be needed to completely determine the origin of COX-2 

and iNOS immunoreactivity shown in the present study. Cells were unlikely to be seen 

completely infiltrating the infarct, as this tissue would be necrotic 3-days following HI. There 

were also few positively labelled cells found towards the midline of the brain. This finding is 

similar to what has previously been seen following MCAO where the immune cells quickly 

localise to infarcted and peri-infarcted regions and remain there (Clark et al., 1993). In addition, 

these immune cells have been shown to express multiple proteins that are involved in 

inflammation. Previous work has shown that COX-2 protein expression during an ischaemic 

event is associated with an up-regulation in iNOS expression (Nogawa et al., 1997).  

 

Following HI there was an increase is COX activity in the ipsilateral hemisphere compared to 

non-intervention controls. This result is similar to a number of studies looking at COX activity 

and expression following MCAO (Acarin et al., 2002; Brady et al., 2006; Hewett et al., 2006; 

Manabe et al., 2004; Minghetti, 2004). Numerous studies have also previously shown that 

inhibition of COX-2 is advantageous in a number of neurodegenerative disorders (Huang et al., 

2005; Minghetti, 2004; Minghetti et al., 1999; Nagayama et al., 1999; Sugimoto et al., 2003; 

Wakitani et al., 2000). In the present study, HI led to increase in 11!PGF2" and 15(S)-HETE 

levels in the ipsilateral hemisphere. It has previously been shown in vitro, that application of 15-

HETE to the medium inhibited neutrophil function and production of the pro-inflammatory 

eicosanoid, LTB4 (Chanez et al., 2002; Eberhard et al., 2002). It is possible that the increase in 

15-HETE is part of an endogenous protection mechanism or that the large increase in available 

AA meant that all parts of the AA pathway (Figure 1.3) had increased activity and production. 
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The best way to determine if this is the case would have been to run ELISA assays or high 

performance liquid chromatography to measure all the various end products of the AA pathway. 

 

In the present study there was no significant change in arginase activity following HI. Previous in 

vitro and in vivo studies have shown that increased arginase activity levels can either be 

neuroprotective or neurodegenerative (Clarkson et al., 2004a; Lange et al., 2004; Sutherland et 

al., 2005). Following an ischaemic event, there is an increase in ROS production and subsequent 

increase in the reaction between superoxide and NO to produce peroxynitrite, one of the most 

potent RNS known (Wiesinger, 2001). In the present study there was a significant increase in 

both nitrite levels and total NOS activity following HI in the ipsilateral hemisphere. There was 

also a small increase in iNOS activity, which is in support with numerous previous studies. There 

are a number of studies that have indicated that nNOS and iNOS are the dominant forms of the 

NOS enzyme involved in neurodegeneration following HI and MCAO (See Chapter 4; Bolanos et 

al., 1999; Heneka et al., 2001; Huang et al., 1996a; Lacza et al., 2001; Moro et al., 2004; Park et 

al., 2006; Willmot et al., 2005; Zanelli et al., 2006; Zhao et al., 2003). At this point we cannot 

determine exactly which NOS isoforms are contributing to the increase in total NOS activity 

seen. The NOS activity assay can measure calcium-dependent (total) NOS, which includes iNOS, 

eNOS and nNOS, and calcium-independent or iNOS, so cannot delineate between the eNOS or 

nNOS isoforms. However, iNOS was making a contribution to the increase following HI though 

it is also likely that nNOS may also be playing a part, as it can be induced following brain injury 

(Florio et al., 2009; Huang et al., 1996a; Zhang et al., 1996). In order to assess these more 

accurately, Western blot analysis should be used to gain semi-quantification of which NOS 

isoforms are contributing to the increase in total NOS activity. 

 

The present set of experiments show that following HI that there is a significant increase in 

inflammatory infiltrate within the peri-infarct region. There is also an increase in non-neuronal 

cells expressing COX-2 and iNOS and increased activity of these inflammatory enzymes. These 

results show that the neuronal damage following HI is, in part, caused by increased inflammatory 

activity surrounding the site of infarction. 
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4.1 Introduction 

Following an ischaemic insult, neuronal cells release an excessive amount of glutamate that 

initiates a series of events, including: calcium-mediated excitotoxicity, lipid peroxidation and 

production of free radicals, such as NO (Boxer et al., 1997; Siesjo, 1992; Silverstein et al., 1986). 

Production of NO has been shown to cause oxidative tissue damage and peroxidation of lipids 

and DNA following HI (Bolanos et al., 1999; Bolanos et al., 1998; Moncada et al., 2006). In 

addition to tissue damage, NO can cause mitochondrial dysfunction, in particular damage to the 

respiratory chain complexes-II-III and -IV, and at higher concentrations, complex-I, resulting in 

irreversible mitochondrial damage (Almeida et al., 2002; Bolanos et al., 1999; Bolanos et al., 

1998). The mitochondrial damage by NO can lead to caspase-induced apoptosis. Therefore it is 

believed that impairment to mitochondrial function may partly explain the resulting cell death and 

lesion seen post ischaemia.  

 

It was originally thought that by inhibiting NOS that it would be possible to limit loss of neurons 

through decreased free radical production (Kohno et al., 1997). The early NOS inhibitors 

developed were non-selective resulting in conflicting data from animal studies (Willmot et al., 

2005). The deleterious effects of NO were later found to be isoform and cellular location of the 

NOS enzyme specific. In models of stroke, using nNOS knockout mice, a decreased volume of 

infarction has been observed (Huang et al., 1996a; Huang et al., 1994; Huang et al., 1995); 

whereas loss of eNOS led to an increased volume of infarction (Huang et al., 1996a; Huang et al., 

1996b). Inhibitors of both iNOS and nNOS have been shown to be neuroprotective in animal 

models of HI and stroke (Mander et al., 2004; Moro et al., 2004; Park et al., 2006; van den Tweel 

et al., 2005; Zhao et al., 2003). ARL 17477, a water soluble amidine derivative nNOS inhibitor, 

has been previously shown in vitro, to be more selective for nNOS (IC50= 1µM) than eNOS 

(IC50= 17µM) (O'Neill et al., 2000).  

 

Previous studies demonstrated that ARL 17477 confers a significant degree of neuroprotection in 

animal models of global and focal ischaemia when given prior to, or immediately following an 

ischaemic event (Harukuni et al., 1999; O'Neill et al., 2000). Zhang and colleagues saw a 

decrease in regional cerebral blood flow and failed to see protection following 10mg/kg 

intravenous ARL 17477 administration during focal ischaemia (Zhang et al., 1996) highlighting 

the dose dependency of ARL 17477-mediated neuroprotection. At 10mg/kg the level of ARL 

17477 in the brain exceeds the IC50 for nNOS and IC50 for eNOS, likely resulting in unwanted 
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vasoconstriction (O'Neill et al., 2000). A lower dose of 3mg/kg does not cause these 

complications by non-selectively inhibiting eNOS activity. 

 

 

 

Figure 4.1: Histological analysis of infarct area following HI with and with ARL 
17477 treatment.  

Area of infarct throughout the brain at 3-days following HI for HI+saline treated animals (!), 
and HI+ARL 17477 treated animals ("). Data is expressed as mean ± SEM for, n=8 HI+saline 

and n=8 HI+ARL 17477 animals. +P<0.05 compared to HI+saline. 
 

We have previously shown that treatment with 3mg/kg ARL 17477, starting 1 h prior to the 

induction of HI-induced neuronal injury, significantly decreased the volume of infarction (Figure 

4.1) and also significantly decreased nitrite levels and increased arginase activity compared to 

saline-treated HI controls (Figure 4.2; Shaw OM, Clarkson AN, Sutherland BA, Jackson DM, 

Sammut IA and Appleton I, 2003 unpublished observations). Both NOS and arginase pathways 

utilise the same common substrate, L-arginine. Previous in vitro studies have demonstrated that 

over-expression of either arginase isoform in endothelial cells results in decreased basal NO 

production by 60% for arginase-I and 47% for arginase-II (Li et al., 2001). Conversely, when 

arginase activity is inhibited, there is an increase in NO production (Chang et al., 1998). In 

addition, Wang and colleagues have shown during inflammation that as arginase activity and 

protein levels increase, iNOS-induced NO production is impaired (Wang et al., 1995). Previous 

research has also shown in both in vitro and in vivo that while LPS treatment induces iNOS 
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rapidly, it also increases arginase at a much slower rate (Sonoki et al., 1997; Wang et al., 1995). 

These findings are not too dissimilar to what we have previously observed in that 3-days 

following HI there is no change in arginase activity (Sutherland et al., 2005), but by 7-days, post 

HI arginase activity is elevated (Clarkson et al., 2004a). All these studies highlight the 

complementary and complex regulatory role between arginase and iNOS.  

 

 

 

Figure 4.2: Biochemical analysis of nitrite levels (A) and arginase activity (B) in the 
ipsilateral hemisphere following HI+ARL 174777 treatment.  

Nitrite levels and arginase activity (amount of urea produced) was assessed in non-intervention 
controls (white bars), HI+saline (black bars), and HI+ARL 17477 (grey bars) treated animals. 
Assessment at 3-days post-HI showed a significant increase in nitrite levels following HI+saline 
compared to non-intervention control and a significant increase in arginase activity following 

HI+ARL 17477 compared to HI+saline. Data is expressed as mean ± SEM for n=6 control, n=8 
HI+saline and n=8 HI+ARL 17477 animals. +P<0.05 compared to non-intervention controls 

*P<0.05 compared to HI+saline. 
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The underlying mechanisms of neuroprotection afforded by ARL 17477 and the exact role of NO, 

and nNOS in ischaemia have not been fully elucidated. Therefore, the following set of 

experiments were designed to further investigate the biochemical and mitochondrial energetic 

changes associated with HI-induced brain damage and subsequent neuroprotection with ARL 

17477.  

 

4.2 Results: Effect of HI and ARL 17477 on L-Arginine Metabolism 

4.2.1 NOS Activity  

Total NOS activity was significantly (P<0.05) increased in the HI+saline  (n=8) group compared 

with non-intervention controls (n=6; Figure 4.3). Treatment with ARL 17477 resulted in a 

significant (P<0.05; n=8) decrease in total NOS activity compared with both the HI+saline treated 

animals and non-intervention controls (P<0.05).  

 

Assessment of iNOS activity showed a similar pattern of expression to that of total NOS activity 

following induction of HI. That is, iNOS activity was significantly increased (P<0.05) in the 

HI+saline treated animals compared to non-intervention controls (Figure 4.3). There was no 

difference in iNOS activity following ARL 17477 treatment when compared to both the non-

intervention controls and HI+saline treated animals. As we had previously shown no significant 

change in nitrite levels (a functional measure of total NOS activity) no further measure of NOS 

activity was performed in the contralateral hemisphere. 
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Figure 4.3: Total NOS (white bars) and iNOS (black bars) activity in the ipsilateral 

hemisphere following HI+ARL 174777 treatment.  
Total NOS and iNOS activity (amount of L-citrulline produced) was assessed in non-intervention 
controls, HI+saline, and HI+ARL 17477 treated animals. Assessment at 3-days post-HI showed a 
significant increase in total NOS and iNOS activity following HI + saline treatment compared to 

non-intervention controls with a small yet significant decrease in total NOS activity following 
ARL 17477 treatment compared to HI + saline. Data is expressed as mean ± SEM for n=6 
control, n=8 HI+saline and n=8 HI+ARL 17477 animals. + = P<0.05 compared to non-

intervention controls *P<0.05 compared to HI+saline. 
 

4.3 Results: Effects of HI and ARL 17477 Treatment on Mitochondrial 

Complex Activities 

Complex I (P<0.01; Figure 4.4A), complex II-III (P<0.01; Figure.4.4B), complex IV (P<0.001; 

Figure.4.4C) and complex V (P<0.05; Figure.4.4D) activities were all significantly inhibited in 

the ipsilateral hemisphere following HI+saline (n=8), compared to non-intervention controls 

(n=6). Treatment with ARL 17477 (n=8) significantly prevented the HI-induced impairment to 

complex I (P<0.05), complex II-III (P<0.01) and complex V (P<0.05) compared with HI+saline 

so that the complexes were functioning at a level similar to those in non-intervention control 

mice. The HI-induced decrease in complex IV kinetics was ameliorated following ARL 17477 
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treatment (P<0.001) compared to HI+saline, but was still significantly (P<0.01) impaired 

compared to non-intervention controls. Assessment of all the complexes in the right hemisphere 

failed to show any significant differences in the level of activity between any of the treatment 

groups (data not shown).   

 

4.3.1 Citrate Synthase Activity 

Assessment of citrate synthase activity was used as a measure of mitochondrial membrane 

integrity. Citrate synthase activity was significantly decreased (P<0.001) in the left hemisphere 

following HI+saline (Figure.4.4E) compared to non-intervention controls. Treatment with ARL 

17477 significantly protected (P<0.001) against the HI-induced impairment in citrate synthase 

activity compared with saline treated HI-controls. Assessment of citrate synthase activity in the 

right hemisphere failed to show any significant differences between any of the treatment groups 

(data not shown).   

 

4.3.2 Total Aconitase Activity 

Aconitase activity was used as a measure of oxidative damage to mitochondria, with a decrease in 

activity corresponding with an increase in oxidative damage. Aconitase activity was significantly 

(P<0.05) decreased in the left hemisphere following HI+saline (Figure 4.4F) treatment, compared 

to non-intervention controls. Treatment with ARL 17477 reduced the HI-induced impairment in 

aconitase activity, however, this was not significantly different to either HI+saline or non-

intervention controls. Assessment of aconitase activity in the right hemisphere failed to show any 

significant differences between treatment groups (data not shown).   
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Figure 4.4 Mitochondrial Complexes Activity (A-D) and Citrate synthase (E) and 
Aconitase (F) Activity for the Left Hemisphere.  

Effects of control (open bars), HI + saline (light grey) and HI + ARL 17477 treatment (black 
bars) on mitochondrial respiratory chain complexes, the membrane permeability marker citrate 

synthase and marker of oxidative stress, aconitase. Complexes I (A), II-III (B), IV (C), V (D), 
citrate synthase (E) and aconitase (F) activities were assessed in tissue homogenates from both 

left and right hemispheres (data not shown for right hemisphere). Values are the mean ± SEM for 
n=6 control, n=8 HI+saline and n=8 HI+ARL 17477 animals. * P<0.05 ** P<0.01 and 

***P<0.001 compared with non-intervention controls. + P<0.05, ++ P<0.01 and +++ P<0.001 
compared with HI+saline. 

 

4.4 Discussion 

We have previously demonstrated that 3mg/kg of ARL 17477 confers significant neuroprotection 

when given 1 h before the induction of HI, specifically by reducing the volume of infarct 
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compared to the vehicle control animals when assessed 3-days after the induction of HI.  Further, 

we had also shown that ARL 17477 treatment prevented the HI-induced increase in nitrite levels 

and increased arginase activity (Shaw OM, Clarkson AN, Sutherland BA, Jackson DM, Sammut 

IA and Appleton I, 2003 unpublished observations). These finding are consistent with previously 

published studies indicating that ARL 17477 confers a significant degree of neuroprotection in 

models of both global and focal ischaemia when given prior to, or immediately following, an 

ischaemic event (Harukuni et al., 1999; O'Neill et al., 2000).   

 

Arginase converts L-arginine to urea and L-ornithine, which is of the precursor to polyamine 

production. The polyamines (putrescine, spermidine and spermine) are important mediators for 

cell growth, proliferation, regeneration and differentiation (Tabor et al., 1984). The polyamines 

have also been shown to be involved in regulatory mechanisms associated with programmed cell 

death (Ha et al., 1997), modulation of NOS activity (Hu et al., 1994) and free radical scavenging 

(Ha et al., 1998). Previous studies have demonstrated that polyamines play a fundamental role in 

regulating neuronal damage during ischaemia (Paschen et al., 1991; Rao et al., 1998; Rao et al., 

2000). Elevated levels of putrescine resulted in blood-brain barrier dysfunction as well as 

vasogenic oedema during ischaemic events (Rao et al., 1998; Rao et al., 2000) and we have 

previously shown that treatment with spermine affords neuroprotection via decreased arginase 

and increased total NOS activity when assessed 7-days after HI (Clarkson et al., 2004a). Contrary 

to those findings, we have reported that treatment with ARL 17477 resulted in a significant 

increase in arginase activity (Shaw OM, Clarkson AN, Sutherland BA, Jackson DM, Sammut IA 

and Appleton I, 2003 unpublished observations) and shown in the current study that ARL 17477 

also decreased total NOS activity when assessed 3-days after HI. Taken together these data 

suggest that arginase may be a crucial time-dependent mediator of HI-induced inflammatory 

damage. ARL 17477 may have additional protective mechanisms via indirectly elevating arginase 

activity to impair iNOS-mediated NO production. However, further work needs to be carried out 

in order to fully elucidate the absolute levels of arginase that are required before protection or 

degeneration occurs and the exact role of the interaction between arginase and NOS in HI-

induced brain injury.  

 

Mitochondria play an important role in a number of physiological and pathophysiological 

functions including, amongst others, Ca2+ homeostasis and regulation of apoptotic pathways. 

Under conditions of pathophysiological stress, mitochondria become key mediators of neuronal 

cell damage (Fiskum et al., 1999) through the over production of ROS, abnormal Ca2+ 
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homeostasis and release of apoptotic proteins. When the oxygen supply within the cell is reduced 

to critical levels, during neonatal HI or ischaemic stroke, damage to the CNS can occur. We, and 

others, have previously documented impaired mitochondrial function following an ischaemic 

episode (Clarkson et al., 2007a; Clarkson et al., 2004a; Dave et al., 2001; Sims et al., 1987; 

Sutherland et al., 2005). One possible strategy to protect against HI-induced neuronal damage is 

to prevent the loss of mitochondrial function, or subsequently hinder the release of pro-apoptotic 

mediators. Work from our laboratory investigating the potential protective effects of antioxidants 

(spermine and EGCG) as well as the gamma-aminobutyric acid (GABA)A receptor modulator, 

clomethiazole, have shown that marked protection against HI-induced impairment of 

mitochondrial complex kinetics and preservation of mitochondrial integrity reduced neuronal loss 

following HI (Clarkson et al., 2007a; Clarkson et al., 2004a; Sutherland et al., 2005). Similar to 

these findings, the present study using the nNOS inhibitor, ARL 17477, showed protection 

against the HI-induced impairment of mitochondrial complex kinetics and oxidative stress and 

also afforded preservation of mitochondrial integrity. 

 

Significant elevation in ROS production and the resulting oxidative stress plays a pivotal role in 

neuronal damage. ROS has been shown to target a number of mitochondrially-related sites, 

disrupting mitochondrial membranes, impairing metabolic enzymes such as aconitase (Powell et 

al., 2003) and inhibiting components of the mitochondrial electron transport chain (Davey et al., 

1998), similar to what we have observed in the present study following HI. ROS production has 

been shown to inhibit pyruvate dehydrogenase through oxidation (Bogaert et al., 1994), which 

could also account for the deficits seen to complex I observed in the present study following HI. 

This decrease in activity has previously been seen in brain mitochondria following an ischaemic 

episode, in which a decrease in state 3 NAD-linked respiration rates were observed (Clarkson et 

al., 2007a). Inhibition of complex I activity, unlike the other complexes, leads to a rapid decrease 

in oxidative phosphorylation (Davey et al., 1998). The damage incurred to complex I in this 

study, 29.30 % on day 3 for ipsilateral focal cortex, exceeds the 25% threshold value noted by 

Davey et al., (1998) necessary to reduce ATP synthesis. This results in a sudden rise in 

intracellular Ca2+, as the energy-dependent pumping of Na+ and Ca2+ out of the cell is prevented, 

while Ca2+ continuously leaks into the cell at a normal rate (Lee et al., 1992). Data from the 

present study would suggest that ARL 17477 treatment maintains the level of oxidative 

phosphorylation, as indicated by the preservation in complex I activity.  
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In addition to the effects of HI on complex I activity, other parts of the mitochondrial respiratory 

chain have been shown to be sensitive to stress-induced ROS. High levels of ROS are known to 

initiate both lipid and protein peroxidation (Braughler et al., 1989; Gutteridge et al., 1990). 

Elevated levels of NO shown to occur in this HI model (Clarkson et al., 2004a; Chapter 3 and 

Section 4.2), predominately through iNOS activity, may also react with other free radicals such as 

superoxide to form peroxynitrite, an extremely potent oxidising agent (Beckman et al., 1990; 

Radi et al., 1991). Previous work has shown that the production of peroxynitrite can directly 

inhibit complexes II-III and IV activities in cultured neurons (Bolanos et al., 1995) without 

affecting complex I activity. Here, we have shown that post HI, NOS activity is increased with 

concomitant damage to mitochondrial function. Thus the formation of NO and or peroxynitrite 

could account, in part, for the damage to mitochondrial electron transport chain activities seen in 

the present study. Complex IV is particularly susceptible to damage resulting from ROS-induced 

lipid peroxidation (Soussi et al., 1990) and NO (Brown et al., 2002). This explains why ARL 

17477 treatment only partially protected against the HI-induced decrease in complex IV activity 

when compared with non-intervention controls.  

 

This study shows that ARL 17477 treatment ameliorated the bioenergetic changes occurring in 

the ipsilateral hemisphere and that this is most likely occurring through a decreased in both total 

and iNOS activity levels. Inhibition of ROS-mediated damage to the mitochondrial electron 

transport chain has also been associated with the inhibition of glutamate release related to 

excitoxicity in ischaemic stroke (Hurtado et al., 2003). Measures of the tissue oxidative stress 

marker, aconitase, provided significant evidence for increased ROS generation in the ipsilateral 

hemisphere of the HI lesioned brain. Aconitase activity has been shown to be sensitive to elevated 

levels of both superoxide and peroxynitrite, through oxidation of the iron-sulphur centres 

(Gardner et al., 1995). Further evidence of mitochondrial protection offered by ARL 17477 was 

obtained from the analysis of residual tissue citrate synthase levels in this study. Citrate synthase 

activity was also significantly decreased following HI, indicating that the structural integrity of 

mitochondrial were not intact. ARL 17477 prevented the loss of citrate synthase activity and 

protected against HI-induced mitochondrial membrane permeability.  

 

These results provide evidence of bioenergetics preservation associated with ARL 17477 

treatment in an HI model of neurodegeneration. This protection appears to be mediated in part 

with the attenuation of oxidative stress-induced damage to mitochondria within the area of 

infarction. The present study shows extensive modulation of both biochemical and mitochondrial 
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energetics ipsilateral to an HI insult. Pre-treatment with the nNOS inhibitor, ARL 17477, resulted 

in a significant decrease in NOS activity. Moreover, ARL 17477 offered significant protection 

against the HI-induced damage to mitochondrial energetics. This study confirms and extends 

previous work on the neuroprotective effects of ARL 17477 and provides additional evidence of 

its mechanisms of action. This study indicates that modulation of the arginase pathway may offer 

avenues for future research into drug treatments for neurodegenerative pathologies. However, 

ascertaining absolute levels of both isoform-specific NO-production and arginase activities will 

be critical in determining the exact function each is playing during pathological conditions.  
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5.1 Introduction 

One of the critical events as a consequence of ischaemic brain damage is the inflammatory 

response. There is evidence that inflammation during ischaemia results in elevated pro-

inflammatory cytokine levels, hyperthermia and oedema (del Zoppo et al., 2001). In addition, the 

anti-inflammatory cytokines, IL-4 and IL-10, have been shown to play a significant 

neuroprotective role in pre-clinical models of stroke (Grilli et al., 2000; Spera et al., 1998; 

Szczepanik et al., 2001). However, preclinical studies with anti-inflammatory treatments for 

stroke-induced neurodegeneration to date have failed to translate into the clinical setting 

(Feuerstein et al., 2001). We have previously shown that HI leads to brain damage and this can be 

prevented by a number of different treatments that modulate inflammatory pathways (Clarkson et 

al., 2004a; Clarkson et al., 2005a; Sutherland et al., 2005). Several MCAO studies have shown an 

up-regulation in both COX-2 mRNA and protein levels following ischaemia (Nogawa et al., 

1997; Planas et al., 1995; Sasaki et al., 2003; Yokota et al., 2003). COX-2 expression has been 

shown to peak 12-24 hours following ischaemia (Nogawa et al., 1997), which correlates with the 

24 hour therapeutic window for the selective COX-2 inhibitor, nimesulide in preclinical animal 

models (Candelario-Jalil et al., 2004).  

 

Cyclooygenase-1, which is considered as the constitutively expressed enzyme, may be important 

for neuroprotection post ischaemia. COX-1 based gene transfer in the MCAO model has been 

shown to increase PGI2 levels and decrease the volume of infarction by 30% (Lin et al., 2002). 

Increased COX-1 activity has also been shown to confer neuroprotection, by increasing PGI2 and 

other prostaglandins, while concomitantly decreasing LTB4 and LTC4 levels (Lin et al., 2002). 

One such compound, aspirin is thought to be more selective for COX-1 over COX-2 when given 

at low doses, and is one of the only NSAIDs to irreversibly inhibit COX. Based on the results of 

Candelario-Jalil et al., 2004, Berger et al., 2004 and Lin et al., 2002, we decided to determine if 

low-dose aspirin or nimesulide treatments were neuroprotective in the HI model of brain injury. 

These compounds, at their respective doses, were chosen to try and elucidate the roles of COX-1 

(using aspirin) and COX-2 (using nimesulide) in the modulation of inflammatory mediated 

stroke-induced neurodegeneration.  

 

We have previously shown that inhibition of nNOS, with the selective inhibitor ARL 17477, led 

to decreased total NOS activity and increased arginase activity as well as protection of the 

mitochondrial enzyme complexes (see chapter 4). Aspirin has previously been shown to induce 
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NO production as part of its anti-inflammatory action (Paul-Clark et al., 2004). Further, high-

doses of aspirin have been shown to be neuroprotective in an animal model of stroke (Berger et 

al., 2004). Aspirin acetylates the COX-2 enzyme leading to increased 15(R)-HETE production 

(Mancini et al., 1994; Meade et al., 1993). This increase in 15-HETE has been shown to be anti-

inflammatory in animal models of arthritis (Fogh et al., 1989; Herlin et al., 1990) and is also 

involved in the formation of anti-inflammatory lipoxins (Hansson et al., 1986; Paul-Clark et al., 

2004; Serhan et al., 1986a; Serhan et al., 1986b). Based on our previous results and those of 

others we also sought to determine the mechanisms by which aspirin and nimesulide worked 

during HI. The present studies assessed the effects HI and subsequent treatment with either 

aspirin or nimesulide on NOS, COX, and arginase activity levels, NOS and COX protein levels, 

and 15-HETE and 11!PGF2" levels. In addition, the effects of aspirin and nimesulide on nitrite 

production in LPS-induced macrophages were also assessed in vitro.  

 

5.2 Results: Cell Culture 

5.2.1 Effect of Aspirin on Nitrite Production 

In vitro treatment of macrophages with 10ng/mL LPS triggers a (P<0.001) significant increase in 

nitrite production compared to untreated media-alone controls. The addition of various 

concentrations of aspirin (1pM-10µM) to the LPS treated cells did not result in any further 

change in nitrite production (either stimulatory or inhibitory) over the range of concentrations 

tested (Figure 5.1).  
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Figure 5.1 Effects of Aspirin on LPS-Stimulated Nitrite Production in RAW 264.7 
Macrophages. 

Graph showing effect on increasing concentration of aspirin on LPS-induced nitrite production 
in RAW 264.7 macrophages. The control bar, shown in black, is cells grown in media only, the 
LPS bar, in white, is cells treated with 10ng/mL LPS in media for 18 hours. The grey bars are 
cells treated with 10 ng/mL LPS and aspirin (concentration 1pM-10µM) for 18 hours. Data is 

expressed as mean ± SEM for n=6 separate observations. ***P<0.001 compared to LPS alone 
and LPS + aspirin treatment. 

 

5.2.2 Effect of Nimesulide on Nitrite Production 

There was a (P<0.001) significant increase in nitrite production in macrophages treated with 

10ng/mL LPS compared to untreated controls. Addition of nimesulide (1pM-10µM) to the 

medium in the presence of LPS had no additional stimulatory or inhibitory effects on the amount 

of nitrite produced over the range of concentrations tested (Figure 5.2). 
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Figure 5.2 Effects of Nimesulide on LPS-Stimulated Nitrite Production in RAW 
264.7 Macrophages. 

Graph showing effect on increasing concentration of nimesulide on LPS-induced nitrite 
production in RAW 264.7 macrophages. The control bar, shown in black, is cells grown in media 

only, the LPS bar, in white, is cells treated with 10ng/mL LPS in media for 18 hours. The grey 
bars are cells treated with 10ng/mL LPS and nimesulide (concentration 1pM-10µM) for 18 hours. 
Data is expressed as mean ± SEM for n=6 separate observations. ***P<0.001 compared to LPS 

alone and LPS + nimesulide treatment. 
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5.3 Results: Histological Effects of Aspirin following HI 

TTC staining of viable (crimson colour) and non-viable (white) tissue is illustrated in Figure 5.3. 

As shown in Figure 5.3, aspirin treated animals had a reduced area (in equivalent brain sections) 

of cellular death compared to HI+saline treatment. This can also be seen in Figure 5.4, which 

shows the area of brain lesion (infarction as a percentage of the contralateral hemisphere) for both 

aspirin and saline treated animals following HI. Aspirin (4mg/kg) significantly (P<0.01) 

decreased the total volume of infarction to 23.5±11.8mm3 compared with the HI+saline treated 

controls (94.4±12.8mm3).  

 

Figure 5.3 Saline vs. Aspirin Treated Animal Brain Sections.  
Photomicrographs of TTC stained brain sections from HI+saline treated (A) and HI+aspirin 
treated (B) animals. Both sections are taken 5mm from the frontal pole of the brain, 3-days 
following surgery. The white area on both sections, indicated by arrows, is the lesion that 

occurred in the left hemisphere of the brain. Note the increased area of red stain indicating more 
metabolically active cells in the aspirin treated animals compared to the saline treated animals. 
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Figure 5.4 Infarct Area for Saline vs. Aspirin Treatment.   
Graph of infarct area (3-days post-HI) against distance (mm) from front of the brain for saline 

("n=6) and 4 mg/kg aspirin (#n=14). Values are the mean ± SEM for n=6-14 animals. 
***P<0.001 compared to HI+saline at the same distance from the front of the brain. 

 

5.3.1 Peripheral Effects of Aspirin 

It is important to ensure that neither the HI surgical procedure nor aspirin treatment have any 

untoward effects peripherally. Blood glucose from HI+saline mice was elevated on day 0 

compared to other days and to non-intervention control, although this did not reach significance 

(Table 5.1). There were no significant differences in blood glucose for the non-intervention 

control group on any of the days measured and the levels are within the normal levels reported in 

previous studies (Loxham et al., 2007; Yamakawa et al., 1995). Aspirin treated animals had 

blood glucose that was significantly (P<0.001) elevated on day 0 (directly following HI surgery) 

compared to non-intervention control (Table 5.1). However, there were no significant differences 

between any of the three treatments (non-intervention controls, HI+saline and HI+aspirin) when 

compared to each other on any of the other days that blood glucose was measured. This suggests 

that the elevation in blood glucose directly following HI surgery is partially a response to the 
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occlusion of the carotid artery, and as this increase in blood glucose measurements is transient it 

should not have adversely impacted on the histological and biochemical measurements made.  

 

Table 5.1 Blood Glucose Concentrations Over the Treatment Period. 
Treatment Blood Glucose Concentration (mmol/L) 

 Day of Surgery Day 1 Day 2 Day of Sacrifice 

Control (n=7) 7.05 ± 0.37 6.73 ± 0.37 7.41 ± 0.14 6.29 ± 0.18 

HI+saline (n=5) 8.22 ± 0.59 6.98 ± 0.29 6.45 ± 0.23  6.37 ± 0.39 

HI+aspirin (n=7) 9.27 ± 0.58*** 6.30 ± 0.11 6.84 ± 0.19 5.82 ± 0.12 

Blood glucose was measured using blood isolated from a tail vein prick. Values are the mean ± 
SEM for n=5-7 animals.. ***P<0.001 compared to non-intervention control on the same day. 

 

There was no significant difference in body temperature between HI+saline or HI+aspirin treated 

animals and non-intervention controls at any of the time points assessed (Table 5.2) and all 

temperature measurements are within physiological limits (Ogura et al., 2008; Rathner et al., 

2008). 

Table 5.2 Rectal Temperatures Over the Treatment Period 
Treatment Rectal Temperature (°C) 

 Day of Surgery Day 1 Day 2 Day of Sacrifice 

Control (n=7) 37.21±0.24 37.20±0.21 36.79±0.23 37.03±0.14 

HI+saline (n=5) 36.55±0.29 37.13±0.20  37.45±0.22 37.13±0.49 

HI+aspirin (n=7) 37.12±0.22 37.10±0.25 37.22±0.17 37.05±0.23 

Rectal temperature was measured using a rectal probe attached to a homeothermic control unit. 
Values are the mean ± SEM for n=5-7 animals 

 

Table 5.3 shows that aspirin had no significant effect on total organ wet weights for any of the 

organs assessed compared with either the HI+saline treated group or non-intervention controls. 

There was also no significant change in total body weight over the 3 day treatment period (data 

not shown) indicating that aspirin (4mg/kg) was not causing any adverse gastrointestinal effects. 

ALT and bilirubin levels were also measured in the plasma as an indication of hepatotoxicity. The 

ALT values for all of the treatment groups fell within the normal range for rats, indicating that 

aspirin did not cause hepatotoxicity in this study when given at 4mg/kg. Bilirubin levels in the 

aspirin treated animals appeared to be higher than the levels found in both the saline and the non-

intervention control animals; however, this was not statistically significant.  
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Table 5.3 Mean Organ Weights and Plasma Enzyme Levels. 
Treatment Liver 

Weight (%) 

ALT 

Activity  

(IU/L) 

Bilirubin 

Levels 

(mg/dL) 

Kidney 

Weight (%) 

Spleen 

Weight 

(%) 

Testes 

Weight (%) 

Control (n=7) 4.4± 0.1 43.3±4.5 1.5±0.2 1.1± 0.01 0.5± 0.03 0.9± 0.05 

HI+saline 

(n=7) 

4.4± 0.1 37.2±3.2 1.5±0.2 1.1± 0.02 0.5± 0.02 0.9± 0.04 

HI+aspirin 

(n=8) 

4.5± 0.1 35.2±1.9 2.7±0.8 1.1± 0.02 0.5± 0.02 0.9± 0.02 

Organ weights were taken at 3-days post-HI and expressed as a percentage of total body weight. 
Data is expressed as mean ± SEM for n=15-20 separate observations. Plasma ALT (IU/L) and 

bilirubin levels (mg/dL) were taken as a measure of hepatic damage. Values are the mean ± SEM 
for n=7-8 animals. 

 

Low-dose aspirin has been reported to have anti-thrombotic effects, due to the irreversible 

inhibition of COX-1 in blood platelets (Lavallee, 2006). This could be a potential confounding 

factor as anti-thrombolytics are a current treatment for ischaemia (Donnan et al., 2003) but we are 

interested in the neuroprotective modulation of Arachidonic acid and L-arginine by aspirin in this 

study. Therefore, time for a 1.5 mL microcentrifuge tube of blood to form a clot was measured in 

aspirin treated animals (n=6) and compared to HI+saline (n=6) and non-intervention animals 

(n=6). Using an un-paired t-test we found a small yet non-significant increase in the length of 

time for a clot to form in the aspirin treatment group (1.47 ± 0.5 min) compared to non-

intervention controls (0.84 ± 0.2 min) indicating that treatment with aspirin is not having any 

significant anti-thrombolytic effects and thus that the anti-thrombotic effects were not 

contributing to the observed neuroprotection.  

 

5.4 Results: Histological Effects of Nimesulide 

Nimesulide (12mg/kg) did not offer significant neuroprotection compared to HI+PVP treated 

vehicle controls (Figs 5.5 and 5.6). PVP-vehicle treated animals showed a diminished volume of 

infarction compared to saline treated vehicle animals. This decrease, even though non-significant, 

suggests that PVP alone is having a slight protective effect and this protection may mask any 

modulatory effects that nimesulide has in this model. The mean volume of infarcted brain 

following nimesulide treatment was 47.4±13.7mm3 compared with 47.2±11.8mm3 for HI+PVP 
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treatment. Given that nimesulide failed to show further protective effects compared to PVP would 

indicate that nimesulide is not protective following HI-induced injury. 

 

 

Figure 5.5 PVP vs. Nimesulide Treated Animal Brain Sections. 
Photomicrographs of TTC stained brain sections from PVP treated (A) and 12mg/kg nimesulide 

treated (B) animals 3-days post-HI. Both sections are taken from 6mm from the frontal pole of the 
brain. The white area on both sections, indicated by arrows, indicates the ischaemic area, 

whereas the deep red colour indicates viable healthy tissue. 
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Figure 5.6 Infarct Area for PVP vs. Nimesulide Treatment.   
Graph of infarct area (3-days post-HI) against distance (mm) from front of the brain for PVP (# 

n=14) and Nimesulide ("n=16). Values are the mean ± SEM for n=14-16 animals. 
 

5.4.1 Peripheral Effects of Nimesulide 

Following HI surgery blood glucose measurements for nimesulide treated animals were 

significantly (P<0.01) elevated compared to time-matched non-intervention controls and 

compared to nimesulide treated animals on the subsequent treatment days (P<0.001; Table 5.4). 

Blood glucose was also significantly (P<0.05) elevated on day 0 in the PVP treated group 

compared to the same animals on the following days. However, there was no significant 

difference between nimesulide and PVP treated HI animals. HI+PVP treated animals had 

significantly (P<0.05) lower blood glucose on day 2 compared to non-intervention controls on the 

same day (Table 5.4). The blood glucose measurements were still within the normal levels 

reported in previous studies (Loxham et al., 2007; Yamakawa et al., 1995). The transient increase 

in blood glucose in both nimesulide and PVP treated animals is most likely as a result of the HI 
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surgery. There were no significant differences in body temperature for any of the treatments on 

any of the days (Table 5.5).  

 

Table 5.4 Blood Glucose Concentrations Over the Treatment Period. 
Treatment Blood Glucose Concentration (mmol/L) 

 Surgery Day 1  Day 2  Sacrifice 

Control (n=7) 7.05 ± 0.37 6.73 ± 0.37 7.41 ± 0.14 6.29 ± 0.18 

HI+PVP (n=5) 8.38 ± 0.53*** 6.46 ± 0.45  6.25 ± 0.32  5.88 ± 0.14  

HI+nimesulide 

(n=7) 

9.88 ± 0.66*** 6.08 ± 0.24 6.96 ± 0.27 5.57 ± 0.18 

Blood glucose was measured using blood isolated from a tail vein prick. Results are expressed as 
mean ± SEM for n=5-7 separate observations. ***P<0.001 compared to non-intervention control 

for the same day. 
 

Table 5.5 Rectal Temperatures Over the Treatment Period 
Treatment Rectal Temperature (°C) 

 Day of Surgery Day 1 Day 2 Day of Sacrifice 

Control (n=7) 37.21±0.24 37.20±0.21 36.79±0.23 37.03±0.14 

HI+PVP (n=5) 36.77±0.17 36.80±0.37 37.13±0.47 37.10±0.23 

HI+nimesulide 

(n=7) 

37.04±0.43 36.97±0.25 36.93±0.19 37.28±0.37 

Rectal temperature was measured using a rectal probe attached to a homeothermic control unit. 
Values are the mean ± SEM for n=5-7 animals. There was no significant difference between non-
intervention controls and any of the treatment groups at the same time points or any differences 

within the treatment groups over the time course. 
 

Cyclooxygenase-1 is considered to be the main COX enzyme responsible for producing 

prostaglandins associated with normal physiological function. Given this, it is thought that 

selective COX-2 inhibitors should be free of any adverse effects associated with the inhibition of 

the COX enzyme. However, it was still important to confirm this along with any potential toxicity 

associated with PVP treatment. Table 5.6 shows there were no significant differences in organ 

weights in either the HI+PVP treated or the HI+nimesulide treated groups compared to non-

intervention controls. There was also no significant change in body weight between the three 

treatment groups over the time course of this experiment (data not shown). 
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Table 5.6 Mean Organ Weights and Plasma Enzyme Levels 
Treatment Liver 

Weight 

(%) 

ALT 

Activity 

(IU/L) 

Bilirubin 

Levels 

(mg/dL) 

Kidney 

Weight (%) 

Spleen 

Weight (%) 

Testes 

Weight (%) 

Control (n=7) 4.4± 0.1 43.3±4.5 1.5±0.2 1.1± 0.01 0.5± 0.03 0.9± 0.05 

HI+PVP (n=8) 4.4± 0.1 38.4±2.6 1.7±0.2 1.1± 0.02 0.5± 0.02 1.0± 0.03 

HI+nimesulide 

(n=7) 

4.6± 0.1 38.3±2.8 1.6±0.1 1.1± 0.02 0.4± 0.03* 0.9± 0.05 

Organ weights were taken 3-days post-HI and expressed as a percentage of total body weight. 
Data is expressed as mean ± SEM for n=15-20 separate observations. Plasma ALT levels (IU/L) 
and bilirubin levels (mg/dL) were taken as a measure of hepatic damage. Data is expressed as 

mean ± SEM for n=7-8 separate observations. *P<0.05 compared to controls. 
 

Because the potential of hepatotoxicity was unknown following PVP treatment, and nimesulide 

has been reported to cause hepatic injury (Ong et al., 2006), ALT and bilirubin activities were 

also measured as an indication of hepatic necrosis. As can be seen in Table 5.6 there was no 

significant change in either ALT or bilirubin levels between non-intervention controls, and either 

PVP treated or nimesulide treated HI animals demonstrating that these two compounds did not 

cause liver toxicity. The ALT and bilirubin values also fell within the normal range for rats. 

 

5.5 Results: Effects of Aspirin and Nimesulide on Arachidonic Acid 

Metabolism 

5.5.1 COX Activity 

HI+saline (0.53±0.15pg/min/mg; n=5) and HI+PVP (0.57±0.22pg/min/mg; n=5) treatments led to 

a significant increase (P<0.05) in COX activity, as measured by increased production of PGE2 

compared to non-intervention controls (0.12 ± 0.03pg/min/mg; n=8) in the ipsilateral hemisphere 

(Figure 5.11). Treatment with aspirin resulted in a significant decrease in COX activity 

(0.15±0.67pg/min/mg; n=6) compared to the HI+saline treatment group (P<0.05). Similarly, 

treatment with nimesulide also significantly decreased (P<0.05) the level of COX activity 

(0.13±0.04pg/min/mg; n=6) compared to HI+PVP treatment in the ipsilateral (left) hemisphere. 

The level of COX activity was comparable between non-intervention controls and either aspirin 

or nimesulide treated HI groups. Assessment of COX activity levels from tissue isolated from the 
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contralateral hemispheres revealed no significant differences between any of the treatment 

groups. 

 

 

Figure 5.7 COX Activities for Left (A) and Right (B) Hemispheres.  
COX activities in both ipsilateral (A) and contralateral (B) hemispheres were investigated 3-days 

post-HI from non-intervention controls (n=8 ipsilateral and contralateral), HI+saline (n=5 
ipsilateral and n=7 contralateral), HI+PVP (n=5 ipsilateral and contralateral), HI+4mg/kg 

Aspirin (n=6 ipsilateral and contralateral), and HI+12mg/kg Nimesulide (n=6 ipsilateral and 
contralateral). Values represent the mean ± SEM for n=5-8 animals. *P<0.05 compared to non-

intervention controls. +P<0.05 compared to vehicle controls. 
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5.5.2 COX-1 Protein Levels 

Assessment of saline (n=7) and PVP (n=6) treated HI-animals showed little change in COX-1 

protein levels 3-days post-HI when normalised to non-intervention controls (n=8; Figs 5.7 & 5.8). 

Aspirin treatment (n=7) decreased the level of COX-1 protein expression in the ipsilateral 

hemisphere compared to non-intervention controls, although this did not reach statistical 

significance (Figure 5.7). Treatment with nimesulide (n=7 ipsilateral hemisphere and n=8 

contralateral hemisphere) had no effect on COX-1 protein levels in either hemisphere.  

 

 

Figure 5.8 COX-1 Protein Levels in the Left Hemisphere.  
Representative Western blot for COX-1 (A) and b-actin (B) and graph (C) of optical densities for 
non-intervention control (n=8), HI+saline (n=7), HI+PVP (n=6), HI+4mg/kg aspirin (n=7), and 

HI+12 mg/kg nimesulide (n=7) treated animals of COX-1 protein levels. Protein levels were 
assessed from tissue samples collected 3-days post-HI. Values represent the mean ± SEM for 

n=6-8 animals. 
 

 

The representative Western blots show that the differences between HI+saline and HI+PVP 

treated animals and the non-intervention control in either hemisphere is very small. Assessment 

of COX-1 protein levels in the contralateral hemisphere showed increased expression following 

HI+PVP (n=8) and HI+nimesulide (n=8) treatments compared to non-intervention controls (n=7). 

However the large standard error meant that statistical significance was not reached. Assessment 
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of HI+saline and HI+aspirin treated animals revealed no difference in COX-1 protein expression 

in the contralateral hemisphere 3-days post-stroke compared to non-intervention controls.  

 

 

Figure 5.9 COX-1 Protein Levels in the Right Hemisphere.  
Representative Western blot for COX-1 (A) and b-actin (B) and graph (C) of optical densities for 
non-intervention control (n=7), HI+saline (n=8), HI+PVP (n=8), HI+4mg/kg aspirin (n=8), and 

HI+12mg/kg nimesulide (n=8) treated animals of COX-1 protein levels. Protein levels were 
assessed from tissue samples 3-days post-HI. Values represent the mean ± SEM for n7-8 animals. 

 

5.5.3 COX-2 Protein Levels 

In both hemispheres there appeared to be decreased levels in COX-2 protein expression following 

all treatments when normalised to non-intervention controls (n=5; Figure 5.10C and 5.11C). This 

decrease in COX-2 protein was most notable and only reached significance in the contralateral 

hemisphere for PVP, aspirin and nimesulide treatments  (n=4; Figure 5.11C).  
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Figure 5.10 COX-2 Protein Levels in the Left Hemisphere.  
Representative Western blot for COX-2 (A) and b-actin (B) and graph (C) of optical densities for 
non-intervention control (n=5), HI+saline (n=4), HI+PVP (n=5), HI+4mg/kg aspirin (n=4), and 

HI+12mg/kg nimesulide (n=4) treated animals of COX-2 protein levels. Assessment of COX-2 
protein levels were carried out 3-days post-HI. Values represent the mean ± SEM for n=4-5 

animals. *P<0.05 compared with non-intervention controls. 
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Figure 5.11 COX-2 Protein Levels in the Right Hemisphere.   
Representative Western blot for COX-2 (A) and b-actin (B) and graph (C) of optical densities for 
non-intervention control (n=4), HI+saline (n=4), HI+PVP (n=4), HI+4mg/kg aspirin (n=4), and 

HI+12mg/kg nimesulide (n=4) treated animals of COX-2 protein levels. Assessment of COX-2 
protein levels were carried out 3-days post-HI. Values represent the mean ± SEM for n=4 

animals per group. **P<0.01 and ***P<0.001 compared to non-intervention control. 
 

5.5.4 11#PGF2! and 15(S)-HETE Levels 

Assessment of 11!PGF2" levels 3-days post-HI were shown to be significant (P<0.05) increased 

following HI+saline (5.41±1.25pg/mg; n=6) and HI+PVP (4.84±0.52pg/mg; n=6) treatments in 

the ipsilateral hemisphere compared to non-intervention controls (2.99±0.33pg/mg; n=8). 

Assessment of aspirin (3.26±0.62pg/mg; n=7) and nimesulide (3.25±0.68pg/mg; n=5) treatments, 

showed a small yet non-significant decrease in 11!PGF2" levels compared to vehicle treatment 

groups (saline and PVP respectively). No significant differences between any of the treatment 

groups in the contralateral hemisphere for 11!PGF2" were observed (Figure 5.12).  
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Figure 5.12 11!PGF2" Levels for Left (A) and Right (B) Hemispheres.  
11#PGF2! levels were assessed in ipsilateral (A) and contralateral (B) hemispheres 3-days 
following an HI-insult from non-intervention controls, (n=8 ipsilateral and contralateral), 

HI+saline (n=6 ipsilateral and n=8 contralateral), HI+PVP (n=6 ipsilateral and n=7 
contralateral), HI+4mg/kg aspirin (n=7 ipsilateral and n=8 contralateral), and HI+12 mg/kg 

nimesulide (n=5 ipsilateral and n=6 contralateral). Values represent the mean ± SEM for n=5-8 
animals. *P<0.05 compared to non-intervention controls. 

 

In the ipsilateral hemisphere HI+saline and HI+PVP significantly (P<0.01) increased the level of 

15(S)-HETE to 3480±511.0pg/mg (n=6) and 2582±172.4pg/mg (n=6) respectively, compared to 

the non-intervention control values (1822±143.8pg/mg; n=8; Figure 5.13). Treatment with either 

aspirin (2406±219.6pg/mg; n=5) or nimesulide (1954±175.0pg/mg; n=6) significantly (P<0.05) 
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decreased 15(S)-HETE levels in the ipsilateral hemisphere compared with their respective vehicle 

controls (saline and PVP respectively). 

 

 

Figure 5.13 15(S)-HETE Levels for Left (A) and Right (B) Hemispheres.  
15(S)-HETE were assessed in ipsilateral (A) and contralateral (B) hemispheres 3-days following 
an HI-insult from non-intervention controls (n=8 ipsilateral and contralateral), HI+saline (n=6 
ipsilateral and n=7 contralateral), HI+PVP (n=6 ipsilateral and n=5 contralateral), HI+4mg/kg 

aspirin (n=5 ipsilateral and n=6 contralateral), and HI+12 mg/kg nimesulide (n=6 ipsilateral 
and contralateral). Values are the mean ± SEM for n=5-8 animals. **P<0.01 compared to non-

intervention controls. + P<0.05 and ++P<0.01 compared to vehicle control. 
 

 

In the contralateral hemisphere, aspirin (n=6) and nimesulide (n=6) treatment significantly 

(P<0.01) increased 15(S)-HETE levels to 3500±200.7pg/mg and 3526±220.2pg/mg respectively 
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compared with non-intervention controls 2156±194.1pg/mg (n=8). In addition, treatment with 

aspirin also significantly (P<0.01) increased 15(S)-HETE levels compared with HI+saline treated 

animals (n=7). No significant differences were observed between either HI+saline or HI+PVP 

(n=5) treatments and non-intervention controls 

 

5.6 Results: Effects of Aspirin and Nimesulide on L-Arginine 

Metabolism 

5.6.1 Arginase Activity 

Assessment of arginase activity levels failed to show any statistically significant differences in 

either the ipsilateral or contralateral hemispheres between any of the treatment groups assessed 

(Figure 5.14).  

 

5.6.2 Nitrite Levels 

As illustrated in Figure 5.15, there is a significant increase in nitrite levels in the ipsilateral 

hemisphere following HI+saline (73.19±4.8µM/mg; P<0.001; n=6), HI+PVP (56.6±5.3µM/mg; 

P<0.001; n=7), and HI+aspirin treatments (59.3±2.6µM/mg; P<0.001; n=6) compared to non-

intervention controls (30.9±4.0µM/mg; n=8). Aspirin treatment significantly (P<0.05) decreased 

the level of nitrite compared to HI+saline treatment. In addition, a significant decrease in nitrite 

levels was also seen following nimesulide treatment (39.1±3.9µM/mg; P<0.01; n=6) compared to 

HI+PVP treatment in the ipsilateral hemisphere. These results indicate that both aspirin and 

nimesulide treatments are able to prevent the HI-induced increase in nitrite, although nimesulide 

was more effective at this than aspirin. There was no significant change in nitrite levels in the 

contralateral hemisphere between any of the treatment groups. 
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Figure 5.14 Arginase Activity for Left (A) and Right (B) Hemispheres.  
Arginase activity was assessed in ipsilateral (A) and contralateral (B) hemispheres 3-days 

following an HI-insult from non-intervention controls (n=5 ipsilateral and n=7 contralateral), 
HI+saline (n=5 ipsilateral and n=7 contralateral), HI+PVP (n=5 ipsilateral and n=6 

contralateral), HI+4mg/kg aspirin (n=5 ipsilateral and n=7 contralateral), and HI+12 mg/kg 
nimesulide (n=5 ipsilateral and n=7 contralateral). Data is expressed as mean ± SEM for n=5-7 

separate observations. 
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Figure 5.15 Nitrite Levels for Left (A) and Right (B) Hemispheres.  
Nitrite levels were assessed in ipsilateral (A) and contralateral (B) hemispheres 3-days following 
an HI-insult from non-intervention controls, (n=8 ipsilateral and n=7 contralateral), HI+saline 

(n=6 ipsilateral and contralateral), HI+PVP (n=7 ipsilateral and n=6 contralateral), 
HI+4mg/kg aspirin (n=6 ipsilateral and n=7 contralateral), and HI+12 mg/kg nimesulide (n=6 

ipsilateral and n=7 contralateral).  Values represent the mean ± SEM for n=6-8 animals. 
***P<0.001 compared to non-intervention controls. +P<0.05 and ++P<0.01 compared to 

vehicle controls. 

5.6.3 Total NOS Activity 

HI+saline (2559±213pM L-citrulline/min/mg; n=6) and HI+PVP (2351±89.98pM L-

citrulline/min/mg; n=6) treatments resulted in a significant increase (P<0.05) in total NOS 

activity in the ipsilateral hemisphere compared with non-intervention controls (1819±122.9pM L-

citrulline/min/mg; n=6; Figure 5.16). Nimesulide treatment significantly decreased (P<0.05) total 

NOS activity levels (1881±126.0pM L-citrulline/min/mg; n=6) compared with HI+PVP treatment 

in the ipsilateral hemisphere. Aspirin treatment resulted in a small yet non-significant increase in 
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total NOS activity (2152±281.9pM L-citrulline/min/mg; n=6) compared to non-intervention 

controls in the ipsilateral hemisphere. In the contralateral hemisphere no significant differences in 

total NOS activity levels were evident between any of the treatment groups assessed. 

 
 

Figure 5.16 Total NOS Activity for Left (A) and Right (B) Hemispheres. 
Total NOS activities were assessed in ipsilateral (A) and contralateral (B) hemispheres to an HI-

insult for non-intervention controls (n=6 ipsilateral and n=7 contralateral), HI+saline (n=6 
ipsilateral and n=7 contralateral), HI+PVP (n=6 ipsilateral and contralateral), HI+4mg/kg 

aspirin (n=6 ipsilateral and n=7 contralateral), and HI+12mg/kg nimesulide (n=6 ipsilateral 
and n=7 contralateral). Assessments were carried out from tissue collected 3-days post-HI. 

Values represent the mean ± SEM for n=6-7 animals. *P<0.05 compared to non-intervention 
controls. +P<0.05 compared to PVP vehicle controls. 
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5.6.4 iNOS Activity  

There was a trend towards an increase in iNOS activity following HI+saline (489±53.6pM L-

citrulline/min/mg; n=6) treatment compared to non-intervention controls (310.7±65.86pM L-

citrulline/min/mg; n=6); however, this did not reach significance.  

 

 

Figure 5.17 iNOS Activity for Left (A) and Right (B) Hemispheres.  
iNOS activities were assessed in ipsilateral (A) and contralateral (B) hemispheres 3-days 
following an HI-insult from non-intervention control (n=6 ipsilateral and contralateral), 

HI+saline (n=6 ipsilateral and contralateral), HI+PVP (n=6 ipsilateral and contralateral), 
HI+4mg/kg aspirin (n=6 ipsilateral and contralateral), and HI+12mg/kg nimesulide (n=5 

ipsilateral and contralateral). Values represent the mean ± SEM for n=5-6 animals. *P<0.05 
compared to non-intervention controls. +P<0.05 compared to PVP vehicle controls. 
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There was however, a significant increase (P<0.05) in iNOS activity following HI+PVP treatment 

(593.2±57.51pM L-citrulline/min/mg; n=6) compared to non-intervention controls in the 

ipsilateral hemisphere. Nimesulide treatment led to significantly decreased (P<0.05) iNOS 

activity (292.1±89.82pM L-citrulline/min/mg; n=5) compared to HI+PVP treatment in the 

ipsilateral hemisphere. There were no significant changes in iNOS activity levels in the 

contralateral hemisphere between any of the treatment groups assessed (Figure 5.17).  

 

5.6.5 iNOS Protein Levels 

Following HI there was an overall decrease in the level of iNOS protein in all groups, resulting in 

statistical significance with aspirin (P<0.01), compared with non-intervention controls (Fig 5.18). 

There were no significant differences in iNOS protein levels between any of the treatment groups 

in the contralateral hemisphere (Figs 5.19).  

 

Figure 5.18 iNOS Protein Levels in the Left Hemisphere 
Representative Western blot for iNOS (A) and b-actin (B) and graph (C) of optical densities for 

non-intervention control (n=8), HI+saline (n=8), HI+PVP (n=7), HI+4mg/kg aspirin (n=7), and 
HI+12mg/kg nimesulide (n=7), treated animals of iNOS protein levels. Assessments were carried 

out 3-days post-HI. Values represent the mean ± SEM for n=7-8 animals **P<0.01compared 
with non-intervention controls. 
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Figure 5.19 iNOS Protein Levels in the Right Hemisphere.  
Representative Western blot for iNOS (A) and b-actin (B) and graph (C) of optical densities for 

non-intervention control (n=8), HI+saline (n=8), HI+PVP (n=7), HI+4mg/kg aspirin (n=7), and 
HI+12mg/kg nimesulide (n=7), treated animals of iNOS protein levels. Assessments were carried 

out 3-days post-HI. Values represent the mean ± SEM for n=7-8 animals. 
 

5.6.6 nNOS Protein Levels 

Assessment of the normalised nNOS protein levels in the ipsilateral hemisphere revealed a 

significant (P<0.05) difference between the HI+PVP and HI+nimesulide (Figure 5.20). HI+PVP 

treatment non-significantly increased nNOS protein levels in the ipsilateral hemisphere compared 

to all of the other treatment groups. In the contralateral hemisphere all the treatment groups had 

low levels of nNOS protein expression when normalised to non-intervention controls; however 

these levels never reached significance (Figure 5.21). 
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Figure 5.20 nNOS Protein Levels in the Left Hemisphere.  
Representative Western blot for nNOS (A) and b-actin (B) and graph (C) of optical densities for 

non-intervention control (n=4), HI+saline (n=4), HI+PVP (n=5), HI+4mg/kg aspirin (n=4), and 
HI+12mg/kg nimesulide (n=4) treated animals of nNOS protein levels. Assessments were carried 
out 3-days following HI surgery. Values represent the mean ± SEM for n=4-5 animals compared 

to PVP vehicle controls. 
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Figure 5.21 nNOS Protein Levels in the Right Hemisphere.  
Representative Western blot for nNOS (A) and b-actin (B) and graph (C) of optical densities for 

non-intervention control (n=4), HI+saline (n=4), HI+PVP (n=5), HI+4mg/kg aspirin (n=4), and 
HI+12mg/kg nimesulide (n=4) treated animals of nNOS protein levels. Assessments were carried 

out 3-days following HI surgery. Values represent the mean ± SEM for n=4-5 animals. 
 

5.6.7 eNOS Protein Levels 

Assessment of eNOS protein levels failed to show any significant differences between any of the 

treatment groups in the ipsilateral hemisphere (Figure 5.22). Apart from the HI+saline treatment 

group the treatments had higher levels of eNOS protein when normalised to non-intervention 

controls. In the contralateral hemisphere all treatment groups had similar levels of eNOS protein 

except nimesulide, which had significantly less eNOS protein when compared to HI+PVP 

(P<0.01) and non-intervention controls (P<0.05; Figure 5.23). 
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Figure 5.22 eNOS Protein Levels in the Left Hemisphere.  
Representative Western blot for eNOS (A) and b-actin (B) and graph (C) of optical densities for 

non-intervention control (n=7), HI+saline (n=6), HI+PVP (n=7), HI+4mg/kg aspirin (n=7), and 
HI+12 mg/kg nimesulide (n=6) treated animals of eNOS protein levels. Assessments were carried 

out 3-days following HI surgery. Values are the mean ± SEM for n=6-7 animals. 
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Figure 5.23 eNOS Protein Levels in the Right Hemisphere.  
Representative Western blot for eNOS (A) and b-actin (B) and graph (C) of optical densities for 

non-intervention control, HI+saline, HI+PVP, HI+4mg/kg aspirin, and HI+12 mg/kg nimesulide 
treated animals of eNOS protein levels. Assessments were carried out 3-days following HI 

surgery. Values are the mean ± SEM for n=5 animals per group. *P<0.05 compared with non-
intervention controls ++P<0.01 compared to PVP vehicle controls. 

 

5.7 Discussion 

The current set of experiments demonstrates that aspirin, but not nimesulide, treatment results in 

significant protection following HI-induced injury. PVP treatment may be having a slight 

protective effect, as the total volume of infarction was reduced when compared with HI+saline 

treated vehicle controls. PVP treatment also reduced COX-2 protein levels in the contralateral 

hemisphere. PVP was used as a vehicle for nimesulide to improve the solubility of nimesulide in 

aqueous solutions (Candelario-Jalil et al., 2004) However, although PVP is considered to be inert, 

there is some clinical evidence suggesting that PVP can modulate immune responses (Ganesan et 

al., 2003; Ronnau et al., 2000). This suggests that in the context of HI that PVP may not be a 

suitable vehicle for non-soluble treatments. Previous studies, using transient models of ischaemia 

or excitotoxin-induced brain injury, have shown that COX-2 protein levels and mRNA expression 

remain elevated for at least 3-days following the initial injury (Iadecola et al., 1999; Minghetti, 
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2004; Minghetti et al., 1999; Nogawa et al., 1997). We have shown in the current study that 

4mg/kg aspirin is neuroprotective in the HI model of brain injury. However, we failed to 

demonstrate any neuroprotection following treatment with 12mg/kg nimesulide in the same 

model. Nimesulide has previously been shown to be neuroprotective in the MCAO model of 

stroke (Candelario-Jalil et al., 2004), but there is also evidence that it may not be neuroprotective 

in other models of brain injury (Gu et al., 2008; Kim et al., 2008). 

 

5.7.1 Effect of Aspirin and Nimesulide on Arachidonic Acid Metabolism 

The present study showed no significant differences in COX-2 protein levels, as measured by 

Western blotting, between HI+saline treatment and non-intervention controls in the ipsilateral or 

contralateral hemispheres. We also found that HI+PVP treatment significantly decreased COX-2 

protein levels in the contralateral hemisphere when normalised to non-intervention control.  

These results are unexpected in the context of the literature, which indicates that COX-2 protein 

is increased following ischaemic brain damage (Iadecola et al., 1999; Nogawa et al., 1997). There 

is, immunohistochemical evidence suggesting COX-2 is expressed in discrete regions of the 

normal rat brain (Breder et al., 1995). However, our immunofluorescence results showed that 

cells expressing COX-2 protein were only within the peri-infarct areas (Section 3.2) and the 

constitutive expression of COX-2 mRNA within the brain is 25-500 times lower than found in 

other organ systems, such as the prostate, lung and gastrointestinal tract (O'Neill et al., 1993). 

This variation from published data is most likely due to whole hemispheres being used for the 

western blot study, and dissection of the peri-infarct area would have allowed us to get a clearer 

picture of what was occurring at the site of injury. The lack of clear differences is most likely due 

to a dilution effect caused by using the whole hemisphere meaning that local rises in COX-2 

protein expression were lost, rather than COX-2 protein levels returning to baseline levels after 

the initial pro-inflammatory phase following HI.  

 

Decreased COX-1 gene expression has previously been linked to increased neurodegeneration 

following MCAO (Iadecola et al., 2001b), while increased COX-1 gene expression is 

neuroprotective following transient MCAO (Lin et al., 2002). In the present study, we found that 

COX-1 protein levels were unaltered following either HI+saline or HI+PVP treatments in the 

ipsilateral hemisphere. Treatment with aspirin (4mg/kg) resulted in a decrease in COX-1 protein 

levels compared to non-intervention controls and HI+saline, whereas, treatment with nimesulide 

(12mg/kg) did not appear to have an effect on COX-1 protein levels following HI. These results 
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are not surprising as aspirin is more selective for COX-1 compared with nimesulide (table 1.1). 

Iadecola and colleagues, found that increased neurodegeneration seen as a result of decreased 

COX-1 gene expression was not as a consequence of increased excitotoxicity, but rather the loss 

of COX-1, which led to a 60% reduction in cerebral blood flow around the damaged area of the 

brain (Iadecola et al., 2001b). In the current study we found aspirin to be neuroprotective, while 

still reducing COX-1 protein levels, suggesting that in the HI model loss of COX-1 expression 

does not negatively impact on cerebral blood flow as it does in ischaemia-reperfusion or that the 

beneficial effects of aspirin outweigh the adverse effects of its action on COX-1 protein levels. 

 

Treatment with either aspirin or nimesulide resulted in decreased COX-2 protein levels. Both 

aspirin and nimesulide significantly reduced the increase in COX-mediated PGE2 caused by HI, 

indicating that these drugs are acting on COX. In the MCAO model, 40mg/kg aspirin reduced the 

infarct size by 50% compared to saline treated MCAO controls (Berger et al., 2004). 

Furthermore, others have previously shown using a range of selective COX-2 inhibitors, a 22%-

60% decrease in COX-2-mediated PGE2 production in various models of neuronal injury (Berger 

et al., 2004; Candelario-Jalil et al., 2004; Gopez et al., 2005; Huang et al., 2005; Manabe et al., 

2004; Minghetti, 2004; Nagayama et al., 1999; Nogawa et al., 1997; Sugimoto et al., 2003). 

However, we found that only aspirin was neuroprotective following HI, this suggests that while 

the two compounds act on their enzymatic target, their neuroprotective effects are not solely 

COX-dependent. 

 

The levels of 15(S)-HETE, an AA metabolite produced by 5-LO, were significantly increased 

following HI+saline, and aspirin ameliorated this increase. 15(S)-HETE can serve as a pro-

inflammatory substrate for 5-LO production in neutrophils (Serhan, 2005). It has also been shown 

that as little as 100!M aspirin is required for the acetylation of the serine 516 residue on the 

COX-2 gene, which inhibits COX-2-mediated prostaglandin synthesis and increased production 

of 15(R)-HETE (Mancini et al., 1994). Interestingly, this acetylation of the COX-2 gene only 

produces the 15(R)-HETE enantiomer when measured by HPLC. The EIA kit used to determine 

the levels of 15(S)-HETE only has 0.08% cross-reactivity with 15(R)-HETE. Aspirin treatment 

led to a significant increase in 15(R)-HETE in the contralateral hemisphere following HI. The 

15(S)-HETE enantiomer can also be further metabolised to produce LXA4, which is also anti-

inflammatory (Serhan, 2005). Production of the anti-inflammatory lipoxin, 15epi-LXA4, by 

aspirin is by acetylation of the COX-2 gene and production of 15(R)-HETE (Paul-Clark et al., 

2004; Qiu et al., 2001). It has previously been shown in vitro, that application of 15-HETE 
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inhibited leukocyte and neutrophil migration and inhibited the production of the pro-

inflammatory eicosanoid, LTB4 (Chanez et al., 2002). The increased 15-HETE levels in the 

contralateral hemisphere of aspirin-treated HI-animals, suggests aspirin may have acetylated the 

COX-2 gene. The differences between the levels of 15-HETE seen in the ipsilateral and 

contralateral hemisphere with aspirin treatment could be a compensatory regulatory mechanism. 

Previous studies have shown that aspirin can decrease PGE2 production, and leukocyte infiltration 

(Paul-Clark et al., 2004), resulting in a reduction in infarct volume following HI. Taken together, 

these mechanisms could account for the protection seen in the present study following HI+aspirin 

treatment. However, to delineate the exact mechanisms associated with the protection afforded by 

aspirin and to fully elucidate the complex interplay between the hemispheres, further experiments 

are required. 

 

Previously, treatment with nimesulide (12mg/kg) has been shown to afford significant 

neuroprotection in a transient model of MCAO, by reducing PGE2 levels by 60% (Candelario-

Jalil et al., 2007; Candelario-Jalil et al., 2004). In the present study however, treatment with 

nimesulide failed to offer any significant protection. This lack of protection with nimesulide 

occurred even with a decrease in COX activity and COX-2 protein levels compared with vehicle 

treated HI controls. These results are similar to those seen in an experimental model of 

Wernicke’s encephalopathy where treatment with 10mg/kg nimesulide failed to provide 

neuroprotection despite significantly reducing PGE2 levels (Gu et al., 2008). Treatment with 

nimesulide was found to significantly reduce the percentage of neurons in the medial thalamus 

and inferior colliculus compared to vehicle treated animals. Inhibition of the COX-2 gene using 

either selective and non-selective NSAIDs have been shown to stimulate the production of pro-

inflammatory genes such as MCP-1, toll-like receptor-2, and microsomal PGE2 synthase within 

the brain following exposure to LPS (Blais et al., 2005). EP-1 and EP-2 receptor activation by 

PGE2 have been implicated in NMDA-induced excitotoxicity, MCAO, and microglial-mediated 

neurodegeneration (Kawano et al., 2006; Shie et al., 2005). These findings offer a logical 

explanation and a possible reason for why nimesulide failed to offer any protection following HI. 

However, further work is required to establish whether these are possible mechanisms for why we 

failed to see any protection in the present study following nimesulide treatment.  

 

Numerous studies have previously shown that inhibition of COX-2 is advantageous in a number 

of neurodegenerative disorders (Huang et al., 2005; Minghetti, 2004; Minghetti et al., 1999; 

Nagayama et al., 1999; Sugimoto et al., 2003; Wakitani et al., 2000). Nimesulide (12mg/kg) has 
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previously been shown to reduce neutrophil infiltration and blood brain barrier disruption 

following MCAO, which was attributed to the inhibition of COX-2 (Candelario-Jalil et al., 2007). 

It would appear that the failure of nimesulide and success of aspirin to be neuroprotective could 

be related to mechanisms other than the inhibition of COX-2. It is also possible that the relative 

changes in COX-2 expression may also have differential effects. However, to confirm this further 

work is required.  

 

5.7.2 Effect of Aspirin and Nimesulide on L-Arginine Metabolism 

Previous studies have shown increased arginase activity to be neuroprotective in vitro (Lange et 

al., 2004). It has been found that elevated arginase activity at 3 days following HI is 

neurodegenerative, while at 7 days following HI, increased arginase is neuroprotective (Clarkson 

et al., 2004a; Sutherland et al., 2005). As arginase competes with the NOS enzymes for L-

arginine as a substrate (section 1.8.1) the role of arginase in HI is complex. In this study we found 

that arginase activity was unchanged by any of the treatments and most likely did not play a 

significant role in either the neurodegeneration seen with HI surgery or in the neuroprotective 

effects of aspirin. 

 

As shown in section 5.2.1 and 5.2.2, our in vitro results illustrate that neither aspirin nor 

nimesulide (1nM-10!M) had any effect on nitrite levels in LPS (10ng/mL)-stimulated 

macrophages. Another study using microglial cell cultures found that treatment with paracetamol, 

aspirin, piroxicam, NS-398 or indomethacin (concentration range 100nM-100µM), also failed to 

interfere with the production of NO following LPS-stimulation (See appendix I; Greco et al., 

2003). Furthermore, Shibata et al. tested nimesulide at 0.3-3µM in rat midbrain slice cultures 

stimulated with either IFN$ or LPS and found that nimesulide had no effect on nitrite production 

(Shibata et al., 2003). In vivo evidence indicates that the anti-inflammatory actions of aspirin are 

mediated in part through iNOS and eNOS (Paul-Clark et al., 2004). By itself NO is not cytotoxic 

(Ebadi et al., 2003), however when there is depleted L-arginine, or increased ROS production, 

superoxide reacts with NO to produce peroxynitrite, which is one of the most potent reactive 

nitrogen species known (Wiesinger, 2001). Treatment with nimesulide significantly lowered both 

total and iNOS activity and nitrite levels in the ipsilateral hemisphere following HI compared to 

HI+PVP vehicle treated animals. Treatment with aspirin also significantly decreased nitrite levels 

in animals that underwent HI when compared to saline treated controls; however nitrite levels 

were still elevated compared to non-intervention controls in the ipsilateral hemisphere. We have 
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shown in the present study that treatment with either nimesulide or aspirin led to a non-significant 

decrease in COX-2 and iNOS protein levels. COX-2 protein expression during an ischaemic 

event has previously been shown to be associated with an up-regulation in iNOS expression 

(Nogawa et al., 1997). It has also been shown that in iNOS knockout mice that COX-2 inhibition 

has no effect on infarct size following MCAO (Nagayama et al., 1999). 

 

Previous studies have shown eNOS to be neuroprotective due to the vasoactive properties 

associated with eNOS-derived NO, and eNOS knockout animals have increased lesion volumes 

following MCAO-induced neurodegeneration (Huang et al., 1996a; Huang et al., 1996b; Laufs et 

al., 2002). In the present study, HI+saline treatment resulted in a small yet non-significant 

decrease in eNOS protein levels compared to non-intervention controls in the ipsilateral 

hemisphere. Treatment with aspirin failed to alter the expression of eNOS following HI. 

However, treatment with nimesulide resulted in a significant decrease in eNOS protein levels in 

the contralateral hemisphere, while increasing eNOS protein levels in the left (ipsilateral) 

hemisphere. In the present study decreased eNOS protein in the right hemisphere by nimesulide 

treatment could have led to vasoconstriction preventing reperfusion through transhemispheric 

vessels. This could explain, in part, why nimesulide was not neuroprotective. 

 

The present study has found that nimesulide significantly decreased the level of nNOS protein in 

the ipsilateral hemisphere following HI compared with PVP vehicle. Increased nNOS expression 

has been previously shown to be associated with neurodegeneration following ischaemic brain 

injury (Eliasson et al., 1999; Goyagi et al., 2001; Huang et al., 1996a; Huang et al., 1994; Huang 

et al., 1995). In the HI model of brain injury 10-30mg/kg sub-cutaneous 2-iminobiotin, a selective 

iNOS and nNOS inhibitor, when given immediately following HI induction was shown to be 

neuroprotective when assessed six weeks following HI (van den Tweel et al., 2005). In addition, 

we have shown in chapter 4 that the selective nNOS inhibitor, ARL 17477, is neuroprotective in 

this model of HI. Furthermore, others have shown that 1h post MCAO that there is increased 

NOS activity that is ameliorated in nNOS knockout mice (Eliasson et al., 1999). Compared to 

HI+saline and HI+PVP, we show that both aspirin and nimesulide reduced nNOS and iNOS 

protein levels in the ipsilateral hemisphere. Aspirin did not decrease nitrite or iNOS activity 

levels as much as nimesulide. However, aspirin has been shown to mediated part of its anti-

inflammatory effect through increased NO, which leads to decreased immune cell trafficking 

(Paul-Clark et al., 2004). In addition, we show that aspirin also increased 15-HETE levels 

following HI in the contralateral hemisphere compared to both non-intervention controls and 
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HI+saline treated animals. Previous work from this laboratory has shown that HI can alter 

processes within the contralateral hemisphere (Clarkson et al., 2005a), which are associated with 

mitochondrial impairments that are mediated via inflammatory pathways (Clarkson et al., 2007a). 

It is possible therefore that 15-HETE produced in the contralateral hemisphere could have 

neuroprotective effects, as 15epi-LXA4, an anti-inflammatory lipoxin that is produced via 

acetylation of 15-HETE has been shown to mediate its effects via increased NO (Paul-Clark et 

al., 2004; Qiu et al., 2001). Increased 15-HETE in the contralateral hemisphere could reduce 

leukocyte infiltration from the contralateral hemisphere into the ipsilateral hemisphere through an 

increase in 15epi-LXA4. Both aspirin and nimesulide were shown to inhibit HI-induced increases 

in nNOS protein. In vitro studies have found that nimesulide is less effective against excitotoxic 

challenge or reactive immune cells (Khanduja et al., 2006; Shibata et al., 2003). Nimesulide was 

not neuroprotective against HI in this study: it has been previously shown that activation of 

inflammatory cells reduced the ability of nimesulide to inhibit NO production, and this could 

explain the lack of neuroprotection (Khanduja et al., 2006). As nimesulide decreased COX-2 

activity, which has been shown to be neuroprotective, it is likely that the effect of nimesulide on 

L-arginine metabolism by the NOS enzymes is the cause for the lack of neuroprotection. 

 

These data suggest that inhibition of COX-2 following stroke is unlikely to be sufficient for 

neuroprotection on its own, both aspirin and nimesulide inhibited COX activity and altered 

expression of the COX proteins, but only aspirin was neuroprotective.  Based on the effects of 

aspirin treatment, we suggest that modulation of several pathways, i.e. 15-HETE, L-arginine 

metabolism through NOS as well as COX is required to successfully afford protection after HI. 

The relative modulatory levels that are required to reach any significant differences are still to be 

determined, however before any one therapy is to reach clinic, these levels needs to be 

determined. These results also demonstrate that drugs that are reported to have similar 

mechanisms of action will not necessarily provide the same level of neuroprotection.  
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6.1 Summary of Major Findings  

The rodent model of HI-induced brain injury is a well established model that is used to assess the 

human pathology, perinatal HI-encephalopathy, a cerebral pathology that has been implicated in 

conditions such as cerebral palsy, impaired motor and cognitive development, and epilepsy 

(Levine, 1960; Vannucci et al., 1999). Previous work from this laboratory established a modified 

rat-pup model of HI and subsequently confirmed this model as an easily reproducible model of 

neuronal cell death (Clarkson et al., 2004a; Clarkson et al., 2005a; Sutherland et al., 2005). It 

should be noted however, that this model was not set up to mimic any neonatal pathology per se, 

but rather as a model of neurodegeneration that has similarities to both perinatal HI-

encephalopathy and adult cerebral ischaemia. The present study showed and confirmed that the 

HI model generates a reproducible lesion, affecting both cortical and sub-cortical (hippocampal 

and striatal) regions of the brain. This lesion is consistent with the original publications by Rice, 

Vannucci and others (Clarkson et al., 2005b; Rice et al., 1981; Vannucci et al., 1999) who have 

observed in the ipsilateral hemisphere of rats following HI intervention that there is damage and 

loss of neurons in cortical, periventricular white matter, striatal, and hippocampal regions. It 

should be noted that small yet significant functional (electrophysiological), biochemical and 

mitochondrial changes have also been observed in the contralateral hemisphere (Clarkson et al., 

2007a; Clarkson et al., 2005a). These changes in the contralateral hemisphere are consistent with 

clinical observations termed transhemipheric diaschisis, which refers to remote changes that 

occur in the same brain regions to the initial insult, yet occurring on the opposite hemisphere, as 

first documented by Von Monakow in 1907(Andrews, 1991).  

 

In the present study, COX-2 and iNOS positive cells were located primarily within the peri-

infarct region following HI. The majority of these cells were non-neuronal in origin as shown by 

the lack of co-localisation with the neuronal marker, NeuN. These findings are corroborated by 

previous studies looking at different models of brain injury (Acarin et al., 2002; Guzik et al., 

2003; Heneka et al., 2001; Iadecola et al., 2001a; Iravani et al., 2002; Moro et al., 2004). Given 

the lack of co-localisation with NeuN, further studies using markers for specific immune and 

inflammatory cells would be needed to completely determine the origin of COX-2 and iNOS 

immunoreactivity shown in the present study. These COX-2 and iNOS positive cells appeared to 

be migrating towards the site of infarction, as this is where the greatest numbers of 

immunoreactive cells were present. There were also few positively labelled cells found towards 

the midline of the brain. This finding is similar to what has previously been seen following 
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MCAO where the immune cells quickly localise to both infarcted and peri-infarcted regions 

(Clark et al., 1993). In addition, these immune cells have been shown to express and secrete 

multiple proteins, such as cytokines and chemokines (Bona et al., 1999; Frank et al., 2007; 

Gregersen et al., 2000) and receptors for pro-inflammatory eicosanoids (Fang et al., 2006; 

Kawano et al., 2006). These proteins increase inflammation through cell signalling and further 

inflammatory cell recruitment. Previous work has also shown that COX-2 protein expression 

during an ischaemic event is associated with an up-regulation in iNOS expression, causally 

linking the two genes (Nogawa et al., 1997). 

 

6.1.1 Effect of Aspirin on HI 

Low-dose aspirin (4mg/kg) afforded significant protection in the present study following HI-

induced neurodegeneration, as shown by the decrease in infarct volume compared to vehicle 

treated controls. This is consistent with an earlier study showing treatment with 40mg/kg aspirin 

in the MCAO model of stroke reduced the lesion volume by 79% and improved neurological 

outcome (Berger et al., 2004). However, unlike the study by Berger, we chose a dose 10-fold 

lower, which possesses greater clinical relevance, as this dose is unlikely to result in renal or 

gastric toxicity and is more in line with the low-dose aspirin taken prophylactically by humans. 

As prostaglandins have homeostatic gastric and kidney function as well as a role in inflammation, 

it was important to determine any adverse peripheral effects. In our study neither the treatments 

nor the vehicles used had any significant detrimental effects on peripheral organ wet weight when 

compared to non-intervention controls. This is not surprising as high-dose aspirin (40mg/kg) had 

no adverse effects following MCAO and low-dose aspirin (3-4mg/kg) in mice also had no effect 

on body weight or other physiological parameters over an 18 week dosing regimen (Berger et al., 

2008; Berger et al., 2004; Cyrus et al., 2002). It has been shown that doses of 3.3mg/kg or 

10mg/kg of aspirin in rats does not have an anti-thrombotic action (Philp et al., 1984). Similarly, 

in the current study we found that a 4mg/kg dose of aspirin did not increase blood-clotting time in 

rats also exposed to HI. 

 

The current study found that in the ipsilateral hemisphere, treatment with aspirin resulted in a 

significant decrease in the HI+saline induced elevation in 15(S)-HETE levels, compared to non-

intervention controls. Conversely, in the contralateral hemisphere aspirin treatment caused a 

significant increase in 15(S)-HETE compared to both non-intervention controls and saline treated 

animals. Previous in vitro studies have shown that 100µM aspirin acetylates the 516 serine 
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residue on the COX-2 protein and led to an inhibition of prostaglandin synthesis and the 

production of 15(R)-HETE (Mancini et al., 1994). We also found that aspirin treatment 

significantly decreased COX activity compared to saline treated HI controls in the ipsilateral 

hemisphere. In vitro studies have found that 15-HETE negatively regulates leukocyte and 

neutrophil migration and inhibits the production of the pro-inflammatory eicosanoids LTB4 and 

PGE2 (Chanez et al., 2002; Eberhard et al., 2002; Fogh et al., 1989; Herlin et al., 1990). The 

increase in 15(S)-HETE levels in the contralateral hemisphere following HI with saline treatment 

could be part of an endogenous neuroprotective mechanism, as 15(S)-HETE can serve as a 

substrate for 5-LO production in neutrophils and has been found to be elevated in other 

inflammatory conditions such as asthma (Eberhard et al., 2002). Aspirin treatment led to a 

significant increase in nitrite levels in animals that underwent HI when compared to non-

intervention controls in the ipsilateral hemisphere. There was a trend towards an increase in iNOS 

activity in the ipsilateral hemisphere of aspirin treated animals, although this was not statistically 

significant. COX-2 protein expression during an ischaemic event has also been associated with an 

up-regulation in iNOS expression (Nogawa et al., 1997). It has also been shown that in iNOS 

knockout mice that COX-2 inhibition has no effect on reducing the size of the infarct following 

MCAO (Nagayama et al., 1999). Aspirin, by increasing NO has previously been shown to 

stimulate an increase in 15-epi-LXA4 production, an anti-inflammatory prostanoid, as well as 

stimulating a decrease in leukocyte infiltration (Paul-Clark et al., 2004). In this study we have 

found that during HI-induced brain damage aspirin exerts its neuroprotective effects both through 

the inhibition of COX and enhancement of NOS. 

 

6.1.2 Effect of Nimesulide on HI 

Nimesulide (12mg/kg), when given prophylactically, failed to significantly reduce the volume of 

infarction compared to PVP treated vehicle control animals. This is inconsistent with studies 

using selective COX-2 inhibitors, including nimesulide, in other models of ischaemic brain injury 

(Candelario-Jalil et al., 2004; Nogawa et al., 1997). The models used previously with selective 

COX-2 inhibitors were transient ischaemic models, where the middle cerebral artery was only 

occluded for a short period of time (1-2 hours). In the HI model the left common carotid artery 

was permanently occluded and the animals subjected to a low oxygen atmosphere (8% O2) for an 

hour. It could be that the decrease in blood flow to the brain caused by the permanent occlusion 

affected the efficacy of nimesulide in the HI model, compared to the MCAO model where the 

decrease in blood flow is only transient. In addition there was a difference in ages between the 
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rats used in the MCAO studies and in the current HI study; in this study the animals were 26 days 

old, whereas in the MCAO studies the animals were fully grown, 2-3 month old adults 

(Candelario-Jalil et al., 2004; Nogawa et al., 1997). However, not all studies using nimesulide 

have been shown to be beneficial. For instance, pre-treatment with 10mg/kg of nimesulide 

exacerbated kainic acid-induced seizures (Kim et al., 2008) and a study looking at 

neurodegeneration following dietary thiamine deficiency in rats found that 10mg/kg nimesulide 

exacerbated the neuronal loss in rats that were thiamine deficient (Gu et al., 2008). Similar to 

studies of ischaemic brain injury, it was found that COX-2 mRNA expression and PGE2 

production was increased in thiamine deficient animals and application of nimesulide reduced the 

levels of PGE2 (Gu et al., 2008). This study suggested that the lack of protection by nimesulide 

could be due to neuroprotective effects of PGE2 being mediated through the PGE2 receptors. A 

stable PGE2 analogue was found to reduce mortality from seizures although it unable to reduce 

the level of seizure activity (Kim et al., 2008). In a study examining pentylenetetrazol-induced 

seizure kindling in mice found that up to 5mg/kg nimesulide reduced seizure kindling compared 

to vehicle control (Dhir et al., 2007). This seems to contradict the findings of Kim and colleagues 

who found that nimesulide increased seizure activity, however, they used 10mg/kg of nimesulide 

(Kim et al., 2008). These differences in the concentration of nimesulide used could explain the 

differences in results seen. The modulation of PGE2 is another possible reason why nimesulide 

failed to offer neuroprotection in the current study; however more detailed analysis of the role of 

PGE2 and PGE2 receptors in HI-induced brain damage would need to be undertaken to fully 

elucidate this. 

 

We found that 12mg/kg nimesulide had no detrimental peripheral effects following HI. This was 

consistent with Candelario-Jalil et al., (2004) who showed that following MCAO 12mg/kg 

nimesulide had no effect on body temperature, blood glucose, packed cell volume, blood pH and 

blood gases (Candelario-Jalil et al., 2004). Nimesulide reduced COX activity more than the other 

treatment groups, but had no significant effect on the levels of the anti-inflammatory eicosanoids 

15(S)-HETE or 11!PGF2. PGF2" has been shown to reduce neuronal death and seizure activity 

following kainic acid application in rats (Kim et al., 2008). COX-2 inhibition by both selective 

and non-selective NSAIDs increased the induction of pro-inflammatory genes within the brain 

following immune system stimulus with LPS (Blais et al., 2005). These genes included MCP-1, 

toll-like receptor-2 and microsomal PGE2 synthase. PGE2 acting on the EP-1 receptor has been 

previously shown to caused neurodegeneration following NMDA injection as well as in the 

MCAO model (Kawano et al., 2006). EP-2 receptors have also been shown to be involved in 
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microglial-mediated neurodegeneration (Shie et al., 2005). We found that nimesulide did not alter 

nitrite accumulation by macrophages stimulated by LPS and other in vitro studies have 

demonstrated that while nimesulide can inhibit NO production in unstimulated macrophages, it is 

less effective against excitotoxic challenge or reactive immune cells (Khanduja et al., 2006; 

Shibata et al., 2003). However, we found in vivo that 12mg/kg nimesulide had significantly lower 

nitrite levels and iNOS activity in the ipsilateral hemisphere compared to aspirin. There was also 

a non-significant trend towards lower nitrite and iNOS activity levels compared to PVP vehicle 

treatment alone. These results are similar to those of Dhir and colleagues who found that in the 

pentylenetetrazol-induced seizure kindling model of epilepsy that nimesulide prevented the 

increase in nitrite levels seen with pentylenetetrazol treatment (Dhir et al., 2007). However, as 

nimesulide was not neuroprotective, it is possible that this trend was not enough to prevent NO-

mediated damage, which is associated with an increase in reactive immune cells.  

 

6.1.3 Effect of ARL 17477 on HI 

We have previously shown that treatment with 3mg/kg of ARL 17477 confers significant 

neuroprotection when given 1h before the induction of HI, specifically by reducing the volume of 

infarct compared to saline treated animals 3-days post-HI, through decreased arginase activity 

and nitrite levels (Shaw OM, Clarkson AN, Sutherland BA, Jackson DM, Sammut IA and 

Appleton I, 2003 unpublished observations). It has been demonstrated that ARL 17477 confers a 

significant degree of neuroprotection in models of both global and focal ischaemia when given 

prior to, or immediately following, an ischaemic event (Harukuni et al., 1999; O'Neill et al., 

2000). Both eNOS and nNOS are found in the brain; however, studies have found that eNOS 

inhibition leads to increased neurodegeneration in models of ischaemia (Huang et al., 1996a; 

Huang et al., 1996b), whereas inhibition of nNOS is neuroprotective (Harukuni et al., 1999; 

Huang et al., 1996a; Huang et al., 1994; Huang et al., 1995; O'Neill et al., 2000). ARL 17477 has 

been previously shown in vitro, to be more selective for nNOS than eNOS (O'Neill et al., 2000). 

Both NOS and arginase pathways utilise the same common substrate, L-arginine. Previous studies 

have shown both in vitro and in vivo that LPS can induce both iNOS and arginase, and that while 

iNOS is induced rapidly, stimulation of arginase occurs at a slower rate (Sonoki et al., 1997; 

Wang et al., 1995). These findings are not too dissimilar to what we have previously observed 

following HI where we have shown 3-days post HI no change in arginase activity is observed 

(Sutherland et al., 2005; see chapters 3 and 5), however by 7-days post HI, arginase activity is 

elevated (Clarkson et al., 2004a). Similar to what we have previously shown, the present study 
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resulted in a significant increase in total NOS activity following HI. Treatment with ARL 17477 

not only decreased total NOS activity levels, but also resulted in a significant increase in arginase 

activity. ARL 17477 provides protection primarily via the inhibition of nNOS, however, we show 

here that ARL 17477 also acts indirectly via an elevation in arginase activity associated with 

impaired iNOS-mediated NO production.  

 

Mitochondria are responsible for the generation of cellular energy via oxidative phosphorylation 

of adenosine diphosphate to ATP (Campbell, 1999). Damage to mitochondria leads to a loss of 

ATP and other high energy metabolites (Moro et al., 2005). The exact mechanisms of damage 

during HI are not well understood, but complexes I-III are susceptible to ischaemic damage, 

while complex IV activity is reduced during long periods of reperfusion (Moro et al., 2005). 

There is evidence that complexes I-III are especially susceptible to damage from NO and 

peroxynitrite (Moro et al., 2005). One possible strategy to protect against HI-induced neuronal 

damage is to prevent the loss of mitochondrial function, or stop the release of apoptotic mediators 

from damaged mitochondria. Previous studies from our laboratory have explored the protective 

effects of antioxidants and the GABAA receptor modulator, clomethiazole (Clarkson et al., 2004a; 

Clarkson et al., 2005a; Sutherland et al., 2005). These studies showed clear protection against HI-

induced impairment of mitochondrial complex kinetics and preservation of mitochondrial 

integrity as demonstrated by normalisation of citrate synthase and aconitase activities (Clarkson 

et al., 2004a; Clarkson et al., 2005a; Sutherland et al., 2005). The use of the nNOS inhibitor, 

ARL 17477, also showed marked protection against the HI-induced impairment of mitochondrial 

complex kinetics and preservation of mitochondrial integrity and oxidative stress. Increased ROS 

production is associated with oxidative stress, which is known to play a critical role in the 

development of neuronal damage. Elevated ROS production has been shown to inhibit pyruvate 

dehydrogenase through oxidation (Bogaert et al., 1994), which may have resulted in the deficits 

in complex I activity seen in the present study following HI. This decrease in activity has 

previously been observed in brain mitochondria following an ischaemic episode, in which a 

decrease in state 3 NAD-linked respiration rates were observed (Clarkson et al., 2007a). 

Inhibition of complex I activity, unlike the other complexes, leads to a rapid decrease in oxygen 

consumption initiating oxidative stress (Davey et al., 1998). This oxidative stress then triggers a 

sudden rise in Ca2+, as a consequence of inhibiting oxidative phosphorylation, preventing the 

energy-dependent pumping of Na+ and Ca2+ out of the cell, while continuously leaking Ca2+ into 

the cell at a normal rate (Lee et al., 1992). In this study, ARL 17477 treatment appeared to 

maintain the level of oxidative phosphorylation, as shown by the preservation of complex I 
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activity. Other complexes in the mitochondrial respiratory chain have been shown to be sensitive 

to stress-induced ROS. Complex IV, for example, is particularly susceptible to damage resulting 

from ROS-induced lipid peroxidation (Soussi et al., 1990). In the present study, HI induced a 

significant decrease in complex IV activity, which was reversed following treatment with ARL 

17477. Citrate synthase activity was also significantly decreased following HI, indicating that 

mitochondrial structures were not intact. ARL 17477 provided full preservation of citrate 

synthase activity, protecting against the HI-induced mitochondrial membrane permeability. NO 

produced as a consequence of ischaemic damage may react with other free radicals such as 

superoxide to form peroxynitrite, which is an extremely potent oxidizing agent. Peroxynitrite has 

been shown to directly inhibit complexes II-III and IV activities in cultured neurons (Bolanos et 

al., 1995) without affecting complex I activity.  

 

6.2 Clinical Applications 

Both aspirin and nimesulide are currently available as over-the-counter medications (although 

nimesulide is not available in New Zealand, it is available overseas). Many selective nNOS 

inhibitors, with similar mechanisms to ARL 17477 (O'Collins et al., 2006), failed to show any 

benefit in clinical trials for the treatment of stroke. Anti-inflammatories, like aspirin and 

nimesulide that have shown success in animal models of stroke (Berger et al., 2004; Candelario-

Jalil et al., 2004), have also failed as therapeutic interventions for stroke (O'Collins et al., 2006). 

We have shown that in the HI model of brain injury that nimesulide was not neuroprotective, 

which is contrary to what has been published in the literature on nimesulide (Candelario-Jalil et 

al., 2004), and COX-2 inhibitors in general (Candelario-Jalil et al., 2004; Hurley et al., 2002; 

Iadecola et al., 1999; Iadecola et al., 2001a; Nogawa et al., 1997). Part of the reason for the 

difference between the literature and the results we obtained could be due to the differences 

between the HI and MCAO model used by Candelario-Jalil and colleagues, where one is a 

permanent occlusion model, that also features deprivation of normal oxygen, and the other is a 

transient model that features reperfusion injury (Candelario-Jalil et al., 2004). 

 

Current therapeutic interventions aim to target two aspects of the stroke and HI pathologies: 1) 

restoration of normal or near normal blood flow to the penumbra and 2) prevention of further 

neurodegeneration caused by the ischaemic event. There has been limited success in restoring 

blood flow using thrombolytic agents following ischaemic strokes (Feuerstein et al., 2001). The 

only approved treatment currently available for the treatment of ischaemic stroke is thrombolytic 
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agent, recombinant tissue plasminogen activator (rt-PA; Fisher, 2003; Gladstone et al., 2002). 

However, thrombolytics do not retard neurodegeneration, have a narrow therapeutic window of 

three to four and half hours for rt-PA (Donnan et al., 2003; Lavallee, 2006; Lees et al.; Lindley et 

al., 2005), and are contraindicated for the treatment of haemorrhagic stroke (Donnan et al., 2003; 

Fisher, 2003). There is no treatment currently available to reduce neurodegeneration caused by 

either type of stroke or HI. The main problem with devising a successful treatment for stroke or 

HI is that the disease results in a complex cascade of neurotoxic and excitotoxic events within the 

brain (Figure 1.2).  There is recent pre-clinical data, however showing significant protection using 

decoys that interfere with NMDA/post-synaptic density protein (PSD)-95 signalling (Cook et al., 

2012). These compounds that inhibit NMDA/PSD95 also perturb nNOS signalling (Florio et al., 

2009). This strengthens the need for further investigations into the exact role that NOS and other 

inflammatory genes are playing in modulation of cell death and suggests that drug targets 

previously discarded may still have some merit for modulation when combined with other 

therapies.  There are no current drug therapies for HI and the only treatment used for acute 

management of HI is resuscitation, which leads to the possibility of reperfusion injury (Perlman, 

2006). Globally, neurologists have been investigating potential targets for the treatment of HI-

induced encephalopathy and identified several important aspects for the design of both animal 

and clinical trials for HI (Perlman, 2006). These included treatments that were effective within 

the therapeutic window of 2-6 hours; the use of relevant animal models, determining the optimal 

length of treatment time; and identifying pathways of damage that are viable targets for 

intervention (Perlman, 2006). 

 

There have been more than 1026 neuroprotective agents developed with over 114 of these making 

it to clinical trials, with futile success outside of rt-PA (Gladstone et al., 2002; O'Collins et al., 

2006). Animal models are not exact replicas of what occurs in a human as the damage is induced 

artificially by means of mechanical disruption to blood flow and vessels. The main problem with 

animal studies is that they do not measure outcomes that are pertinent to clinical trials. Animal 

studies are often short in duration and measure success in terms of the reduction in infarct size. 

Clinical trials have a much longer time course and measure the long-term outcomes of treatment. 

In addition, benefit and failure are measured as an improvement in motor and cognitive skills, not 

as a reduction of infarct volume (Gladstone et al., 2002).  

 

A large number of neuroprotective drugs have targeted excitatory mechanisms (Figure 1.2), and 

of all the compounds trialled, only rt-PA has shown modest effects (Donnan et al., 2003; 
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O'Collins et al., 2006). Drugs that have gone on to clinical trial are often stopped early due to a 

lack of effect or an increase in adverse outcomes. Sodium and calcium channel blockers, such as 

fosphenytoin and nimodipine, reduced infarct volume in animal studies, but phase three clinical 

trials were stopped due to lack of improvement (De Keyser et al., 1999). Glutamate inhibitors and 

NMDA receptor antagonists were stopped in phase one and two clinical trials, despite 

improvements in both infarct volume and neurological deficits in animals, due to poor solubility 

and adverse events in humans (Cai, 2006; Lees, 1997). GABA receptor modulators, such as 

clomethiazole, and ROS and NOS inhibitors have also been shown to reduce infarct volume but 

were stopped in phase three clinical trials either due to lack of improvement or potential toxicity 

(De Keyser et al., 1999). It has been suggested that the focus for therapeutic design should now 

be directed at drugs which allow for a delay in intervention times, such as nerve growth factors, 

anti-leukocyte and anti-apoptotic agents, anti-inflammatory agents and stem cells (Fisher, 2003). 

There is also a move to focus on the timely delivery of drugs and effective dosing that maximizes 

the protective effects while minimizing the adverse events that can occur. 

 

6.3 Future Studies  

One of the criticisms of animal studies has been the short duration of these studies and the failure 

to measure clinically relevant outcomes. These two aspects could be addressed in future studies, 

particularly with aspirin treatment, as this showed the most benefit. Increasing the time course 

(>3 months) to determine if the protective effect was retained, and including behavioural 

paradigms to determine if the smaller lesion seen with aspirin treated animals would lead to 

improved motor and cognitive function could address these issues.  

 

Aspirin also has other anti-inflammatory actions, independent of COX inhibition (Tegeder et al., 

2001). Aspirin (2.5mM) has been shown to inhibit IL-12 and CD83 expression on immature 

dendritic cells and at 1mM aspirin inhibited IL-4 expression on CD4+ T lymphocytes via 

inhibition of NF-#B (Tegeder et al., 2001). In aged (24 month old) rats, 5mg/kg aspirin led to a 

25% decrease in NF-#B binding activity through decreasing phosphorylation of NF-#B inducing 

kinase/IKK by approximately 40% (Jung et al., 2006). Aspirin, along with ibuprofen and 

piroxicam have been found to increase HSP70 mRNA expression (Tegeder et al., 2001). Up-

regulation of HSP60 (2-fold), 70 (5-fold), and 32 (1.5-fold) proteins have been shown to protect 

mitochondrial function following ischaemia-reperfusion injury in isolated rat hearts (Sammut et 

al., 2001). Other studies have shown that aspirin, both in vivo (3-5mg/kg) and in vitro (0.1-
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100µM), reduced oxidative stress markers (Candelario-Jalil et al., 2006; De la Cruz et al., 2004; 

Jung et al., 2006). Measuring HSP and cytokine expression following HI and determining if 

4mg/kg aspirin altered any of these parameters would enable further elucidation of the 

mechanisms of action associated with aspirin treatment. Nimesulide in this study was not 

neuroprotective; it would be beneficial to determine if this could be altered with change in dose or 

timing of treatment, particularly as studies have found that nimesulide retained its neuroprotective 

effects when treatment was delayed by 24 hours following ischaemia (Candelario-Jalil et al., 

2004).  

 

As ARL 17477 is only an experimental compound and clinical trials have found that nNOS 

inhibitors have no beneficial effects following cerebral ischaemia (O'Collins et al., 2006), there is 

little point in continuing to use this treatment within the HI model. The only work that would 

make this more complete would be Western blot analysis of the arginase, NOS and COX proteins 

and measuring the effect on COX activity. ARL 17477 still has some benefit in animal studies as 

an agent to determine mechanisms and pathways involved in neurodegeneration, and to elucidate 

the effects altering pathways has on the brain and the periphery following a neurological insult. 

 

6.4 Summary and Conclusions 

In this study we have determined that 4mg/kg prophylactic aspirin treatment was neuroprotective 

in the HI model of brain injury whereas 12mg/kg nimesulide failed to offer significant protection. 

Neuroprotection was most likely due not only to reduced COX-1 and COX-2 protein levels in the 

ipsilateral hemisphere following aspirin treatment, but also the inhibition of nNOS and iNOS 

protein levels. Aspirin increased nitrite production, most likely through eNOS, as eNOS protein 

expression was increased compared to saline and possibly through increased iNOS activity, 

although this change was not significant. Aspirin treatment led to increased levels of 15(S)-

HETE, an anti-inflammatory eicosanoid, and there are other mechanisms of action for aspirin, 

such as increased HSP70 and inhibition of NF-#B, that were not examined in this study. Further 

studies would be required to fully understand the exact mechanism by which aspirin exerted its 

neuroprotective effects during HI.  

 

Nimesulide decreased COX-2 and iNOS protein levels in the ipsilateral hemisphere. This 

decrease in iNOS protein could have contributed to the decrease in iNOS activity and nitrite 

levels. Nimesulide also had lower nNOS protein levels compared to PVP treated vehicle controls 
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in the left hemisphere. However, these changes did not result in neuroprotection following HI, 

further studies looking at excitotoxicity may be able to elucidate a clearer role for nimesulide 

during HI. This study has examined the mechanisms of action of aspirin and nimesulide and 

determined some of those by which low-dose aspirin may be neuroprotective. We have found that 

aspirin was neuroprotective in the HI model of brain injury through its effects on both the NOS 

and COX pathways. We have also demonstrated that the experimental compound ARL 17477 

modulated NOS activity and mitochondrial complexes activity to exert its neuroprotective effects 

in HI. These results indicate that both COX and NOS are important mediators of 

neurodegeneration following HI. 
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I.I Introduction 

Previous studies have shown that the anti-inflammatory effects of aspirin are in part mediated via 

the induction of NO, whereas other NSAIDs, such as indomethacin and piroxicam, fail to 

stimulate NO production (Paul-Clark et al., 2004). On the other hand, nimesulide has been shown 

to reduce nitrite levels in vitro (Khanduja et al., 2006). However, we found that neither aspirin 

nor nimesulide (1nM-10µM) either enhanced or inhibited the production of nitrite in LPS 

(10ng/mL)-stimulated macrophages in vitro (Chapter 5, section 5.3).  

 

Non-steroidal anti-inflammatory drugs, such as ibuprofen and indomethacin, have been 

previously shown to inhibit iNOS gene expression (Appleton, 1996). In addition, paracetamol (2-

10mM) has been shown to inhibit the production of nitrite and iNOS protein expression in LPS 

stimulated RAW macrophages (Ryu et al., 2000). Macrophages produce NO through the iNOS 

enzyme in response to noxious stimuli such as exposure to LPS (Moncada et al., 1991). It is well 

documented that both the COX and NOS enzymes can modulate each other’s activity, with either 

enzyme being able to increase or decrease the end products of the other enzyme. For instance, 

production of NO and PGE2 are co-induced in LPS-stimulated macrophages, however in the 

presence of the selective NOS inhibitors, L-NMMA or aminoguanidine, both NOS and COX 

activities decreased (Salvemini et al., 1993).  

 

We tested four additional NSAIDs: indomethacin, piroxicam, celecoxib, and diclofenac, as well 

as paracetamol, to determine if any of these compounds are able to modulate nitrite levels in 

RAW macrophages. We hypothesised that none of the drugs would increase nitrite levels above 

the LPS-stimulation levels alone and that there would be a dose-dependent decrease in nitrite 

levels with nimesulide, ibuprofen, and indomethacin and paracetamol treatment. 

 

I.II Results 

As illustrated in figures I.I-I.V, addition of LPS to the media resulted in a significant (P<0.001) 

increase in nitrite levels compared to media only controls under all treatment conditions. LPS (10 

ng/mL) alone or in combination with any of the compounds tested did not result in a decrease in 

the number of viable cells compared to media only controls (data not shown). It can also be seen 

that treatment with increasing concentrations of paracetamol (Figure I.I), indomethacin (Figure 
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I.II), or piroxicam (Figure I.III) in the presence of LPS failed to have any significant effect on 

nitrite levels.  

 

Figure I.I Effect of Paracetamol on Nitrite Production in LPS-Stimulated RAW 
264.7 Macrophages.  

Graph showing the effect of increasing paracetamol concentrations on LPS-induced nitrite 
production in RAW 264.7 macrophages. The control bar, shown in black, are cells grown in 

media only; the LPS bar, in white, are cells treated with 10ng/mL LPS in media for 18 hours. The 
grey bars are cells treated with 10ng/mL LPS and increasing concentrations of paracetamol 

(1pM-10µM) for 18 hours. Each bar represents mean ± SEM of 6 repeat experiments. 
***P<0.001 compared to LPS alone and LPS and paracetamol. 
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Figure I.II Effect of Indomethacin on Nitrite Production in LPS-Stimulated RAW 
264.7 Macrophages.  

Graph showing the effect of increasing indomethacin concentrations on LPS-induced nitrite 
production in RAW 264.7 macrophages. The control bar, shown in black, are cells grown in 

media only; the LPS bar, in white, are cells treated with 10ng/mL LPS in media for 18 hours. The 
grey bars are cells treated with 10ng/mL LPS and increasing concentrations of indomethacin 

(1pM-10µM) for 18 hours. Each bar represents mean ± SEM of 6 repeat experiments. 
***P<0.001 compared to LPS alone and LPS and indomethacin. 
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Figure I.III Effect of Piroxicam on Nitrite Production in LPS-Stimulated RAW 
264.7 Macrophages.  

Graph showing the effect of increasing piroxicam concentrations on LPS-induced nitrite 
production in RAW 264.7 macrophages. The control bar, shown in black, are cells grown in 

media only; the LPS bar, in white, are cells treated with 10ng/mL LPS in media for 18 hours. The 
grey bars are cells treated with 10ng/mL LPS and increasing concentrations of piroxicam (1pM-

10µM) for 18 hours. Each bar represents mean ± SEM of 6 repeat experiments. ***P<0.001 
compared to LPS alone and LPS and piroxicam. 

 

Treatment with celecoxib (Figure I.IV) at 1nM  (32.92±1.05µM nitrite/viable cell n = 6), 100 nM 

(33.64±0.83µM nitrite/viable cell n=6) and 10µM (32.50±0.38µM nitrite/viable cell n=6) resulted 

in a significant decrease in nitrite levels (P<0.05) compared to cells treated with LPS alone (37.66 

± 0.42µM nitrite/viable cell n=6). Diclofenac treatment (Figure I.V) at 10nM (23.55±1.46µM 

nitrite/viable cell n=6), 100nM (23.78±1.23µM nitrite/viable cell n=6), 1µM (25.09±1.71µM 

nitrite/viable cell n=6) and 10µM (24.80±0.58µM nitrite/viable cell n=6) concentrations also 

resulted in a significant decrease in nitrite levels when compared to cells treated with LPS alone 

(32.37±0.91µM nitrite/viable cell n=6). This decrease in nitrite production was most likely due to 

the antioxidant effects associated with both drugs, rather than any cytotoxic effect, as neither drug 

decreased the percentage of viable cells (data not shown) and the decrease in nitrite levels were 
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still evident when nitrite levels were normalised against the percentage of viable cells (Figures 

I.IV & I.V).  

 

 

Figure I.IV Effect of Celecoxib on Nitrite Production in LPS-Stimulated RAW 264.7 
Macrophages.  

Graph showing the effect of increasing celecoxib concentrations on LPS-induced nitrite 
production in RAW 264.7 macrophages. The control bar, shown in black, are cells grown in 

media only; the LPS bar, in white, are cells treated with 10ng/mL LPS in media for 18 hours. The 
grey bars are cells treated with 10ng/mL LPS and increasing concentrations of celecoxib (1pM-

10µM) for 18 hours. Each bar represents mean ± SEM of 6 repeat experiments. ***P<0.001 
compared to LPS alone and LPS+celecoxib, +P<0.05 ++P<0.01 compared to LPS treatment 

alone. 
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Figure I.V Effect of Diclofenac on Nitrite Production in LPS-Stimulated RAW 264.7 
Macrophages.  

Graph showing the effect of increasing diclofenac concentrations on LPS-induced nitrite 
production in RAW 264.7 macrophages. The control bar, shown in black, are cells grown in 

media only; the LPS bar, in white, are cells treated with 10ng/mL LPS in media for 18 hours. The 
grey bars are cells treated with 10 ng/mL LPS and increasing concentrations of diclofenac 

(concentration 1pM-10!M) for 18 hours. Each bar represents mean ± SEM of 6 repeat 
experiments. ***P<0.001 compared to LPS alone and LPS+diclofenac, +P<0.05 and ++P<0.01 

compared to LPS treatment alone. 
 

I.III Discussion 

In the present study only two of the drugs tested (celecoxib and diclofenac) had any effect on 

nitrite levels and these effects were only observed at the highest concentrations (10nM-10 !M) 

tested. In corroboration with these findings, previous studies using microglial cells also showed 

that treatment with either paracetamol, aspirin, piroxicam, NS-398 or indomethacin (100nM-

100µM) failed to alter the level of LPS-induced NO production (Greco et al., 2003). In addition, 

0.3-3µM nimesulide in rat midbrain slice cultures treated with a combination of IFN$ and LPS 

also had no effect on nitrite levels (Shibata et al., 2003). Both these studies used drug 

concentrations that were in a similar range to the concentrations used in the present study. 
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Previous studies that have shown an effect on either nitrite levels or production of NO in the 

presence of NSAIDs, have used much higher concentrations (50µM and 1.25-10mM) of drug 

than were used in the present study (Khanduja et al., 2006; Marchini et al., 2005; Ryu et al., 

2000). 

 

Drugs Assays IC50 (OC) Ratio 

COX2/COX1 

 COX-2 COX-1  COX-2 COX-1  

Celecoxib LPS monocytes Unstim monocytes 6.8 82 0.0829 

Diclofenac IL-1 rat mesangial 

cells 

Hu platelets 0.0012 0.0179 0.067 

Diclofenac LPS GP M% GP M% 0.0019  0.00085 2.23 

Diclofenac LPS J774.2 M% BAEC 1.1 1.57 0.7 

Diclofenac J774.2 M% BAEC 0.35 05 0.7 

Diclofenac LPS monocytes Unstim monocytes 0.026 0.076 0.342 

Indomethacin IL-1 rat mesangial 

cells 

Hu platelets 0.0069 0.0015 4.5 

 

Indomethacin Sheep placenta RSV 0.97 0.74 1.31 

Indomethacin Hu COX-2 Hu COX-1 1 0.02 50 

Indomethacin Broken LPS J774.2 

M% 

Broken BAEC 1.12 0.028 40.1 

 

Indomethacin LPS J7742.2 M% BAEC 1.68 0.028 60.1 

Indomethacin LPS GP M% GP M% 6.81 0.0636 107.1 

Indomethacin Broken J774.2 M% Broken BAEC 0.4 0.01 40 

Indomethacin Purified enzyme Purified enzyme 5 0.1 50 

Indomethacin J774.2 M% BAEC 0.6 0.01 60 

Indomethacin Mu COX-2 Mu COX-1 130-160 4.9-8.1 22.3 

Paracetamol Hu mononuclear 

cells 

Hu platelets No Data 3.4 No Data 

Paracetamol J774.2 M% BAEC 20 (IC30) 2.7 (IC30) 7.4 (IC30) 

Piroxicam LPS GP M% GP M% 0.175 0.0053 33 



                    Appendix I: CELL CULTURE 

  190 

Piroxicam LPS J774.2 M% BAEC 0.9 0.0015 600 

Piroxicam Mu COX-2 Mu COX-1 70-240 9.0-24 9.54 

Piroxicam LPS monocytes Unstim monocytes 25 47 0.53 

Table I.I NSAIDs and their IC50 Values for COX-1 and COX-2. 
The table lists the in vitro assay used to determine the IC50 value for each isoform of COX, the 
IC50 value and the ratio between the two.  The lower the ratio, the more selective the drug is for 

COX-2. Bovine aortic endothelial cells (BAEC); human (hu); human airway smooth muscle 
(HASM); Macrophage (M$); murine (mu); Ram seminal vesicles (RSV); Unstimulated (Unstim). 

(Data obtained from: Appleton, 1996; Grossman et al., 1995; Kato et al., 2001; Meade et al., 
1993; Mitchell et al., 1993; Range et al., 2000) 

 

The present study showed that treatment with 10nM, 100nM, 1!M and 10!M of diclofenac 

suppressed the LPS-stimulated nitrite levels compared to LPS-stimulation only (Figure I.V). 

Diclofenac has previously been shown to have an IC50 value of 0.15 ± 0.04mM for COX-1 

inhibition and 0.05 ± 0.01mM for COX-2 inhibition using the in vitro whole blood assay (Clark et 

al., 2004; see table I.I for range) and has a typical blood concentration of 0.1-10mg/mL at 

therapeutic doses (100mg/dose; Cho, 2007). There is evidence that diclofenac (1mM-100mM in 

vitro), can act as a NO scavenger with an IC50 value of 0.37 ± 0.053mM (Perez et al., 2007). 

However, there is also evidence that the anti-inflammatory action of diclofenac is not dependent 

on the production of NO (Tan-No et al., 2006). In rats with experimental arthritis, diclofenac 

treatment led to a significant reduction in iNOS-immunoreactive cells in the spinal cord (Hsieh, 

2006). Taken together these studies indicate that NO inhibition or scavenging by diclofenac, 

while not a major component of the anti-inflammatory action of diclofenac, may be an additional 

mechanism by which diclofenac is exhibiting a beneficial effect. In the present study, there 

appeared to be a dose-dependent response to diclofenac when the concentration was 10nM or 

greater. Had we tested higher concentrations of diclofenac, we may have been able to 

demonstrate a clearer dose-response relationship between nitrite levels and diclofenac 

concentrations and determined the saturation point for this effect. However, as we were more 

interested in testing concentration that fell within the range of therapeutic doses, rather than non-

physiological levels, we did not investigate higher concentrations.   

 

The other drug that significantly reduced nitrite levels was celecoxib. This reduction occurred at 

drug concentrations from 10nM and did not appear to be dose-dependent, maximal suppression 

was achieved at 10nM with no greater effect seen with 10!M (Figure I.IV) Again, testing this 

drug at a higher concentration may have enabled us to elucidate a clearer picture on the effect 
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celecoxib had on nitrite levels in these macrophages. Using the whole blood assay, celecoxib has 

been shown to have an IC50 value of 6.7 ± 0.9mM for COX-1 inhibition and 0.87 ± 0.18 mM for 

COX-2 inhibition (Clark et al., 2004; see table I.I for range). It has previously been shown that 

celecoxib (100nM-10µM) can dose-dependently reduce NO production in chondrocyte cells 

collected from rats with experimental arthritis (Matsuda et al., 2006). It is likely therefore, that 

part of the mechanism of action associated with celecoxib involves the inhibition of NO 

production by various cell types. NO can have detrimental effects in various pathologies, 

including osteoarthritis and neurodegeneration and modulation by celecoxib could contribute to 

the benefit of this drug (Huang et al., 2005; Matsuda et al., 2006; Sciulli et al., 2005).  Further 

testing, at higher concentrations may have clarified if celecoxib inhibited nitrite levels in a dose-

dependent manner. 

 

The reduction of nitrite levels by celecoxib and diclofenac could have implications for their 

efficacy as anti-inflammatories as well as adverse events. By-products generated as a result of the 

COX enzymatic reaction, for which both of these drugs target, cause vasodilatation but not 

vascular permeability by themselves (Williams et al., 1988). However, NO is a potent vasodilator 

and increases vascular permeability which contributes to oedema formation during inflammation 

(Al-Majed et al., 2003; Appleton et al., 1996; Guzik et al., 2003). The inhibition of nitrite levels 

by either celecoxib or diclofenac could lead to increased anti-inflammatory actions, which would 

in turn result in a further decrease in oedema and vasodilatation compared to drugs that did not 

inhibit NO.  It is interesting to note that celecoxib and diclofenac are both more selective for 

COX-2 than the other drugs tested (table I.I) in this assay.  However, whether there is a 

correlation between the specificity of drugs to COX-2 and the resultant modulation of nitrite or 

anti-inflammatory actions is yet to be determined. However, celecoxib and other selective COX-2 

inhibitors have also been associated with an increased risk of thromboembolic events in patients 

who have been prescribed these drugs for extended periods of time (Clark et al., 2004). The main 

mechanism of action behind this effect has been determined to be the lack of inhibition of TXA2 

by selective COX-2 inhibitors (Clark et al., 2004; Rossoni et al., 2002). However, the 

vasodilatory properties of NO (Arnal, 1997) and the possibility that some of these COX-2 

inhibitors may decrease free NO (Matsuda et al., 2006; Perez et al., 2007) warrants further 

investigation as both potentially beneficial and detrimental. 

 

Of all the COX modulators tested in the present study, only celecoxib and diclofenac were able to 

significantly reduce nitrite levels at concentrations as low as 10nM in vitro. This indicates that 
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modulation of NO by these two drugs may be an additional part of their mechanism of action 

further to the inhibition of COX activity. Additional work is needed to determine if the inhibition 

of nitrite levels by diclofenac and celecoxib correlate with prostaglandin inhibition or if this effect 

is independent of their effect of COX activity and if the observed decrease in nitrite decrease is 

clinically relevant.  

 

 

 

 

 


