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Abstract 

Ischaemic stroke is the most common form of stroke, accounting for appropriate 87% 

of all strokes. Reperfusion is the only immediate treatment option following 

ischaemic stroke, however, this option is only applicable to a small percentage of 

patients. There is an urgent need for intervention to delay or reduce the impact of 

ischaemia after the stroke. Neuroprotection seeks to restrict injury to the brain 

parenchyma following an ischaemic insult.  

 

Hypoxia-inducible factors (HIF), is a protein regulated by cellular oxygen tension in 

mammals. HIF-1 regulates hypoxia inducible genes such as erythropoietin (EPO) 

and vascular endothelial growth factor (VEGF). HIF levels in cells and tissue are 

tightly controlled by HIF prolyl hydroxylases (PHDs). Pharmacological inhibition of 

PHD will lead to HIF signalling pathway activation, thus upregulating hundreds of HIF 

downstream genes.  

  

This study aimed to characterize the effectiveness and underlying mechanism of 

action of neuroprotective strategies in hypoxic  / ischaemic preconditioning with a 

novel class of PHD inhibitors, as well as by astrocyte conditioned media (ACM) using 

an in vitro model of ischaemic stroke.  

 

Cerebral ischaemia was modelled in vitro by omission of glucose alone (GD), 

omission of oxygen alone (OD), and simultaneous omission of glucose and oxygen 

(OGD) in PC12 cells, primary rat neurons, and astrocytes. Both PC12 cells and 
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primary neurons had similar sensitivities towards OD and OGD. Primary astrocytes 

were more resistant to OD and OGD insults compared to primary neurons. GD, OD, 

and OGD altered the HIF1α and HIF2α in all these cells. Preconditioning with sub-

lethal OD and OGD was protective in PC12 cells, primary neurons, and primary 

astrocytes against subsequent severe OGD (0.3% O2) insults.  

 

The effects of a novel class of PHD inhibitors such as FG4592 and Bayer 85-3934 

were applied in the ischaemic tolerant model in PC12 cells and primary neurons 

along with a non-specific PHD inhibitor such as Dimethyloxalylglycine (DMOG). 

These PHD inhibitors upregulated HIF1α in normoxia (ambient air) and promoted 

autophagy. Preconditioning with the clinical PHD inhibitors followed by reversion was 

protective in PC12 cells and primary neurons against subsequent severe OGD 

insults by reducing cell death. In addition, the effects of astrocyte hypoxia / 

ischaemia preconditioning on primary neuronal cultures following OGD were studied. 

ACM from 6h OGD protected neurons from subsequent OGD damage while ACM 

from 24 h OGD further damaged the neurons following OGD.  

 

In conclusion, preconditioning strategies that activate HIF1α, HIF2α and / or 

autophagy were protective in the in vitro model of ischaemic tolerance. The PHD 

inhibitors possess capabilities to stabilise HIF1α and induced autophagy and are 

neuroprotective in the cellular models of ischaemic tolerance. Overall, all the 

interventions explored activated either HIF1α, HIF2α, and / or autophagy in the cells. 

The link between HIF activation, autophagy, and ischaemic tolerance warrants 

further investigation.  
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1.1 Overview of stroke 

1.1.1  Incidence of stroke 

Stroke is a major cause of morbidity and mortality around the world with around 15 

million incidences occurring every year (Lopez et al., 2001). Around 100,000 strokes 

occur in the UK each year, with a stroke occurring every 5 minutes, and nearly 

60,000 deaths due to stroke every year (SSNAP, 2021). Between 1990 and 2010, 

stroke incidence has reduced by a quarter in the UK due to improvement in stroke 

prevention management and by increasing awareness among the people about the 

importance of healthy living. Almost two-thirds of stroke survivors in the UK leave the 

hospital with a disability and remain dependent on others for daily tasks (SSNAP, 

2021). Stroke leads to an increase in economic burden, costing the NHS UK about 

£26 billion per annum, despite this the stroke research in the UK is underfunded in 

comparison to research in diseases with similar economic burdens such as cancer 

and infectious disease (Patel et al., 2020). 

1.1.2  Definition and classification of stroke 

World Health Organisation defines stroke as “rapidly developing clinical signs of 

focal or global disturbance of cerebral function lasting more than 24 h or leading to 

death, with no apparent cause other than that of the vascular origin”. Transient 

ischaemic attacks (TIAs) have similar clinical features but symptoms resolve within 

24 h. TIA also does not result in any pathological changes. A TIA is usually 

considered as a warning sign of stroke or other cardiovascular complications. 

Around 15 to 30% of cerebral infarctions are preceded by TIA (Easton et al., 2009). 

The common symptoms seen during an occurrence of stroke are described in Table 

1.1.  
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Table 1.1 Common symptoms of stroke  

 

 Sudden onset of weakness or numbness of the face, arm or leg  

 A sudden decrease in the level of consciousness 

 Facial droop 

 Confusion 

 Aphasia 

 Dysarthria 

 Visual field deficit (difficulty seeing with one or both eyes) 

 Hemisensory deficits 

 Ataxia 

 Difficult walking 

 Dizziness 

 Severe headache and vertigo 

 Nausea or vomiting 

 

  

Reference: Kothari et al., 1997 
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Figure 1.1. Representation of different types of stroke. Stroke is classified into 

ischaemic stroke and haemorrhagic stroke. Ischaemic stroke involves the blockage 

of an artery in or leading to the brain. Haemorrhagic stroke involves the rupture of a 

blood vessel resulting in bleeding in or on the surface of the brain (Image produced 

using Biorender).  

 

As shown in Figure 1.1, stroke is widely classified into haemorrhagic stroke and 

ischaemic stroke (Hisham and Bayraktutan, 2013). Haemorrhagic stroke accounts 

for around 15% of all strokes and involves rupture of a cerebral artery within 

(intracerebral haemorrhage) or on the surface of the brain (subarachnoid 

haemorrhage) (Hisham and Bayraktutan, 2013). Haemorrhagic strokes are generally 

more severe and are associated with a higher rate of mortality as compared to that 

of ischaemic strokes (Andersen et al., 2009). Ischaemic strokes are more common, 
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accounting for 85% of all strokes. Ischaemic stroke involves the occlusion of a 

cerebral artery that leads to a blockage of oxygen and blood supply into the brain. 

Ischaemic stroke is divided into thrombotic and embolic strokes (Grau et al., 2001). A 

thrombotic stroke occurs as a result of the formation of thrombus in the artery in or 

leading to the brain. Thrombotic strokes usually occur as a result of atherosclerosis. 

As shown in Figure 1.2, atherosclerotic plaques develop when the endothelium of 

blood vessels gets damaged due to factors such as hypertension or 

hypercholesterolemia leading to the accumulation of substances such as cholesterol, 

fat, and cellular debris at the site of damage (Hisham and Bayraktutan, 

2013).  Thrombotic strokes can be further categorized into lacunar and non-lacunar 

strokes (Hisham and Bayraktutan, 2013). Lacunar strokes are small infarcts 

observed in deep cerebral white matter, basal ganglia, and pons (Hisham and 

Bayraktutan, 2013). Embolic stroke occurs due to an embolus that breaks loose and 

travels to the brain through the bloodstream resulting in occlusion of a small cerebral 

artery. Common causes of emboli include atrial fibrillation (AF), endocarditis, or 

mitral stenosis (Hisham and Bayraktutan, 2013). It has also been observed that 

longstanding hypertension accounts for the majority of haemorrhagic strokes. 

Cerebral amyloid angiopathy is another common cause of haemorrhagic strokes 

(Grysiewicz et al., 2008). The common aetiologies in ischaemic stroke include 

atherothrombotic vasculopathy such as macroangiopathy and microangiopathy; non-

atherosclerotic angiopathy such as arterial dissection; cerebral vasculitis; cardiac or 

transcardiac embolism; coagulopathies and hematologic disorders such as 

thrombocytopenia (Kristensen et al., 1997; Grau et al., 2001).  
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Figure 1.2. Atherosclerotic plaque. Damage to the endothelium initiates an 

inflammatory response leading to the formation of a plaque in the wall of the blood 

vessels. This leads to narrowing of the blood vessels resulting in restricted blood 

flow (Image produced using Biorender). 

1.1.3  Risk factors  

Table 1.2 shows the various modifiable and non-modifiable risk factors of stroke 

(Jauch et al., 2013; Hisham and Bayraktutan, 2013).  Age is the most important risk 

factor of stroke; studies have shown that increasing age increases the risk of stroke 

and two-thirds of all strokes occur in those aged over 65 years. (Andersen et al., 

2009). Stroke is also seen to be more common in men than women before 65 years 

of age. After 65 years of age, women are more prone to stroke than men mainly due 

to menopause and longer life span (Lee et al., 2011). Hispanics and blacks have a 

higher risk of death and disability following stroke partly due to higher blood pressure 

(Grau et al., 2001; Thrift et al., 2017). Hypertension is a risk factor for both ischaemic 

and haemorrhagic stroke. Additionally hypercholesterolemia, migraine, previous TIA, 

AF, and heart disease favour ischaemic stroke instead of haemorrhagic stroke. High 

alcohol intake and smoking are more commonly associated with the risk of 

haemorrhagic stroke. Studies have also shown that light or moderate alcohol 

consumption is protective in ischaemic stroke whereas high alcohol consumption 

elevated the risk of ischaemic stroke (Grysiewicz et al., 2008; Andersen et al., 2009). 
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Primary care management of the common risks has shown to have a potential effect 

in reducing the risk of stroke (Lee et al., 2011). These changes particularly 

corresponded with a marked increase in primary care prescriptions of primary and 

secondary cardiovascular prevention therapies (Lee et al., 2011) 
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Table 1.2. Risk factors of ischaemic stroke  

Non - modifiable risks Modifiable risks 

 Age  

 Race  

 Sex  

 Ethnicity  

 Migraine  

 Fibromuscular dysplasia  

 Family history of stroke or 

TIAs  

 Hypertension  

 Diabetes mellitus  

 Cardiac diseases such as atrial 

fibrillation, valvular disease, heart 

failure, mitral stenosis, structural 

anomalies, for example, patent 

foramen ovale, and atrial and 

ventricular enlargement  

 Hypercholesterolemia  

 TIAs 

 Carotid stenosis  

 Hyperhomocysteinemia  

 Lifestyle issues: Excessive 

alcohol intake, tobacco use, illicit 

drug use, physical inactivity  

 Obesity  

 Oral contraceptive use /  

postmenopausal hormone use  

 Sickle cell diseases 

 

References: Jauch et al., 2013; Hisham and Bayraktutan, 2013) 
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1.2     Pathophysiology of stroke 

1.2.1  Energy failure and excitotoxicity 

The brain is the most metabolically active organ in the body requiring about 15-20% 

of total resting cardiac output to provide energy for its metabolism (Prabal et al., 

2010). The brain capacity to store energy is limited and it relies on the continuous 

blood supply to deliver the essential nutrients for its function (Prabal et al., 2010). As 

shown in Figure 1.3, cerebral ischaemia leads to a reduction in cerebral blood flow 

(CBF), causing functional and metabolic deficits. The reduction of CBF depletes 

oxygen and glucose resulting in rapid failure of mitochondria leading to a decrease 

or depletion in cellular ATP (adenosine 5’-triphosphate) levels (Dirnagl et al., 1999). 

Also, the lack of oxygen results in anaerobic glycolysis of glucose for the production 

of energy, which results in accumulation of lactate, further resulting in ATP depletion 

(Strandgaard and Paulson., 1989). The loss of ATP leads to loss of function of 

sodium-potassium adenosine triphosphatase (Na+ / K+ -ATPase) pump and calcium-

hydrogen adenosine triphosphatase (Ca+2 / H+ ATPase) pump deteriorating the ion 

gradient. An increase in intracellular levels of Na+, Ca2+, and Cl- result in swelling and 

depolarisation of neurons and glial cells (Kintner et al., 2007; Olney et al., 1986; 

Rothman, 1985). 
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Figure 1.3. The major events that occur after arterial occlusion. Following a 

cerebral arterial occlusion, there is reduced blood flow in a brain region resulting in 

energy failure. Energy failure causes ion dyshomeostasis (intracellular levels of Na+, 

Ca+2, and Cl- ions rise), BBB disruption, and an increase in inflammatory mediators. 

Glutamate release in extracellular spaces further exacerbates membrane damage. 

Ca+2 overload, membrane damage, and inflammation result in oxidative stress. 

Cytotoxic substances and inflammatory responses result in necrosis, autophagy, or 

apoptosis of cells (Image produced using Biorender).  
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This, in turn, results in the activation of somatodendritic and presynaptic voltage-

dependent and ligand-gated calcium channels. Ca2+ influx results in the activation of 

various Ca2+ dependent enzymes such as protein kinase C, phospholipase A2, 

phospholipase C, cyclooxygenase, nitric oxide synthase, and various other 

proteases (Durukan and Tatlisumak, 2007). Subsequently, excitatory 

neurotransmitters (NTs) are released spontaneously into extracellular spaces 

(Rothman, 1985). Glutamate is the major excitatory NT in the central nervous system 

(CNS) and it is primarily released during ischaemic injury (Durukan and Tatlisumak, 

2007). Under physiological conditions, glutamate plays an important role in learning 

and memory and glutamate released from astrocytes synchronizes the activity of 

hippocampal neurons. In normal synaptic communication, neurons release 

glutamate from the presynaptic terminals of axons into the synaptic cleft. Glutamate 

accumulated in the extracellular space activates glutamate receptors on the surface 

of post-synaptic terminals. The extracellular levels of glutamate are closely regulated 

to maintain optimal neuronal excitation and restrain excitotoxicity. Glutamate 

homeostasis largely relies on astrocytic transporter that clears glutamate from 

synaptic cleft during physiological conditions (Dessi et al., 1994; Chen et al., 1999). 

During ischaemia, the dysfunction of glutamatergic transmission results in increased 

glutamate levels resulting in neuronal excitotoxicity. At the same time, energy-

dependent processes such as presynaptic reuptake of excitatory amino acids are 

impeded, further increasing the accumulation of glutamate in the extracellular space 

(Dirnagl et al., 1999). Accumulation of glutamate in extracellular spaces results in the 

over activation of glutamate receptors on nearby post-synaptic neurons. Glutamate 

commonly leads to the activation of ionotropic receptors such as N-methyl-D-

aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), 
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kainate receptors, and metabotropic glutamate receptors. Activation of ionotropic 

receptors allows rapid influx of Ca2+ and Na+ ions into neurons resulting in Ca2+ 

overload and excitotoxicity (Durukan and Tatlisumak, 2007). The rise in intracellular 

Ca2+ is harmful to neurons and initiates a series of injurious events such as 

generation of free radicals and leukotrienes, irreversible mitochondrial damage, 

activation of proteolytic enzymes that degrade proteins, membrane and nucleic acids 

and inflammation. These events lead to neuronal death through necrosis, autophagy, 

or apoptosis (Dirnagl et al., 1999). Additionally, water passively follows the ion influx 

resulting in cytotoxic oedema (Dirnagl et al., 1999). This affects perfusion of brain 

tissue and may also lead to an increase in intracranial pressure (Dirnagl et al., 1999).  

 

Figure 1.4. Different regions of the cerebrovascular tissue during ischaemia. A 

blockage in a cerebral artery results in reduced blood supply. The ischaemic core is 

the region with minimal perfusion resulting in irreversible damage. The region 

surrounding the ischaemic core is the penumbra where there is intermediate blood 

flow and the damage can be reversed upon timely reperfusion (Image produced 

using Biorender).  
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As shown in Figure 1.4, tissue undergoing ischaemia is categorized into two layers: 

the ischaemic core and penumbra. The ischaemic core is a region of profound or 

complete loss in CBF leading to irreversible tissue damage because neuronal and 

glial cells undergo necrosis. The tissue at the periphery of the core is known as the 

penumbra. Penumbra has a less severe reduction in CBF and the neurons are 

dysfunctional but the area is structurally intact. Penumbral tissue is undergoing either 

necrosis or apoptosis and can be recovered by immediate reperfusion (Dirnagl et al., 

1999; Prabal et al., 2010). CBF thresholds for ischaemic core (<12 mL / 100g / 

minute) and penumbra (12-22 mL / 100g / minute) were described by Lindsay 

Symon and colleagues in 1970 using a baboon model of focal cerebral ischaemia 

(Steven et al., 2011). The main aim of stroke therapeutics is to salvage most of the 

penumbral region during ischaemia (Dirnagl et al., 1999).  

1.2.2  Peri-infarct depolarisations 

Per-infarct depolarisations (Figure 1.5) are secondary mechanisms that contribute to 

the expansion of ischaemic lesion. In the ischaemic core (Figure.1.4), the cell can 

undergo anoxic depolarisation and never repolarise. In the penumbra, cells can 

repolarize but at the expense of more energy. The same cells can depolarise again 

in response to an increase in glutamate and K+ levels in the extracellular space 

(Dirnagl et al., 1999). Repetitive depolarisations are known as peri-infarct 

depolarisation and have been demonstrated in mouse, rat, and cat models of stroke. 

They occur with a frequency of several events per hour and can be seen for up to 8 

h (Dirnagl et al., 1999).  
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Figure 1.5. Profile summarizing major pathogenic mechanisms underlying 

focal cerebral ischaemia. During early onset of ischaemia, excitotoxic mechanisms 

damage the neurons and glial cells. This also additionally triggers events such as 

peri-infarct depolarisations and later on mechanisms such as inflammation and 

apoptosis occur (Adapted from Dirnagl et al., 1999) (Image produced using 

Biorender). 

1.2.3  Oxidative stress 

Oxidative stress has been implicated as an important mediator of tissue damage 

after cerebral ischaemia. Free radicals such as superoxide, hydrogen peroxide, and 

hydroxyl radicals are generated via several mechanisms. The primary source of 

ROS (reactive oxygen species) during ischaemic stroke is the mitochondria 

(Woodruff et al., 2011). ROS mediates the disruption of inner mitochondrial 

membrane and oxidation of proteins involved in the electron transport chain. Partly 

due to the formation of a mitochondrial permeability transition pore (MPTP), the 

mitochondrial membrane becomes leaky resulting in termination of ATP production, 

and ROS burst into the cytoplasm. Cytochrome C is released from the mitochondria 

triggering apoptosis (Dirnagl et al., 1999). The activation of cyclooxygenase and 

lipooxygenases also generate ROS that results in lipid peroxidation and membrane 

damage (Dirnagl et al., 1999). Following reperfusion, ROS can also be generated by 

activated microglia and infiltrating peripheral leucocytes via NADPH (Nicotinamide 
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adenine dinucleotide phosphate) oxidase system (Woodruff et al., 2011). ROS serve 

as important signalling molecules that trigger apoptosis and inflammation (Woodruff 

et al., 2011). Additionally, nitric oxide (NO) synthesized by Ca2+-dependent enzyme 

neuronal nitric oxide synthase (nNOS) reacts with superoxide anion forming highly 

reactive peroxynitrite that promotes tissue damage (Dirnagl et al., 1999). A wide 

range of cellular effects induced by RNS (reactive nitrogen species) and ROS 

include inactivation of enzymes, protein denaturation, lipid peroxidation, and damage 

to the cytoskeleton and DNA (deoxyribonucleic acid). They also increase BBB 

permeability through activation of matrix metalloproteinase 9 (MMP9) resulting in 

vasogenic oedema (Woodruff et al., 2011).  

1.2.4  Ischaemia-reperfusion injury 

Rapid reperfusion can reduce the size of infarct by recovery of penumbra and 

improve the overall clinical outcomes (Zoppo and Hallenback, 2000). Often 

paradoxically, restoration of vascular supply to the brain following ischaemia can 

result in “ischaemia-reperfusion (I / R) injury”, which significantly worsens the 

functional outcomes of stroke (Nour et al., 2013). The main mechanisms resulting in 

I / R injury include oxidative stress, leucocyte infiltration, platelet activation, 

complement activation, hyperperfusion, and BBB disruption (Pan et al., 2007). 

During I / R injury, a major source of ROS production is the mitochondria (Nour et al., 

2013). I / R induces post-translational modification of oxidative phosphorylation 

proteins, which increases MMPs (matrix mettaloproteinases) resulting in excessive 

ROS generation (Lin et al., 2016). Another key source is NADPH oxidase, a key 

component of electron transport chain in the plasma membrane that generates free 

radicals by transferring an electron to molecular oxygen (Lin et al., 2016). 

Leucocytes play a key role in I / R injury. During I / R, activated leucocytes interact 
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with endothelial cells followed by BBB disruption, through the release of neutrophil-

derived oxidants and proteolytic enzymes (Pan et al., 2007). Leucocytes in turn 

extravasate from capillaries and infiltrate brain tissue releasing cytokines that 

mediate inflammation, which eventually results in deterioration of penumbra (Lin et 

al., 2016). Leucocytes along with red blood cells and platelets during reperfusion can 

plug capillaries, resulting in obstruction of blood flow via the “no-reflow” phenomenon 

(Khatri et al., 2012; Lin et al., 2016). Activated platelets also release various 

mediators resulting in vasospasm and exacerbation of oxidative stress and 

inflammation (Lin et al., 2016). Complement activation also results in the formation of 

several inflammatory mediators further amplifying inflammation (Lin et al., 2016).  

1.2.5  Neuroglial interaction during ischaemic stroke  

Astrocytes are the key targets for considering the relationship between cerebral 

vasculature and neurons. Astrocytes are the most abundant cells in the brain and 

almost all vascular endothelial cells in the brain are surrounded by foot processes of 

astrocytes and interact with neurons through astrocytes (Ozaki et al., 2019). 

Astrocytes' cellular processes enwrap synaptic terminals and modulate neuronal 

activity (Becerra-Calixto and Gomez, 2017). Astrocytes are the major homeostatic 

cell type in the CNS, fulfilling many important roles in healthy and injured brain 

(Figure 1.6). Astrocytes maintain homeostasis, promote synthesis and removal of 

NTs, store glycogen, provide antioxidant defense, and regulate synaptic activity by 

producing various cytokines, chemokines, growth factors, and metabolites (Becerra-

Calixto and Gomez, 2017). Various studies have reported dual roles of astrocytes 

during and post ischaemia. Unlike neurons, astrocytes are less vulnerable to 

glutamate excitotoxicity, however acute ischaemia triggers the release of cytokines 

such as transforming growth factor α (TGFα) resulting in the formation of 
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astrogliosis. Astrogliosis displays cellular hypertrophy, proliferation, and increased 

expression of glial fibrillary acidic protein (GFAP) (George et al., 2011). Within a few 

days post ischaemia, a glia scar is formed around the ischaemic core mainly 

generated by astrogliosis. The role of the glial scar is controversial, as during 

recovery it may obstruct axonal regeneration and reduce functional outcome. 

Whereas on the other hand, it also secludes viable tissue from the injury site and 

protects surrounding area from harmful substances in the ischaemic core (Becerra-

Calixto and Gomez, 2017). Neurons and astrocytes have different but 

complementary metabolic profiles. Astrocytes are reported to have the ability to 

support energy needs of neurons. Astrocytes present a high glycolytic rate 

(upregulation of phosphofructose-2-kinase / fructose-2, 6-bisphosphate 3 (Pfkfb3)) 

(Becerra-Calixto and Gomez, 2017). Astrocytes also have glycogen stores that may 

provide energy during ischaemia but also can aggravate brain damage due to lactic 

acidosis (Rossi et al., 2007). Astrocytes have also been reported to produce pro-

inflammatory cytokines such as interleukins (IL6, IL10, and IL1β), interferon  and 

TGFβ (transforming growth factor β), which have multiple roles in both 

neurodegeneration and protection (George et al., 2011). In the acute phase of 

ischaemic stroke, astrocytic gap junctions remain open allowing substances to 

diffuse from dying cells to surrounding cells, resulting in the expansion of ischaemic 

lesion. However, inter-astrocytic gap junctional communication also decreases 

neuronal vulnerability to oxidative stress by mechanisms involving stabilisation of 

Ca2+ homeostasis and dissipation of oxidative stress (Rossi et al., 2007; George et 

al., 2011). In the normal brain tissue, astrocytes produce antioxidants such as 

glutathione and these molecules may enhance neuron survival and protect astrocyte 

function after ischaemic stroke (Rossi et al., 2007). Astrocytes have been reported to 
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be neuroprotective as they can limit lesion extension via anti-excitotoxicity effects 

such as uptake of excess glutamate, sequester free iron, production of neurotrophic 

factors, and promotion of angiogenesis, neurogenesis, synaptogenesis, and axonal 

remodelling aiding recovery (Becerra-Calixto and Gomez, 2017). Figure 1.6 

summarizes the key roles of astrocytes in physiological conditions and ischaemic 

stroke. 
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Figure 1.6. Key roles of astrocytes in physiological conditions and ischaemic 

stroke. The diverse functions of astrocytes during physiological and 

pathophysiological conditions. Astrocytes have several important roles in the healthy 

and diseased brain. They are the main housekeeping cells of the brain, and can 

exert either protective or detrimental effects on neurons during pathophysiological 

conditions. Astrocytes are essential for the development and maintenance of the 

BBB, homeostasis of the brain microenvironment, CBF regulation, NT uptake, 

synaptogenesis, neurogenesis and release of neurotrophic factors and energy 

supply to neurons. Astrocytes also play a major role during pathophysiological 

conditions. Neuronal survival heavily depends on astrocytes. For example, neurons 

do not survive if neighbouring astrocytes are lost during an ischaemic stroke. 

Cerebral ischaemia leads astrocytes to change their morphology and function, 

causing astrocytes to become reactive, thereby producing several pro-inflammatory 

modulators and participating in glial scar formation. Their neuroprotective roles 

include clearing glutamate from synaptic regions, secretion of neurotrophic factors 

and promotion of angiogenesis, neurogenesis, synaptogenesis and axonal 

remodelling (Image produced using Biorender). 
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1.2.6  Neuroinflammation  

During ischaemia, activation of transcription factors results in increased protein 

levels of inflammatory mediators such as TNFα (tumour necrosis factor-α), IL1β, and 

platelet-activating factors (Dirnagl et al., 1999) and expression of endothelial cell 

adhesion molecules (CAMs) at the vascular endothelium (Woodruff et al., 2011). 

CAMs mediate the interaction between vascular endothelium and leucocytes 

promoting leukocyte recruitment (Prabal et al., 2010). Neutrophils transmigrate into 

the brain parenchyma within few hours after reperfusion, followed by macrophages 

and monocytes within a few days (Dirnagl et al., 1999). Microvascular obstruction by 

neutrophils can worsen the degree of ischaemia and production of toxic mediators by 

inflammatory cells, and injured neurons such as cytokines, prostanoids, superoxide, 

and NO can amplify tissue injury (Durukan and Tatlisumak, 2007).  

 

Microglia plays a major role in brain inflammation after a stroke (Woodruff et al., 

2011). Microglia are mononuclear phagocytes that constitute around 10% of total 

brain cells. The activation of microglia is controlled via neuronal-glia crosstalk via 

CX3CL1 / CX3CR1 (Fractalkine receptor chemokine (C-X3-C motif) receptor 1) 

signalling pathways, and ischaemic stroke elicits activation of microglia by impairing 

this crosstalk (Patel et al., 2013). Upon activation, microglia produce a wide range of 

pro- and anti-inflammatory mediators. Microglia are rapidly activated within a few 

minutes during the acute phase of ischaemia. In ischaemic core, the activation is 

triggered by excitotoxic signal whereas in the peri-infarct region, activation of 

microglia is triggered by damaged associated molecular patterns (DAMPs), eliciting 

a strong inflammatory response (Guruswamy and Elali, 2017). Upon activation, 

microglia change their phenotype by adopting different morphologies that are tightly 
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associated with the spatial structural change. Microglia can be detected in three 

distinct morphologies; in the peri-infarct region, either microglia with enlarged cell 

body and short ramification or amoeboid cell structure with rare ramification are 

detected, whereas round-shaped representing the highly activated form of microglia 

are detected nearby the ischaemic core (Patel et al.,2013; Guruswamy and Elali, 

2017). Upon activation, microglia become polarized adopting different phenotypes 

ranging between activated M1 phenotype that is pro-inflammatory and activated M2 

phenotype that is anti-inflammatory (Figure 1.7). The cell surface markers specific to 

the M1 phenotype include CD16, CD32, CD80, CD86, CD40, iNOS, MHCII, and 

FcR. The cell surface markers specific to the M2 phenotype include Arg-1, CD68, 

Fizz1, Ym1, CD206, and Dectin-1. M1 microglia release a variety of pro-

inflammatory factors such as TNFα, IL1β, and IL6 exacerbating the inflammatory 

response. It also causes oxidative stress by stimulating the release of ROS as well 

as excessive production of NO via inducible nitric oxide synthase (iNOS) resulting in 

the generation of RNS. M2 are reported to improve brain repair and regeneration as 

they release anti-inflammatory factors such as IL4, IL10, IL13, TGFβ. M2 phenotype 

secretes neurotrophic factors such as insulin growth factor 1 (IGF1), brain-derived 

neurotrophic factor (BDNF), TGFβ, and neuronal growth factor (NGF). Acute 

ischaemic insults trigger the generation of M2 reparative microglia, but in sub-acute 

and chronic phase microglia polarisation shifts towards M1 destructive phenotype 

(Patel et al., 2013).  
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Figure 1.7. Represents phenotypes of microglia. Resting-state microglia in the 

physiological state are responsible for surveillance, microenvironment homeostasis, 

maintaining neuronal plasticity, and circuit shaping. Upon activation by stroke, 

microglia become polarized adopting different phenotypes ranging between activated 

M1 phenotype that is pro-inflammatory and activated M2 phenotype that is anti-

inflammatory (Adapted from Patel et al.,2013) (Image produced using Biorender).  
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1.2.7  BBB disruption 

The BBB is critical for maintaining homeostasis in the brain. BBB is a structural and 

biochemical barrier between peripheral blood circulation and CNS. BBB anatomy is 

comprised of neurons, astrocytes, endothelium, pericytes and perivascular space 

that constitute a neurovascular unit (NVU) (Figure 1.8). The concept of the NVU was 

formalized in 2001 by the Stroke Progress Review Group of the National Institute of 

Neurological Disorders and Stroke (NINDS, 2019). The concept of NVU emphasizes 

that each cell of the NVU plays an essential role in maintaining the BBB integrity. All 

the cells in the NVU are closely interrelated to maintain brain homeostasis, regulate 

blood flow, modulate exchange across the BBB, contribute to immune responses, 

and provide trophic support to the brain. The cells interacting with neurons are 

equally affected by ischaemic stroke and engage in complex and cell-specific 

signalling cascades (Ozaki et al., 2019; Posada-Duque et al., 2014).  
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Figure 1.8. Neurovascular unit (NVU). The NVU consists of neurons, glial cells 

(astrocytes, oligodendrocytes, microglia), and endothelial cells. The cells are closely 

related to maintain brain homeostasis, regulate blood flow, modulate exchange 

across the BBB, contribute to immune responses, and provide trophic support to the 

brain (Image produced using Biorender).  

 

BBB functions are mainly controlled by the tight and adherens junctional protein 

complexes. As seen in Figure 1.9, endothelial cells lining the BBB have more 

extensive tight junctions to limit the flux of hydrophilic molecules across the BBB. 

The tight junctions consist of three membrane proteins known as claudin, occludin, 

and junction adhesion molecules as well as cytoplasmic accessory proteins such as 

ZO-1, ZO-2, ZO-3 and others (Ballabh et al., 2004). Under normal conditions, BBB 

prevents the extravasation of cells, solute, ions and molecules. However, BBB 

disruption can lead to change in paracellular and transcellular permeability and 

extravasation of leucocytes into the brain tissue. This in turn contributes to cytotoxic 

oedema. During ischaemic injury, mechanical damage of vasculature and toxic 
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damage due to inflammatory mediators and free radicals cause loss of structural 

integrity of vascular endothelium and brain tissue. The major contributory factor is 

the release of MMPs that lead to the destruction of the basal lamina. All these 

together cause the disruption of the BBB resulting in cerebral oedema, influx of toxic 

substances, inflammation, and haemorrhagic transformation (Zoppo and Hallenback, 

2000).  
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Figure 1.9. The structure of the blood-brain barrier (BBB). (A) Schematic 

drawing of the transverse section of BBB. The BBB is composed of endothelial cells, 

capillary basement membrane in which pericytes are embedded, and astrocyte end-

feet ensheathing the blood vessels. (B) Magnified structure of the junctions on the 

BBB. The BBB comprises tight junction (TJ) and adherens junction (AJ). The TJ 

consists of three integral membrane proteins known as claudins, occludin, and 

junctional adhesion molecule (JAM) and cytoplasmic proteins such as ZO-1, ZO-2, 

ZO-3 and others that link membrane protein to actin. AJ consists of membrane 

protein cadherin that joins the actin cytoskeleton via intermediary proteins to form 

adhesive contact between cells (Image produced using Biorender). 
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1.2.8  Necrotic, apoptotic and autophagic cell death 

Cell death during ischaemic stroke is widely classified into necrosis, apoptosis, and 

more recently autophagy (Broughton et al., 2009). Figure 1.10 illustrates a 

diagrammatic comparison between necrosis and apoptosis. Necrosis is the 

predominant mechanism for cell death that follows acute, permanent vascular 

occlusion (Dirnagl et al., 1999). On the onset of acute brain ischaemia, dramatic 

blood flow reduction results in necrotic cell death in the ischaemic core. When cells 

die by necrosis, they release more glutamate and toxins into the extracellular 

environment affecting the surrounding neurons and glial cells (Broughton et al., 

2009). Necrotic cells become oedematous, cytoskeleton breaks down resulting in 

disruption of the plasma membrane, thus releasing the intracellular content. 

(Durukan and Tatlisumak, 2007).  

 

Apoptosis is an energy-consuming process, so reperfusion could potentiate 

apoptosis by restoring cellular energy (Durukan and Tatlisumak, 2007). Apoptosis 

results in DNA fragmentation, degradation of cytoskeletal and nuclear proteins, 

cross-linking of proteins, the formation of apoptotic bodies, and expression of ligands 

for phagocytic cell receptors (Radak et al., 2017). As a result, apoptotic cells are 

rapidly cleared by phagocytosis without eliciting an inflammatory reaction (Durukan 

and Tatlisumak, 2007). Apoptosis is triggered by several processes including 

excitotoxicity, free-radical formation, inflammation, mitochondrial, and DNA damage 

(Durukan and Tatlisumak, 2007). Several mediators facilitate cross-communication 

between apoptotic cell death pathways such as the calpains, cathepsin B, nitric 

oxide, and poly-ADP-ribose-polymerase (PARP) (Durukan and Tatlisumak, 2007). 

Following ischaemia, caspase-mediated apoptosis occurs in response to pro-
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apoptotic signals such as upregulation of Bcl-2 associated X (Bax), BH3-interacting 

domain death agonist (Bid) and downregulation of anti-apoptotic Bcl-2 family 

proteins B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma extra-large (Bcl-xL) 

(Broughton et al., 2009). Activated caspase-3 cleaves nuclear DNA repair enzymes 

and structural proteins such as laminin, actin, gelsolin resulting in DNA damage and 

apoptosis (Broughton et al., 2009). 
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Figure 1.10. Figure illustrating apoptotic and necrotic cell death. Necrosis is 

irreversible cell damage that occurs due to a dramatic reduction in CBF. Necrotic 

cells become oedematous, cytoskeleton breaks down resulting in disruption of the 

plasma membrane, thus releasing the intracellular content. Apoptosis is an energy-

consuming process that results in DNA fragmentation, degradation of cytoskeletal 

and nuclear proteins, cross-linking of proteins, the formation of apoptotic bodies, and 

expression of ligands for phagocytic cell receptors As a result, apoptotic cells are 

rapidly cleared by phagocytosis without eliciting an inflammatory reaction (Image 

produced using Biorender). 
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Autophagy is a highly regulated, catabolic process, through which macromolecules 

such as damaged organelles and proteins are degraded and recycled to maintain 

cellular homeostasis (Wang et al., 2018). As shown in Figure 1.11, autophagic cell 

death is highly regulated which involves the formation of phagophores which 

elongate to autophagosomes. An autophagosome is a double-membrane vesicle 

that envelops unnecessary or dysfunctional proteins before fusing with a lysosome to 

form an autolysosome, allowing cellular components to be digested (Kim et al., 

2018). Various studies have demonstrated the activation of autophagy in the brain 

cells such as astrocytes, microglia, neurons, and endothelial cells upon an ischaemic 

insult (Li et al., 2018). The underlying mechanisms and the role of autophagy in 

ischaemic stroke are yet to be fully elucidated. Recent studies have suggested that 

insufficient or excessive autophagy results in cell death whereas mild / moderate 

autophagy has a neuroprotective effect (Kim et al., 2018; Li et al., 2018). Recently a 

link between apoptosis and autophagy has been identified. Both autophagy and 

apoptosis are regulated by the PI3K / Akt (phosphoinositide 3-kinase  /  Akt) 

pathway. Apoptosis is suppressed by the PI3K signalling of downstream proteins, 

including mTOR (mechanistic target of rapamycin) (Li et al., 2018). Bcl-2 is a protein 

found in mitochondria that is primarily anti-apoptotic and shown to inhibit cell death. 

Bcl-2 has also been identified as an anti-autophagic signalling molecule, through 

sustaining Beclin1. Some members of the Bcl-2 family are pro-death proteins 

believed to result in the disruption of the cell membrane that causes mitochondrial 

death. It is theorised that inhibition of pro-death Bcl-2 proteins and the promotion of 

prosurvival proteins may result in neuroprotection. However, studies have shown 

that the knockout (KO) of these proteins in mice was not capable of providing 

sufficient neuroprotection from MCAO (middle cerebral artery occlusion) (Vosler et 
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al., 2009). Beclin1 may also be cleaved by caspases in apoptosis, so the pro-

autophagic activity of Beclin1 is destroyed. Additionally, this cleavage results in the 

amplification of pro-apoptotic signalling, inducing widespread cell death, indicating 

that there is a lot of crosstalk between apoptosis and autophagy signalling (Kang et 

al., 2011).  

 

Figure 1.11. Represents the process in autophagic flux. This is a dynamic 

process involving the formation of phagophores initially, which elongate to form 

autophagosomes. An autophagosome is a double-membrane vesicle that envelops 

unnecessary macromolecules and fuses with lysosome to form autolysosome to 

allow digestion of the cellular material (Image produced using Biorender).  
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1.3     Current treatments and prophylaxis for ischaemic stroke 

US FDA (Food and drug administration) approved the use of intravenous 

recombinant tissue plasminogen activator (rtPA) in 1996 following results of NINDS 

rtPA stroke trial which showed that use of rtPA has a positive impact and improved 

the outcomes of ischaemic stroke, however only if it was used within 3 h of onset of 

ischaemic stroke (Hacke et al., 2004). ECASS I, ECASS II, ATLANTIS A, and 

ATLANTIS B collectively analysed the benefits of rtPA in 3-4.5 h time-window and it 

showed improved outcome (Hacke et al., 2004). In 2008, results of  ECASS III trial 

were consistent with the results of previous trials, and the time window for treatment 

with rtPA was increased to 4.5 h (Bluhmki et al., 2009). According to current 

guidelines, rtPA is recommended for the treatment of acute ischaemic stroke as 

early as possible within 4.5 h of stroke onset after excluding intracranial 

haemorrhage by imaging techniques (BNF 72, 2017). rtPA is a fibrinolytic, which 

activates plasminogen to form plasmin that degrades fibrin making the clot soluble 

and subject to proteolysis by other enzymes (Hacke et al., 2008). Degradation of the 

clot results in the restoration of blood flow in the occluded blood vessels, supplying 

oxygen and nutrients to the brain. The commonly reported side-effects of rtPA 

include bleeding, anaphylaxis, and orolingual angioedema (Hacke et al., 2008; NICE 

GUIDANCE, 2008; Jauch et al., 2013; NICE CKS, 2017). Even after the approval of 

rtPA, only about 5% of patients get the benefit because of its limited time window 

and its contraindications (Table 1.3) (Hill, M.D., 2014). Treatment with rtPA can lead 

to haemorrhagic transformation, which is a major complication that needs to be 

taken into account. Therefore, monitoring of blood pressure and signs of 

haemorrhage is constantly required (Jaillard et al., 1999). Even after 20 years of 

approval of rtPA, no other pharmacological treatment has been approved by the FDA 
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for use in the management of ischaemic stroke. It is therefore important to research 

drugs that could be used for the management of ischaemic stroke with a longer time 

window as well as fewer complications associated. 
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Table 1.3. Contraindications for use of rTPA (recombinant tissue plasminogen 

activator) in patients with ischaemic stroke  

 

 Clinical presentation suggesting subarachnoid haemorrhage 

 Intracranial haemorrhage on CT scan 

 Only minor or rapidly improving stroke symptoms 

 Neurosurgery, head trauma or stroke in the past 3 months 

 Uncontrolled hypertension (>185 mmHg systolic blood pressure or >110 mmHg 

diastolic blood pressure) 

 History of intracranial haemorrhage 

 Known intracranial arteriovenous malformation, neoplasm or aneurysm 

 Seizure at the onset of stroke 

 Active internal bleeding 

 Suspected or confirmed endocarditis 

 Known bleeding diathesis (platelet count < 100,000; received heparin within 48 

h and has an elevated aPTT (activated partial thromboplastin time); current use 

of oral anticoagulants (warfarin) and INR >1.7; current use of direct thrombin 

inhibitors or direct factor Xa inhibitors) 

 Abnormal blood glucose (<50 or >400 mg / Dl) 

 Lumbar puncture or recent arterial puncture at a non-compressible site 

 Pregnancy or delivery within 14 days 

 History of gastrointestinal or urinary tract haemorrhage within 21 days 

 

Reference: NICE, 2012 
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Mechanical thrombectomy is a surgical intervention indicated in patients with acute 

ischaemic stroke due to large artery occlusion in the anterior circulation, who can be 

treated within 6 h time window of the onset of ischaemic stroke regardless of 

whether they have received rtPA. Only 9% of patients presenting between 6 and 24 

h may qualify for mechanical thrombectomy. Two main issues are limiting the use of 

thrombectomy. Firstly, only 10% of patients with acute ischaemic stroke have large 

artery occlusion in the anterior circulation and present early enough to qualify for 

thrombectomy. Secondly, only a few stroke-centers have the expertise and 

resources to deliver the therapy (Elgendy et al., 2015; Mokin et al., 2019).  

 

It is estimated that controlling modifiable risk factors of stroke can reduce more than 

50% of cases of stroke (Lee et al., 2011). Hypertension is the most common risk 

factor for stroke (Lee et al., 2011). There are various antihypertensives such as 

calcium channel blockers, beta-blockers, angiotensin-converting enzyme inhibitors 

(ACEIs), angiotensin II Type 1 Receptor Blockers (ARBs) and diuretics that can be 

used to reduce blood pressure to optimal levels. The choice of drug depends on the 

patient’s characteristics such as renal impairment, cardiac disease, liver function, 

diabetes, and patients’ preferences. The commonly recommended choice of drug is 

the use of diuretics alone or in combination with ACEIs for primary prevention of 

ischaemic stroke (Legge et al., 2012; Hisham and Bayraktutan, 2013). Some clinical 

trials have also demonstrated that ACEIs and ARBs can be used to reduce the risk 

of primary stroke independent of reducing blood pressure. Heart outcomes 

prevention evaluation (HOPE) trial showed that ACEIs reduce the risk of stroke when 

compared to placebo with only a small reduction in blood pressure. Losartan 

intervention for endpoint reduction in hypertension (LIFE) trial showed that like 
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ACEIs, ARBs could also reduce the risk of stroke (Strauss et al; 2009). In high-risk 

patients such as those with low-density lipoprotein (LDL) >4.1, age >45 years, 

positive family hypertension, smoking, hypertension, diabetes mellitus, 

atherosclerosis and left ventricular hypertrophy, statins are used to lower LDL 

cholesterol levels to prevent stroke (NICE GUIDANCE, 2008; Legge et al., 2012). 

Diabetes is another risk factor that needs to be controlled especially because many 

diabetic patients commonly have hypertension and dyslipidaemia that need to be 

controlled. Although there are no conclusive results on glycaemic control affecting 

the risk of stroke, the use of oral antidiabetics is recommended to control blood 

glucose levels (Legge et al., 2012). Patients with non-valvular AF are at increased 

risk of stroke therefore after taking into consideration CHA2DS2-VASc score and risk 

of bleeding (Lee et al., 2011), anticoagulation with warfarin is recommended. 

Alternatively, apixaban, dabigatran, or rivaroxaban may be considered (NICE 

pathway, 2016). In patients with a lower risk of stroke, aspirin alone may be 

considered (Legge et al., 2012). Lifestyle modifications such as diet, exercise, 

reducing alcohol intake, and stopping smoking are highly recommended to reduce 

the risk of primary stroke (NICE GUIDANCE, 2008; NICE CKS, 2017).  

 

Long-term management for stroke involves secondary prevention (understanding the 

most likely cause of stroke and taking appropriate medication for its treatment), 

psychosocial care, rehabilitation, lifestyle modification, and management of 

comorbidities and risk factors of stroke (NICE GUIDANCE, 2008). After 24 h of 

treatment with rtPA or patients who were not thrombolysed, antiplatelet therapy is 

initiated with either clopidogrel, modified-release dipyridamole, aspirin, or a 

combination of aspirin-dipyridamole. Treatment with a high-intensity statin is initiated 
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after the diagnosis of stroke or TIA aiming to reduce non-HDL (high-density 

lipoprotein) cholesterol to less than 40%. Antihypertensives are also initiated for 

secondary prophylaxis of hypertension with thiazide-like diuretics, long-acting 

calcium channel blockers, or ACEIs. In patients with ischaemic stroke or TIA, 

anticoagulation with adjusted-dose warfarin is considered after excluding intracranial 

bleeding and other contraindications. In patients with high blood glucose levels, 

glucose levels are maintained with oral antidiabetics (NICE guidelines, 2008; Legge 

et al., 2012; Jauch et al., 2013; NICE CKS, 2017). 

1.4     Neuroprotection for ischaemic stroke 

Neuroprotection is a concept that has received significant attention over the past 30 

years. Neuroprotection seeks to restrict injury to the brain parenchyma following an 

ischaemic insult by preventing salvageable neurons in the penumbra from dying 

(Sutherland et al., 2012; Majid A, 2014). Over the past 30 years, neuroprotection has 

received significant attention and has shown promise in experimental studies, but 

has failed to succeed in clinical trials. Many reasons exist for this, such as variable 

time windows of drug administration in preclinical and clinical studies.  Preclinical 

studies have focused on the effectiveness within a very short time window whereas 

clinical trials allow longer time windows. Preclinical studies have relied on measuring 

infarct size to judge efficacy, whereas clinical trials rely on behavioural outcomes and 

long-term recovery. Experiment stroke models are homogenous, whereas human 

stroke is heterogeneous. The choice of animals in preclinical studies is usually 

young, healthy animals whereas in clinical trials stroke patients have a multitude of 

associated variables that affect the prognosis. Additionally, the presence of 

comorbidities in the patients can have an effect on drug efficacy in the patients 

(Ginsberg, 2008). Additionally, a complicated factor in the development of novel 
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neuroprotective strategies is the dual nature of many processes that occur during 

strokes such as the activity of astrocytes microglia, apoptosis, and autophagy, which 

can either be damaging or protective, depending on the magnitude, location and 

timing of the effect (Ginsberg, 2008).  

 

In the past, several neuroprotective strategies targeting single molecules in the 

ischaemic cascade have failed, shifting current attention to targeting the brain’s own 

evolutionarily conserved endogenous neuroprotective mechanisms (Ginsberg, 

2008). A summary of the neuroprotective agents that have been tested over the 

years, is provided in Table 1.4. 

 

 

 

 

 

 

 

 

 

 

 



39 
 

Table 1.4. Summary of neuroprotective agents, prototype drugs and results of 

studies  

Proposed 

mechanism of 

neuroprotection 

Prototype drugs Results  

Glutamate receptor 

antagonists 

 

NMDA Antagonists 

 

 

 

 

 

 

AMPA antagonists 

 

 

 

 

 

 

Selfotel 

Aptinagel 

MK-801 

 

Dextromethorphan 

 

Eliprodil 

 

YM872 

 

 

ZK200755 

 

 

 

Clinical trials completed / no benefit 

Clinical trials completed / no benefit 

Clinical trials halted- neurophysiological 

adverse effects 

Clinical trials halted- neurophysiological 

adverse effects 

No efficacy in clinical trials 

 

Beneficial effects found in pre-clinical 

studies. Clinical trials results pending 

 

Beneficial effects found in pre-clinical 

studies. Clinical trials results pending 

Ion channel 

modulators 
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Calcium channel 

blockers 

 

Sodium channel 

blocker 

 

Pottasium channel 

blocker 

Nimodipine 

Flunarizine 

 

Fosphenytoin 

 

 

Maxipost 

Clinical trials completed / no benefit 

Clinical trials completed / no benefit 

 

Clinical trials completed / no benefit 

 

 

Clinical trials completed / no benefit 

 

 

GABA (Gamma 

aminobutyric acid) 

agonist  

Diazepam 

Clomethiazole 

Clinical trials completed / no benefit 

Clinical trials completed / no benefit 

 

Free radical 

scavengers 

Citicoline 

Ebselen, Edaravone 

Tirilazad 

NXY-059 

Clinical trials halted / no benefit 

Clinical trials completed / no benefit 

Clinical trials completed / no benefit 

Clinical trials completed / no benefit 

Clinical trials completed / no benefit 

Anti-inflammatory 

agents 

Enlimomab 

UK279276 

LeukArrest 

rNIF 

Worsening outcomes in clinical trials 

Clinical trials halted / no benefit 

Clinical trials halted / no benefit 

Clinical trials halted / no benefit 

Growth factors 

 

G-CSF (Granulocyte-

colony stimulating 

factor) 

Clinical trials completed / no benefit 
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rhEPO (Recombinant 

human EPO) 

Clinical trials completed / no benefit 

Multiple 

mechanisms 

Minocycline  

 

 

Magnesium  

 

Albumin 

Hypothermia 

 

Stem cell therapies 

 

 

Beneficial effects in pre-clinical studies. 

Clinical trials results pending 

Weak neuroprotectant 

Shown benefit in non-cortical stroke 

subgroup 

Clinical trials halted / no benefit 

Beneficial effects in pre-clinical studies. 

Clinical trials results pending 

Beneficial effects in pre-clinical studies. 

Found safe in phase II clinical trials 

Phase III clinical trial results pending 

 

References: Ginsberg, 2008; Sutherland et al., 2012; Hess et al., 2017 

As summarised in Table 1.4, several neuroprotectants targeting individual molecules 

(such as glutamate, ROS, ions) in the ischaemic cascade have been studied for 

ischaemic stroke. These agents were found to be protective in preclinical studies, but 

all of them failed in subsequent clinical trials (Ginsberg, 2008). Therapies targeting 

multiple mechanisms such as moderate therapeutic hypothermia and stem cell 

regeneration are the most solidly evidence-based neuroprotective strategies 

available. Hypothermia has shown to have various mechanisms such as decreasing 

excitatory amino acid release, reducing free radical formation, enhancing small 

ubiquitin-related modifier (SUMO)-related pathways, attenuating protein kinase C 

activity, and slowing cellular metabolism. Several trials have proven safety and 
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feasibility and several trials are ongoing to fully establish the utility in the clinical 

setting (Tahir and Pabaney, 2016). Neural stem cells can regenerate and restore 

brain function that is lost due to injuries such as stroke. In animal models, stem cells 

migrated to the site of injury and promoted revascularisation, enhanced plasticity, 

and regulated inflammatory responses. Stem-cell therapies for ischaemic stroke 

have shown promising neuroprotective effects in pre-clinical studies (Chu et al., 

2008; Fiorella et al., 2011). Various small clinical studies have indicated that stem 

cell therapies are effective, feasible, and safe (Hung et al., 2010; Stone et al., 2013). 

In phase II clinical trials stem-cell therapies were found safe (Hess et al., 2017) and 

effective (Bhasin et al., 2016; Levy et al., 2019). The study by Hess et al., 2017 

progressed in phase III clinical trials to determine the efficacy of stem cell therapies 

during acute ischaemic stroke (clinical trials called MASTER-2 by Athersys).  

1.5     Hypoxia-inducible factor (HIF) and its modulation 

The production of oxygen by photosynthesis had increased 1-2 billion years ago 

resulting in oxygen concentrations much greater than those required. Bigger 

organisms have, therefore, evolved sophisticated transport systems such as lungs, 

heart, and blood to transport oxygen to cells and tissues (Ratcliffe et al., 1998). 

Organisms have developed abilities to sense oxygen availability as well as undergo 

adaptive gene expression changes (Table 1.5) to enhance oxygen delivery or 

promote survival during hypoxia. An evolutionary-conserved pathway mediated by 

oxygen-dependent post-translation hydroxylation factor called hypoxia-inducible 

factor (HIF), plays an important role in the process (Kaelin and Ratcliffe, 2008). 
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Table 1.5. Oxygen regulated genes that are upregulated during hypoxia to 

adapt to the reduction in oxygen delivery  

Process Oxygen-regulated genes upregulated 

during hypoxia 

Erythropoiesis Erythropoietin 

Glycolysis 

 

Lactate dehydrogenase, 

Phosphoglycerate kinase-1, Aldolase, 

Phosphofructokinase L and C, Enolase 

Glucose transport Glucose transporter 1 and 3 

Catecholamine synthesis Tyrosine hydroxylase 

Iron transport Transferrin 

Growth factors 

 

Vascular endothelial growth factor, 

transforming growth factor β, platelet-

derived growth factor B 

Nitric oxide synthesis Inducible nitric oxide synthase 

Vasomotor regulator Endothelin-1 

High-energy phosphate 

metabolism 

Adenylate kinase-3 

Haem metabolism Haem oxygenase 1 

  

Reference: Ratcliffe et al., 1998 
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1.5.1  The structure of HIF 

HIF is a transcription factor that is activated during hypoxia and has upregulated 

hundreds of human genes that code for various cellular processes (Chan et al., 

2016). HIF was discovered in 1990 by the Semenza laboratory and since then it has 

been a new therapeutic target for several diseases, e.g. anaemia, ischaemic 

diseases, inflammation, and cancer (Semenza, 2001). HIF transcription complex is 

heterodimeric consisting of α and β subunit. Oxygen-regulated α subunit has three 

known isoforms HIF1α, HIF2α, and HIF3α. The structures of HIF subunits are shown 

in Figure 1.12. HIF1β subunit also known as ARNT (aryl hydrocarbon receptor 

nuclear translocator) is constitutively expressed. HIF is a member of the bHLH 

(basic-helix-loop-helix)-PAS (PER-ARNT-SIM) domain family. The α subunit has an 

additional ODD (oxygen-dependent degradation) domain rendering the proteins to 

easy alteration in the presence of oxygen (Chan et al., 2016). HIF1α and HIF2α 

contain two-transactivation domain (TAD) known as N-terminal TAD (N-TAD) and C-

terminal TAD (C-TAD) that mediate interactions with coactivators such as p300 and 

CBP (CREB-binding protein) (Karuppagounder and Ratan, 2012). HIF1α and HIF2α 

are structurally related, sharing 48% overall amino acid identity. HIF1α is 

ubiquitously expressed whereas HIF2α and HIF3α are more tissue-restricted. HIF2α 

is commonly expressed in the CNS, lung, carotid body, and endothelium (Chan et 

al., 2016). There is little information about HIF3α and further research is required 

(Karuppagounder and Ratan, 2012). 
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Figure 1.12. Different structures of HIF isoforms: HIF1α, HIF2α, and HIF1β. All 

the subunits share similar domain regions, characterised by the presence of bHLH 

(basic helix-loop-helix)-PAS (Per / ARNT / Sim) and C-TAD domains. The α subunits 

additionally possess an ODD and N-TAD domains. The Proline and Asparagine 

residues differ on HIF1α and HIF2α domains (Image produced using Biorender). 

1.5.2  Propyl-4-hydroxylase (PHDs) and factor inhibiting HIF (FIH) 

HIF1α is regulated by oxygen-dependent enzymatic hydroxylation followed by 

proteasomal degradation. Studies have shown that HIF1α hydroxylation is mediated 

by propyl-4-hydroxylase domain proteins (PHDs). So far, four isoforms of PHDs have 

been identified- PHD1, PHD2, PHD3, and PHD4. PHD 1-3 have shown abilities to 

hydroxylate HIF, while studies on PHD4 are inconsistent (Lieb et al., 2002; Epstein 

et al., 2001). PHD1 is localized in the nucleus and is mainly expressed in the testis 

and liver. PHD2 is localized in the cytoplasm and is commonly expressed in the 

heart, testis, brain, kidney, and liver. PHD3 is localized in both cytoplasm and 

nucleus. It is expressed in the heart, liver, kidney, and brain (Lieb et al., 2002). All 

the PHDs can hydroxylate HIFα subunits, however, their relative activities vary with 

PHD2 being the primary regulator followed by PHD3 that has comparatively lesser 

activity and PHD1 having the least activity (Epstein et al., 2001). Studies have shown 
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that inhibition of PHD2 is sufficient for the upregulation of HIF1α and HIF2α in 

various cell types. PHD1 and PHD3 have a higher affinity to HIF2α (Appelhoff et al., 

2004) 

 

PHDs share a common motif, a double-stranded β-helix core fold consisting of eight 

β-strands. PHDs require oxygen, 2-oxoglutarate (2-OG), iron, and ascorbate as co-

substrates for hydroxylation of HIF1α subunits (Bruick and McKnight, 2001). PHDs 

require iron for catalytic activity that binds to His1-X-Asp / Glu-Xn-His2 motif. PHDs 

require a reducing agent such as ascorbate to retain iron in the active site (Epstein et 

al., 2001). Within PHDs, 2-OG undergoes decarboxylation resulting in the 

hydroxylation of the two specific proline residues 402 and 564 within the ODD 

domain of human HIF1α from proline to trans-4-hydroxyproline, with succinate and 

carbon dioxide formed as by-products (Chan et al., 2016). Hydroxylation of the 

proline residues of HIF1α allows it to bind to VHL (Von Hippel Lindau) tumour 

suppressor protein forming VCB-Cul2 E3 ligase complex. Both proline residues 402 

and 564 contain a LXXLAP motif, and hydroxylation occurs at the fourth position of 

the motif. Hydroxylated HIF1α is polyubiquitinated and directed to 26S proteasome 

for degradation. In normoxic (ambient air) conditions, the half-life of HIF1α is <5 

minutes (Huang et al., 1998). As shown in Figure 1.13, under hypoxic conditions, the 

PHD activity is inhibited, resulting in stabilization and accumulation of HIF1α in the 

cytoplasm, which then translocates into the nucleus. HIF1α dimerizes with HIF1β in 

the nucleus forming HIF1 transcription factor that binds to hypoxia-response element 

(HRE), targeting genes that code for various cellular processes such glucose 

transporter-1 (GLUT1), phosphofructokinase, aldolase, pyruvate kinase, lactate 

dehydrogenase (LDH) and erythropoietin (EPO) (Semenza, 1996). HIF1α and HIF2α 
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are regulated similarly, binding to similar sites on DNA but recruit different co-

activators resulting in distinct functions. HIF1α recruits co-activator complexes such 

as p300 / CBP and steroid-receptor co-activator (SRC), while HIF2α recruits nuclear 

factor-κb essential modulator (NEMO).  

 

Figure 1.13. Schematic representation of the activity of PHDs on HIF1α under 

hypoxia versus normoxia. Under normoxia, PHDs use oxygen to hydroxylate key 

residues within HIF1α subunit. Hydroxylation of the ODD signals for VHL binding and 

ubiquitination occurs, leading to proteasomal degradation. In hypoxia, PHDs are 

inhibited and HIF1α is stabilized. HIF1α translocates to the nucleus and dimerizes 

with HIF1β, resulting in the expression of various target genes (Adapted from 

Karuppagounder and Ratan, 2012) (Image produced using Biorender).  

 

As discussed above PHDs require 2-OG as a cosubstrate. As shown in Figure 1.14, 

2-OG is one of the products formed of the tricarboxylic acid (TCA) cycle in the 

mitochondria that are transported outside the mitochondria via the malate / aspartate 
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shuttle. Studies have also reported that other TCA cycle intermediates such as 

citrate, isocitrate, succinate, fumarate, malate, oxaloacetate, and pyruvate inhibit 

PHDs (Isaacs et al., 2005; Selak et al., 2005; Dalgard et al., 2004). Most consistent 

studies have reported fumarate and succinate to inhibit all three PHDs competitively 

(O’ Flaherty et al., 2010). This, therefore, indicates that changes in metabolic 

intermediates can modulate HIF1α regulation and they play a crucial role in the 

activity of PHDs.  

 

Figure 1.14. Tricarboxylic acid (TCA) cycle. The TCA cycle takes place in the 

mitochondria. TCA cycle is a series of chemical reactions that occur to release 

energy in the form of ATP through oxidation of acetyl-CoA. Glycolysis of glucose / 

fatty acids results in the formation of pyruvate. Pyruvate is then decarboxylated to 

form acetyl-CoA that enters the TCA cycle. Most importantly, 2-OG is a product 

formed in the TCA cycle, which is required by various dioxygenases such as PHDs 

in this case. 2-OG is shuttled outside the mitochondria via the malate / aspartate 

shuttle (Adapted from Sweetlove et al., 2010) (Image produced using Biorender).  



49 
 

 

In addition to PHDs activity, another oxygen-dependent modification occurs in the C-

TAD region of HIF1α by factor inhibiting HIF (FIH). FIH is localized in both cytoplasm 

and nucleus. FIH is highly expressed in breast, testis, ovary, and kidney (Elkins et 

al., 2003). Some studies on rats show that it is highly distributed in the CNS (Fukuba 

et al., 2008). Similar to PHDs, the structure consists of a jellyroll like β-barrel formed 

from eight β-strands and the iron-binding site contains two histidine and one 

carboxylate group. FIH is an asparaginyl hydroxylase, which in presence of iron, 2-

OG, and oxygen, catalyzes the hydroxylation of asparagine residue Asn803 in the C-

TAD region of HIF1α, restricting the interaction between HIF1α and co-activators. 

This prevents the formation of HIF1α / HIF1β heterodimer. In hypoxic conditions, FIH 

activity is inhibited resulting in successful interaction of HIF1α with co-activators 

promoting gene transcription (Elkins et al., 2003). 

1.5.3  Neuroprotective role of HIF during cerebral ischaemia 

Studies have shown that hypoxia induces HIF1α expression and HIF DNA binding in 

mammalian cell lines and mice (Bergeron et al., 1999). Exposure of the brain of 

neonatal rats to hypoxia (8% O2) 24 h before transient MCAO reduced brain damage 

and increased survival rate. HIF1α was upregulated, resulting in the expression of 

genes such as GLUT1, enolase, VEGF (vascular endothelial growth factor), and 

EPO in peri-infarct penumbra within 7.5 h after focal cerebral ischaemia. This was 

further increased by 19 h and 24 h (Bergeron et al., 1999). Exposure to hypoxia for 

1, 3, or 6 h duration before focal permanent ischaemia in adult mice induced 

tolerance and reduced infarct size by 30%. EPO and VEGF levels were increased by 

24 h after exposure to hypoxia (Bernaudin et al., 2002). Zhang et al., (2010) 

demonstrated that HIF1α levels in the brain of rats with transient MCAO were 
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induced within 1 h with maximal expression at 12 h and decreased within 48 h 

showing that the window for rescuing neural cells was from 12 to 48 h. Baranova et 

al., (2007) showed that after MCAO, there was an increase in expression of HIF1α 

for up to 6 h, followed by a decrease after 24 h. Later on, HIF1α increased after 48 h 

and remained for up to 8 days (Baranova et al., 2007). These studies indicate that 

the HIF1α accumulation in the penumbra is associated with the promotion of survival 

of neurons in the penumbra. 

 

Most of the pharmacological HIF1α modulators act via PHD inhibition. Currently, the 

PHD inhibitors that stabilise HIF1α and mimic hypoxia work by reducing Fe2+ 

availability (iron chelators), introducing metal ions that compete with Fe2+, or 2-OG 

analogs. Iron chelators are small molecules that bind to iron and reduce the amount 

of  Fe2+ available for PHD mediated HIF1α hydroxylation. Desferrioxamine (DFO) is 

an iron chelator and Cobalt chloride (CoCl2) competes with Fe2+, resulting in reduced 

Fe2+ available for PHD mediated HIFα hydroxylation. Dimethyloxalylglycine (DMOG) 

and 3,4-dihydroxybenzoic acid (DHB) are 2-OG analogs, which compete with 2-OG 

and inhibit PHD activity (Davis et al., 2019). Table 1.6 summarizes the in vivo and in 

vitro studies that have explored the neuroprotective effects of DFO, CoCl2, DMOG, 

and DHB against cerebral ischaemia.  

 

All the studies indicate that HIF1α is useful for prophylaxis and treatment of 

ischaemic stroke, however, these PHD inhibitors are not safe for clinical use. Iron 

chelators (DFO, CoCl2) reduce Fe2+ levels and can deplete iron stores leading to 

anaemia (Ferriero et al., 2005). The 2-OG analogs (DMOG, DHB) can interfere with 
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other 2-OG dependent dioxygenases such as collagen prolyl-hydroxylase and citric 

acid cycle-derived α-ketoglutarate dehydrogenase (Ogle et al., 2012). In addition, 

these PHD inhibitors also have additional mechanisms of action such as anti-oxidant 

effect, and it is difficult to conclude whether their effectiveness solely depends on 

HIF1α activation. Hence it is important for further research on specific inhibitors PHD 

inhibitors that primarily upregulate HIF1α and have an effect in the brain without 

interfering with other enzymatic reactions in the body. 

 

Table 1.6. Table summarizing the in vivo and in vitro studies that have 

explored the neuroprotective effects of DFO, CoCl2, DMOG, and DHB against 

cerebral ischaemia.  

Study  Time of 

administration 

Stroke model  Outcome  

                                            

 

  

DFO 

 

Zaman et 

al., 1999 

Immediately or 

for up to 10 h 

after HCA 

(Homocysteic 

acid) 

Glutathione depletion 

(Primary cortical rat 

neurons) 

DFO (100µM) protected 

neurons from glutathione 

depletion and oxidative 

stress-induced cell death. 

Enhance DNA binding of 

HIF-1 and transcription of 

EPO 
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Bergeron 

et al., 2000 

24 h before 

ligation  

Unilateral carotid artery 

ligation (Sprague-

Dawley rats) 

Significant reduction in 

infarct size (~40%) in DFO 

(200mg / kg) pre-treated 

group. DFO increased the 

level of HIF1α protein.  

Prass et 

al., 2002 

Preconditioning 

with DFO 72 h 

before 90 mins 

MCAO or OGD  

MCAO (Wistar rats) 

OGD (primary cortical 

rat neurons) 

Significant reduction in 

infarct size (~40%) in DFO 

(150μM / L) pre-treated 

group. DFO protected 

neurons from OGD induced 

cell death.  

Mu et al., 

2005 

Immediately 

after MCAO  

MCAO (Sprague-

Dawley rats) 

Significant reduction in 

infarct size (~40%) in DFO 

treated group. Increased 

expression of HIF1α and 

EPO.  

Siddiq et 

al., 2005 

6 h before 

glutamate 

treatment  

Glutamate mediated 

excitotoxicity (primary 

cortical rat neurons) 

100μM DFO protected cells 

from glutamate toxicity. 

100μM DFO stabilised 

HIF1α.  

Hamrick et 

al., 2005 

1 h before and 

during OGD  

OGD model (primary 

rat hippocampal 

neurons) 

Pre-treatment with 10 mM / 

L DFO decreased OGD 

induced cell death by 45% 

compared to the control. 

The protection conferred by 
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DFO diminished upon anti-

HIF1α transfection.  

Freret et 

al., 2006 

24 h after 60 

minutes MCAO   

MCAO (Sprague-

Dawley rats) 

Improved behavioural 

outcomes post MCAO.  

Jones et 

al., 2008 

24 h before 

MCAO 

MCAO (Sprague-

Dawley rats) 

Preconditioning with DFO 

(200 mg / kg) before 

MCAO, resulted in reduced 

infarct size compared to 

control.  

Li et al., 

2008 

Preconditioning 

with DFO 36 h 

before 60 mins 

MCAO  

MCAO  

(Sprague-Dawley rats) 

Significant reduction in 

infarct size (~28%) in DFO 

treated group.  Neurological 

function improved on the 

second day after 

administration of DFO for 

up to 7 days.   

Hanson et 

al., 2009  

Pre-treatment 

with intranasal 

DFO 48 h 

before MCAO 

MCAO (Sprague-

Dawley rats) 

Significant reduction in 

infarct volume (~55%) in 

DFO treated group.  

Zhao and 

Rempe, 

2011 

Every day up 

to 4 weeks 

before MCAO  

MCAO (mice) Significant reduction in 

infarct volume in DFO 

treated group. DFO 

remained protective in 

HIF1α KO mice.  
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CoCl2 

 

Zaman et 

al., 1999 

Immediately or 

for up to 10 h 

after HCA 

Glutathione depletion 

(Primary cortical rat 

neurons) 

CoCl2 (>200µM) protected 

neurons from glutathione 

depletion and oxidative 

stress-induced cell death. 

Elevated HIF1α protein 

expression 

Bergeron 

et al., 2000 

24 h before 

ligation  

Unilateral carotid artery 

ligation (Sprague-

Dawley rats) 

Significant reduction in 

infarct size (~75%) in CoCl2 

pre-treated group. CoCl2 

increased the level of HIF1α 

protein.  

Jones and 

Bergeron, 

2001 

24 h before 

MCAO  

MCAO (Sprague-

Dawley rats) 

Preconditioning with 

CoCl2 (60 mg / kg) before 

MCAO, resulted in 76% 

brain protection, compared 

to control. CoCl2 did not 

alter expression of HIF-1 

target genes.  

Jones et 

al., 2008 

24 h before 

MCAO 

MCAO (Sprague-

Dawley rats) 

Preconditioning with CoCl2 

(60 mg / kg) before MCAO, 

resulted in reduced infarct 

size compared to control.  
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DMOG 

Ogle et al., 

2012 

 

24 h before 

OGD  

24 h before 30-

60 mins MCAO  

OGD (primary rat 

cortical neurons) 

MCAO (adult mice) 

In primary neurons, DMOG 

reduced OGD induced cell 

death and upregulated 

HIF1α. In adult mice, the 

infarct volume significantly 

decreased 12 h after 

MCAO.  

Nagel et 

al., 2011 

Multiple times 

before MCAO 

and one time 

after MCAO  

Permanent and 

transient MCAO (wistar 

rats) 

DMOG pre- and post-

treatment reduced the 

infarct size and improved 

behaviour. Associated with 

increased mRNA and 

protein levels of VEGF and 

eNOS (endothelial nitric 

oxide synthase).  

                                          

DHB 

 

Siddiq et 

al., 2005 

6 h before 

MCAO 

MCAO (Sprague-

Dawley rats) 

DHB pre-treatment reduced 

infarct volume compared to 

control. Associated with 

HIF1α upregulation.  

 

Several studies have evaluated the effects of some novel PHD inhibitors, which are 

small molecule, highly potent and selective in in vivo and in vitro models of 
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ischaemia. In vitro treatment of primary murine astrocytes and murine 

cerebrovascular endothelial cell line bEnd.3 with FG4497 was seen to stabilize 

HIF1α. FG4497 exceeded the capacity of DMOG to protect HIF1α against proteolytic 

degradation. FG4497 treated endothelial cell line bEnd.3 sustained the membrane 

localization of ZO-1 and occludin that is otherwise disrupted in ischaemia. Following 

FG4497 treatment, mRNA expression of VEGF and EPO significantly increased. 

Pre-treatment of mice with FG4497, 6 h before MCAO significantly reduced the 

infarct size and decreased formation of oedema 24 h after reperfusion. Post-

treatment with FG4497 was also seen to improve recovery from ischaemic stroke. 

Pre-treatment of mouse hippocampal neuronal HT-22 cells with FG4497 followed by 

OGD (1% O2) showed an improved survival rate of neurons (Reischl et al., 2014). 

Similarly preconditioning of male rats with oral GSK360A, 18 h before transient 

MCAO showed improved long-term outcomes such as sensory, motor, and cognitive 

outcomes as well as reduced brain injury. Similarly, GSK360A was associated with 

increased EPO and VEGF mRNA and plasma levels (Zhou et al., 2017). Studies 

have also shown that preconditioning with selective PHD inhibitor IOX3, 24 h before 

ischaemic insult, protects the brain from ischaemic damage at lower doses. Higher 

doses (60 mg / kg) however did not exhibit protective effects. EPO was seen as the 

main mediator that resulted in the exhibition of protective effect. Pre-treatment with 

IOX3 on RBE4 cells was seen to prevent barrier disruption from subsequent OGD 

(1% O2) (Chen et al., 2014). Another novel PHD inhibitor, TM6008 decreased 

hypoxia-induced cell death and upregulated HIF1α in SHSY-5Y cells (Kontani et al., 

2013). These studies indicate that pharmacological preconditioning with selective 

PHD inhibitors is a promising strategy for the treatment of ischaemic stroke and 

further research is highly beneficial. 
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Studies have shown that in mice with neuron-specific KO of HIF1α subjected to 

transient focal cerebral ischaemia, there was increased tissue damage and mortality 

(Baranova et al., 2007). Preconditioning mice with PHD inhibitors that increased 

HIF1α in the brain had a neuroprotective effect, however, a similar effect was seen in 

neuron-specific HIF1α KO mice indicating there might be other mechanisms rather 

than HIF1α activation (Baranova et al., 2007). In neuron-specific HIF1α KO mice 

brain, there was an increased expression of HIF2α and EPO, which may have 

played an important role in neuroprotection (Baranova et al., 2007). This indicates 

that PHD inhibition is not equal to HIF activation and HIF is just one of the many 

growing substrates known to be modulated via PHD inhibition (Baranova et al., 

2007). Another study showed that neuron-specific KO mice deficient for HIF1α and 

HIF2α subjected to 60 minutes or 30 minutes of MCAO followed by 24-72 h of 

reperfusion, showed no significant alteration in infarct and oedema size in 

comparison to control, suggesting both HIFα subunit might compensate for each 

other (Barteczek et al., 2017). In HIF1α / HIF2α double KO mice subjected to 30 

minutes MCAO, global cell death, and oedema was reduced upon 24 h reperfusion 

but not 72 h reperfusion. There was also reduced expression of anti-survival genes 

such as BCL2 / adenovirus E1B 19 kDa protein-interacting protein 3 (Bnip3), Bnip3-

like (Bnip3L), and Phorbol-12-Myristate-13-Acetate-Induced Protein 1 (Pmaip1). This 

shows that in HIF1α / HIF2α- deficient mice, there might be protection from early 

acute neuronal cell death and neurological impairment indicating the benefit of HIF 

pathway inhibition in neurons in very acute phase after ischaemic stroke (Barteczek 

et al., 2017). Similar results were observed when methyoxyestradiol (2-ME2), a 

HIF1α inhibitor was tested in rat models of global cerebral ischaemia, where lower 
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cell survival rate was observed in rats treated with 2-ME2 (Zhou et al., 2008). YC-1 

(3-(5′-Hydroxymethyl-2′-furyl)-1-benzyl indazole) another inhibitor of HIF1α resulted 

in suppression of expression of VEGF, EPO, and GLUT3 (glucose transporter 3) in 

the MCAO mice. The study indicated that suppression of HIF1α prevented BBB 

damage during cerebral ischaemia, however, there was an increase in brain infarct 

volume and mortality (Yan et al., 2011). These results contradict other studies by 

suggesting that HIF1α resulted in BBB damage, however, there could be other 

mechanisms resulting in the damage as YC-1 is not a specific inhibitor of HIF1α. 

 

HIFα accumulation in the ischaemic brain triggers the expression of several genes 

that exhibit a neuroprotective effect during ischaemia. Below are discussed the most 

commonly activated genes by HIF and their mechanisms for neuroprotection in 

ischaemic stroke. 

 

EPO is synthesized primarily in the kidney and liver with the main role of 

erythropoiesis. EPO has a neuroprotective effect and it is stipulated that EPO exerts 

its effects by direct and indirect mechanisms. The direct mechanism involves 

inhibition of apoptosis by maintaining expression of Bcl-2 and Bcl-xL or by 

inactivation of caspases (Li et al., 2007). EPO is also seen to decrease glutamate 

toxicity, reduce inflammation by decreasing the production of pro-inflammatory 

cytokines such as TNFα, IL6, and mitogen-activated protein (MAP-1), decrease NO 

mediated injury and reduce oxidative stress (Villa et al., 2003). EPO may also 

stimulate angiogenesis in the brain increasing blood and oxygen flow to the brain 

(Marti et al., 2000; Li et al., 2007). 
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Vascular endothelium growth factor (VEGF) and VEGF receptors (VEGF-R) are 

upregulated by increased transcription of HIF1. VEGF and VEGF-R mediate 

angiogenesis in the ischaemic boundary resulting in increased blood flow and 

metabolism. VEGF also causes neurogenesis in the SVZ (subventricular zone) 

region. VEGF is seen to be involved in both angiogenesis and neurogenesis in 

ischaemic brain (Wang et al., 2004). HIF1 also upregulates stromal-derived factor-1 

(SDF-1) and chemokine-receptor type-4 (CXCR4). SDF-1 interacts with CXCR4 

receptors in neuroblasts and attracts them to the ischaemic boundary. HIF1 

transcription factor also targets for increased expression of BDNF and glial-derived 

neurotrophic factor (GDNF) (Wang et al., 2004). BDNF is seen to exhibit anti-

apoptotic and anti-inflammatory effects during ischaemia. BNDF also promotes 

neurogenesis (Wang et al., 2004). GDNF is also seen to have neuroprotective and 

neurogenerative effects during ischaemia. GDNF may also exhibit anti-apoptotic 

properties by inactivation of caspases-3 (Harvey et al., 2005). 

 

HIF1 upregulation is also seen to have resulted in the upregulation of glucose 

transporters such as GLUT1, GLUT3 as well as enzymes such as aldolase, 

enolase, LDH, pyruvate Dehydrogenase Kinase 1 (PDK-1), and glucophosphate 

isomerase. Hypoxia results in glucose deprivation in the brain during which 

astrocytes enhance glycolysis and release lactate (Semenza et al., 1996). Lactate is 

used as a primary source of energy. HIF1 activation also upregulates genes involved 

in the anaerobic glycolytic pathway, for example, LDH that catalyzes the conversion 

of pyruvate to lactate (Semenza et al., 1996). Therefore, during hypoxia, HIF1 
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increases glucose transport via GLUT receptors and anaerobic glycolysis by 

upregulation of glycolytic enzymes to provide active neurons with lactate and 

maintaining energy homeostasis. 

1.5.4  Detrimental role of HIF during cerebral ischaemia 

In contrast to the neuroprotective role of HIF1, some studies have also suggested 

that HIF1 may mediate apoptosis during hypoxia. HIF1 accumulation resulted in the 

induction of p53 and p21 that stimulates apoptosis in embryonic stem cells in 

hypoxia (<0.5% O2) (Greijer, 2004). In vitro studies on primary cortical neurons 

showed HIF1α signalling during ischaemia stimulated apoptosis (Halterman et al., 

1999). HIF1α upregulation induces apoptosis by stabilising tumour suppressor gene 

p53 and also by the increased expression of pro-apoptotic family members such as 

BNIP3, Nip-like protein X (NIX), and NOXA (Chen et al., 2009). Stabilising tumour 

suppressor p53 can induce Bax and Bak proteins that regulate the release of 

cytochrome C into the cytoplasm that binds to the apoptotic protease activating 

factors (Apaf-1). Apaf-1 activates caspase 9, which in turn cleaves caspases 3 and 7 

leading to apoptosis (Figure 1.14) (Greijer, 2004). Studies have shown that inhibition 

of HIF1α by 2-ME2 and D609 (tricyclodecan-9-yl-xanthogenate) decreased 

expression of VEGF and BNIP3 resulting in neuroprotection. Studies have shown 

that HIF1α upregulates BNIP3 resulting in mitochondrial dysfunction, membrane 

depolarization, and MPTP opening (Chen et al., 2007; Yeh et al., 2007; Yeh et al., 

2011). A study by Baranova et al., (2007), showed that neuron-specific ablation of 

HIF1α in rats reduced survival rate and increased tissue damage when subjected to 

focal MCAO for 30 minutes. In contrast studies by Helton et al.,2005 showed that 

there was reduced ischaemic damage and increased survival rate in neuron-specific 

HIF1α KO rats that were subjected to bilateral common carotid artery occlusion 
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(BCCAO) for 75 minutes. This correlated with the notion that in mild hypoxia HIF1α 

induced cell survival by upregulation of genes such as EPO, GLUT1, and VEGF 

whereas in severe hypoxia, HIF1α induced apoptosis by activation of genes such as 

BNIP3, BNIP3L, and p53 stabilization. This shows that the effects of HIF1α depend 

on various factors such as the severity of ischaemia, time subjected to ischaemic 

insult, and the type of cell (Chen et al., 2009). 
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Figure 1.15. Schematic representation of the apoptosis pathway in hypoxia.  

Hypoxia leads to stabilisation of HIF1α that results in stabilisation of p53 leading to 

the expression of proteins such as Bnip3, Bnip3L, Bax, and Bak that regulate the 

release of cytochrome C into the cytoplasm. Cytochrome C binds to Apaf-1. Apaf-1 

activates caspase 9, which in turn cleaves caspases 3 and 7 leading to apoptosis. 

FADD (Fas Associated Via Death Domain), Bak (Bcl-2 antagonist / killer 1), MCL-1 

(myeloid cell leukemia 1) (Image produced using Biorender).  
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Studies have shown that HIF1 results in increased vascular permeability due to 

increased expression of VEGF and MMPs. MMPs disrupt the BBB by disturbing the 

tight junction and cytoplasmic accessory proteins resulting in gap formation, 

leucocyte infiltration, and brain oedema (Balabh et al., 2004; Lakhan et al., 2013). 

Hypoxia resulted in increased BBB permeability and a study by Yang et al., 2015, 

has shown that minocycline reduced BBB permeability in vivo and in vitro. 

Minocycline inhibits HIF1α by mechanisms involving the upregulation of p53, 

suppressing the AKT / mTOR / p70S6K / 4E-BP1 signalling pathway (Kachoie et al., 

2015) and increased expression of PHD2 resulting in proteasomal degradation of 

HIF1α (Li et al., 2014). Studies have shown that increased levels of HIF1α in the 

brain of dystrophic mdx mice resulted in VEGF upregulation and ZO-1 

phosphorylation leading to re-arrangement of the BBB and increasing BBB 

permeability (Nico et al., 2007). A study by Higashida et al., 2011 also supported the 

notion that HIF1α played an important role in BBB disruption and oedema formation 

in the brain via pathways involving expression of aquaporin-4 (AQP-4) and MMP-9. 

Studies have also shown that inhibition of HIF1α by YC-1 or 2ME-2 (2-

methoxyestradiol) prevented BBB damage and oedema formation whereas the 

upregulation of HIF1α by DMOG ameliorated BBB permeability (Yeh et al., 2007; 

Engelhardt et al., 2014). In contrast, recent studies have shown that FG4497, a 

PHD2 inhibitor upregulated HIF1α but the preconditioned endothelial cells sustained 

the membrane localization of ZO-1 and occludin that are otherwise disrupted in 

ischaemia (Reischl et al., 2014). Pre-treatment with PHD-inhibitor, IOX3 on RBE4 

cells was seen to prevent barrier disruption from subsequent OGD (Chen et al., 

2014). This, therefore, indicates that HIF1 may have different effects in different 

types of cells resulting in different outcomes during ischaemia and BBB permeability. 
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Different types of genes are activated in different cells and it is important to study the 

effect HIF1 upregulation would have on ischaemia. There are beneficial and 

detrimental effects of PHD inhibitors, however, further research is required to 

determine the place PHD inhibitors have for the treatment of ischaemic stroke. 

1.6     Aims and objectives  

Modulating endogenous protective pathways such as HIF1 offers the hope in 

ischaemic stroke therapies, in contrast to majority of the neuroprotective targeting 

single molecules. The main research question this thesis aimed to address is 

whether modulation of HIF1 pathways would provide protective in in vitro models 

ischaemia. In addition, this research aimed to understand the downstream 

mechanisms and develop a suitable treatment protocol that can translate into clinical 

success. It is hypothesized that modulating the HIF1 pathway would provide 

neuroprotection via endogenous protective pathways during ischaemia.  

The main aims of this thesis were as follows:  

1. To develop suitable in vitro model of ischaemia for subsequent studies 

2. To study the safety and efficacy of novel, small molecule, orally active PHD 

inhibitors on the in vitro models of ischaemia 

3. To study the roles of astrocytes in cerebral ischaemia in vitro 

The objectives of each chapter in this thesis were: 

Chapter 3: In vitro PC12 cells and primary rat neuronal models of ischaemia   

In this chapter, the effects of oxygen and / or glucose deprivation were evaluated on 

neuronal viability, HIF1α and HIF2α expression and downstream pathways. These 

studies were performed to characterise the validate in vitro ischaemia models for 

further studies.  
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Chapter 4: Characterizing ischaemic tolerance in PC12 cells and primary rat 

neurons 

In this chapter, the effectiveness of preconditioning with oxygen and / or glucose 

deprivation was investigated against severe OGD insults in PC12 cells and primary 

rat neurons in this chapter. The underlying mechanism and the role of glucose were 

evaluated on ischaemic tolerance.  

Chapter 5: Characterizing the effects of novel prolyl hydroxylase (PHD) 

inhibitors in PC12 cells and primary neurons 

In this chapter, the safety and effectiveness of novel PHD inhibitors were 

investigated against OGD insults in PC12 cells and primary rat neurons. The effects 

of these PHD inhibitors on expression of HIF1α, HIF2α proteins, and their 

downstream genes and autophagic proteins were evaluated to understand their 

molecular mechanisms.  

Chapter 6: Astrocytes modulated protection against ischaemic injury in 

primary rat neurons 

In this chapter, the effects of oxygen and / or glucose deprivation were evaluated on 

astrocyte viability, HIF1α and HIF2α expression and downstream pathways. These 

studies were performed to validate suitable in vitro ischaemia models for further 

studies. Astrocytes are known to secrete several neuroprotective or neurotoxic 

molecules, therefore the effectiveness of astrocyte conditioned media (ACM) was 

investigated on the primary neuronal model of ischaemia.  
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2.1     Materials and equipment 

Table 2.1. Table of material and company / country they were obtained from  

Company name Materials 

Sigma Aldrich, UK Rat adrenal pheochromocytoma (PC12) cells 

(cat#88022401), Dulbecco’s Modified Eagle’s Media 

(DMEM) containing high glucose (4.5 g / L) (cat#D5671), 

Dulbecco’s Phosphate buffered saline (D-PBS) 

(cat#D8537), Fetal bovine serum (FBS) (cat#F7524), 

inactivated horse serum (HS) (cat#H1270), poly-D-lysine 

(PDL, 50x) (cat#A-003-M), trypsin (50x) (cat#T1426), 

Deoxyribonuclease from Bovine pancreas (100x) 

(cat#DN25), sterile dimethyl sulfoxide (cat#D2650), 

dimethyl sulfoxide (cat#246855), trypan blue, 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

(MTT), dimethyl sulfoxide (DMSO), Trypan Blue 

(cat#93595), Dithiothreitol (DTT) (cat#43819), Protease 

inhibitor cocktail (cat#P8340), 10x RIPA buffer (radio-

immunoprecipitation assay) (cat#20188), 

phenylmethylsulfonyl fluoride (PMSF) 

(cat#10837091001), Tween-20 (cat#P1379), Sodium 

chloride (cat#S9625), Tris-base (cat#TRIS-RO), Glycine 

(cat#G8898), Sodium-dodecyl sulphate (SDS) 

(cat#L3771), Rabbit polyclonal anti-Lc3b (cat#L8918), 

Bovine serum albumin (BSA) (cat#A7030), Triton X-100 
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(cat#T9284), paraformaldehyde (cat#158127), goat anti-

rabbit FITC conjugated (cat#F7367), goat anti-mouse 

FITC conjugated (cat#F5387), DMOG (cat#D3695), 

Rapamycin (cat#37094) 

Gibco (Invitrogen) by 

Thermofisher Scientific, 

UK 

Glucose-free Dulbecco’s modified eagle media 

(cat#A1443001), penicillin - streptomycin (10000 units / 

mL & 10000 µg / mL) (cat#10378016), Neurobasal-A 

media (no L-glutamine) (cat#12349015), Neurobasal-A 

media (no D-glucose, no sodium pyruvate) 

(cat#A2477501), B-27 supplement serum-free (50x) 

(cat#12587001), Hank’s balanced salt solution with 

Ca2+, Mg2+ and no phenol red (HBSS) (cat#88284), L-

glutamine 200Mm (cat#25030081), TrypLE express (no 

phenol red) (cat#12604013), 0.22 µm syringe filter 

(cat#SLGSV255F) 

Lonza Biotech, USA Sodium pyruvate 100Mm (cat#BE-13115E) 

Cayman Chemicals, UK  FG4592 (Roxadustat) (cat#CAY15294) 

Schofield Group, Oxford 

University 

FG4592, FG2216, Bayer85-3934, GSK1278863 

Merck Millipore, USA Guava cell dispersal reagent (cat#4500-0050), Guava 

nexin kit (cat#4500-0455), Guava instrument cleaning 

fluid (part#4200-0140), Guava Easy check kit 

(part#4500-0025) 

Promega, UK CytoTox 96 Nonradioactive cytotoxicity assay kit 

(cat#G1780) 

https://www.sigmaaldrich.com/RW/en/product/mm/slgsv255f


69 
 

Bioline Reagents Ltd, 

UK 

Tetro cDNA synthesis kit (cat#BIO6043), SensiFASTTM 

SYBR Hi-ROX kit (cat#BIO73005) 

Qiagen, UK RNeasy Plus Mini kit (cat#74034), Nuclease-free water 

(cat#1291) 

Eurofin genomics, UK All primers (forward and backward) for qRT-PCR 

Bio-Rad Laboratories 

Inc, UK 

4 x Laemmli sample buffer (cat#1610747), 4-15% Mini-

PROTEAN TGX Precast polyacrylamide gel 

(cat#4561086EU), fat-free skimmed milk powder 

(cat#1706404XTU), Precision plus Protein Dual Colour 

Standard (cat#1610374), Extra-thick blot filter paper 

(cat#1703965), 10x Tris / Glycine / SDS running buffer 

(cat#1610732), 10x Tris / Glycine transfer buffer 

(cat#1610771) 

Thermofisher, UK Pierce bicinchoninic acid (BCA) kit (cat#23225), Pierce 

ECL western blotting substrate (cat#32132) 

VWR, UK Amersham™ Protran® Premium nitrocellulose blotting 

membranes (cat#10600045), phosphate-buffered saline 

(PBS) (cat#444057Y) 

Novus Biologics, UK Rabbit polyclonal anti-p62 (SQSTM1), Mouse 

monoclonal anti- Hif1α (cat#NB100-105) 

R&D Systems, UK Mouse monoclonal anti-Hif2α (cat#MAB2886) 

Cell signalling 

technology, UK 

Rabbit polyclonal anti-Beclin-1 (cat#3738S) 

Abcam, UK Rabbit polyclonal anti- β-actin (cat#ab8227), Rabbit 

polyclonal anti-Map2 (cat#ab5392) 
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Agilent (DAKO), UK  

 

Goat anti-rabbit HRP- conjugated (cat#P044801), Goat 

anti-mouse HRP- conjugated (act#P044802), Rabbit 

polyclonal anti-Gfap (cat#Z0334) 

Vector labs, UK Vectashield with DAPI (cat#H-1200) 

Biolegend, USA Mouse monoclonal anti-Tubulin β 3 (clone Tuj1) 

(cat#801201) 

Falcon, Corning Brand, 

USA 

Sterile cell scraper (cat#353086), 70 µm cell strainer 

(cat#352350), 15 mL centrifuge tube (cat#352196), 50 

mL centrifuge tube (cat#352070) 

Greiner Bio-One, UK 1.5 mL eppendorf tubes (cat#717201), sterile 96- 

(cat#650101), 24- (cat#657824) and 6- (cat#657160) 

well plates, 35- (cat#627979), 100- mm (cat#624970) 

cell culture dishes, 5 mL sterile pipettes (cat#606107), 

10 mL sterile pipettes (cat#607107), 25 mL sterile 

pipettes (cat#760107) 

Starlab, USA  TipOne 10 (cat#S1111-3000), 200 (cat#S1111-1006) 

and 1000 µL (cat#S111-6000) tips  

Sarstedt AG, Germany T25 (cat#83310002), T75 (cat#833911002), and T175 

(cat#833912502) cell culture vessel 

Hitachi, Tokyo, Japan Hitachi Koki 20 mL ultracentrifuge tubes 

(part#90592000) 

Malvern Panalytical, UK Folded capillary zeta cell (part#DTS1070) 
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Table 2.2. Table of equipment and company / country they were obtained from  

Company Equipment 

VELP Scientific, Inc, USA ARE Heating magnetic Stirrer 

Classic vortex mixer (part#F202A0173) 

Star Lab, UK Dry bath system Dual Block (part#N2400-4002) 

Bio-Rad Laboratories Inc, 

UK 

Transblot SD Semi-Dry transfer cell 

(part#1703940), Mini- PROTEAN Tetra system 

(part#1658001), PowerPac Basic Powersupply 

(part#1645050), ChemiDoc MP imaging system 

(part#1701402) 

Fisher Scientific, 

Thermofisher, UK 

Electrophoresis power supply 150W 

(cat#EC1000XL2), Fisherbrand Seastar Digital 

Orbital Shaker (cat#12846016), NanoDrop 1000 

spectrophotometer (cat#1318796), GeneAmp PCR 

system 2700 (cat#15860383), Techne Prime Pro 48 

Real-Time qPCR machine (cat#PRIMEPRO48) 

(data acquired by Prime Pro 48 software and 

analysed using Prime Pro 48 study software), MAX 

Q 4450 Benchtop Orbital shaker (cat#SHKE4450) 

Ohaus Corporation, USA Ohaus Adventurer analytical balance (part#AX224) 

Sciquip, UK Sigma 1-14K microcentrifuge (part#10020) 

Ruskinn Technologies, UK Purpose-built INVIVO2 400 humidified hypoxia 

workstation (part#UM037) 
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Wolflabs, UK Panasonic Incusafe cell culture CO2 incubator 

(part#MCO-170AIC), Faster Bio48 biological safety 

cabinet (part#BIO-48), Clifton NE1-14 unstirred 

water bath (part#10031816) 

Olympus Lifesciences, USA Olympus CKX31 inverted microscope (part#48692) 

MSE, East Sussex, UK Harrier 18 / 80R centrifuge (part#MSB080) 

Tecan, Switzerland Tecan Infinite M200 PRO microplate reader using i-

control 1.9 software (part#I200PRO) 

Merck Millipore, USA Guava easyCyte flow cytometer (part#0500-4020) 

using Guava data acquisition and analysis software  

Nikon, Tokyo, Japan 

 

Nikon Eclipse 80i fluorescence microscope 

connected with Hamamatsu (C4742-95) digital 

camera, Nikon High-pressure mercury lamp power 

supply, Hamamatsu camera controller using NIS-

Element BR 3.22.14 software 

Hitachi, Tokyo, Japan Hitachi Micro Ultracentrifuge CS 150NX 

(part#91109201) 

Malvern Panalytical, UK Malvern Zetasizer Nano ZS 

 

2.2     Cell cultures 

2.2.1  Ethical permissions 

All animals used in these experiments were humanely killed under Schedule 1 

according to the Animals Scientific Procedures Act (1986) (ASPA). The work is 

exempt from the need for Animal Welfare and Ethical Review Board (AWERB) 

approval under the ASPA and all subsequent amendments under both the UK and 
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European Law. All animals used in this study have been treated in accordance with 

ASPA guidelines. 

 2.2.2  PC12 cell culture 

Thawing and freezing PC12 cells  

PC12 cells were obtained from Sigma-Aldrich, UK in a frozen state in 

cryopreservation media containing 10% DMSO and stored at -80oC. As shown in 

Figure 2.1, the cryovials was quickly thawed in a 37oC water bath. The cells were 

transferred into a 15 mL falcon containing 10 mL of ‘complete’ PC12 cell media 

[high-glucose DMEM (Dulbecco’s Modified Eagle’s Media with 4,500 mg / ml 

glucose, L-glutamine and sodium bicarbonate, without pyruvate) supplemented with 

5% fetal bovine serum (FBS), 5% horse serum (HS) and 1% penicillin-streptomycin 

(PS)] and mixed well by pipetting (trituration). The cells were then centrifuged at 100 

rcf (relative centrifugal force) for 5 minutes. The supernatant was discarded, the cells 

were re-suspended in fresh complete media and the cell suspension was transferred 

into a T25 flask (passage 1: P1). The PC12 cells were incubated at 37oC in a 

humidified atmosphere of 5% CO2 in air and examined every day. The culture media 

(approximately two-thirds) was renewed every 2-3 days. Upon ~80% coverage, the 

cells were passaged. The cell suspension was transferred into a 15 mL falcon tube 

and centrifuged at 100 rcf for 5 minutes. Two-thirds of the media was discarded and 

fresh media (approximately 10 mL) was added. The cell suspension was transferred 

into 4 x T25 flasks (P2). Upon ~80% coverage, following the same procedure, the 

cells were passaged further. Cultures at P3 were frozen (procedure detailed below) 
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or used for experiments. The PC12 cells were used for experiments up to a 

maximum of P8. 

 

Figure 2.1. Diagrammatic representation of thawing and culturing PC12 cells. 

(Image produced using Biorender). 

 

Cryopreservation the PC12 cells for future use: cell suspension was centrifuged at 

100 rcf for 5 minutes. Cryopreservation media containing 10 % sterile DMSO in 

complete media was prepared. DMSO is a cytoprotectant added to prevent the 

formation of intracellular and extracellular crystals during freezing. The cell pellet 

was suspended in the cryopreservation media (approximately 1 x106 cells in 1.5 mL). 

The suspension was triturated in cryovials and placed in a freezing container. The 

container was frozen at -20oC for 2 h followed by -80o C overnight and then 

transferred into a liquid nitrogen cylinder for long term storage.  

Seeding / plating for experiments: PC12 cells were seeded (1.2 x 106 cells in 5 mL 

complete medium) in uncoated T25 flasks for protein / RNA extraction, flow 

cytometry, and trypan blue exclusion assays. For MTT and LDH assays, poly-D-

lysine (PDL) coated 96 well plates received 1.2 x 104 cells per well (100 µL).  
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2.2.3  Poly-D-lysine (PDL) coating  

PDL (0.1 mg / mL) was used to coat cell culture plates / flasks. Enough solution to 

cover the cell culture plates / flasks was added (1 mL per 25 cm2 area) and left for 2 

h or overnight (maximum). The solution was aspirated and the plates / flasks were 

washed 3 times with D-PBS. The plates / flasks were left to dry for a minimum of 2 h 

before introducing cells.   

2.2.4  Counting cells  

For all experiments, cells were counted using a Neubauer chamber. Cells were 

suspended in fresh cell culture media and triturated. 10 μL of the cell suspension 

was mixed with 10 μL 0.4 % trypan blue stain for 5 minutes. 10 μL of trypan-blue 

treated cell suspension was applied to each side of the Neubauer chamber and 

viewed under an inverted microscope. The viable (cells exhibiting bright halo under 

phase microscopy) were counted in each large red square (Figure 2.2). The viable 

cell count per mL was determined using the equation below.  

 

Viable cell count per mL=
Number of live cells 

Number of large squares counted
× dilution factor × 10,000 
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Figure 2.2. Neubauer chamber. The viable were counted in each large red square 

under phase microscopy.  

2.2.5  Primary rat cortical neuronal cultures 

Rat embryos E17-18 were removed from time-mated Sprague-Dawley pregnant 

rat.  The rat embryos were removed and placed in ice-cold Hank’s balanced salt 

solution (HBSS) in a petri dish. The embryos were removed from their placental sac 

and each embryo was decapitated at the head / neck junction. The head was placed 

in ice-cold HBSS in a new petri dish. The embryonic brains were removed from the 

head cavity. Brainstem, cerebellar tissue, meninges then hippocampus (darker, C-

shaped region) were discarded. The cortices were collected in a fresh Petri dish 

containing ice-cold HBSS, then dissociated in another fresh Petri (1 mL cold 

Neurobasal media) using a scalpel. 1 mL of Neurobasal media containing 0.05% 

trypsin and 100 µg / mL deoxyribonuclease (DNAse) was prepared in a 15 mL falcon 

tube and warmed for 15 minutes at 37oC. The minced cortices were transferred into 

the falcon tube, triturated using a pipette (20-30 times), and incubated for 15 minutes 

at 37oC. Thereafter, 6 mL pre-heated (37oC) Neurobasal media containing 10 % FBS 

was added to inactivate the trypsin. The cortices were further triturated (20-30 

times). The suspension was centrifuged at 200 rcf for 5 minutes, the supernatant 
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was discarded and, 10 mL of ‘complete’ Neurobasal media (Neurobasal media 

supplemented with 2% B27 serum-free supplement, 2mM L-glutamine and 1% PS) 

was added. The suspension was sieved through a 70µm cell strainer. The cells were 

counted using a Neubauer chamber. The cells were plated onto PDL coated plates 

at densities of 1.5 x 106 cells in 5 mL (T25 flasks for protein / RNA extraction), 3 x 

104 cells /  100 µL (96 well plates for MTT / LDH assay) and 1.5 x 105 cells /  300 µL 

(24 well plates for immunofluorescence (IF) staining) and placed in an incubator with 

a humidified atmosphere containing 5% CO2 at 37oC (Figure 2.3). The cultures were 

examined and 50% media change with fresh media was performed on DIV (days in 

vitro) 1, thereafter the 50% media change was performed every 2-3 days until 

confluency. Typically, experiments were performed at DIV 9-14. 

 

 

Figure 2.3. Primary rat cortical neuronal culture. (Image produced using 

Biorender). 
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2.2.6  High purity primary rat cortical astrocytes   

Dissection media (48.25 mL HBSS, 1.25 mL 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and 0.5 mL 1% PS) was prepared and 

placed on ice before dissection. Sprague-Dawley rats (postnatal days 1-3) were 

sacrificed by decapitation. The skull was exposed by cutting skin from the back of 

the skull to the nose. The brains were harvested and placed in ice-cold dissection 

media in a petri-dish. The olfactory bulb and cerebellum were removed. The cortices 

were then retrieved and the meninges were removed. The cerebral cortices were 

placed in ice-cold dissection media. The cortices were dissociated using a scalpel 

and transferred to a 50 mL falcon tube. The tissue was triturated using a pipette (20-

30 times), then using a 21G needle on a syringe and a 23G needle on a syringe. The 

dissection media containing tissue was sieved through a 70 µm cell strainer and then 

a 40 µm cell strainer. The 50 mL falcon tube was centrifuged at 300 rcf for 5 minutes. 

The supernatant was discarded and the pellet was suspended in 10 mL of D10 

media (High glucose DMEM containing 4500mg / ml glucose, L-glutamine and 

sodium bicarbonate, without pyruvate supplemented with 1mM sodium pyruvate, 

10% FBS, and 1% PS) and dissociated into a single cell suspension by pipetting 

using 1 mL and then 200 µL tips. The cells were counted (Section 2.2.3), plated in 

PDL (Section 2.2.2) coated T75 flasks (1x106 cells / 20 mL), and incubated in an 

incubator with a humidified atmosphere containing 5% CO2 at 37oC. The cells were 

examined and 50% media was changed with fresh D10 media every 2-3 days. After 

7-8 days, when the astrocytes are confluent, the media was discarded and 20 mL 

fresh media was added. The flasks were shaken at 180 rpm for 30 minutes on an 

orbital shaker to remove microglia (confirmed by microscopy). The media was 

discarded, the cell layer washed with D-PBS and 20 mL of fresh D10 media was 
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added to each flask. The flasks were placed in the incubator for 3-6 h for gas 

exchange. Thereafter, the flasks were shaken at 220 rpm overnight (~18 h) to 

remove oligodendrocyte precursor cells (OPCs). The media was discarded, the cell 

layer was washed with D-PBS and fresh D10 (20 mL) was added. The flasks were 

placed in a standard incubator for gas exchange and shaken at 220 rpm overnight 

(~18 h) again. The sequential shaking was performed for 3-4 days. Afterward, the 

remaining astrocyte layer was washed with D-PBS. 5 mL of TrypLE was added to 

each flask, shaken on an orbital shaker for 5 minutes, and hit sharply 2-3 times to 

detach cells. The cell suspension was collected in a 15 mL falcon tube and 

centrifuged at 300 rcf for 5 minutes. The supernatant was aspirated and the cell 

pellet was suspended in 10 mL of fresh D10 media. The cells were counted (Section 

2.2.3). The astrocytes were plated onto PDL (Section 2.2.2) coated T75 flasks (1.5 x 

106 per 20 mL). Upon confluency, the astrocytes were re-trypsinized (TrypLE), 

counted and plated onto PDL coated plates at densities of 1.5 x 106 cells in 5 mL 

(T25 flasks for protein / RNA extraction), 3 x 104 cells /  100 µL (96 well plates for 

MTT / LDH assay) and 1.5 x 105 cells / 300 µL (24 well plates for IF staining). The 

cultures were placed in a standard incubator with a humidified atmosphere 

containing 5% CO2 at 37oC. The media (50%) was replaced with fresh D10 media 

every 2-3 days until confluency. Confluent cultures were used for experiments 

(Figure 2.4). The procedure was modified from the experimental protocol published 

by Pickard et al., 2010 to obtain the primary rat astrocyte cultures. 
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Figure 2.4. Primary rat cortical astrocytes culture. (Image produced using 

Biorender). 

2.3     Glucose and / or Oxygen deprivation 

Four treatment conditions, Normoxia (Nx), glucose deprivation (GD), oxygen 

deprivation (OD), and oxygen-glucose deprivation (OGD) were commonly used in 

the study (Table 2.3).  
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Table 2.3. Summary of commonly used treatment conditions.  

 
20.9% oxygen 0.3% oxygen 

Glucose (4.5 g / L) Nx OD 

No glucose (0) GD OGD 

 

For Nx and OD, PC12 cells, primary neurons, and primary astrocytes were treated 

with ‘complete’ PC12 cell media, ‘complete’ Neurobasal media, and D10 media 

respectively (all indicated under cell culture for each cell). For GD and OGD, all the 

other constituents for the media were identical, with the sole exception of the 

absence of glucose (summarised in Table 2.4). 
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Table 2.4. Table summarising media and supplements used in different 

cultures 

Media 

name 

DMEM (high 

glucose) 

containing 

L-glutamine, 

sodium 

pyruvate 

 

DMEM 

(glucose-

free) 

containing 

L-glutamine, 

sodium 

pyruvate 

Neurobasal 

(high 

glucose) 

Neurobasal 

(glucose-

free) 

DMEM (high 

glucose) 

containing 

L-glutamine, 

sodium 

pyruvate 

DMEM 

(glucose-

free) 

containing 

L-glutamine, 

sodium 

pyruvate 

Culture 

use 

PC12  

Nx, OD 

PC12  

GD, OGD 

Primary 

neurons  

Nx, OD 

Primary 

neurons 

GD, OGD 

Primary 

astrocytes  

Nx, OD 

Primary 

astrocytes 

GD, OGD 

 

Glucose 4.5 g / L 0 4.5 g / L 0 4.5 g / L 0 

Suppleme

nts 

5 % FBS 

5 % HS 

1 % PS 

5 % FBS  

5 % HS     

1 % PS 

2 % B27 

 2 mM L-

glutamine 

1 % PS 

2 % B27 

2 mM L-

glutamine 

1 % PS 

1 mM 

sodium 

pyruvate  

10 % FBS  

1 % PS 

1 mM 

sodium 

pyruvate 

10 % FBS 

1 % PS 
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For Nx and GD: the cells were placed in a standard incubator with a humidified 

atmosphere containing 5% CO2 at 37oC. The conditions for reperfusion are identical 

to Nx. For Nx, GD and reperfusion, cells were treated in ambient air conditions. For 

OD and OGD: the cells were placed in a purpose-built INVIVO2 400 humidified 

hypoxia workstation (0.3% O2, 5% CO2, 94% N2 at 37oC). The media in filter-capped 

flasks was placed within the hypoxia workstation for 24 h before use, to deplete 

oxygen (Figure 2.5).  

 

 

Figure 2.5. Figure illustrating the different treatment conditions. The procedure 

for applying (i) Normoxia (Nx) (ii) glucose deprivation (GD) (iii) oxygen deprivation 

(OD), and (iv) oxygen-glucose deprivation (OGD) to the cells. (Image produced using 

Biorender). 
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2.4     Drug administration 

 PHD inhibitors (FG2216, FG4592, GSK1278863, and Bayer85-3934) were used 

alongside a non-specific PHD inhibitor, DMOG (Figure 2.6). All the novel PHD 

inhibitors except FG4592 were obtained from Schofield Lab, Oxford University. 

Additionally, an autophagy inducer Rapamycin was used as a positive control for 

autophagy. All the PHD inhibitors and Rapamycin were initially dissolved in DMSO to 

a concentration of 10mM and subsequently diluted in the treatment appropriate 

culture media to the required concentrations.  

 

Figure 2.6. Chemical structures of PHD inhibitors. (Image produced using 

Biorender). 
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2.5     Assessment of cell viability  

2.5.1  MTT assay  

Mitochondrial activity was evaluated by a standard colorimetric assay for 

mitochondrial succinate dehydrogenase catalysed reduction of yellow MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) to a purple 

formazan product. The amount of colour formed is proportional to the number of 

metabolically active cells. Initially, MTT solution was prepared by dissolving 5 mg of 

MTT powder in 1 mL of D-PBS in the dark. Four hours before the completion of the 

treatment period, 10 μL MTT solution was added to the culture media (final 

concentration, 0.5mg / mL), and all samples were incubated at 37oC under treatment 

conditions. After 4 h, the culture supernatant was aspirated, the formazan crystals 

formed by surviving cells were solubilised in 50 μL DMSO, and incubated at 37oC for 

further 10 minutes. The optical density (OD) value of each well was determined by 

reading absorbance at 540 nm using a microplate reader. The DMSO background 

was subtracted from absorbance readings and MTT activity of cells for each 

treatment group was calculated based on the following formula: 

Mitochondrial activity (% of control)=
OD value (Experimental group)

OD value (control group)
×100% 

MTT activity was normalised as the percentage of the control. Results were 

expressed as the percent of absorbance measure in untreated controls. 

2.5.2  LDH release assay 

Lactate dehydrogenase (LDH) assay quantified LDH release in the culture media. 

LDH is a stable cytoplasmic enzyme present in all cells which catalyse the 

interconversion of lactate and pyruvate. When the cell plasma membrane is 

damaged, intracellular LDH is rapidly released into the culture supernatant. 
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Released LDH is measured with an enzymatic assay, which results in the conversion 

of tetrazolium salt, iodonitrotetrazolium (INT) into a red formazan product in the 

presence of diaphorase. The amount of colour formed is proportional to the number 

of lysed cells. In this study, a non-radioactive cytotoxicity assay kit was used.  The 

reagent containing tetrazolium salts was prepared by mixing 12 mL of assay buffer 

with substrate mix in the dark.  After treatment, 50 μL of each sample media was 

transferred to an unused 96-well flat bottom plate, after which, 50 μL of the prepared 

reagent was added. The mixture was incubated at room temperature for 30 minutes, 

protected from light. After 30 minutes, 50 μL of stop solution was added to each well 

and mixed. Maximum LDH release control was generated by adding 10 µL 10x lysis 

solution to wells containing control cells, 45 minutes before adding the reagent 

mixture. Thereafter, the amounts of formazan dye formed were assessed by 

measuring the absorbance with a microplate reader at 490 nm. % LDH release was 

quantified using the equation below  

LDH release (%)=
Experimental LDH release

Maximum LDH release
×100% 

The data are expressed as the mean percent of LDH release from the maximum 

control.  

2.5.3  Trypan blue exclusion assay  

Trypan blue exclusion was used to determine viable cells present in a cell 

suspension. After treatment, the viable cells were counted in each culture following  

procedures described in Section 2.2.4 (counting cells). Five samples were analysed 

from each treatment condition. The % of live cells was obtained using the following 

equation: 
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Cell viability (%) =
Viable cells

Total number of cells (Viable+dead)
×100% 

Cell viability was normalized to percentage control. Cell viability was expressed as a 

percentage of viable cells from the total number of cells. 

2.6     Flow cytometry to detect apoptosis 

Guava Nexin Kit containing Annexin V and 7-amino-actinomycin D (7-AAD) double 

stain was used to assess early apoptosis in cells. Annexin V is a calcium-dependent 

phospholipid-binding protein with affinity for phosphatidylserine (PS), a membrane 

component normally localized to the internal face of the cell membrane. Early 

apoptosis results in translocation of PS molecules to the outer surface of the cell 

membrane where Annexin V can bind them. 7-AAD is a membrane impermeant dye 

that is generally excluded from viable cells. 7-AAD penetrates dead or damaged 

cells and binds to double-stranded DNA by intercalating between base pairs in G-C- 

rich regions. After cell treatment, 100 μL of cell suspension was transferred into a 1.5 

mL microcentrifuge tube. To break cell clusters, 50 μL 0.8x Guava cell dispersal 

reagent was added to the tube and incubated for 20 minutes at 37oC. The cell 

suspension was microcentrifuged for 5 minutes (14500g) and the culture media was 

aspirated. 100 μL of DMEM and 100 μL of Guava Nexin reagent was added. The 

sample was stained for 20 minutes at room temperature and acquired on Guava 

easyCyte flow cytometer. The data was analysed using Guava analysis software. A 

total of 10000 events in the gate were acquired for each sample and three samples 

were acquired per condition. The data were expressed as % of cells in each 

quadrant. Cells in the lower left quadrant represented viable cells (Annexin V and 7-

AAD negative cells), the cells in the lower right quadrant represent early apoptotic 

cells (Annexin V positive and 7-AAD negative cells), and the cells in the upper right 

column represent necrotic / late apoptotic cells (Annexin V and 7-AAD positive cells).  
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Figure 2.7. Schematic of data acquired by flow cytometry using Annexin V / 7-

AAD double staining. (Image produced using Biorender). 

2.7     Quantitative Real-time Polymerase Chain Reaction (qRT-PCR) 

The complete procedure for RNA (ribonucleic acid) extraction, conversion to cDNA 

(complementary deoxyribonucleic acid), and qRT-PCR (quantitative real-time 

polymerase chain reaction) are presented in Figure 2.8. RNA was extracted from 

cells using the RNeasy Plus Mini Kit. The cell pellet was harvested by transferring 

cell suspension to a 15 mL falcon and centrifuging (5 minutes, 100 rcf). Fixed cells 

were trypsinized (TrypLE) before centrifugation.  After which the supernatant was 

discarded and 600 μL RLT plus containing 40 μM dithiothreitol (DTT) was added to 

lyse the cell pellet and mixed thoroughly by pipetting. DTT is a reducing agent used 

to deactivate ribonuclease (RNase). The homogenised lysate was then transferred to 

the supplied generic DNA (gDNA) Eliminator spin column and centrifuged at 8000g 

for 30 seconds. The column was discarded and the flow-through was mixed with an 

equal volume of 70% ethanol (aids RNA precipitation).  The sample was transferred 
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to the RNeasy spin column (700 μL at a time) and centrifuged (8000g for 15 

seconds). The RNA pellets were washed with RW1 buffer (700 μL, 8000g for 15 

seconds) and twice with RPE buffer (500 μL, 8000g for 15 seconds then 8000g for 1 

minute). The culminating RNA pellets were eluted in 50 μL nuclease-free water and 

the concentration measured on the NanoDrop 1000 Spectrophotometer. The quality 

of the RNA samples was assessed using the 260 / 280 and 260 / 230 absorbance 

measurements. After extraction, a total RNA concentration of 2 μg was transferred to 

an RNase-free PCR reaction tube on ice, ready for cDNA synthesis using the Tetro 

cDNA synthesis kit. 1 μL each of  Oligo(dT)18 primers, 10mM deoxynucleoside 

triphosphates (dNTP) mix, Ribosafe RNase inhibitor, Tetro reverse transcriptase, 

and 4 μL of 5 x reverse transcriptase (RT) buffer was added to the reaction tube. The 

mixture was made up to 20 μL with diethylpyrocarbonate (DEPC) -treated water and 

mixed gently by pipetting. The samples were incubated at 45oC for 30 minutes 

followed by 85oC for 5 minutes to terminate the reaction using the GeneAmp PCR 

system 2700. The cDNA samples were stored at -20oC.  

 

For cDNA amplification and quantification, 100 ng cDNA template, 2.5 μL 

SensiFAST SYBR Hi-ROX, 0.2 μL of forward and reverse primer mix (10 µM) made 

up to 5 μL with DEPC treated water, was placed in a well (48 well qPCR plate). 

SYBR Hi-ROX binds to the double-stranded DNA (dsDNA) molecule by intercalating 

between DNA base and the fluorescence intensity is proportional to the dsDNA 

concentration. cDNA was amplified using the Techne PROPLATE48. An initial 

activation step was performed for 2 minutes at 95oC before 40 cycles of a 3-step 

cycling program consisting of 95oC for 5 seconds, 60oC for 10 seconds, and 72oC for 

15 seconds. The primer sequences are described in Table 2.5. Usp14, Actin, and 
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Rpl32 were used as internal controls. The relative levels of mRNA were normalised 

to Actin. Quantification of mRNA expression was performed using the comparative 

delta Ct method. 

 

Figure 2.8. Procedure for determining gene expression through qRT-PCR. 

(Image produced using Biorender). 
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Table 2.5. List of primers used for qRT-PCR studies and their forward (FW) / 

reverse (RV) sequences 

Hypoxia inducible factor 1 alpha (Hif1α) FW TCAAGTCAGCAACGTGGAAG 

RV  TATCGAGGCTGTGTCGACTG 

Hypoxia inducible factor 2 alpha (Hif2α),  FW ACC TGG AAG GTC TTG CAC TGC 

RV TCA CAC ATG ATG ATG AGG CAG G 

Bcl2 interacting protein 3 (Bnip3) 

 

FW TTTAAACACCCGAAGCGCACAG  

RV GTTGTCAGACGCCTTCCAATGTAGA 

Prolyl hydroxylase domain-containing 

protein 2 (Phd2), also known as egl-9 

family hypoxia inducible factor 1 (Egln1) 

FW TGCATACGCCACAAGGTACG  

RV GTAGGTGACGCGGGTACTGC  

Erythropoietin (Epo) FW CCA GCC ACC AGA GAG TCT TC 

RV TGC AGA AAG TAT CCG GTG TG 

Glucose transporter type 1 (Glut1), also 

known as solute carrier family 2 

member 1 (Slc2a1)  

FW GGTGTGCAGCAGCCTGTGTA  

RV GACGAACAGCGACACCACAGT  

Vascular endothelial growth factor 

(Vegf) 

FW TTACTGCTGTACCTCCAC  

RV ACAGGACGGCTTGAAGATA 

6-phosphofructo-2-kinase / fructose-2,6-

bisphosphatase 1 (Pfkfb1) 

FW AACCGCAACATGACCTTCCT 

RV CAACACAGAGGCCCAGCTTA 

6-phosphofructo-2-kinase / fructose-

2,6,bisphosphatase 3 (Pfkfb3) 

FW CTGTCCAGCAGAGGCAAGAA 

RV CGCGGTCTGGATGGTACTTT 

Lactate dehydrogenase A (Ldha) FW AAGGTTATGGCTCCCTTGGC 

RV TAGTGACGTGTGACAGTGCC 
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2.8     Western Immunoblotting 

2.8.1  Preparation of lysates from cell culture  

Before protein extraction from cells, a cell extraction buffer was made on ice (5 mL 1 

x radioimmunoprecipitation assay (RIPA) buffer, 50 μL 1mM phenylmethylsulfonyl 

fluoride (PMSF) and 50 μL protease inhibitor cocktail). RIPA buffer is a cell lysis 

solution that effectively extracts nuclear, cytoplasmic, and membrane proteins. Both 

PMSF and protease inhibitor cocktail used to inhibit various proteases and prevent 

protein degradation after cell lysis. Cell cultured plates were placed on ice and 

washed with ice-cold PBS. Ice cold lysis buffer (0.5 mL per 75 cm2) was added to the 

plates and mixed on an orbital shaker for 15 minutes. The adherent cells were 

scraped using a cell scraper and transferred to an ice-cold 1.5 mL microcentrifuge 

tube. This sample was vortexed and then microcentrifuged for 10 minutes (14500g). 

The resulting supernatant was transferred to a new microcentrifuge tube and stored 

at -20oC.  

2.8.2  Protein concentration assay 

Protein concentration was determined using bicinchoninic acid (BCA) protein assay 

kit (96 well plate protocol). Blank standard (distilled water) and bovine serum albumin 

(BSA) protein standards: 25, 125, 250, 500, 750, 1000, and 1500 (µg / mL) were 

prepared by series of serial dilutions of 2 mg / mL BSA solution. 1:1 dilution of 

protein samples was performed with 1 x RIPA buffer. 25 µL of prepared standards 

and samples were loaded in a 96 well plate in triplicates. 200 µL of working reagent 

(a mixture of reagent A&B from BCA kit in a 50:1 ratio) was added to each well, the 

plate was covered, and incubated at 37oC for 30 minutes. The absorbance of the 

plate was obtained at 562 nm using a plate reader. The protein concentration of the 

samples was determined using a standard graph of the absorbance measurements 
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for each albumin standard concentration (µg / mL) and correcting for the amount of 

sample loaded. The average absorbance measurement of the blank standard was 

subtracted from all standard and sample replicates (Figure 2.9).  
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Figure 2.9. Sample standard BSA standard concentration. Bovine serum albumin 

(BSA) protein standards: 25, 125, 250, 500, 750, 1000, and 1500 (µg / mL) were 

prepared by series of serial dilutions of 2 mg / mL BSA solution.  

2.8.3  Gel electrophoresis, Western blotting, and detection 

20-40 µg protein was denatured for 5 minutes in 4 x Laemmelli buffer at 95oC. The 

commercially obtained Laemmelli buffer consists of 2-mercaptoethanol to reduce 

disulphide bonds, sodium dodecyl sulphate (SDS) to denature the proteins by 

disrupting covalent linkages and giving them an overall negative charge, glycerol to 

increase the density of the sample, bromophenol blue dye, and Tris buffer to 

maintain the pH of the sample 
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The proteins were resolved using gel electrophoresis. The denatured protein 

samples were loaded onto pre-cast 4-20% polyacrylamide miniPROTEAN TGX gels 

(10 well). 10 µL of Precision plus ProteinTM standards (10-250kD) was loaded in 

each gel. The gels were run in 1 x Tris / Glycine / SDS running buffer in a BioRad 

Mini-PROTEAN tetra Cell at 100 volts until blue dye reached the bottom (black line) 

of the gel. The running buffer provides essential ions that carry a current, allowing 

separation of the proteins whilst maintaining pH levels. Tris maintains the pH level 

between 6.7-6.8. At this pH, ionised chloride ions (from Tris-HCl) migrate rapidly 

raising the pH behind them and creating a voltage gradient. This causes glycine to 

ionise and migrate behind the chloride front. Most peptides in the sample are 

negatively charged due to bound SDS and migrate between the chloride and glycine.  

 

Upon completion of electrophoresis, the gels were removed from their cassettes, and 

placed into 1 x transfer buffer (1x Tris / Glycine buffer with 20% methanol). Methanol 

aids in stripping the SDS from proteins, increasing their ability to bind to the 

membrane. Trans-Blot SD Semi-Dry Electrophoretic transfer cell was used for the 

transfer. Gels were placed onto the nitrocellulose membrane and assembled with 

extra-thick filter paper. Protein molecules bind to nitrocellulose membranes through 

hydrophobic interactions. The pore size of 0.45 µm was used as it was suitable for 

most protein sizes. The transfer was performed at 20 volts for 1 h.  

 

The membranes were blocked with 5% milk powder in 1 x 0.1% PBS-Tween for 1 h 

to reduce non-specific binding. Following this, membranes were incubated in a 

primary antibody overnight at 4°C. The primary antibodies are summarised in Table 

2.6. Primary antibodies were prepared in 1% milk powder in 1 x TBS-T (recipe in 
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Appendix, Table 1). After the overnight incubation membranes were washed in 1 x 

TBS-T three times for 5 minutes each to remove unbound antibodies. The 

membranes were then incubated for 1 h in horseradish peroxidase (HRP) 

conjugated secondary antibody (dilution factor 1:1000), made in 1% milk powder in 1 

x TBS-T. The blots were washed again three times with 1 x TBS-T to remove 

unbound antibodies and minimise background. The primary antibodies were specific 

and bound to the protein of interest. The secondary antibodies were specific to the 

host species of the primary antibodies. The HRP conjugated secondary antibody 

binds to the primary antibody attached to the target protein.  
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Table 2.6. The primary antibodies and dilution factor used for Western blotting 

for each protein  

Primary antibodies Dilution factor 

Rabbit polyclonal anti-Lc3b 

(microtubule-associated protein 1 light 

chain beta)  

1:500  

Rabbit polyclonal anti-p62 (also known 

as sequestosome 1, SQSTM1) 

1:500  

Mouse monoclonal anti- Hif1α (hypoxia 

inducible factor 1 alpha)  

1:500  

Mouse monoclonal anti-Hif2α (hypoxia 

inducible factor 2 alpha)  

1:500  

Rabbit polyclonal anti-Beclin1  1:500  

Rabbit polyclonal anti-β-actin  1:5000  

 

The blots were developed by Pierce enhanced chemiluminescence (ECL) western 

blotting substrates. Each membrane was incubated with 2 mL (1:1 Reagent A / 

Reagent B) for 1 minute. Reagent A was a stable peroxide solution and reagent B 

was an enhanced luminol solution. The HRP present on the secondary antibody 

catalyses the oxidation of luminol by peroxide results in the formation of 3-

aminophthalate and light (at 425 nm). The membranes were placed in clear cling film 

and imaged using the ChemiDoc MP imaging system. The imaging device captured 

the chemiluminescent signal. The complete procedure for protein extraction, gel 

electrophoresis, blocking, antibody incubation, and detection is illustrated in Figure 

2.10.  
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Figure 2.10. Procedure for determining protein expression through Western 

blotting. (Image produced using Biorender). 
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The blots were washed twice with each of the following: mild stripper buffer (recipe in 

Appendix, Table 2) for 15 minutes, 1 x TBS-T for 5 minutes, and 1 x PBS for 10 

minutes. The membranes were incubated with 5% milk in 1 x TBS-T for 1 h. The 

membranes were blocked with 5% milk powder in anti-β-actin (1:5000 in 1% milk 

powder in 1 x TBS-T) overnight at 4°C. After the overnight incubation, membranes 

were washed in 1 x TBS-T three times for 5 minutes each to remove unbound 

antibodies. The membranes were then incubated for 1 h in HRP conjugated 

secondary antibody, made in 1% milk powder in 1 x TBS-T. The blots were washed 

again three times with 1 x TBS-T.  

 

The protein levels were quantified by densitometric analysis using Image J (NIH, 

USA). The rectangular selection tools were used to select bands of interest and plot 

relative density of each band. The area of each peak was quantified. Values were 

normalized to β-actin and corresponding control. 

2.9    Immunocytofluorescence  

Primary neurons or astrocytes were grown on coverslips (1.5 x 105 cells). Following 

treatment, the coverslips were washed with PBS. 300 µL of 4% paraformaldehyde 

(PFA) was added onto the coverslips and incubated for 20 minutes at room 

temperature (on the orbital shaker). PFA is a fixative agent that reacts with the 

primary amines on proteins to form cross-links known as methylene bridges. PFA 

was aspirated and the coverslips were washed three times with PBS.  

 

The cell membranes were permeated with 0.5% Triton X-100 in PBS for 15 minutes 

at room temperature and washed three times with PBS. Non-specific binding sites 

were blocked with 3% BSA in 0.1% PBS-Tween for 1 h. The blocking solution was 
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aspirated. Primary antibody (Table 2.5) prepared in 1% BSA in 0.1% PBS-Tween 

was added including a negative control well without primary antibody and incubated 

overnight at 4oC.  The cells were washed three times with PBS and incubated with 

the corresponding fluorescein isothiocyanate (FITC)-conjugated secondary antibody 

prepared in 1% BSA in 0.1% PBS-Tween for 3 h at room temperature (dilution factor 

1:200). The cells were washed three times with PBS and the coverslips were 

mounted onto microscopic slides using Vectashield with DAPI (4′, 6-diamidino-2-

phenylindole). Images were obtained by the Nikon Eclipse 80i fluorescence 

microscope (Hamamatsu digital camera, obtained with NIS-Element BR 3.22.14 

software). 

Table 2.7. The primary antibodies and their dilution factor for IF staining  

Primary antibodies Dilution factor 

Mouse monoclonal anti-Tubulin β 3 

(clone Tuj1)  

1:1000 

Rabbit polyclonal anti-GFAP (glial 

fibrillary acidic protein)  

1:500  

Rabbit polyclonal anti-Map2 

(microtubule-associated protein 2)  

1:1000 

 

2.10     Isolation of extracellular vesicles (EVs) 

Extracellular vesicles (EVs) were isolated from ACM (chapter 6) by sequential 

centrifugation using a Hitachi Micro Ultracentrifuge CS 150NX. ACM (15 mL / tube) 

was transferred to Hitachi Koki centrifuge tubes and weighed to ensure consistency 

(±0.001g). ACM was centrifuged at (i) 10 minutes at x 300g (ii) 10 minutes at x 
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2000g (iii) the media was filtered through a 0.22µm syringe filter into a new Hitachi 

Koki tube (iv) centrifuged for 30 minutes at x 10,000g. The pellet was discarded, the 

supernatant was transferred into another Hitachi Koki tube and centrifuged for 60 

minutes at x 100,000g. After this, the supernatant was collected in a 50 mL falcon 

tube. The pellet was re-suspended in 15 mL of D-PBS and centrifuged for 60 

minutes at x 100,000g to obtain exosomes. D-PBS was discarded and the exosome 

pellet was suspended in 1 mL of complete Neurobasal medium. The exosomes were 

sized (procedure below) and stored at -80oC (Figure 2.11).  

 

Figure 2.11. Sequential ultracentrifugation scheme to separate ACM into 

soluble proteins (supernatant) and exosomes. (Image produced using 

Biorender). 

 

The size of the exosomes obtained by sequential ultracentrifugation was measured 

using the Malvern Zetasizer Nano ZS that measures particle size from 0.3 nm to 10 

microns range. 200 µL of media (containing exosomes) was transferred to folded 

capillary zeta cell and placed in Zetasizer Nano ZS. The size was obtained using 

Zetasizer Size software version 7.02.   
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2.11    Data analysis  

For studies in PC12 cells, n represents studies performed on cells being derived 

from separate flasks (different streams of cultured cells). In studies performed with 

primary neuronal cultures, n represents studies performed on cells derived from 

different rats. In studies performed with primary astrocyte cultures, n represents 

studies performed on cells from different rat litters.  For each biological replicate, at 

least three technical replicates were performed. In experiments employing 96 well 

plates, at least 8 well replicates were performed on each plate. The dataset obtained 

for each treatment condition was independent of other conditions (i.e. independent 

sampling; one rat, one number). The data obtained from each of the biological 

replicates were averaged. The data were represented as mean ± standard deviation 

(S.D.). The data were tested for normality using the Anderson-Darling normality test. 

For normally distributed data, one-way or two-way ANOVA with Tukey’s post hoc 

analysis was performed. For data that were not normally distributed, the non-

parametric Kruskal-Wallis test was used. For all data analysis, PRISM version 8 

(Graph Software Inc, CA, USA) for Windows version 10 was used. Values of p < 

0.05 were considered statistically significant 
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Chapter 3. 

Establishment of in vitro models of cerebral 

ischaemia with PC12 cells and primary rat neurons 
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3.1     Introduction 

Cerebral ischaemia is caused by the disruption of blood and oxygen supply to the 

brain, particularly the cerebrum. Oxygen concentration in the normal brain are 

around 3-5 % (Chen et al., 2018), however, during cerebral ischaemia the oxygen 

levels fall between 1-3 % (Holloway and Gavins, 2017). Re-introduction of oxygen 

and glucose following cerebral ischaemia is known as reperfusion, which is the 

fundamental treatment for ischaemic stroke (Ryou and Mallet, 2018). Currently, there 

are only two acute stroke management options. One is intravenous rTPA and the 

other one is surgical clot removal through thrombectomy. Both of these interventions 

aim to restore oxygen and blood supply (i.e. reperfusion). Often paradoxically, 

reperfusion triggers ischaemia-reperfusion (I / R) injury cascade culminating in cell 

death (Hill, 2014; Ryou and Mallet, 2018). The current treatment acute stroke 

therapies have several restrictions and only benefit ~10% of all patients, therefore 

there is a serious requirement to develop novel medical interventions to reduce and 

delay the impact of ischaemia (Hill, 2014). In order to study novel stroke therapies, it 

is essential to develop suitable in vitro models of cerebral ischaemia.  

 

Ischaemic stroke therapies are initially tested using in vitro cell culture models 

followed by in vivo model of cerebral ischaemia and successful therapies progress 

into clinical trials. In vitro models have a high throughput, are cost effective and 

technically easier to process compared to in vivo studies. Due to limited availability 

and ethical considerations, it is not viable to study every single therapy in vivo. It is 

therefore suitable to test several treatment strategies in vitro and understand their 

mechanism of action.  
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The complexity of ischaemic stroke makes it difficult to be modelled in an in vitro 

system. Nevertheless, in vitro models are indispensable for the investigation of basic 

biochemical and molecular mechanisms. Oxygen-glucose deprivation (OGD) is 

commonly used to mimic ischaemia and involves switching culture from normal O2 / 

CO2 atmosphere to N2 / CO2 atmosphere. When glucose is maintained in the anoxic 

buffer, it results in hypoxia (oxygen deprivation, OD) and simultaneous omission of 

glucose results in OGD (Holloway and Gavins, 2016). Cultured cells subjected to 

OGD followed by re-introduction of glucose and oxygen imitates I / R injury (Ryou 

and Mallet, 2018). 

 

Primary cells are commonly used for studying neurobiological, molecular properties, 

and cell differentiation (Westerink and Ewing, 2007). Primary neuronal cultures are 

widely used to model cerebral ischaemia in vitro. Primary neurons are laborious and 

time-consuming to grow, making it difficult to screen various treatment options and 

understanding their underlying mechanisms (Hillion et al., 2006). At the early stages 

of research, using a cell line is more suitable for in vitro studies. PC12 cells are a 

widely used and accepted model for neurochemical and neurobiological studies. 

PC12 cells can synthesize and store dopamine upon calcium-dependent 

depolarisation (Westerink and Ewing, 2007). PC12 cells can be adapted for cell-

based assays and screened to determine molecular mechanisms that can later be 

validated in primary neuronal cultures (Hillion et al., 2005; Hillion et al., 2006). In this 

chapter, the responses of PC12 cells and primary neuronal cultures to glucose and / 

or oxygen deprivation were evaluated on cell viability, apoptosis, HIF activation and 

hypoxic gene expression at varying time intervals with / without reperfusion. These 
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studies were performed in order to establish a suitable in vitro model of cerebral 

ischaemia to screen novel treatment strategies.  

3.2     Materials and methods 

PC12 cells and primary rat cortical neurons were cultured according to procedures 

described in Section 2.2.  

3.2.1  Treatment protocol 

Adherent PC12 cells and primary neuronal cultures were used for experiments. The 

complete media (100 %) was aspirated and the cells were washed twice with 

glucose-free media prior to experiments. For all experiments, complete media 

changes were performed on a staggered basis, such that all treatment durations 

either end or are switched to reperfusion simultaneously and end together. 

 

PC12 cells were treated with Nx, GD, OD, and OGD for various durations (2 h, 4 h, 6 

h, 12 h, and 24 h). Additionally, the effect of reperfusion was evaluated following GD, 

OD, and OGD (Figure 3.1). For these experiments, PC12 cells were subjected to Nx, 

GD, OD, and OGD for various duration, followed by 24 h reperfusion. The OGD 

media  was aspirated completely and replaced with complete media. The cells were 

returned in a standard incubator for 24 h.  
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Figure 3.1. Timeline of PC12 cell treatment. PC12 cells were subjected to 

normoxia (Nx; ambient air), glucose deprivation (GD), oxygen deprivation (OD), and 

oxygen-glucose deprivation (OGD) for 2 h, 4 h, 6 h, 12 h, and 24 h followed by 24 h 

reperfusion. All the conditions were initiated on a staggered basis, such that all 

experiments terminated together. (Image produced using Biorender). 
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Primary rat cortical neuronal cultures were exposed to Nx, OD, and OGD for various 

durations (2 h, 4 h, and 6 h). Additionally, the effect of 24 h reperfusion was 

evaluated following Nx, OD, and OGD (Figure 3.2). The complete experimental 

conditions for Nx, GD, OD, OGD, and reperfusion were described in Section 2.3.  

 

 

Figure 3.2. Timeline of treatment of primary rat cortical neurons. Primary 

neurons were subjected to Nx, OD, and OGD for 2 h, 4 h, and 6 h followed by 24 h 

reperfusion. All the conditions were initiated on a staggered basis, such that all 

experiments terminated together. (Image produced using Biorender). 

 

Cell viability (MTT, LDH, and trypan blue exclusion assay; Section 2.5), apoptosis 

(PC12 cells only; Section 2.5), morphological changes (IF staining; section 2.8), 

gene expression (Section 2.6), and protein expression (Section 2.7) were evaluated 

in PC12 cells and primary neurons.  
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3.3     Results 

3.3.1  Effects of GD, OD, and OGD on PC12 cells viabilities 

Ideally in vitro ischaemia is simulated by exposing cells to OGD, whereas OD mimics 

hypoxia (Holloway and Gavins, 2016). Various studies have reported O2 levels 

ranging from 1-3% in the penumbra during ischaemia, whereas the ischaemic core 

has potentially very little oxygen supply (Holloway and Gavins, 2016). Therefore, the 

lowest achievable O2 levels in the lab (0.3%) were used for the experiments. PC12 

cells were subjected to Nx, GD, OD (0.3% O2), and OGD (0.3% O2) for 2 h, 4 h, 6 h, 

12 h, and 24 h followed by 24 h reperfusion. Cell viability was assessed (i) at the end 

of GD, OD, or OGD for the specified time, and (ii) at the end of reperfusion (Figure 

3.1). Firstly, PC12 cell viabilities were assessed at various duration following Nx, GD, 

OD, and OGD (Figure 3.3).  
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Figure 3.3. PC12 cell viabilities in response to GD, OD, and OGD. Bar graphs 

representing PC12 cell viabilities in response to Nx, GD, OD, and OGD at various 

durations. (A) MTT assay revealed a significant reduction in mitochondrial activity by 

GD (12 h, 24 h), OD (6 h, 12 h, 24 h), and OGD (6 h, 12 h, 24 h) compared to Nx 

(same time point). (B) LDH assay revealed a significant increase in LDH release by 

GD (12 h, 24 h), OD (6 h, 12 h, 24 h), and OGD (6 h, 12 h, 24 h) compared to Nx 

(same time point). (C) Trypan blue exclusion assay revealed a significant reduction 

in cell viability by OD (12 h, 24 h) and OGD (6 h, 12 h, 24 h) compared to Nx (same 

time point). (For all graphs, * represents p < 0.05 and ** represents p < 0.01 versus 

Nx (same time point); two-way ANOVA followed by Tukey’s post-hoc analysis; n=5) 
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Results revealed significant reduction in mitochondrial activity and increase in LDH 

release by GD (12 h, 24 h) versus Nx (same time point). There were no significant 

(p>0.05) changes in mitochondrial activity and LDH release at 24 h compared to 12 h 

GD. Trypan blue assay revealed no significant changes in cell viability by GD (up to 

24 h) compared to Nx.  

 

Results revealed significant reduction in mitochondrial activity and increase in LDH 

release by OD (6 h, 12 h, 24 h) versus Nx (same time point). Compared to 6 h and 

12 h OD, mitochondrial activity was significantly (p<0.05) lower at 24 h OD. Similarly, 

LDH release was significantly (p<0.05) greater at 24 h OD, compared to 6 h and 12 h 

OD. There were no significant (p>0.05) differences in mitochondrial activity and LDH 

release at 12 h compared to 6 h OD. Trypan blue assay results revealed significant 

reductions in cell viability at 12 h and 24 h OD compared to Nx (same time point), 

with no significant (p>0.05) difference between 12 h and 24 h OD.  

 

Results revealed significant reductions in mitochondrial activity by OGD (4 h, 6 h, 12 

h, and 24 h) versus Nx (same time point). Compared to 4 h, 6 h, and 12 h OGD, 

mitochondrial activity was significantly (p<0.01) lower at 24 h OGD. Mitochondrial 

activity was significantly (p<0.01) lower at 12 h OGD compared to 4 h OGD. 

Compared to Nx (same time point), OGD (6 h, 12 h, 24 h) resulted in a significant 

increase in LDH release. The increase in LDH release by OGD was time-dependent 

(p<0.01 for 6 h vs 12 h OGD and 12 h vs 24 h of OGD). Trypan blue assay results 

revealed significant reductions in cell viability at 6 h, 12 h, and 24 h OGD compared 

to Nx (same time point). Compared to 6 h and 12 h OGD, cell viability was 
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significantly (p<0.05) lower at 24 h OGD (there is no significant (p>0.05) difference 

between 6 h and 12 h OGD).  

 

Reperfusion provides energy and supports the recovery of salvageable neurons, but 

also potentiates I / R injury cascade potentiating cell death (Ryou and Mallet, 2018). 

The effects of I / R were evaluated in PC12 cells. Following initial exposure of PC12 

cells to Nx, GD, OD, and OGD (2, 4, 6, 12, 24 h); the cells were subjected to 24 h 

reperfusion. Figure 3.4 lists quantitative comparisons between PC12 cell responses 

before and after 24 h reperfusion.  

 

Reperfusion following 12 h and 24 h GD or OD resulted in a further reduction in 

mitochondrial activity (compared to without reperfusion) but no significant changes in 

LDH release (Figure 3.4A). Reperfusion following 6 h GD or OD, exhibited no 

significant changes in mitochondrial activity, cell viability, and LDH release (Figure 

3.4B). Reperfusion following 6 h and 12 h OGD resulted in a further reduction in 

mitochondrial activity, cell viability, and an increase in LDH release (compared to 

without reperfusion). 24 h OGD alone was too harsh for the cells, leading to 70.8 ± 

11.4 %, and 82.7 ± 9.1 % LDH release w / o reperfusion respectively (Figure 3.4C).  
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Figure 3.4. Comparison of PC12 cells response to GD, OD, and OGD before 

and after 24 h reperfusion. Bar graphs representing PC12 cell viabilities in 

response to GD, OD, and OGD following 24 h reperfusion (R). (A) GD vs GD-R (B) 

OD vs OD-R (C) OGD vs OGD-R. (i) MTT assay. Compared to without reperfusion, 

results revealed a further reduction in mitochondrial activity following reperfusion in 

cells pre-exposed to 12 h, 24 h GD or OD and 6 h, 12 h OGD. (ii) LDH assay. 

Compared to without reperfusion, results revealed a further reduction in LDH release 

following reperfusion in cells pre-exposed to 6 h, 12 h, and 24 h OGD. (iii) Trypan 

blue exclusion assay. Compared to without reperfusion, results revealed a further 

reduction in cell viability following reperfusion in cells pre-exposed to OD (12 h, 24 h) 

and OGD (6 h, 12 h). (For all graphs, * represents p < 0.05 and ** represents p < 0.01 
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versus response to the identical condition before reperfusion (same time point); two-

way ANOVA followed by Tukey’s post-hoc analysis; n=5) 
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3.3.2  Effects of GD, OGD, and OGD on apoptosis in PC12 cells 

The effects of Nx, GD, OD, and OGD (2, 4, 6, 24 h) alone and following 24 h 

reperfusion were evaluated on PC12 cells apoptosis using flow cytometry (Annexin-

V and 7-AAD). The % of viable (AV- / 7-AAD-), early apoptotic (AV+ / 7-AAD-), and 

necrotic cells (AV+ / 7-AAD+) were quantified out of the total number of cells.  

Compared to Nx (same time points), at a number of early time points, GD (2 h, 4 h, 6 

h), OD (2 h, 4 h), and OGD (2 h), without and with reperfusion did not result in 

apoptosis or necrosis; the majority of cells (~90%) were viable.  

 

Compared to Nx (same time point), significant increases in early apoptotic cells and 

reduction in viable cells were seen following OD (6 h), and OGD (4 h, 6 h); there was 

no significant necrosis. The outcomes of these conditions varied following 

reperfusion. Reperfusion following 4 h OGD was protective (significant reduction in 

early apoptotic cells and an increase in viable cells), however, reperfusion following 

6 h OD and OGD worsened the injury (significant reduction in early apoptotic cells 

and increase in necrotic cells). Compared to Nx (24 h), significant reduction in viable 

cells, and an increase in early apoptotic and necrotic cells were seen following 24 h 

GD, OD, and OGD. There was further increase in necrotic cells in these conditions 

with reperfusion (Figure 3.5).  
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Figure 3.5. PC12 cell apoptosis in response to Nx, GD, OD, and OGD before 

and after 24 h reperfusion. Bar graphs representing PC12 cell apoptosis using 

FACS (Fluorescence-activated cell sorting) analysis (Annexin-V and 7-AAD) in 

response to Nx, GD, OD, and OGD at 2, 4, 6, 24 h, before and after 24 h reperfusion 

(R) (A) GD vs GD-R (B) OD vs OD-R (C) OGD vs OGD-R. (i) Bar graphs 

representing viable cells (AV- / 7-AAD-), % of total cells. Compared to Nx, there was 

a significant reduction in viable cells by GD (24 h), OD (6 h, 24 h), and OGD (4 h, 6 

h, 24 h). (ii) Bar graphs representing early apoptotic cells (AV+ / 7-AAD-), % of total 

cells. Compared to Nx, there was a significant increase in early apoptotic cells by GD 

(24 h), OD (6 h, 24 h), and OGD (4 h, 6 h, 24 h). There is a significant reduction in 

early apoptotic cells and greater number of viable cells following reperfusion in cells 

pre-exposed to 4 h OGD. Reperfusion following 6 h OD and OGD resulted in a 



116 
 

reduction in early apoptotic cells and increase in necrotic cells. (iii) Bar graphs 

representing necrotic cells (AV+ / 7-AAD+), % of total cells. There was a significant 

increase in necrotic cells by GD (24 h), OD (24 h), and OGD (24 h); there is a further 

increase in necrotic cells following reperfusion. (For all graphs, ** represents p < 0.01 

against Nx (same time point); # represents p < 0.05 and ## represents p < 0.01 

against response to the identical condition before reperfusion (same time point); two-

way ANOVA followed by Tukey’s post-hoc analysis; n=3).  
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3.3.3  Effects of GD, OGD, and OGD on HIF1α and HIF2α protein in PC12 cells 

The HIF1α and HIF2α protein expression at various durations (2 h, 4 h, 6 h, and 24 

h) of GD, OD and OGD in PC12 cells were studies with Western immunoblotting. 

Compared to Nx (at the same time point), there were no significant changes in HIF1α 

and HIF2α expression following 2 h GD, OD, and OGD, while, both HIF1α and HIF2α 

were significantly upregulated at 4 h OGD (~4.5 and 3 folds) and 6 h OGD (~3 and 

6folds) respectively.  HIF2α expression was significantly greater at 6 h versus 4 h 

OGD. Compared Nx (same time point), there were no significant changes in HIF1α 

and HIF2α expression following 4 h and 6 h of GD and OD. On the other hand, 

compared to Nx (24 h), both HIF1α and HIF2α were significantly upregulated at 24 h 

GD and OD, but not 24 h OGD. More than ~80% of cells were dead by 24 h OGD 

insult (Figure 3.6).  
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Figure 3.6. HIF1α and HIF2α expression in response to GD, OD, and OGD in 

PC12 cells. (A) Representative HIF1α, HIF2α, and corresponding β-actin western 

blots of PC12 cells exposed to Nx, GD, OD, and OGD (2 h, 4 h, 6 h, and 24 h). The 

protein levels were quantified by densitometric analysis using Image J. Values were 

normalized to β-actin and corresponding control (B) Bar graph representing 

normalised HIF1α expression. HIF1α was significantly upregulated by 4 h, 6 h OGD, 

and 24 h GD / OGD compared to Nx (same time point) (C) Bar graph representing 

normalised HIF2α expression. HIF2α was significantly upregulated by 4 h, 6 h OGD, 

and 24 h GD / OGD compared to Nx (same time point). (For all graphs, ** represents 
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p < 0.01 against Nx (same time point) and ## represents p < 0.01 against 4 h OGD; 

two-way ANOVA followed by Tukey’s post-hoc analysis; n=4). 
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3.3.4  Effects of GD, OD, and OGD on gene expression in PC12 cells  

The expression of a panel of hypoxic genes were evaluated on PC12 cells at 

multiple time points in response to GD, OD, and OGD (normalised to Nx) using 

qPCR. No significant changes in the expression of Hif1α (Figure 3.7A) and Pfkfb1 

(Figure 3.7F) were seen in response to GD, OD, and OGD (all time points) 

compared to Nx (same time point). Phd2 was significantly upregulated at 6 h OGD 

compared to 6 h Nx.  (Figure 3.7B). Bnip3 was significantly upregulated in response 

to 24 h OD and OGD compared to 24 h Nx (Figure 3.7E). Vegf (Figure 3.7C), Glut1 

(Figure 3.7D), Pfkfb3 (Figure 3.7G), and Ldha (Figure 3.7H) were significantly 

upregulated by GD (24 h) and OD (12 h, 24 h) compared to Nx (same time point). 

Ldha and Pfkfb3 expression levels were significantly (p<0.01) higher at 24 h OD 

compared to 12 h OD. There were no significant (p>0.05) differences in Vegf and 

Glut1 expression at 24 h OD compared to 12 h OD. Compared to Nx (same time 

point), Vegf was significantly upregulated by 4 h and 6 h OGD. There was no 

significant difference in Vegf expression at 4 h OGD versus 6 h OGD. Glut1, Ldha, 

and Pfkfb3 were significantly upregulated at 4 h, 6 h, and 12 h of OGD. The 

expression of Ldha and Glut1 was significantly (p<0.05) higher at 12 h OGD 

compared to 6 h OGD and at 6 h OGD compared to 4 h OGD. The expression of 

Pfkfb3 was significantly (p<0.05) higher at 12 h OGD compared to 4 h OGD. There 

was no significant (p>0.05) difference in Ldha expression at 6 h OGD versus 4 h 

OGD.  



121 
 

 

Figure 3.7. Hypoxic gene expression in response to Nx, GD, OD, and OGD in 

PC12 cells. Bar graphs representing normalised gene expression in PC12 cells in 

response to GD, OD, and OGD at various time points (2 h, 4 h, 6 h, 12 h, and 24 h). 

There were no significant changes in (A) Hif1α and (F) Pfkfb1 expression by GD, 

OD, and OGD compared to Nx (at the time points studied). Compared to Nx, (B) 

Phd2 was significantly upregulated by 6 h OGD. Compared to Nx, (C) Vegf was 

significantly upregulated by GD (24 h), OD (12 h, 24 h) and OGD (4 h, 6 h). 

Compared to Nx, (D) Glut1 was significantly upregulated by GD (24 h), OD (12 h, 24 
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h) and OGD (4 h, 6 h, 12 h). Compared to Nx, (E) Bnip3 was significantly 

upregulated by 24 h OD and OGD. Compared to Nx, (G) Pfkfb3 and (H) Ldha were 

upregulated by GD (24 h), OD (12 h, 24 h) and OGD (4 h, 6 h, 12 h). The gene 

expression was measured against the housekeeping gene β-actin and normalised to 

Nx. Dotted line represents basal gene expression. (For all graphs, * represents p < 

0.05 and ** represents p < 0.01 against Nx (same time point); two-way ANOVA 

followed by Tukey’s post-hoc analysis; n=3). 
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3.3.5  Effects OD and OGD on primary neuronal viabilities  

The primary rat neuron culture was characterized by IF staining with Tuj1 and Map2. 

Tuj1 is a neuron-specific stain found in the cell bodies, dendrites, axons, and axonal 

terminals (Holloway and Gavins, 2016), whereas Map2 is found in the cell bodies 

and dendrites of neurons (Holloway and Gavins, 2016). A typical healthy culture 

consisted of 65.84%±7.23% Tuj1+ nuclei (Figure 3.8A) and 76.31%±11.48% Map2+ 

nuclei. Healthy neurons consisted of numerous, long axons (Tuj1 staining) and 

dendrites (Map2 staining). 

 

Figure 3.8. Fluorescence micrographs of typical primary rat cortical neuronal 

culture. (A) Representative double merged micrograph of Tuj1 (FITC) and DAPI 

stained neuronal culture. A healthy culture consisted of neurons (Tuj1+) with 

numerous axons. A typical healthy culture consisted of 65.84%±7.23% Tuj1+ nuclei.  

(B) Representative double merged micrograph of Map2 (FITC) and DAPI stained 

neuronal culture. A healthy culture consisted of neurons (Map2+) with numerous 

dendrites. A typical healthy culture consisted of 76.31%±11.48% Map2+ nuclei.  
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Following studies in PC12 cells, responses of primary neuronal cultures to OD and 

OGD were studied. GD was not evaluated on primary neurons, as it least mimics the 

conditions of cerebral ischaemia in vitro. Primary rat neurons were treated with Nx, 

OD, and OGD for 2 h, 4 h, and 6 h. Cell viability and morphological changes were 

assessed at the end of each treatment (OD, OGD) duration and following 24 h 

reperfusion (Figure 3.2).  

 

In primary neurons, OD (6 h) and OGD (4 h, 6 h) significantly reduced mitochondrial 

activity compared to Nx (same time point) (Figure 3.9A). Compared to 4 h OGD, 

mitochondrial activity was significantly (p<0.05) lower at 6 h OGD. OD (4 h) had no 

significant effect on mitochondrial activity compared to Nx (4 h). There were no 

significant changes in mitochondrial activity after reperfusion in cells exposed to prior 

6 h OD and 4 h OGD. Reperfusion after 6 h OGD resulted in a further reduction in 

mitochondrial activity. Compared to Nx (6 h), LDH release significantly increased at 6 

h OGD (Figure 3.9B). All other conditions (2, 4, 6 h of OD and 2, 4 h OGD; with / 

without reperfusion) were not cytotoxic (no LDH release) compared to Nx (same time 

point). Reperfusion after 6 h OGD resulted in a further increase in LDH release.  
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Figure 3.9. Responses of primary rat neurons to Nx, OD, and OGD. Bar graphs 

representing responses of primary neuronal cultures to Nx, OD, and OGD at varying 

time points. The responses were compared before and after 24 h reperfusion. (A) 

MTT assay revealed a significant reduction in MTT activity by OD (6 h) and OGD (4 

h, 6 h). A significant further reduction in MTT activity was seen following 24 h 

reperfusion in cells pre-exposed to 6 h but not 4 h OGD. (B) LDH assay revealed a 

significant increase in LDH release by 6 h OGD and a further increase was seen 

following reperfusion. (For all graphs, ** represents p < 0.01 against Nx and ## 

represents p < 0.01 against response to the identical condition before reperfusion; 

two-way ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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Morphological changes (Map2 staining) were evaluated in primary neurons 

subjected to Nx, OD, and OGD for 2 h, 4 h, and 6 h, both before and after 

reperfusion. Healthy cultures (Nx) consisted of neurons surrounded by numerous 

Map2+ dendrites (7.6±4.2 dendrites per neuron, with each dendrite measuring 

31.4±12.69 µm). OD (2 h, 4 h, and 6 h ± reperfusion) and OGD (2 h, 4 h ± 

reperfusion) did not alter neuron morphology, dendrite length, or dendrite numbers. 

Compared to Nx (same time point), 6 h OGD resulted in significant changes in 

neuron morphology (degradation of dendrites: 1.8±0.6 dendrites per neuron, with 

each dendrite measuring 5.2±2.4µm; p<0.05 versus 6 h Nx). Following reperfusion, 

there was a complete loss of neuronal dendrites. In 6 h OGD alone and after 

reperfusion, the dendrites were degrading and there was a loss of Map2 indicating 

degeneration of neurons (Figure 3.10).  
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Figure 3.10. Fluorescence micrographs of neuronal cultures subjected to Nx, 

OD, and OGD. Representative double merged micrographs of Map2 (FITC) and 

DAPI stained neuronal cultures following exposure to Nx, OD, and OGD for 2, 4, and 

6 h alone and after reperfusion. Healthy culture (Nx) consisted of neuronal nuclei 

(Map2+) surrounded by numerous dendrites. Compared to Nx (same time point), 

there were no changes in neuronal morphology following OD (2 h,4 h, 6 h) and OGD 

(2, 4 h), both before and after reperfusion. Cultures subjected to 6 h OGD alone and 

after reperfusion displayed neurons with reduced / no dendrites compared to 6 h Nx. 
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3.3.6  HIF1α and HIFα expression in primary neurons in OD and OGD 

The expression of HIF1α and HIF2α were evaluated in primary neurons exposed to 

OD and OGD (2 h, 4 h, 6 h) in comparison to Nx (Figure 3.11). There was no 

significant HIF1α and HIF2α expression at 2 h and 4 h OD but significantly increase 

in HIF1α (~4.8 folds) and HIF2α (~2.8 folds) at 6 h OD compared to Nx (same time 

point). HIF1α was significantly upregulated following 2 h (~3.7 folds), 4 h (~3.6 folds) 

and 6 h (~4.6 folds) OGD. Compared to Nx (same time point), HIF2α was 

significantly upregulated following 4 h (~3.4 folds) and 6 h (~4.8 folds) OGD. There is 

no significant (p>0.05) difference in HIF2α expression at 6 h versus 4 h OGD.  
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Figure 3.11. Effects on OD and OGD on HIF1α and HIF2α expression in primary 

neurons. (A) Representative HIF1α, HIF2α, and corresponding β-actin western blots 

of primary neurons exposed to Nx, OD, and OGD for 2 h, 4 h, and 6 h. The protein 

levels were quantified by densitometric analysis using Image J. Values were 

normalized to β-actin and corresponding control. (B) Bar graph representing 

normalised HIF1α expression. HIF1α was upregulated by OD (6 h) and OGD (2 h, 4 

h). (C) Bar graph representing normalised HIF2α expression. HIF2α was upregulated 
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by OD (6 h) and OGD (4 h, 6 h). (For all graphs,** represents p < 0.01 against Nx 

(same time point); two-way ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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3.3.7  Gene expression in primary rat neurons in OD and  OGD   

The expressions of a panel of hypoxic genes were evaluated on primary neurons in 

response to 2 h, 4 h, and 6 h of OD and OGD (normalised to Nx) using qRT-PCR. 

Compared to Nx (same time point), there were no significant changes in Hif1α 

(Figure 3.12A), Hif2α (Figure 3.12B), Glut1 (Figure 3.12G), Pfkfb1 (Figure 3.12I), and 

Pfkfb3 (Figure 3.12J) expression following OD and OGD (all time points). Phd2 was 

significantly upregulated by 6 h OD and OGD compared to 6 h Nx. Compared to Nx 

(same time point), OD and OGD (2 h, 4 h) had no significant effect on Phd2 

expression (Figure 3.12B). Epo (Figure 3.12D), Vegf (Figure 3.12E), and Ldha 

(Figure 3.12H) were significantly upregulated following 6 h OD compared to Nx 

(same time points). OD for 2 h and 4 h did not alter Epo, Vegf, and Ldha expression. 

OD (2, 4, and 6 h) did not alter Bnip3 expression compared to Nx (same time point) 

(Figure 3.12F). Epo, Vegf, and Bnip3 were significantly upregulated following 2 h, 4 

h, and 6 h OGD compared to Nx (same time point). There were no significant 

differences between Epo, Vegf, and Bnip3 expression at 6 h OGD compared to 2 h 

or 4 h OGD. Compared to Nx (same time point), Ldha was significantly upregulated 

following 4 h and 6 h, but not 2 h OGD. Ldha expression was significantly (p<0.05) 

higher at 6 h OGD compared to 4 h OGD.  
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Figure 3.12. Hypoxic gene expression in response to OD and OGD in primary 

neurons. Bar graphs representing normalised gene expression in primary neuronal 

cultures in response to OD and OGD at various time points (2 h, 4 h, and 6 h). 

Compared to Nx, there were no significant changes in (A) Hif1α, (B) Hif2α, (G) Glut1, 
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(I) Pfkfb1, and (J) Pfkfb3 expression by OD and OGD (at the time points studied). 

Compared to Nx, (C) Phd2 was significantly upregulated by 6 h OD and OGD. 

Compared to Nx, (D) Epo and (E) Vegf were significantly upregulated by OD (6 h) 

and OGD (2 h, 4 h, and 6 h). Compared to Nx, (F) Bnip3 was significantly 

upregulated by OGD (2 h, 4 h, and 6 h). Compared to Nx, (H) Ldha was significantly 

upregulated by OD (6 h) and OGD (4 h, 6 h). The gene expression was measured 

against the housekeeping gene β-actin and normalised to Nx. Dotted line represents 

basal gene expression. (For all graphs, * represents p < 0.05 and ** represents p < 

0.01 against Nx (same time point); two-way ANOVA followed by Tukey’s post-hoc 

analysis; n=3). 
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3.4     Discussion 

The experiments in this chapter were performed to determine the time points at 

which OGD induced toxicity in PC12 cells and primary neurons, to inform choices for 

ischaemic insult (cell death evident) and sublethal ischaemia (cell death minimal or 

absent) for future experiments. In summary, results revealed that 2 h OGD did not 

result in cell death or alter mitochondrial activity of PC12 cells and primary neurons. 

There was a significant reduction in mitochondrial activity by 4 h OGD in both PC12 

cells and primary neurons; however, there was no significant cell death. Both 2 h and 

4 h OGD were sublethal. OGD (6 h) resulted in significant cell death in PC12 cells 

and primary neurons. Reperfusion following 6 h OGD, further propagated cell death. 

OGD treatment from 2 h (primary neurons) and 4 h (PC12 cells) onwards, 

significantly upregulated HIF1α. In both PC12 cells and primary neurons, HIF2α 

expression significantly increased from 4 h OGD onwards.  

 

Glucose and oxygen are essential factors to maintain cell activity. Due to the lack of 

blood vessels for constant oxygen and glucose supply, the in vitro environments can 

differ from in vivo. However, preliminary in vitro studies are suitable to understand 

the underlying molecular mechanisms and perform several experiments. Three 

factors influence the oxygen present in the cells: the gaseous oxygen in the 

atmosphere surrounding the culture, dissolved oxygen in culture media, and oxygen 

consumed by the cells in the culture dish. Although 21% O2 represents the fraction of 

oxygen in dry air, cell culture incubators also introduce volumes of water vapour and 

carbon dioxide, thereby the concentration of oxygen in the culture media is much 

less than 21%. Studies have reported that in the atmosphere surrounding the cell 

culture plate in the incubator, there is around 18.6% O2 (considering the following 
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are constant: 5% CO2, 100% humidity, 37oC, atmospheric pressure at sea level) 

(Place et al., 2017; Newby et al., 2005).  

 

Although there are several types of cell culture media, all the commercially available 

media behave similarly in regards to oxygen solubility. Factors that affect solubility of 

oxygen in cell culture media are temperature, altitude and salinity. The solubility of 

oxygen in a liquid is inversely proportional to the temperature and salinity of the 

liquid. As salinity increases, oxygen competes for space between molecules to 

dissolve, thereby decreasing oxygen binding (Neutsch et al., 2018). As seen 

physiologically, oxygen does not dissolve in blood (i.e. hot saline liquid) and binds to 

haemoglobin. Similarly, increase in temperature and salinity of culture media, results 

in reduced oxygen dissolution (Newby et al., 2005). Factors such as protein 

concentration (0.3 – 0.45 mg / dL) and ionic strength (150-200 mM; similar to blood 

plasma) are very similar in all culture media. Dissolved oxygen levels in culture 

media are typically between 10-12% O2 (at 37OC, fresh media) (Place et al., 2017). 

In vivo, circulating arterial blood contains 10.5-13% O2, venous blood return contains 

~7% O2 and the brain function at 3-5% O2. During ischaemic stroke, the O2 levels in 

the penumbra range from 1-3% and in the core are less than 1%. (Holloway and 

Gavins, 2017). For OD and OGD conditions in all experiments in this thesis, O2 

levels were maintained at 0.3% in a hypoxia chamber to mimic the core region. 

Newby et al. (2005) and Mohammad et al. (2015) reported that media can take up to 

24 h to equilibrate with oxygen levels in the hypoxia chamber. Because of these 

factors, the media was always degassed in the hypoxia chamber for 24 h prior to 

experiments in this study.   
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The in vitro oxygen levels during normoxia and reperfusion are higher than those 

found in vivo. Returning cells to high oxygen levels during reperfusion can potentiate 

free radical formation. Additionally, cells can also be resistant to oxidative stress if 

they are grown in hyperoxic environments prior to ischaemic challenge (Holloway 

and Gavins, 2017). The rate of oxygen and glucose diffusion into cells depends on 

several factors such as depth of media, cell density, and cell type (Place et al., 

2017). Although the oxygen and glucose uptake were not monitored in these 

experiments, volume of media and cell densities were kept consistent in all the 

replicates to ensure accuracy and reliability.  

 

In addition to the oxygen levels, even the glucose levels in the culture media far 

exceed physiological levels. The complete media used for experiments in PC12 

cells, primary neurons, and primary astrocytes (Chapter 6) consisted of 

approximately 22.5, 24, and 22.7 mM of glucose respectively (Table 3.1). Plasma 

glucose range from 5.5 to 7.8 mM, while brain glucose levels range from 0.82 to 2.4 

mM (Holloway and Gavins, 2017). Glucose found in the media is at least 10 times 

more than in vivo glucose levels in the brain. These media are widely used for 

studies in vitro studies as they influence cell growth and can maintain cells for 2-3 

days without media changes. However, these can negatively affect cell viability and 

alter their metabolic profile. They can also influence pathways such as AMPK and 

alter the cellular responses to stress conditions (Holloway and Gavins, 2017).  
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Table 3.1. Glucose concentration in media used in different cultures. 

Media Glucose (mM) Approximate glucose 

concentration 

PC12 cell media  

 

High glucose DMEM contains 

25 mM glucose 

5% of HS contains 0.1 mM 

glucose 

5% of FBS contains 0.15 mM 

glucose 

The media was 

supplemented with 10% 

serum and 1% PS so 89% 

of total glucose (25.25 mM) 

is equivalent to around 22.5 

mM 

Primary 

neuronal culture 

media  

 

High glucose Neurobasal media 

contains 25 mM glucose 

There was no serum 

supplementation and B27 did 

not contain glucose.  

The media was 

supplemented with 2% B-

27, 1% PS, and 1% 

Glutamine so 96% of total 

glucose (25 mM) is 

equivalent to around 24 mM 

Primary 

astrocyte 

culture media  

High glucose DMEM contains 

25 mM glucose 

10% of FBS contains 0.3 mM 

glucose 

 

 

The media was 

supplemented with 10% 

serum, 1% PS, and 1% 

Glutamine so 88% of total 

glucose (25.3 mM) is 

equivalent to around 22.7 

mM 
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Initial experiments were performed using PC12 cells. PC12 cells originated from the 

adrenal medulla of rat and have been extensively used in neurobiological studies 

such as investigation of signal transduction mechanisms, apoptosis, calcium 

signalling, Alzheimer’s disease, Parkinson’s disease, cerebral ischaemia, and 

Huntington’s disease (Hillion et al., 2005; Chen et al., 2012). PC12 cells closely 

resemble neurons with smaller vesicles and quantal size. Undifferentiated PC12 

cells have some characteristics of neurons such as abilities to synthesize, store and 

release dopamine and norepinephrine in response to extracellular potassium ion 

concentration, rise of nicotinic acetylcholinesterase receptor and existence of GABA, 

acetylcholinesterase and tyrosine hydroxylase (Chen et al., 2012). PC12 cells have 

abilities to differentiate into neurons in response to NGF (Greenberg, 1985). Upon 

differentiation with NGF, the morphology, physiology, and biochemistry of PC12 cells 

change into parasympathetic neuron type. They display neurites, more potassium 

channels, and possess electrical excitability (Greenberg, 1985). Studies have 

implicated that NGF exerts a neuroprotective role against ischaemia in PC12 cells 

(Sun et al., 2017; Lahiani et al., 2015; Tabakman, 2005). Many studies have 

demonstrated that non-differentiated PC12 cells respond to ischaemia in similar 

ways to differentiated cells (Mei et al., 2011; Hillion et al., 2006; Hillion et al., 2005; 

Vaghefi, 2004), due to which non-differentiated PC12 cells were used for 

experiments.  

 

In PC12 cells, GD for up to 6 h did not significantly alter mitochondrial activity and 

LDH release. GD (12 h, 24 h) resulted in a significant reduction in mitochondrial 

activity and an increase in LDH release compared to Nx (same time point). There 
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was no significant difference in response at 12 h compared to 24 h GD. GD (up to 24 

h) did not alter cell viability (trypan blue assay). A study by Liu et al., 2003 reported a 

significant reduction in MTT activity to ~50% by 24 h GD.  

 

In experiments involving deprivation of oxygen (OD, OGD), oxygen levels were 

reduced to 0.3%. These oxygen levels are similar to levels during ischaemia in the 

core region (Miyamoto and Auer, 2000). Compared to Nx (same time points), 6 h OD 

resulted in a significant reduction in mitochondrial activity and an increase in LDH 

release. Compared to 6 h OD, mitochondrial activity and LDH release did not change 

at 12 h OD but significantly changed (further increase in mitochondrial activity and 

reduction in LDH release) at 24 h OD. Cell viability (trypan blue assay) was not 

altered at 6 h OD compared to Nx but significantly reduced at 12 h and 24 h OD. A 

study by Ma et al. (2017), revealed a reduction of cell viability to around ~50 % 

(versus 100% control) and 3 fold increase (compared to untreated control) in LDH 

release by 24 h OD (0% O2) in PC12 cells. Results revealed no significant changes 

in mitochondrial activity, cell viability, and LDH release at 4 h OD compared to Nx. 

However, a study by Luo et al., 2011 showed a significant increase in LDH release 

and reduction in cell viability by 3 h OD (2% O2).  

 

PC12 cells were most sensitive to the simultaneous omission of oxygen and glucose 

(OGD) compared to OD and GD. OGD (4 h) reduced mitochondrial activity but did 

not result in cell death. OGD for 4 h significantly reduced mitochondrial activity but 

did not alter LDH release or cell viability (trypan blue assay). From 6 h onwards, 

OGD resulted in a time-dependent reduction in both mitochondrial activity LDH 

release and cell viability (trypan blue assay). A study by Mang et al., 2013 revealed a 
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significant reduction in MTT activity by 6 h (~80%), 12 h (~60%), and 24 h (~20%) of 

OGD (0.5% O2). Xian et al., 2016 also revealed a significant increase in LDH release 

to ~60% following 8 h OGD (1% O2) insult. Sun et al., 2017 revealed that 12 h OGD 

resulted in significant reduction in PC12 cell viability (CCK8: 28% vs 100% in 

control). 

 

MTT and LDH assay results varied from each other because the end-points of both 

these assays are different. MTT is a reliable indicator of cellular metabolic activity, 

whereas LDH assay is representative of membrane depolarisation and measures 

cell membrane integrity (Bopp and Lettieri, 2008). Ischaemia results in alteration of 

cellular metabolic activity to cope up with the reduction in glucose and / or oxygen 

supply, without altering cell membrane integrity. Both trypan blue exclusion and LDH 

assay rely on cell membrane integrity. However, compared to LDH assay, trypan 

blue assay may result in underestimation of cell death. Trypan blue assay is a dye 

exclusion assay that relies on the principle that living cells possess an intact cell 

membrane that excludes the die, whereas dead cells do not. However it is important 

to consider that lethally damaged cells may require several days to lose membrane 

integrity, the surviving cells continue to proliferate and some lethally damaged cells 

may not appear stained with dye as they may undergo early disintegration.  

 

Reperfusion following lethal GD, OD and OGD insults, resulted in further worsened 

outcomes (further reduction in mitochondrial activity, cell viability, and an increase in 

LDH release). The results are in line with several studies that have revealed that 

reperfusion following OGD (6 h) resulted in a significant reduction in PC12 cell 

viability (Yuan et al., 2018; Li et al., 2018, Singh et al., 2009). A study by Yuan et al., 
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(2018) found that 24 h reperfusion following 6 h OGD (0.5% O2) resulted in a 

significant reduction in cell viability (CCK8: 50% vs 100% in control), and increase in 

LDH release (3.4 folds greater than control) in PC12 cells. Li et al., (2018) reported 

that 24 h reperfusion following 6 h OGD (1% O2) resulted in a significant reduction in 

cell viability (CCK8: 68% vs 100% in control). Singh et al., (2009) found that 24 h 

reperfusion following 6 h OGD (0.5 % O2) resulted in significant cell death (Trypan 

blue: 45% vs 6% in control). Guo et al., (2014) found that 12 h OGD (1% O2) 

followed by reperfusion resulted in significant reduction in PC12 cell viability (MTT 

activity: 60% vs 100% control; LDH release: 40% vs 15% control). It is widely 

accepted that the extent of I / R injury is influenced by the magnitude and duration of 

ischaemia. Reperfusion provides oxygen and glucose that are essential to salvage 

ischaemic tissue, however, reperfusion itself paradoxically potentiates damage (Lin 

et al., 2016; Nour et al., 2013). There are several complex and multifactorial 

mechanisms underlying I / R injury, which involve ROS generation (and lipid 

peroxidation), calcium overload, the opening of MPTP, endothelial dysfunction, and 

prominent inflammatory responses such as leucocyte infiltration, platelet activation, 

and complement activation (Kalogeris et al., 2012; Dorweiler et al., 2007; Pan et al., 

2007).  

 

Apoptosis is a programmed cell death mechanism, the features of which include: 

DNA fragmentation, nuclear condensation, cell shrinkage, the formation of apoptotic 

bodies, and expression of ligands for phagocytic receptors (Section 1.2.4). Apoptotic 

cells are rapidly cleared by phagocytosis, without eliciting an inflammatory response 

(Broughton et al., 2009). Necrosis is an irreversible form of cell death that involves 

disruption of the plasma membrane (Dirnagl et al., 1999; Durukan and Tatlisumak, 
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2007). Early apoptosis and necrosis were studied using flow cytometry (Annexin-V 

and 7-AAD double staining). Annexin-V is a widely used marker of early apoptosis 

based on the expression of phosphatidylserine groups of extracellular surfaces. On 

the other hand, 7-AAD is a membrane impermeant dye that is excluded in viable 

cells.  

 

The following conditions: GD (2 h, 4 h, 6 h); OD (2 h, 4 h); OGD (2 h) did not result in 

any significant apoptosis or necrosis and majority of the cells remained viable. In line 

with MTT assay results, there was a significant reduction in viable cells and an 

increase in early apoptotic cells following 4 h OGD (compared to Nx), however, after 

reperfusion, the early apoptotic cells recovered. A study by Li et al., 2018 revealed 

that 4 h OGD (0.5% O2) resulted in significant apoptosis (flow cytometry was used to 

measure % apoptosis (AV+ / 7-AAD- out of total cells): 24% vs 6% in control) in PC12 

cells. Studies have reported that apoptosis (early stages) is reversible and can be 

often recovered upon timely reperfusion (Prabal et al., 2010; Dirnagl et al., 1999). 

Significant reductions in viable cells and increase in early apoptotic cells were seen 

following 6 h OD and OGD (versus Nx). Before reperfusion, no significant necrosis 

was found; however, after 24 h reperfusion, the early apoptotic cells reduced and 

necrotic cells increased. A study by Yuan et al., (2018) found that 24 h reperfusion 

following 6 h OGD (0.5% O2)  resulted in significant apoptosis (flow cytometry was 

used to measure % apoptosis (AV+ / 7-AAD- out of total cells): 31% vs 7% control) in 

PC12 cells. Reperfusion increases apoptosis by providing the energy required for the 

completion of apoptosis (Broughton et al., 2009). Compared to Nx, there was a 

significant reduction in viable cells and subsequent increase in early apoptotic and 

necrotic cells by 24 h GD, OD, and OGD; after reperfusion, there was a reduction in 
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early apoptotic cells and an increase in necrotic cells. A study by Li et al., (2003) 

showed that both necrosis and apoptosis were significant at 24 h GD in PC12 cells. 

Sun et al., (2017) found that 12 h OGD (1% O2) resulted in significant apoptosis 

(TUNEL positive cells: 50% vs 10% control) and necrosis (propidium iodide (PI) 

positive cells: 38% vs 5% in control), which further increased following 1 h 

reperfusion (PI+ cells: 51% and TUNEL positive cells: 60%). Guo et al., 2014 also 

(found) that 12 h OGD (1% O2) followed by reperfusion resulted in significant 

apoptosis (flow cytometry was used to measure % apoptosis (AV+ / PI- out of total 

cells): 45% vs 6% control) in PC12 cells.  

 

Microtubule-associated proteins (MAPS) are a family of proteins that bind to and 

stabilise microtubules. Map2 is a neuron-specific isoform that is involved in the 

assembly of tubulin into microtubules. Map2 is primarily expressed in the dendrites 

of mature neurons, influencing the density of microtubules and length of dendrites 

(Soltani et al., 2005; Hubber and Matus, 1984). In response to neuronal stress (such 

as OGD), Map2 staining reveals the degradation of dendrites progressing to 

complete loss of Map2 staining (Bonde et al., 2002). Tuj1 is part of the tubulin family 

that are major building blocks for microtubules and structural component of the 

cytoskeleton. Tuj1 is also neuron-specific; found in cell bodies, dendrites, axons, and 

axonal terminals of immature and differentiated neurons. Tuj1 reveals alteration of 

the cytoskeleton and progressive loss of neurites upon injury (Geisert and 

Frankfurter, 1989). Morphology of primary neurons was initially assessed using 

Map2 and Tuj1 staining; however, the Map2 staining was pursued further for 

understanding stress-related changes in neuron structure as it specifically stained 

the soma of mature neurons and was less complex.   
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Following studies in PC12 cells, the effects of OD and OGD were evaluated in 

primary rat cortical neuron cultures. Results revealed that OD (up to 6 h) did not 

result in significant changes. Similar to PC12 cells, OD (up to 6 h) did not alter 

mitochondrial activity or result in cell death in primary neuronal cultures. Lu et al., 

(2014) also showed significant cell death in primary cortical neurons initiated from 12 

h of OD (0.5% O2) onwards. 24 h OD resulted in ~50% cell death (Lu et al., 2014). 

There was a significant reduction in mitochondrial activity but no effect on LDH 

release or neuron morphology (Map2; dendrites length and number) following 4 h 

OGD (versus Nx). The changes in mitochondrial activity found following 4 h OGD, 

were not significantly altered after reperfusion. OGD for 6 h (versus Nx) resulted in a 

significant increase in mitochondrial activity, reduction in LDH release, and 

morphological changes (Map2; reduction / absence of dendrites and a significant 

reduction in dendrites length). Following reperfusion, there was a further reduction in 

mitochondrial activity and an increase in LDH release. Similarly, a study by Zhang et 

al., (2017) revealed that 6 h OGD (0% O2) resulted in significant neuronal death 

(LDH release: 56.7% vs 19.5% in untreated control) and apoptosis (TUNEL positive 

cells: 16.5% vs 2% in untreated control). Tian et al., (2018) also showed a significant 

increase in LDH leakage (~3 folds greater than untreated control) and reduction in 

cell viability (MTT activity: ~50% vs 100% in untreated control) by 6 h OGD (1% O2) 

in primary rat cortical neurons. In contrast, Bhuiyan et al., (2011) showed that 4 h 

OGD (0% O2), followed by 24 h reperfusion resulted in significant cytotoxicity (LDH 

release: 60% vs 10% in untreated control). Another study also showed that 1 h of 

OGD (1% O2) followed by 24 h of reperfusion resulted in a 20% decrease in cell 

viability indicating a moderate degree of cellular stress compared with 3 h OGD 
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where the viability was decreased by more than 50% (Wappler et al., 2013). Both 

Bhuiyan et al., (2011) and Wappler et al., (2013) used EBSS (Earl’s balanced salt 

solution) for OGD conditions. In contrast, for experiments in this chapter and other 

studies (Zhang et al., 2017; Tian et al., 2018) glucose-free Neurobasal medium 

supplemented with B27 was used. A recent study by Sunwoldt et al., (2017) found 

that B27 protected neurons from cell death during OGD in comparison to neurons 

incubated in EBSS. Bhuiyan et al., (2011) also found DIV10 rat cortical neurons were 

more resistant to OGD-reperfusion injury than DIV7 neurons. For this study, mature 

(DIV10-14) neurons were used, due to which the impact of OGD insult varied from 

other studies. Factors such as OGD medium and its components, maturity of 

neurons during experiments, the origin of neurons (hippocampal, cortical, or mixed), 

and the magnitude of OGD account for the variations in results in different studies.  

 

The responses of primary neurons and PC12 cells to OGD were similar. Six hours 

OGD was cytotoxic in both primary neurons and PC12 cells. MTT assay results 

indicated slightly lower mitochondrial activities in primary neurons compared to PC12 

cells by 6 h OGD.  

 

Results revealed that the effects of reperfusion depended on the initial duration of 

OGD. Reperfusion following 4 h OGD was protective in PC12 cells. However, 

reperfusion following prolonged OGD (6 h and 24 h) further worsened the injury. 

Similarly, in primary neurons, reperfusion following 6 h OGD further worsened the 

outcomes. In contrast, reperfusion following 2 h and 4 h OGD did not have any 

significant effect on primary neurons. Overall, results revealed that the effect of 
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reperfusion depended on the initial duration of OGD. Reperfusion following 

prolonged OGD insults was detrimental; however, reperfusion following acute OGD 

insults was cytoprotective. These results are in line with the current treatment option 

of acute ischaemic stroke i.e. reperfusion. Immediate reperfusion (within 4 h) 

following ischaemia is an acute stroke therapy that helps in restoration of oxygen 

and blood supply to the cells and aiding their recovery. However, reperfusion can 

also potentiate cell apoptosis (energy-consuming process) by restoring cellular 

energy and increasing ROS production (Durukan and Tatlisumak, 2007; Prabal et 

al., 2010).  

 

HIF is an oxygen-sensing molecule and a key regulator of genetic response following 

anoxia (discussed in section 1.5). Absence of oxygen results in PHD inhibition and 

accumulation of the oxygen-regulated HIF1α, which then dimerizes with HIF1β and 

binds to HRE inducing transcription of various genes (Bergeron et al., 1999; Dirnagl 

et al., 2009). In PC12 cells, HIF1α was upregulated by OGD (4 h, 6 h) but not 2 h, 

whereas in primary neurons HIF1α upregulation commenced earlier, from 2 h OGD 

onwards. In PC12 cells, the expression of HIF1α was greater at 4 h compared to 6 h 

OGD; however, in primary neurons there were no significant differences in HIF1α at 

2 h and 4 h OGD. In both PC12 cells and primary neurons, HIF2α was upregulated 

by 4 h and 6 h OGD. In PC12 cells, HIF2α expression was significantly higher at 6 h 

compared to 4 h OGD, however, in primary neurons, there were no significant 

differences. HIF1α and HIF2α are structurally related, sharing 48% overall amino 

acid identity (Kenneth and Rocha, 2008; Karuppagounder and Ratan, 2012). It has 

been reported that HIF1α is involved in adaptation to acute hypoxia whilst HIF2α 

mediates adaptation to chronic hypoxic and oxidative stress (Mengelbier et al., 
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2006). HIF1α and HIF2α were upregulated after a much longer period of OD in PC12 

cells (~24 h) and primary neurons (~6 h). Results also showed that 24 h GD 

stabilised HIF1α and HIF2α in PC12 cells. Some studies have also shown that HIF1 

also mediates adaptation to hypoglycemia (Soucek et al., 2003) and GD (Nishimoto 

et al., 2014). Both HIF1α and HIF2α were upregulated following a much shorter 

duration of OGD than OD. It is evident that the absence of glucose plays an 

essential role in the degree of HIF activation. Novak et al., (2019) also revealed that 

in addition to oxygen, glucose also plays an essential role in the magnitude of HIF 

activation following OGD.  

 

HIF activation is linked with the transcription of several downstream genes that play 

essential roles in adapting to low oxygen levels. HIF1α and HIF2α share some 

similar transcriptional targets such as Glut1, Vegf. HIF1α and HIF2α also regulate 

distinct subsets of genes. HIF1α regulates Pdk, Ldha, and Bnip3, whilst HIF2α 

regulates Epo and CyclinD1 (Martín-Aragón Baudel et al., 2017). 

 

In both PC12 cells and primary neurons, no significant changes in Hif1α and Hif2α 

were found following GD, OD, and OGD (versus Nx). Various studies have indicated 

that HIF is mainly regulated at the post-transcriptional level during ischaemia and 

hypoxia (Wenger et al., 1997). In PC12 cells, Phd2 was upregulated by 6 h OGD 

(versus Nx). In primary neurons, Phd2 was upregulated by 6 h OD and OGD 

(compared to Nx). In response to HIF1α protein expression, Phd2 is upregulated as 

a negative feedback response (Berra et al., 2003).   
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HIF has two well-known targets, Vegf and Epo. Three Vegf gene isoforms exist but 

only Vegfa is known to be regulated by hypoxia (Martín-Aragón Baudel et al., 2017). 

There was no significant change in Vegf expression at 2 h OGD (compared to Nx) in 

PC12 cells. However, in primary neurons, Vegf was significantly upregulated from 2 

h OGD onwards, with peak and sustained (~15 folds) expression at 4 h and 6 h 

OGD. In PC12 cells, Vegf was upregulated at 4 h (~9 folds) and 6 h (~11 fold) OGD, 

but the fold change was slightly lower compared to primary neurons. In line with 

HIF1α and HIF2α expression, Vegf was upregulated following longer periods of OD 

in PC12 cells (12 h, 24 h) and primary neurons (6 h) and 24 h GD in PC12 cells. The 

Epo primer did not work in PC12 cells, but significant changes were seen in primary 

neurons. Similar to Vegf, Epo was upregulated by 4 h OGD (~18 folds), which 

sustained at 6 h OGD (~18 folds). Epo was also upregulated following 6 h OD in 

primary neurons. Semenza et al., (2000) reported significant Vegf and Epo mRNA 

upregulation in hypoxic neurons. Vegf was upregulated by 4 h OGD in neurons 

(Zhang et al., 2009). Epo was upregulated by hypoxia and ischaemia in neurons in 

vivo and in vitro (Marti, 2004; Bernaudin et al., 2000). VEGF plays an important role 

in neuroprotection as it mediates angiogenesis and neurogenesis during ischaemia 

resulting in increased blood flow and metabolism (Bernaudin et al, 2002; Zhang and 

Chopp, 2009). EPO is also known to stimulate erythropoiesis, neurogenesis, and 

neuroprotection in the brain. Both Vegf and Epo are known to promote cell survival 

through inhibition of apoptosis (Marti, 2004). 

 

In PC12 cells, Bnip3 was upregulated by 24 h OD and OGD. Bnip3 upregulation was 

reported starting at 12 h, with a peak at 72 h in PC12 cells subjected to hypoxia / 

ischaemia (Liu et al., 2017). In contrast, Bnip3 was upregulated from 2 h OGD 
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onwards in primary neurons. Bnip3 upregulation was triggered by 1 h OGD in 

primary hippocampal neurons (Zhao et al., 2009). OD (2 h, 4 h, and 6 h) did not alter 

Bnip3 expression in primary neurons. Zhang et al., 2007 showed that Bnip3 

upregulated at 36 h by OD in primary neurons. Studies have shown that HIF1α 

upregulates BNIP3 resulting in mitochondrial dysfunction, membrane depolarization, 

MPTP opening and apoptosis (Chen et al., 2007; Yeh et al., 2007), however more 

recent studies have reported that BNIP3 exhibits a protective effect during hypoxia 

by promoting mitophagy (Ma et al., 2017).  

 

In PC12 cells, Glut1 was upregulated by GD (24 h), OD (12, 24 h), and OGD (4, 6, 

12 h). In primary neurons, OD and OGD did not alter Glut1 expression. GLUT1 is a 

glucose transporter that facilitates glucose transport across the plasma membrane 

and is upregulated in response to reduced glucose supply in the brain (Jurcovicova, 

2014). Studies have reported that GLUT1 is predominantly expressed in astrocytes 

and endothelial cells in the brain (Winkler et al., 2015). In the absence of oxygen, 

cells shift to anaerobic glycolysis for energy. A key regulator of glycolytic flux is 

glucose-2, 6-bisphosphate, which is an allosteric regulator of phosphofructokinases 

(Minchenko et al., 2003). In PC12 cells, OD (12, 24 h) and OGD (4, 6, 12 h) 

significantly upregulated Pfkfb3. In primary neurons, OD and OGD did not alter 

Pfkfb3 expression. Pfkfb3 was upregulated in PC12 cells because they are 

proliferating cancer cells (Minchenko et al., 2003); whereas in the brain, PFKFB3 is 

abundantly expressed in astrocytes but not typically found in neurons (Olga et al., 

2019). Pfkfb1 expression was not altered following GD, OD, or OGD in PC12 cells 

and primary neurons. PFKFB1 is restricted to muscle and liver cells (Minchenko et 

al., 2003). Ldha was significantly upregulated by 6 h OD in primary neurons. In PC12 
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cells, Ldha was significantly upregulated by 12 h and 24 h OD. In primary neurons, 

Ldha was upregulated by 4 h and 6 h OGD. Similarly, in PC12 cells, Ldha was 

upregulated by 4 h, 6 h, and 12 h OGD. Ldha is another glycolytic enzyme that 

facilitates the conversion of pyruvate to lactate (Minchenko et al., 2003).  

Key findings: 

 OGD (6 h) onwards was cytotoxic in PC12 cells and primary neurons and 

therefore a suitable model for ischaemic insult.  

 OGD (2 h, 4 h) altered mitochondrial activity but did not result in cell death 

and therefore considered sub-lethal.  

 Reperfusion following OGD insults further increased cell death.  

 Oxygen sensing proteins (HIF1α and HIF2α) were stabilised by varying time 

point of OD and OGD in both PC12 cells and primary neurons.  

 

In conclusion, both PC12 cells and primary neurons had similar sensitivities towards 

OD and OGD. Both PC12 cells and primary neurons are suitable to model ischaemia 

in vitro for preliminary studies. Simultaneous omission of glucose and oxygen (OGD) 

most closely mimics ischaemia in vitro and is a suitable model of ischaemic insult  
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Chapter 4. 

Characterizing ischaemic tolerance in PC12 cells 

and primary rat neurons 
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4.1     Introduction 

Ischaemic tolerance is a phenomenon whereby exposure to a brief period of sub-

lethal noxious stimuli (in a process known as ‘preconditioning’) confers transient 

tolerance to subsequent ischaemic insult in the brain (Figure 4.1). Tolerance to an 

ischaemic insult can result from various stimuli such as cortical depression 

spreading, hypothermia, hyperthermia, sleep deprivation, hypoxia, ischaemia and 

many more (Liu et al., 2009). This study focused on determining the effectiveness 

and mechanism behind ischaemic tolerance conferred by three stimuli: glucose-

deprivation preconditioning (GD-PC), hypoxic preconditioning (HPC) and ischaemic 

preconditioning (IPC). HPC and IPC were initially identified in the heart and several 

clinical trials have revealed effectiveness and great prospect (Anttila et al., 2016). 

Identifying the underlying protective mechanisms of HPC and IPC is attractive for 

therapeutic modulation. These strategies could be beneficial in high-risk patients 

such as patients with risk of ischaemic stroke, subarachnoid haemorrhage, or TIA 

(Dirnagl et al., 2009). Both HPC and IPC have shown promise in various in vivo and 

in vitro models of ischaemic stroke (Bergeron et al., 1999; Bernaudin et al., 2002; 

Baranova et al., 2007; Zhang, 2009). However, the underlying molecular mechanism 

remains unclear. Some common features include the promotion of angiogenesis, 

vascular remodelling, erythropoiesis, depression of metabolic rate, modulation of 

glycolytic enzymes, and reduction of ion channel fluxes (Ginsberg, 2008).  
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Figure 4.1. Schematic representation of the concept of IPC induced ischaemic 

tolerance. Exposure of brain tissue to a brief period of sub-lethal IPC insult prior to 

ischaemia (known as ‘preconditioning’) results in development of tolerance to 

subsequent ischaemic insult in the brain. Sublethal IPC results in smaller infarct size 

compared to untreated brain after an ischaemic insult. (Image produced using 

Biorender). 

 

Application of local IPC is not clinically applicable in most patients, therefore another 

phenomenon known as remote ischaemic preconditioning (RIPC) has shown great 

potential for translation into clinical practice (Hepponstall et al., 2012). RIPC involves 

the application of brief episodes of ischaemia to a tissue such as a limb (using blood 

pressure cuffs) resulting in protection against ischaemic injury in an organ at a 

remote location such as the heart. In clinical trials, RIPC has shown benefit in 

patients undergoing cardiac surgery or in patients with acute myocardial infarction by 

inducing genomic responses (Hummitzsch et al., 2019; Hepponstall et al., 2012).  

 

This chapter aimed to study the effectiveness of in vitro HPC, IPC, and GD-PC in 

PC12 cells and primary rat neurons. An additional study was performed in PC12 

cells involving preconditioning with various glucose concentrations to determine the 

role of glucose in preconditioned induced neuroprotection.  
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4.2     Materials and methods 

PC12 cells and primary rat cortical neurons were cultured according to procedures 

described in Section 2.2.  

4.2.1  Experimental protocol 

Confluent PC12 cells and primary neuronal cultures were used for experiments. The 

complete media was aspirated and the cells were washed twice with glucose-free 

media before experiments. The PC12 cells and primary neurons were 

preconditioned with sham (Nx), GD, OD, and OGD for varying time points (i.e. 2, 4, 6 

h) (Figure 4.2.). This was followed by 24 h reperfusion. The media (preconditioning 

treatment) was aspirated (100%), replaced with complete media, and place in the 

standard incubator for 24 h. This was followed by a 6 h OGD insult. For OGD, 

complete media was aspirated, cells rinsed twice with glucose-free medium, and 

incubated with glucose-free media in the hypoxia chamber where O2 level was set at 

0.3%.   
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Figure 4.2. Timeline for GD, OD, and OGD preconditioning treatment against 6 

h OGD insult. PC12 cells and primary neurons were subjected to sham (Nx), GD, 

OD, OGD (2, 4, and 6 h) followed by 24 h reperfusion (normoxia, complete media) 

and 6 h OGD (0.3% O2, hypoxia chamber). Positive control cultures were treated 

identically but maintained in normoxia throughout (untreated control, C). All 

experiments were initiated on a staggered basis, such that all treatment duration end 

together. (Image produced using Biorender). 

 

In PC12 cells, an additional study was performed studying the effect of 

preconditioning in normoxia versus hypoxia (0.3% O2) with varying glucose 

concentrations for 4 h (0, 0.565, 1.125, 2.25, 4.5 g / L). The media was aspirated 

from confluent PC12 cell culture, cells were washed twice with glucose-free media 

and treated with DMEM with the desired glucose concentration. The high glucose 

DMEM was diluted with glucose-free DMEM to achieve the desired glucose 

concentrations (Table 4.1). High glucose DMEM contains 25 mM glucose was 

supplemented with 5% of HS containing  0.1 mM glucose, 5% of FBS containing 

0.15 mM glucose, and 1% PS so 89% of total glucose (25.25 mM) is equivalent to 

around 22.5 mM. All other glucose concentrations are also adjusted to serum in 

Table 4.1. Preconditioning treatments were followed by 24 h reperfusion and 6 h 

OGD insult as stated above (Figure 4.3).  
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Figure 4.3. Timeline for preconditioning treatment with varying glucose 

concentrations against 6 h OGD insult. PC12 cells were subjected to normoxia 

versus hypoxia with media containing varying glucose concentrations for 4 h 

followed by 24 h reperfusion (normoxia, complete media) and 6 h OGD (0.3% O2, 

hypoxia chamber). Positive control cultures were treated identically but maintained in 

normoxia throughout (untreated control, C). (Image produced using Biorender). 

 

For all experiments, positive controls (untreated control, C) were treated identically 

but maintained in normoxia (complete medium) throughout the treatment. All 

experiments were initiated on a staggered basis, such that all treatment duration 

ends at the same time point.  
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Table 4.1. Dilution table for experiments involving preconditioning with varying 

glucose concentrations 

Glucose 

concentration 

 

Glucose 

concentration 

adjusted to serum  

Dilution percentage of DMEM  

0 g / L 

 

0 mM (0 g / L) Glucose-free DMEM (100%) 

0.565 g / L 2.81 mM (0.5 g / L) High-glucose DMEM (12.5%) and 

glucose-free DMEM (87.5%) 

1.125 g / L 5.6 mM (1 g / L) 

 

High-glucose DMEM (25%) and 

glucose-free DMEM (75%) 

2.25 g / L 

 

11.25 mM (2 g / L) High-glucose DMEM (50%) and 

glucose-free DMEM (50%) 

4.5 g / L 

 

22.5 mM (4 g / L) High-glucose DMEM (100%) 

 

 Cell viability (MTT, LDH, and trypan blue exclusion assay; Section 2.5), apoptosis 

(PC12 cells only; Section 2.5), morphological changes (IF staining; section 2.8), 

gene expression (Section 2.6), and protein expression (Section 2.7) were evaluated 

in PC12 cells and primary neurons.  

 



158 
 

4.3     Results 

4.3.1  IPC induced tolerance in PC12 cells  

Initial experiments were performed to determine the time points at which GD, OD, 

and OGD induced toxicity, to inform choices for ischaemic insult (evident cell death), 

and preconditioning treatment (sublethal; cell death should be minimal or absent). In 

both primary neurons and PC12 cells, OGD for 6 h was found cytotoxic and was 

determined to be a suitable representative of ischaemic insult. GD and OD (2 h, 4 h, 

and 6 h) and OGD (2 h and 4 h) were not found cytotoxic and thus deemed sub-

lethal. Sub-lethal GD, OD, and OGD preconditioning followed by reperfusion were 

studied against 6 h OGD insult in primary neurons and PC12 cells. The effectiveness 

of these preconditioning treatments was compared to sham-PC cells (Figure 4.1). In 

PC12 cells, for all preconditioning treatments (including sham-PC), 6 h OGD insult 

resulted in significantly (p<0.01) reduced mitochondrial activity, increase LDH 

release, and reduced cell viability, compared to untreated controls. Some protection 

against OGD insult was conferred by OGD-PC (4 h) and GD-PC (4 h and 6 h), 

compared to sham-PC (same time point), for all three assays. All three assays 

revealed that OGD-PC (4 h) conferred significantly greater protection than GD-PC (4 

h) (Figure 4.4).  
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Figure 4.4. PC12 cells response to GD, OD, or OGD preconditioning (PC). Cells 

were exposed to sham-PC, GD-PC, OD-PC, or OGD-PC (2, 4, or 6 h) followed by 24 

h reperfusion and 6 h OGD insult. Untreated control (C) was treated identically but 

maintained in normoxia throughout (positive control). (A) Bar chart representing MTT 

assay results. (B) Bar chart representing LDH assay results. (C) Bar chart 

representing trypan blue assay results. All three assays revealed that GD-PC (4, 6 h) 

and OGD-PC (4 h) prior to 6 h OGD protected the cells compared to sham-PC 

(same time point). (For all graphs, ** represents p < 0.01 versus sham-PC (same time 

point) and # represents p < 0.05 against GD-PC (same time point); two-way ANOVA 

followed by Tukey’s post-hoc analysis; n=4) 
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4.3.2  The effect of glucose concentration on IPC- induced tolerance in  

          PC12 cells 

As 4 h GD-PC was cytoprotective in PC12 cells, studies were performed to 

determine the role of glucose by preconditioning PC12 cells with varying glucose 

concentrations (4 h, with normoxia or hypoxia) (Figure 4.3). For all preconditioning 

treatments, subsequent insults resulted in reduced mitochondrial activity, increased 

LDH release, and reduced cell viability, versus untreated controls, with the sole 

exception of 0 g / L hypoxia in the trypan blue assay (Figure 4.5). For mitochondrial 

activity, some protection against these insults was conferred by glucose reduction 

(0.565 g / L) or complete deprivation (0 g / L), in both normoxic and hypoxic 

conditions, compared to sham (complete media (4.5 g / L) in normoxia) (Figure 

4.5A). Complete glucose deprivation (0 g / L) offered greater protection against 

mitochondrial toxicity in hypoxia (versus normoxia, 0 g / L). Reduced glucose 

concentrations exhibited a dose-dependent protective effect in the LDH assay. In 

both normoxic and hypoxic conditions, all concentrations showed lower LDH release 

versus sham, with 0.565 and 0 g / L showing significant reductions in LDH release 

versus 2.25 g / L (for same oxygen conditions; Figure 4.5B). No differences in LDH 

release were noted between normoxic and hypoxic conditions. In terms of viability 

assessed by trypan blue assay, some protection was evident in the absence of 

glucose (0 g / L), for both normoxia (83.7 ± 4.4%) and hypoxia (89.2 ± 5.1%), versus 

sham (70.1 ± 4.2%; Figure 4.5C). All other glucose concentrations were 

indistinguishable from full glucose (4.5 g / L), with no differences evident between 

normoxia and hypoxia. 
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Figure 4.5. The effect of varying glucose concentration on ischaemic 

preconditioning induced tolerance. PC12 cells were preconditioned in normoxia 

(Nx-PC; 21% O2) or hypoxia (Hyp-PC; 0.3% O2) for 4 h with varying glucose 

concentrations (0, 0.565, 1.125, 2.25, 4.5 g / L), followed by 24 h reperfusion and 6 h 

OGD insult, except untreated control, C (full glucose and normoxia throughout). (A) 

Bar chart representing MTT assay results. Compared to untreated controls, all 

conditions showed reduced mitochondrial activity (p<0.05). All similar to sham (4.5 g 

/ L, normoxia), except for a significantly lower reduction in mitochondrial activity for 

the lowest glucose concentrations (0 and 0.565 g / L), with or without hypoxia 
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(versus 4.5 g / L Nx-PC). Complete glucose deprivation (0 g / L) with hypoxia 

showed greater mitochondrial activity than normoxia (0 g / L). (B) Bar graph 

representing LDH assay results. Compared to untreated controls, all conditions 

showed greater LDH release (p<0.05). In comparison to sham (4.5 g / L Nx-PC), all 

reductions of glucose concentration (0 – 2.25 g / L), with or without hypoxia, were 

associated with significantly lower LDH release (less cell death). Both  0.565 g / L 

and 0 g / L also showed significant reductions in LDH release versus 2.25 g / L (for 

the same oxygen conditions; p<0.05 ). No differences were noted between normoxic 

and hypoxic conditions. (C) Bar chart representing trypan blue assay results. 

Compared to untreated controls, all conditions showed reduced cell viability (p<0.01) 

except 0 g / L Hyp-PC (p>0.05). For all reduced-glucose concentrations, cell viability 

was similar to sham (4.5 g / L Nx-PC; ~60-70%). Viability was greater without 

glucose in both normoxic and hypoxic conditions (versus 4.5 g / L Nx-PC). (For all 

graphs, * represents p<0.05 and ** represents p < 0.01 versus sham-PC (4.5 g / L in 

normoxia), # represents p < 0.05 against Nx-PC (same glucose concentration), †p < 

0.05 represents versus 2.25 g / L (for the same oxygen conditions;); two-way 

ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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In addition to the cell viability assays, apoptosis was assessed (flow cytometry; 

Annexin-V / 7-AAD) for these conditions. For all preconditioning treatments, 

subsequent insults resulted in reduced cell viability (AV- / 7-AAD-) and increased 

apoptosis (AV+ / 7-AAD-), versus untreated control, with the sole exception of 0 g / L 

hypoxia. Some protection against these insults was conferred by complete glucose 

deprivation, in both normoxic (GD-PC) and hypoxic (OGD-PC) conditions. Complete 

glucose deprivation (0 g / L) offered greater protection against apoptosis in hypoxia 

(OGD-PC; versus normoxia, 0 g / L: GD-PC). All other glucose concentrations were 

indistinguishable from full glucose (4.5 g / L), with no differences between normoxia 

and hypoxia (Figure 4.6).  
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Figure 4.6. Flow cytometric analysis of the effect of varying glucose 

concentration on preconditioning-induced tolerance to ischaemic insult. PC12 

cells were preconditioned in normoxia (Nx-PC; 21% O2) or hypoxia (Hyp-PC; 0.3% 

O2) for 4 h with varying glucose concentrations followed by 24 h reperfusion and 6 h 

OGD insult, except untreated control, C (full glucose and normoxia throughout). (A) 

Representative dot plot of PC12 cells preconditioned in normoxia (21% O2) for 4 h 

with varying glucose concentration. C represents untreated control. (B) 

Representative dot plot of PC12 cells preconditioned in hypoxia (0.3% O2) for 4 h 

with varying glucose concentration. (C) Bar chart representing viable (7-AAD-) cells 

as a percentage of all cells. Compared to untreated control, all conditions showed 

reduced cell viability (p<0.01), except 0 g / L Hyp-PC (p>0.05). For all reduced (non-

zero) glucose concentrations, cell viability was similar to sham (4.5 g / L Nx-PC; ~45-

55%). Complete glucose deprivation (0 g / L) with hypoxia showed greater viability 
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than normoxia. (D) Bar chart representing early apoptotic (Annexin-V+ / 7-AAD-) cells 

as a percentage of all viable (7-AAD-) cells. Compared to untreated controls, all 

conditions showed a greater expression of marker for early apoptosis (p<0.05). For 

all reduced (non-zero) glucose concentrations, the percentage of early apoptotic 

cells were similar to sham (4.5 g / L Nx-PC; ~45-55%). A lower percentage of early 

apoptotic cells was seen in both normoxic and hypoxic conditions without glucose. 

Complete glucose deprivation (0 g / L) with hypoxia showed a lower percentage of 

early apoptotic cells than normoxia.  (For all graphs, ** represents p < 0.01 versus 

sham-PC (4.5 g / L in normoxia), # represents p < 0.05 against Nx-PC (same glucose 

concentration; two-way ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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The expression of HIF1α was studied in PC12 cells treated with varying glucose 

concentrations (0, 0.565, 1.125, 2.25, 4.5 g / L) in normoxia or hypoxia for 4 h.  

Compared to normoxia (4.5 g / L; Nx), HIF1α was significantly upregulated in PC12 

cells exposed to complete glucose deprivation (0 g / L) in hypoxia compared to 4.5 g 

/ L normoxia (untreated control). There were no significant changes in HIF1α 

expression in cells exposed to all the other glucose concentrations in both normoxia 

and hypoxia (Figure 4.7). 
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Figure 4.7. Effects of varying glucose concentration in normoxia and hypoxia 

on HIF1α levels in PC12 cells. (A) Representative HIF1α immunoblots were shown 

with those for β-actin of PC12 cells treated with normoxia (21% O2) and hypoxia 

(0.3% O2) with varying glucose concentrations of 0, 0.565, 1.125, 2.25, 4.5 g / L for 4 

h. (B) Bar graph representing normalised HIF1α expression. Compared to sham (4.5 

g / L, Nx), only complete glucose deprivation (0 g / L) in hypoxia significantly 

increased Hif1α. (For graph, ** represents p < 0.01 against 4.5 g / L in normoxia 

(untreated control); two-way ANOVA followed by Tukey’s post-hoc analysis; n=4). 
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The expression of a panel of hypoxic genes was studied in PC12 cells treated with 

varying glucose concentrations (0, 0.565, 1.125, 2.25, 4.5 g / L) in normoxia or 

hypoxia for 4 h. Vegf (~ 11 fold), Glut1 (~ 15 fold), Pfkfb3 (~ 7.5 fold), and Ldha (~ 6 

fold), were significantly upregulated in cells exposed to complete glucose deprivation 

(0 g / L) in hypoxia (OGD) compared to 4.5 g / L normoxia (untreated control). All 

other treatment conditions had no significant effect on Vegf, Glut1, Pfkfb3, and Ldha 

expression (versus untreated control). All treatment conditions had no significant 

effect on Hif1α, Bnip3, and Pfkfb1 expression (Figure 4.8). 
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Figure 4.8. Gene expression in PC12 cells cultured in normoxia and hypoxia 

with varying glucose concentration. PC12 cells exposed to varying glucose 

concentrations (0, 0.565, 1.125, 2.25, 4.5 g / L) of normoxia or hypoxia for 4 h. 

Compared to 4.5 g / L normoxia (untreated control), there were no significant 

changes in (A) Hif1α, (B) Bnip3, and (E) Pfkfb1 expression in all treatment groups. 

Compared to 4.5 g / L normoxia (ambient air), complete glucose deprivation (0 g / L) 
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in hypoxia (i.e. OGD) significantly upregulated (B) Vegf, (D) Glut1, (F) Pfkfb3, and 

(G) Ldha expression. The gene expression was measured against the housekeeping 

gene β-actin and normalised to 4.5 g / L Nx (untreated control). The dotted line 

represents the basal gene expression. (For all graphs, ** represents p < 0.01 against 

4.5 g / L in normoxia (untreated control); two-way ANOVA followed by Tukey’s post-

hoc analysis; n=3). 
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 4.3.3  IPC induced tolerance in primary rat cortical neurons  

Similar to PC12 cells, the effects of preconditioning followed by reperfusion were 

evaluated against 6 h OGD insult in primary neurons with the same protocol (Figure 

4.2). Primary rat neuronal culture established in Chapter 3, Section 3.3.5 were used 

for these experiments. In primary neuronal cultures, for all preconditioning 

treatments (including sham-PC), OGD insults resulted in reduced mitochondrial 

activity and increased LDH release, versus untreated controls (Figure 4.9). Both LDH 

and MTT assay revealed that some protection against OGD insult was conferred by 

OGD-PC (2, 4 h) and OD-PC (6 h), compared to sham-PC (same time point). There 

was no significant (p<0.05) between 2 h and 4 h OGD-PC induced protection. 

Compared to sham-PC, GD-PC (all time points) had no significant effects on primary 

rat neurons followed by 6h OGD.   
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Figure 4.9. Primary rat cortical neurons response to GD, OD, or OGD 

preconditioning (PC) and 24 hours reperfusion before 6 hours OGD. Primary 

neurons were exposed to sham-PC, GD-PC, OD-PC, or OGD-PC followed by 24 h 

reperfusion and 6 h OGD insult, except untreated control, C (full glucose and 

normoxia throughout). (A) Bar chart representing MTT assay results. Compared to 

untreated controls, all conditions showed reduced mitochondrial activity (p<0.01). All 

were similar to sham, except for significantly lower reduction (less toxicity) for OGD-

PC (2, 4 h) and OD-PC (6 h), versus sham-PC (same time point). (B) Bar graph 

representing LDH assay results. Compared to untreated control, all conditions 

showed greater LDH release (p<0.01). All were similar to sham, except for 

significantly lower LDH release for OGD-PC (2, 4 h) and OD-PC (6 h), versus sham-

PC (same time point). (For all graphs,* represents p <0.05 and **represents p < 0.01 

versus sham-PC (same time point); two-way ANOVA followed by Tukey’s post-hoc 

analysis; n=3).  
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Compared to untreated control (Map2: 10.2±3.1 dendrites per neuron, with each 

dendrite measuring 36.1±6.1µm), 6 h OGD insults resulted in changes in neuron 

morphology (Map2: sham-PC; consisted of 3.2±0.7 dendrites per neuron, with each 

dendrite measuring 3.2±1.6µm, p<0.05 versus untreated control; indicating neuron 

degradation). There was no significant improvement in neuron morphology in 

cultures subjected to GD-PC (2 h, 4 h, and 6 h) and OD-PC (2 h and 4 h). Compared 

to sham-PC, there was a significant (p<0.05) improvement in neuron morphology in 

2 h OGD-PC (11.1±2.8 dendrites per neuron, with each dendrite measuring 

38.1±4.1µm), 4 h OGD-PC (13.1±2.8 dendrites per neuron, with each dendrite 

measuring 36.6±6.9µm), and 6 h OD-PC (12.5±4.3 dendrites per neuron, with each 

dendrite measuring 37.4±5.1µm), indicating protective effect against OGD insult 

(Figure 4.10).  
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Figure 4.10. Fluorescence micrographs of primary rat cortical neurons 

subjected to GD, OD, or OGD preconditioning and 24 h reperfusion before 6 h 

OGD insult. Representative double merged micrographs of Map2 (FITC) and DAPI 

stained neuronal cultures following exposure to sham-PC, GD-PC, OD-PC, and 

OGD-PC followed by 24 h reperfusion and 6 h OGD insult, except control (normoxia 

throughout). Healthy culture (untreated control) consisted of neuronal nuclei (Map2+) 

surrounded by numerous dendrites. Sham-PC cultures preconditioned cultures 

consisted of neurons with reduced or no dendrites (Map2 degradation; neuron 

degeneration). GD-PC (2 h, 4 h, and 6 h) and OD-PC (2 h and 4 h) did not improve 
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the neuron morphology and consisted of neurons similar to sham-PC. OGD-PC (2 h 

and 4 h) and OD-PC (6 h) consisted of healthier neurons (similar to untreated 

control; numerous dendrites) indicating cytoprotective effect against 6 h OGD insult.  
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4.4     Discussion 

The experiments in this chapter were performed to determine the effectiveness of 

GD, OD, and OGD preconditioning in PC12 cells and primary neurons, assessed in 

terms of protective against OGD insult. Additionally, the expression of HIF1α and its 

downstream genes were evaluated, as they have been reported to play a crucial role 

in HPC- and IPC- induced tolerance.  

 

One of the most promising avenues of stroke research is the concept HPC and IPC, 

in which brief periods of hypoxia or ischaemia to the brain have shown to induce 

tolerance against a more severe insult (Zhang et al., 2009). IPC and HPC have 

shown promise in various in vivo and in vitro studies (Liu et al., 2009; Baranova et 

al., 2007; Sharp et al., 2004; Bernaudin et al., 2002; Dave et al., 2001; Miller et al., 

2001; Bergeron et al., 1999) by targeting various endogenous pathways, however, 

the precise mechanism remains unclear. Studies have commonly pointed out that 

the reprogramming of the endogenous transcription response to ischaemia induces 

the neuroprotective response, limiting the impact of an actual ischaemic event 

(Durukan and Tatlismuk, 2010; Ginsberg, 2008).  

 

As insufficient glucose and oxygen supply are representative of cerebral ischaemia 

(Fan et al., 2017), the effectiveness of preconditioning induced tolerance was studied 

against OGD insult. Preliminary studies (chapter 3) in PC12 cells and primary 

neurons revealed that 6 h of OGD (0.3% O2) resulted in significant cell death, 

therefore various time points of GD, OD, and OGD preconditioning treatments were 

studied against 6 h OGD. Following preconditioning, the cells were exposed to 24 h 

reperfusion. Both IPC and HPC induced tolerance require RNA translation and de 
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novo protein synthesis. Matsuyama et al., (2000) suggested that a period of 

reperfusion following IPC / HPC is essential to mediate de novo protein synthesis 

and neuroprotection 

 

For PC12 cells, preconditioning with GD (4 h and 6 h) was found cytoprotective 

against 6 h OGD insult. A shorter period (2 h) of GD preconditioning was not found 

protective. However, this was not the case in primary neurons, in which GD-PC (all 

durations) was not found protective. There is limited literature on GD-PC modulated 

neuroprotection, but one study found that transient GD of the heart confers 

preconditioning-like protection against a subsequent ischaemia / reperfusion injury in 

vivo (Awan et al., 2000).  

 

In PC12 cells, OD-PC (2, 4, and 6 h) was not found cytoprotective. A long period (6 

h) of OD-PC was found protective in primary neurons. As summarized in Table 4.2, 

HPC has shown promise against ischaemic insults in the heart and brain in vivo 

(Stevens et al., 2014; Sharp et al., 2004; Miller et al., 2001; Gidday et al., 1994) and 

in vitro (Bernaudin et al., 2002; Arthur et al., 2004). HPC has not been widely studied 

in PC12 cells. A study by Li-Ying et al., 2009 showed that HPC (48 hours, 10% O2) 

protected against acute anoxia induced necrosis in PC12 cells. In line with this study, 

Wick et al., 2002 found that exposure of cerebellar granule neurons to HPC for 9 

hours (but not 1-3 hours) resulted in a reduction of cell death following glutamate 

toxicity. Arthur et al., (2004) showed HPC for 25 minutes, 24 hours before OGD 

significantly reduced cortical neuronal death from 83% to 22% following 40 minutes 

OGD (0% O2; EBSS). Studies by Zhang et al., 2006; Sheng et al., 2014 found that 
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HPC protected cortical neurons against glutamate toxicity. Bickler et al., (2015) 

found HPC in hippocampus brain slices induced neuroprotective effects following 

OGD treatments. The duration (6 h) that was found cytoprotective in primary neurons 

correlated with HIF1α and HIF2α upregulation (chapter 3). As discussed previously, 

6 h (but not 2 and 4 h) of OD upregulated HIF1α, HIF2α proteins (and their 

downstream genes) in primary neurons. However, in PC12 cells, a much longer 

duration (24 h) of OD was required to significantly upregulate HIF1α and HIF2α. 

Various studies reported that HPC induced tolerance involved HIF protein 

expression and transcription of its target genes such as Epo and Vegf (Sharp et al., 

2004; Wick et al., 2002).  
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Table 4.2. Table summarizing the in vivo and in vitro studies that have 

explored the neuroprotective effects of HPC in cerebral ischaemia models.  

Study Model  Protocol of 

administration  

Outcome   

Gidday et al., 

1994 

Unilateral carotid 

artery ligation 

(neonatal rat 

pups) 

HPC (8% O2, 3 h), 

24 h before ligation  

Significant reduction in 

infarct size (34%) in HPC 

treated group. No evidence 

of necrosis in the 

hemisphere.  

Miller et al., 

2001 

Transient focal 

MCAO (Swiss-

Webster ND4 

mice) 

HPC (11% O2, 2 h), 

48 h before MCAO 

Significant reduction in 

infarct size (64%) in HPC 

treated group compared to 

the untreated group.  

Wick et al., 

2002 

Glutamate 

mediated 

excitotoxicity 

(Cerebellar 

granule neurons)  

HPC (5% O2, for 1, 

3, and 9 h), 24 h 

before glutamate 

treatment 

 

HPC (9 h) but not 1 h and 

3 h protected from cell 

death following glutamate 

toxicity.  

Bernaudin et 

al., 2002 

Permanent focal 

MCAO (Male 

adult Swiss mice)  

HPC (8% O2 for 1 h, 

3 h, or 6 h), 24 h 

before MCAO 

Significant reduction in 

infarct size (30%) in HPC 

treated group compared to 

the untreated group.  
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Arthur et al., 

2004 

OGD model 

(Primary rat 

cortical neurons) 

HPC (0% O2, 25 

minutes), 24 h 

before 40 minutes 

OGD (0% O2, 

EBSS).  

HPC prior to OGD 

significantly reduced cell 

death from 83% to 22% 

(necrosis) and 68% to 11% 

(apoptosis).  

Zhang et al., 

2006 

Glutamate 

mediated 

excitotoxicity 

(Primary rat 

cortical neurons) 

HPC (1% O2, 30 

minutes), 30 

minutes before 

glutamate 

treatment.   

HPC reduced glutamate-

induced neuronal injury.  

Li-Ying et al., 

2009 

Acute anoxia 

(PC12 cells)  

HPC (10% O2, 48 

h), 24 h before 

acute anoxia (0% 

O2, 24 h).   

HPC protected against 

acute anoxia induced 

necrosis in PC12 cells.  

Sheng et al., 

2014 

Glutamate 

mediated 

excitotoxicity 

(Primary rat 

cortical neurons) 

HPC (4% O2, 8 h), 

12 h before 

glutamate 

treatment.  

 

HPC reduced glutamate-

induced neuronal injury. 

Bickler et al., 

2015 

OGD model 

(Hippocampal 

brain slices) 

HPC (0% O2, 15-30 

minutes), 24 h 

before 1 h OGD (0% 

O2).  

 

HPC protected 

hippocampal neurons from 

OGD induced death. 
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In both PC12 cells and primary neurons, OGD-PC exhibited significant 

cytoprotection; however, the effect was time-dependent and varied between these 

two cell types. In PC12 cells, 4 h (but not 2 h) OGD-PC was cytoprotective; whereas 

in primary neurons, both 2 h and 4 h of OGD-PC protected against 6 h OGD insult. A 

previous study by Hillion et al., (2005) reported that IPC protected PC12 cells against 

a subsequent lethal OGD insult. Several studies have evaluated the effect of IPC in 

primary neurons in vitro (summarized in Table 4.3). IPC was studied against shorter 

periods of OGD insults in hippocampal neurons. Various studies have found that 

hippocampal CA1 neurons are more vulnerable to OGD induced cell death than 

cortical neurons (Koszegi et al., 2017; Bianco-Suarez and Hanley 2014). Some in 

vivo studies have explored IPC induced tolerance against MCAO (summarized in 

Table 4.3), however, RIPC is more clinically relevant. Studies have found that 

remote limb preconditioning was found protective against focal cerebral ischaemia 

(Hu et al., 2012; Hahn et al., 2011; Malhotra et al., 2011). Various in vivo and in vitro 

have shown that HIF1α mediated gene expression plays a pivotal role in IPC 

induced tolerance (Ruscher et al., 1998; Sharp et al., 2004; Tang et al., 2006; Jones 

et al., 2006; Dirnagl et al., 2009; Liu et al., 2009). As discussed in Chapter 3, HIF1α 

and HIF2α proteins and their downstream genes were significantly upregulated from 

4 h OGD onwards in PC12 cells; the time at which OGD-PC was found protective in 

this study. In primary neurons, 2 h of OGD was sufficient to upregulate HIF1α. The 

protective effect of OGD-PC correlated with HIF1α upregulation in primary neurons 

and PC12 cells.  
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Table 4.3. Table summarizing the in vivo and in vitro studies that have 

explored the neuroprotective effects of IPC in cerebral ischaemia models.  

Study Model  Protocol of 

administration  

Outcome   

Kitagawa et 

al., 1990 

Global ischaemia 

(Gerbils) 

Two 2 minutes 

global ischaemia, at 

a 1 day interval 2 

days before 5 

minutes ischaemic 

insult 

Animals pre-treated with 2 

minutes of global brain 

ischemia showed marked 

protection against CA1 

neuronal loss after 5 

minutes global ischemia.  

Ruscher et 

al., 1998 

OGD model 

(Primary rat 

cortical neurons) 

OGD (0% O2, 60 

minutes), 24 h 

before 90 minutes 

OGD insult 

OGD preconditioning 

protected primary neurons 

from OGD insult induced 

cell death.  

Stagliano et 

al., 1999 

MCAO model 

(mice) 

One, or three 5 

minute episodes of 

global ischaemia, 30 

minutes before 1 h 

(transient) or 24 h 

(permanent) MCAO  

Brief MCAO induced 

protection (reduced 

volume) against transient 

and permanent MCAO.  

 

Tauskela et 

al., 2003 

OGD model 

(Primary rat 

cortical neurons) 

OGD (0% O2, 60-70 

minutes), 24 h 

before 75-90 

minutes OGD insult 

OGD preconditioning 

protected primary neurons 

from OGD insult induced 

cell death.   
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Hillion et al., 

2005 

OGD model 

(PC12 cells) 

OGD (2% O2, 6 h), 

24 h before 15 h 

OGD insult 

OGD preconditioning 

protected PC12 cells from 

OGD insult induced cell 

death.   

Gaspar et al., 

2006 

OGD model 

(Primary rat 

cortical neurons) 

9 h energy 

deprivation (glucose 

and amino acids), 

24 h before 3 h 

OGD (0% O2)  

Cell viability was greater in 

energy deprivation group 

(80.1 ± 1.27%) compared 

to the untreated group 

(33.1 ± 0.52%).  

Gao et al., 

2015 

OGD model 

(Primary mouse 

hippocampal 

neurons) 

OGD (0% O2, 15 

minutes), 24 h 

before 55 minutes 

OGD insult 

Cell viability was greater in 

OGD preconditioned group 

(77.3%) compared to the 

untreated group (51.5%).   

Keasey et al., 

2016 

OGD model 

(Primary rat 

hippocampal 

neurons) 

OGD (0% O2, 30 

minutes), 24 h 

before 90 minutes 

OGD insult 

Cell viability was greater in 

OGD preconditioned group 

(75%) compared to the 

untreated group (51%).   
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In addition to the HIF pathway, various pathways have been reported to play an 

important role in IPC induced tolerance in primary neurons. Zhang et al., (2006) 

found that IPC induced protection in primary rat neurons via δ-opioid receptor 

activation. In primary neurons, it was also found that phosphatidylinositol-3 kinase / 

protein kinase B (PI3K / Akt) plays an important in IPC induced tolerance 

(Constantino et al., 2018). A study by Lin et al., 2011 reported that IPC mediated 

tolerance in mixed neuron / astrocyte culture via signal transducers and activators of 

transcription (STAT3) activation following ε protein kinase C (εPKC) and extracellular 

signal-regulated kinase (ERK1 / 2) activation. Although IPC induced tolerance is very 

promising, the underlying mechanism seems to be an interplay between various cell 

signalling pathways, and therefore concluding to one particular mechanism would be 

unrealistic. The studies performed in this Chapter were mainly to characterise 

ischaemic tolerance in PC12 cells and primary neurons for further studies involving 

pharmacologically induced ischaemic tolerance via HIF inducers (Chapter 5).  

 

Cytoprotection by GD-PC but not OD-PC in PC12 cells was intriguing, therefore 

further studies were performed by preconditioning cells with varying glucose 

concentrations (0, 0.565, 1.125, 2.25, 4.5 g / L) in both normoxia and hypoxia to 

determine whether glucose concentrations play a vital role in IPC induced tolerance. 

As discussed in Chapter 3, brain glucose levels range from 0.82 to 2.4 mM, therefore 

the media containing 0.5 g / L (2.8 mM) most closely mimics in vivo glucose levels in 

the brain, whilst all other dilutions contain relatively higher glucose levels than in 

vivo. Greater MTT activity was found, in both normoxia and hypoxia preconditioned 

cells with 0-0.565 g / L of glucose. LDH assay results were slightly different, where 

both normoxic and hypoxic preconditioned cells with 0-2.25 g / L of glucose 
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significantly reduced LDH release. Similar to MTT assay results, preconditioning in 

the absence of both glucose and oxygen (OGD-PC) (hypoxia, 0 g / L glucose) was 

found to be the most cytoprotective. Similarly, significantly greater cell viabilities 

were found in GD-PC (normoxia, 0 g / L) and OGD-PC (hypoxia, 0 g / L). To confirm 

these findings, apoptotic and necrotic cell death was studied using flow cytometric 

analysis. There was a significant reduction in % of apoptotic cells and greater % of 

viable cells in GD-PC (~35%) and OGD-PC (~20%) in comparison to sham-PC 

(~50%). Interestingly, all three assays and flow cytometry showed a protective effect 

against 6 h OGD insults in PC12 cells by GD-PC and OGD-PC. Thus, indicating the 

absence of glucose plays a vital role in IPC induced tolerance in PC12 cells. HIF1α 

was only upregulated by 4 h OGD (0.3 % O2, 0 g / L glucose) in PC12 cells. Also, 

HIF1α downstream genes such as Vegf, Glut1, Pfkfb3, and Ldha were significantly 

upregulated by 4 h OGD only; therefore the protective effect of GD-PC may not 

attribute to HIF activity.  

 

It is worth noting that the PC12 cell line used in this study is a rat adrenal medulla 

cancer cell line. It has been observed that in various cancer cells, glucose-

dependent glycolysis is enhanced and oxidative phosphorylation capacity is reduced. 

As proposed by Otto Warburg (“Warburg effect”), cancerous cells rely on glycolysis 

due to the permanent impairment of mitochondrial oxidative phosphorylation for the 

product of lactate for energy (Potter, 2016). Some cancer genes, such as Ras, cMys, 

and P53 were involved in the regulation of Warburg effect (Dang and Semenza 

1999). Therefore, PC12 cells could be more sensitive to GD, and less sensitive to 

OD compared to other cells, e.g. neurons (Teng et al., 2006). The Warburg effect 
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therefore could play an important role in the GD preconditioning induced tolerance 

we observed in PC12 cells and warrants further investigation.  

 

Key findings: 

 Preconditioning with sub-lethal OGD induced ischaemic tolerance in PC12 

cells and primary rat neurons.  

 Preconditioning with sub-lethal GD was protective in PC12 cells but not 

primary rat neurons.  

 Glucose concentration in preconditioning is inversely related to the level of 

protection conferred in PC12 cells.  

 HIF1α  and downstream gene upregulation are associated with OGD – (but 

not GD-) induced ischaemic tolerance  

 

In conclusion, preconditioning PC12 cells and primary rat neurons with OGD 

followed by reperfusion protected the cells against a subsequent OGD insult. Longer 

periods of OD preconditioning were cytoprotective in primary neurons but not PC12 

cells. Both OD and OGD induced tolerance involved HIF1α upregulation. GD 

induced ischaemic tolerance in PC12 cells but not primary neurons; PC12 cells 

being cancer cells have different metabolism such as Warburg effect. GD induced 

tolerance was HIF-independent and understanding the underlying mechanism would 

be beneficial.  
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Chapter 5. 

Characterizing a panel of novel prolyl hydroxylase 

(PHD) inhibitors in ischaemic tolerance in PC12 cells 

and primary neurons 
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5.1     Introduction 

As discussed in Section 1.5.3, HIFs are regulators of acute cellular responses to 

hypoxia in mammals. HIF mediated responses involve increases in the expression of 

multiple genes in a context-dependent manner, including those associated with 

glycolysis, erythropoiesis, and angiogenesis (Wilkins et al., 2016). Under normoxic 

conditions, efficient catalysis by the ferrous iron and 2-oxoglutarate (2OG) 

dependent PHDs (1-3 in humans) promotes binding of HIF1α to the VHL tumour 

suppressor protein, resulting in proteasomal degradation of HIF1α (Schofield and 

Ratcliffe, 2004). During hypoxia, PHD activity is reduced resulting in the stabilization 

and accumulation of HIF1α in the cytoplasm, which then translocates to the nucleus 

forming the HIF1 transcription factors that upregulate expression of multiple genes 

(Kaelin and Ratcliffe, 2008). The array of genes targeted by the HIF system makes it 

an appealing pharmacological target. 

 

Despite being discovered 20 years ago, the role of HIF in stroke pathophysiology 

remains debatable. Neuron-specific HIF1α knock out (KO) in mice resulted in a 

worse neurological outcome and larger infarct volume following 30 minutes middle 

cerebral artery occlusion (MCAO) (Baranova et al., 2007), however, neuron-specific 

HIF1α KO mice had better neurological outcomes after 75 minutes global ischaemia 

(Helton et al., 2005). Single HIF1α or HIF2α KO mice had a similar infarct volume 

following MCAO compared to the respective wild type mice, possibly due to mutual 

compensation (Barteczek et al., 2017). Double HIF1α and HIF2α KO resulted in 

significant impairment 72 h after MCAO, suggesting that HIF is involved in functional 

recovery after cerebral ischaemia (Barteczek et al., 2017). Indirect induction of HIF, 

via genetic ablation of PHD1 or PHD2, reduced infarct volume, and improved 



190 
 

sensorimotor function following transient ischaemia (Quaegebeur et al., 2016). It is 

postulated that pharmacological inhibition of PHD2, and / or PHD1 could stimulate 

adaptations that protect against damage from ischaemic stroke (Davis et al., 2018).  

A pharmacological approach for ischaemic tolerance is clinically appealing due to its 

non-invasive application. Currently, no available drug specifically inhibits a single 

PHD isoform. Researchers are currently focusing on generating inhibitors targeting 

PHD2, as it is proposed to be the most important PHD isoform in regulating HIF1α 

levels in normoxia (Yeh et al., 2017). 

 

Pharmacological PHD inhibition mediated HIF upregulation is currently being studied 

for the treatment of several diseases including anaemia, ischaemic stroke, and 

wound healing (Davis et al., 2018). Currently, four PHD inhibitors: FG4592 

(Roxadustat) from FibroGen, GSK1278863 (Daprodustat) from GlaxoSmithKline, 

Bayer85-3934 (Molidustat) from Bayer, and AKB-6548 (Vadadustat) from Akebia are 

in clinical use or trials for anaemia treatment in patients with CKD (Ariazi et al., 2017; 

Yeh et al., 2017; Chan et al., 2016).  

 

As summarised in Section 1.5.3, several PHD inhibitors (DMOG, DFO, DHB, CoCl2) 

have been studied in stroke models either in vivo or in vitro, where these compounds 

showed neuroprotective effects following an ischaemic insult (Ogle et al., 2012; 

Nagel et al., 2011; Davis et al., 2018). However, these compounds are not suitable 

for clinical use due to their multiple targets. Novel PHD inhibitors such as (FG4497, 

GSK360A, IOX3) also showed neuroprotective effects (Chen et al., 2014; Reischl et 

al., 2014; Zhao and Rempe., 2011).  
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In this chapter, the effectiveness of three novel clinical PHD inhibitors (FG4592, 

GSK1278863, Bayer85-3934) alongside FG2216 and DMOG a non-specific 2OG 

analogue, were studied on the previously established (chapter 3) OGD model in 

PC12 cells. Upon establishing protective effects on PC12 cells, the effects of 

FG4592 and DMOG were also evaluated in primary rat cortical neurons. In addition 

to their effectiveness, the effects of PHD inhibitors were evaluated on HIF1α, HIF2α, 

and autophagic (Lc3b, p62) proteins. Additionally, the effects of the PHD inhibitors 

were also studied on hypoxia downstream genes. Only FG4592 was pursued in 

primary neurons, as it was the most clinically advanced PHD inhibitor during this 

study (Table 2.1). So far the PHD inhibitors (such as DMOG, DFO, CoCl2) evaluated 

in vitro and in vivo have several off-target effects, however, the novel PHD inhibitors 

(FG4592, GSK1278863, Bayer85-3934) were found safe in phase 2 clinical trials, 

therefore have a great potential for clinical use in ischaemic stroke if found effective. 

The novel class of PHD inhibitors that are currently in clinical trials for anaemia 

(Table 2.1) have not yet been explored in ischaemic stroke models. A study by Chen 

et al. (2014), found preconditioning with IOX3 (FG2216), 24 h before ischaemic insult 

protective against ischaemic damage. Table 2.1 summarizes the status of the clinical 

trials of the novel PHD inhibitors (FG4592, GSK1278863, and Bayer85-3934) 

pursued in this chapter.  
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Table 5.1. Clinical trial status of novel PHD inhibitors  

PHD 

inhibitors 

Most recently 

completed trials 

Results Ongoing trials and 

status 

Daprodustat 

(GSK1278863) 

Japan, phase 3, 52 

weeks, randomized, 

double-blind, parallel-

group (Darbepoetin Alfa), 

to evaluate efficacy and 

safety of daprodustat 

versus Darbepoetin Alfa 

in patients with anaemia 

in HDD-CKD (n=271) 

(NCT02969655) 

 

Oral daprodustat 

met its primary 

endpoint of non-

inferiority to 

darbepoetin alfa. 

Mean change in Hb 

to evaluation period: 

Daprodustat groups 

+ 10.89 g / dL, 

Darbepoetin Alfa 

+10.83 g / dL 

Phase III trials: 

Ascend-D 

(NCT02879305) and 

ASCEND-ND 

(NCT02876835) 

Filed in Japan for 

clinical use  

 

Roxadustat 

(FG4592) 

26 countries, OLYMPUS, 

phase 3, 52 weeks, 

randomized, double-

blind, placebo-controlled 

trial to evaluate the 

efficacy and safety of 

roxadustat versus 

placebo for the treatment 

of NDD patients with 

OLYMPUS: Oral 

roxadustat met its 

efficacy endpoint.  

Mean change in Hb 

to evaluation period: 

Roxadustat groups 

+ 1.85 g / dL, 

placebo +0.13 g / dL 

(p<0.001)  

 

Roxadustat is 

currently approved in 

China for the 

treatment of anaemia 

in patients with CKD, 

regardless of 

whether they require 

dialysis, and in 

Japan for the 

treatment of dialysis 
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anaemia in CKD 

(n=2,781).  

 

18 countries, ROCKIES, 

phase 3, 52 weeks, 

randomized, open-label, 

active-controlled trial to 

evaluate efficacy and 

safety of roxadustat 

versus epoetin alfa for 

the treatment of patients 

with anaemia in DD-CKD 

(n=2,133).  

 

ROCKIES: Oral 

roxadustat met its 

primary endpoint of 

non-inferiority to 

epoetin alfa.  

Mean change in Hb 

to evaluation period: 

Roxadustat groups 

+ 1.22 g / dL, 

epoetin alfa +0.99 g 

/ dL (p<0.001)  

patients with 

anaemia from CKD 

 

Molidustat 

(Bayer85-

3934) 

15 countries, phase 2b, 

16 weeks, randomized, 

double-blind placebo-

controlled (n=121) 

(NCT02021370) 

 

13 countries, phase 2b, 

16 weeks, randomized, 

open-label, active 

comparator (Darbepoetin 

Alfa) (n=124) 

(NCT02021409) 

Oral molidustat 

increased Hb in 

NDD CKD patients 

in a dose-dependent 

fashion of at least 

1.14 g / dL, 

compared to 0.09 g / 

dL increase in 

placebo (p<0.001) 

Mean change in Hb 

to evaluation period: 

Molidustat groups + 

Ongoing phase 3 

trials: Miyabi ND-C 

(NTC03350321) and 

Miyabi HD-M 

(NTC035443657) 
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0.46 g / dL, 

Darbepoetin Alfa 

+0.18 g / dL 

(p<0.001) 

 

5.2     Materials and methods  

PC12 cells and primary rat cortical neurons were cultured according to procedures 

described in Section 2.2.  

5.2.1  Drug administration  

The PHD inhibitors (DMOG, FG2216, FG4592, GSK1278863, Bay 85–3934) and an 

autophagy inducer (rapamycin) were initially dissolved in DMSO (final concentration 

of 1%) and subsequently diluted in the treatment appropriate culture medium to the 

indicated concentrations. To analyse the cytoprotective effects of the PHD inhibitors, 

final concentrations of 1, 10, 50 or 100 µM were applied in PC12 cells. Additionally, 

DMOG was studied at the final concentrations of 1, 10, 50, 100, 250, 500, 1000, and 

2000µM. The effect of rapamycin was studied at a final concentration of 1 and 

10 µM. In primary rat cortical neurons, the PHD inhibitors DMOG (100, 250, 500, 

1000, and 2000µM) and FG4592 (1, 10, 30, 50, 100, and 200µM) were studied at 

varying concentrations as indicated. For the vehicle control group, a final 

concentration of 1% (v / v) aqueous DMSO was used throughout. To study the 

cytotoxicity of PHD inhibitors initial experiments involved exposure for 24 h to varying 

concentrations during normoxia in ‘complete’ medium. 
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5.2.2  Treatment protocol 

Initially, the effects of 24 h treatments (complete media, normoxia) with the PHD 

inhibitors were evaluated on cell viability, apoptosis, proteins (HIF1α, HIF2α, Lc3b, 

Beclin1, p62) and hypoxic genes in PC12 cells and primary neurons (Figure 5.1).   

 

Figure 5.1. Timeline for studying the safety of PHD inhibitors. In PC12 cells and 

primary neurons, 24 h treatment with PHD inhibitors versus 1% DMSO (normoxia, 

complete media) were evaluated on cell viability, apoptosis, protein, and hypoxic 

gene expression. (Image produced using Biorender). 

 

Three different treatment protocols were implemented in PC12 cells. The 

cytoprotective effects of PHD inhibitors were tested against 6 h OGD (0.3% O2) 

insults in the following protocols. At the end of each treatment condition, cell viability 

(MTT, LDH, and trypan blue assay) was measured. For all experiments, positive 

controls (untreated control, C) were treated with 1% DMSO identically but 

maintained in normoxia (complete medium) throughout the treatment.  
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(1) PHD inhibitors in conjunction with OGD insult (acute effect): The complete 

media was aspirated from the cell cultures. The cells were washed twice with 

glucose-free media. PHD inhibitors or 1% DMSO were added directly to the 

OGD media at the start of 6 h OGD insult (Figure 5.2).  

 

Figure 5.2. Timeline for PHD inhibitors effects during OGD. DMSO or PHD 

inhibitors were added directly to the OGD media and treated for 6 h (0.3% O2, 

hypoxia chamber). The cells were maintained in 1% DMSO (normoxia) as a positive 

control. (Image produced using Biorender). 
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(2) Preconditioning: The complete media was aspirated from the cell cultures and 

replaced with fresh complete media. PHD inhibitors or 1% DMSO were added 

to the complete media and incubated for 24 h (normoxia). This was followed 

by a 6 h OGD insult. For OGD, complete media was aspirated, cells rinsed 

twice with glucose-free medium, and incubated with glucose-free media 

(Figure 5.3).  

 

Figure 5.3. Timeline for effects of preconditioning with PHD inhibitors followed 

by OGD insult. PC12 cells were incubated with 1% DMSO or PHD inhibitors for 24 

h (normoxia, complete media), followed by 6 h OGD insult (0.3% O2, hypoxia 

chamber). The cells were incubated with 1% DMSO (normoxia) for 24 h followed by 

6 h normoxia (complete media) as a positive control. (Image produced using 

Biorender). 
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(3) Preconditioning with reversion: The complete media was aspirated from the 

cell cultures and replaced with fresh complete media. PHD inhibitors or 1% 

DMSO were added to the complete media and incubated for 24 h (normoxia). 

After 24 h the PHD inhibitors / DMSO was aspirated and cells were reverted 

to normoxia (complete media in normoxia) for 24 h. followed by a period of 

reperfusion (24 h in normoxia). This was followed by a 6 h OGD insult. For 

OGD, complete media was aspirated, cells rinsed twice with glucose-free 

medium, and incubated with glucose-free media (Figure 5.4).  

 

Figure 5.4. Timeline for effects of preconditioning with PHD inhibitors followed 

by reversion and OGD insult. PC12 cells were incubated with 1% DMSO or PHD 

inhibitors for 24 h (normoxia, complete media), followed by 24 h reversion (normoxia, 

complete media) and 6 h OGD insult (0.3% O2, hypoxia chamber). The cells were 

incubated with 1% DMSO (normoxia) for 24 h followed by normoxia as a positive 

control. (Image produced using Biorender). 
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In primary neurons, only treatment protocol 3 (preconditioning with reperfusion, 

Figure 5.4) was pursued. Primary neurons were preconditioned with the PHD 

inhibitors for 24 h (complete media; normoxia), followed by a period of 24 h reversion 

(complete media; normoxia). For reversion, the media containing PHD inhibitors 

were replaced with complete medium (100%). This was followed by a 6 h OGD 

(0.3% O2) insult. For OGD, complete media was aspirated, cells rinsed twice with 

glucose-free medium, and incubated with glucose-free media.  

Cell viability (MTT, LDH, and trypan blue exclusion assay; Section 2.5), apoptosis 

(PC12 cells only; Section 2.5), morphological changes (IF staining; section 2.8), 

gene expression (Section 2.6), and protein expression (Section 2.7) were evaluated 

in PC12 cells and primary neurons.  
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5.3     Results 

5.3.1  Effects of DMSO on PC12 cell viabilities in normoxia 

Initial studies were performed to determine the non-cytotoxic concentration of 

DMSO. DMSO is a redox-active small molecule that could contribute to cell death 

(Hill, 2014). The effects of a range of DMSO concentrations (0.5%-10%) were 

evaluated in PC12 cells. Compared to control (0%), 5% and 10% DMSO resulted in 

a significant reduction in mitochondrial activity and an increase in LDH release. 

Compared to 5% DMSO, the mitochondrial activity was significantly (p<0.01) lower 

and LDH release was significantly higher (p<0.01) in 10% DMSO treated cells. All 

the other concentrations (0.5%, 1%, and 2%) had no significant effects on 

mitochondrial activity and LDH release compared to control (0% DMSO) (Figure 5.5). 

A final concentration of 1% DMSO was used in all experiments to dissolve the PHD 

inhibitors. 
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Figure 5.5. Effects of DMSO on PC12 cell viability. Bar graphs representing PC12 

cells viabilities following 24 h treatment with indicated DMSO concentrations. (A) 

MTT assay revealed a significant reduction in mitochondrial activity by 5 and 10% 

DMSO compared to no DMSO (0%). (B) LDH assay revealed a significant increase 

in LDH release by 5 and 10% DMSO compared to no DMSO (0%). (For all graphs, ** 

represents p < 0.01 versus 0% DMSO; One-way ANOVA followed by Tukey’s post-

hoc analysis; n=3) 
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5.3.2  Effects of PHD inhibitors on PC12 cell viabilities and apoptosis 

The effects of varying concentrations of the PHD inhibitors: FG2216, FG4592, 

GSK1278863, Bayer85-3934, and DMOG for 24 h (normoxia) were assessed on 

PC12 cell viabilities (Figure 5.1). 

 

Compared to 1% DMSO, there was a significant reduction in mitochondrial activity by 

DMOG (250, 500, 1000, and 2000 µM). DMOG (100µM) did not alter mitochondrial 

activity compared to 1% DMSO (Figure 5.6A). Compared to 1% DMSO, there was a 

significant increase in LDH release (Figure 5.6B) and reduction in cell viability 

(trypan blue assay; Figure 5.6C) by DMOG (500, 1000, and 2000 µM). DMOG (100 

and 250 µM) did not alter LDH release or cell viability compared to 1% DMSO.   

 

Compared to 1% DMSO, there was a significant reduction in mitochondrial activity by 

FG4592 (100µM) and Bayer85-3934 (50 and 100µM). There were no significant 

differences in mitochondrial activity in 50µM versus 100µM Bayer85-3934 treated 

cells. Compared to 1% DMSO, there were no significant changes in mitochondrial 

activity by FG2216, GSK1278863, and all other concentrations (1 and 10µM) of 

FG4592, Bayer85-3934 (Figure 5.7A). Compared to 1% DMSO, there were no 

significant changes in LDH release (Figure 5.7B) and cell viability (trypan blue assay; 

Figure 5.7C) by FG2216, FG4592, GSK1278863, and Bayer85-3934 (at all the 

concentrations studied).  
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Figure 5.6. Effect of DMOG on PC12 cells during normoxia. Bar graphs 

representing PC12 cells viabilities following 24 h treatment with 1% DMSO (0) and 

DMOG (1, 50, 100, 250, 500, 1000, and 2000 µM) (A) MTT assays revealed a 

significant reduction in mitochondrial activity by 250, 500, 1000, and 2000 µM of 

DMOG compared to 1% DMSO. (B) LDH assays revealed a significant increase in 

LDH release by 500, 1000, and 2000 µM of DMOG compared to 1% DMSO. (C) 

Trypan blue exclusion assay revealed a significant reduction in cell viability by 500, 

1000, and 2000 µM of DMOG compared to 1% DMSO. (For all graphs,* represents p 

< 0.05 and ** represents p < 0.01 versus 1% DMSO; One-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3 
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Figure 5.7. Effect of PHD inhibitors on PC12 cells during normoxia. Bar graphs 

representing PC12 cell viabilities following 24 h treatment with 1% DMSO and the 

PHD inhibitors (FG4592, FG2216, GSK1278863, Bayer85-3934). (A) MTT assays 

revealed a significant reduction in mitochondrial activity by 100µM FG4592 and 

50µM / 100µM of Bayer85-3934 compared to 1% DMSO. (B) LDH assays revealed 

no significant changes in LDH release with all concentrations of PHD inhibitors 

studied. (C) Trypan blue exclusion assay revealed no significant changes in cell 

viability by all concentrations of PHD inhibitors. (For all graphs, ** represents p < 0.01 

versus 1% DMSO; Two-way ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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The effects of 24 h treatment with PHD inhibitors (100µM) were evaluated on PC12 

cells apoptosis using flow cytometry (Annexin-V and 7-AAD). Compared to 1% 

DMSO, 100µM treatment with all the PHD inhibitors did not alter the % of viable (AV- 

/ 7-AAD-), early apoptotic (AV+ / 7-AAD-), and necrotic cells (AV+ / 7-AAD+), the 

majority of cells (~90%) were viable (Figure 5.8).  
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Figure 5.8. PC12 cells apoptosis in response to PHD inhibitors in normoxia for 

24 h. PC12 cells were cultured and incubated in normoxia for 24 h with the PHD 

inhibitors (100µM) (A) Representative dot plots of Annexin-V / 7-AAD FACS analysis 

of cells treated with the 1% DMSO and the PHD inhibitors. Cells in the lower left 

quadrant represent viable cells, cells in the lower right quadrant represent early 

apoptosis, and cells in the upper right quadrant represented necrosis. (B) Bar graph 

representing % of viable (AV- / 7-AAD-) cells, % of early apoptotic cells (AV+ / 7-AAD-

), and % necrotic cells (AV+ / 7-AAD+); out of % of total cells. (p > 0.05, Two-way 

ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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5.3.3  Effects of PHD inhibitors on autophagy in PC12 cells 

The effects of 24 h treatment with the PHD inhibitors (100µM) were studied on 

autophagic markers (Lc3b, p62, and Beclin1) (Figure 5.9). Rapamycin, an 

established, autophagy inducer, was used in addition to the PHD inhibitors. 

Compared to 1% DMSO, there was a significant increase in Lc3b-II / Lc3b-I ratio and 

reduction in p62 in cells exposed to Rapamycin (1 and 10µM). There was a 

significant increase in the Lc3b-II / Lc3b-I in cells exposed to DMOG, FG2216, 

FG4592, GSK1278863, and Bayer85-3934 compared to 1% DMSO. Compared to 

1% DMSO, p62 was significantly downregulated in cells exposed to DMOG, 

FG2216, FG4592, GSK1278863, and Bayer85-3934. Compared to 1% DMSO, there 

was a significant increase in Beclin1 expression in cells exposed to FG4592, 

GSK1278863, and Bayer85-3934 but not Rapamycin, DMOG, and FG2216.  
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Figure 5.9. Effect of PHD inhibitors on autophagic markers. (A) Representative 

Lc3b-II / Lc3b-I ratio, p62, and Beclin1 immunoblots alongside β-actin of cells treated 

with 1% DMSO, PHD inhibitors (100µM), and Rapamycin (1µM and 10µM) for 24 h 

in normoxia. (B) Bar graphs representing normalised Lc3b-II / Lc3b-I ratio. 

Compared to 1% DMSO, Lc3b-II / Lc3b-I ratio was significantly upregulated by 

Rapamycin (1µM and 10µM) and all the PHD inhibitors (100µM). (C) Bar graphs 

representing normalised p62 expression. Compared to 1% DMSO, p62 was 

significantly degraded by Rapamycin (1µM and 10µM) and all the PHD inhibitors 

(100µM). (C) Bar graphs representing normalised Beclin1 expression. Compared to 

1% DMSO, Beclin1 was upregulated by DMOG, FG4592, GSK1278863, and 

Bayer85-3934. (For all graphs,* represents p < 0.05 and ** represents p < 0.01 versus 

1% DMSO; One-way ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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5.3.4  Effects of PHD inhibitors on HIF1α and HIF2α expression in PC12 cells  

The effects of 24 h treatment with the PHD inhibitors (100µM) were studied on HIF1α 

and HIF2α expression. Compared to 1% DMSO, HIF1α was significantly upregulated 

by 100µM of all the PHD inhibitors (FG2216, FG4592, GSK1278863, and Bayer85-

3934) except DMOG (Figure 5.10B). There were no significant changes in HIF2α 

expression by 100µM of all the PHD inhibitors compared to 1% DMSO (Figure 

5.10C). As 100µM of DMOG did not upregulate HIF1α and HIF2α, further studies 

were performed with higher concentrations of DMOG (500, 1000, and 2000µM). 

Compared to 1% DMSO, HIF1α was significantly upregulated in cells exposed to 

1000 and 2000µM of DMOG (Figure. 5.11B). HIF2α was significantly upregulated in 

cells exposed to 2000µM of DMOG (versus 1% DMSO) (Figure. 5.11C).  
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Figure 5.10. Effects of PHD inhibitors on HIF1α and HIF2α expression in PC12 

cells. (A) Representative HIF1α and HIF2α immunoblots were shown with those for 

β-actin of cells treated with 1% DMSO or 100µM of the indicated PHD inhibitors for 

24 h in normoxia. (B) Bar graphs representing normalised HIF1α expression. 

Compared to 1% DMSO, HIF1α expression was significantly higher in cells exposed 

to 100µM of all PHD inhibitors except DMOG. (C) Bar graphs representing 

normalised HIF2α expression. There were no significant changes in HIF2α 

expression by all the PHD inhibitors. (For all graphs, ** represents p < 0.01 versus 1% 

DMSO; One-way ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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Figure 5.11. Effects of DMOG on HIF1α and HIF2α expression in PC12 cells. (A) 

Representative Hif1α and Hif2α immunoblots were shown with those for β-actin of 

cells treated with 1% DMSO and DMOG (100, 500, 1000, and 2000µM) for 24 h in 

normoxia. (B) Bar graph representing normalised HIF1α expression. Compared to 

1% DMSO, HIF1α expression was significantly higher in cells exposed to 1000 and 

2000µM of DMOG. (C) Bar graph representing normalised HIF2α expression. 

Compared to 1% DMSO, HIF2α expression was significantly higher in cells exposed 

to 2000µM of DMOG. (For all graphs, ** represents p < 0.01 versus 1% DMSO; One-

way ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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5.3.5  Effects of PHD inhibitors on gene expression in PC12 cells 

Using qRT-PCR, the effects of PHD inhibitors (100µM) were studied on hypoxic 

genes in PC12 cells (Figure 5.12). Compared to 1% DMSO, Hif1α expression was 

not significantly altered by all the PHD inhibitors. Bnip3 was significantly upregulated 

by FG4592 and Bayer85-3934 with fold changes of 8 and 9, respectively 

compared to 1% DMSO. Vegf was upregulated in PC12 cells subjected to FG4592 

(~28 folds) and Bayer85-3934 (~21 folds) compared to 1% DMSO. Compared to 1% 

DMSO, Phd2 was mildly upregulated by the PHD inhibitors, but a significant fold 

change was only seen by FG4592 (~5 folds). Compared to 1% DMSO, Pfkfb3 was 

significantly upregulated by DMOG (~8.5 folds), FG2216 (~7 folds), FG4592 (~9 

folds), GSK1278863 (~6 folds), and Bayer85-3934 (~7.5 folds), while Pfkfb1 

expression was not significantly altered. Significant Ldha upregulation was observed 

with FG2216 (~5 folds), GSK1278863 (~5 folds), and Bayer85-3934 (~2 folds) 

compared to 1% DMSO.  
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Figure 5.12. Effects of PHD inhibitors on hypoxic genes in PC12 cells. Bar 

graphs representing normalised PC12 cells gene expression in response to 100µM 

PHD inhibitors in normoxia for 24 h. Compared to 1% DMSO, there were no 

significant changes in Hif1α (A) expression by all the PHD inhibitors. Compared to 

1% DMSO, Phd2 (B) was only significantly upregulated by FG4592. Compared to 
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1% DMSO, Bnip3 (C) and Vegf (D) were significantly upregulated by FG4592 and 

Bayer85-3934. Compared to 1% DMSO, there were no significant changes in Pfkfb1 

(E) expression by all the PHD inhibitors. Compared to 1% DMSO, all the PHD 

inhibitors studied significantly upregulated Pfkfb3 (F). Compared to 1% DMSO, 

FG2216, GSK1278863, and Bayer85-3934 significantly upregulated Ldha (G). The 

gene expression was measured against the housekeeping gene β-actin and 

normalised to 1% DMSO. Dotted line represents basal gene expression. (For all 

graphs, * represents p < 0.05 and ** represents p < 0.01 against 1% DMSO; One-way 

ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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5.3.6  Effect of PHD inhibitors in PC12 cells against acute OGD insult 

The PHD inhibitors (100µM: DMOG, FG2216, FG4592, GSK1278863, and Bayer 85-

3934) were administered into PC12 cells immediately before 6 h OGD insult (Figure 

5.2). Compared to untreated control, none of the PHD inhibitors (100µM) improved 

mitochondrial activity, reduced LDH release, or improved cell viability compared to 

1% DMSO treated cells. Treatment with PHD inhibitors in conjunction with OGD was 

not effective in PC12 cells (Figure 5.13).  
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Figure 5.13. The effect of PHD inhibitors on PC12 cells during 6 h OGD insult. 

Bar graphs representing cell viabilities of PC12 cells exposed to PHD inhibitors 

(100µM) in conjunction with 6 h OGD insult. Untreated control (C) were maintained in 

normoxia throughout (positive control). (A) MTT assay (B) LDH assay and (C) 

Trypan blue assay. Results revealed that treatment of PC12 cells with PHD inhibitors 

in conjunction with 6 h OGD insult did not protect the cells compared to untreated 

control. (For all graphs, p > 0.05 against 1% DMSO treated cells; One-way ANOVA 

followed by Tukey’s post-hoc analysis; n=3). 
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5.3.7  Effects of preconditioning with PHD inhibitors against OGD insult  

          in PC12 cells 

The effects of preconditioning (24 h) with 100µM PHD inhibitors (DMOG, FG2216, 

FG4592, GSK1278863, and Bayer 85-3934) were evaluated against 6 h OGD insult 

(Figure 5.3) in PC12 cells. Compared to 1% DMSO preconditioned cells, there was 

no improvement in mitochondrial activity, cell viability or reduction in LDH release in 

cells preconditioned with the PHD inhibitors prior to 6 h OGD insult (Figure 5.14).  
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Figure 5.14. The effect of preconditioning with PHD inhibitors on PC12 cells. 

Bar graphs representing cell viabilities of PC12 cells exposed to 24 h of PHD 

inhibitors (100µM) followed by subsequent 6 h OGD insult. Untreated control (C) 

were maintained in normoxia throughout (positive control). (A) MTT assay (B) LDH 

assay and (C) Trypan blue assay. Results revealed that compared to 1% DMSO 

preconditioned cells, there were no significant changes in mitochondrial activity, LDH 

release and cell viability in cells preconditioned with the PHD inhibitors prior to 6 h 

OGD insult. (For all graphs, p > 0.05 against 1% DMSO preconditioned cells; One-

way ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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5.3.8  Effects of preconditioning with PHD inhibitors followed by reversion  

          and OGD insult in PC12 cells 

 

The effects of preconditioning (24 h) with PHD inhibitors (DMOG, FG2216, FG4592, 

GSK1278863, and Bayer 85-3934) followed by reversion (24 h) were studied in 

PC12 cells against subsequent 6 h OGD insult (Figure 5.4). Initial studies revealed 

that this treatment protocol was protective, therefore the effects of various 

concentrations of PHD inhibitors (1, 10, 50, and 100 µM) were evaluated. 

Preconditioning with 100µM of DMOG, FG2216, FG4592, GSK1278863, and 

Bayer85-3934 followed by 24 h reversion resulted in significantly improved 

mitochondrial activity, greater cell viability and reduced LDH release against 6 h 

OGD compared to 1% DMSO preconditioned cells. Additionally, preconditioning with 

50µM of FG4592 and Bayer85-3934 also resulted in significantly improved 

mitochondrial activity, but did not reduce LDH release or improve cell viability 

compared to 1% DMSO preconditioned cells. The improvement in mitochondrial 

activity observed in 100µM FG4592 and Bayer85-3934 preconditioned cells is not 

significantly different from those treated with 50µM. All other concentrations of PHD 

inhibitors (1 and 10µM) did not improve mitochondrial activity, cell viability, or reduce 

LDH release (Figure 5.15).  
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Figure 5.15. The effect of preconditioning with PHD inhibitors followed by 24 h 

reversion and 6 h OGD on PC12 cells. Bar graphs representing cell viabilities of 

PC12 cells exposed to 1% DMSO or PHD inhibitors for 24 h followed by 24 h 

reversion and 6 h OGD insult. Untreated control (C) were maintained in normoxia 

throughout (positive control). (A) MTT assay revealed significant improvement in 

mitochondrial activity in cells preconditioned with 100µM of DMOG, FG2216, and 

GSK1278863; and 50 / 100 µM of FG4592 and Bayer85-3934 (versus 1% DMSO 

treated cells). (B) LDH assay and (C) Trypan blue exclusion assay revealed 

significant reduction in LDH release and greater cell viability in cells preconditioned 

with 100µM of all the PHD inhibitors (versus 1% DMSO treated cells). (For all 

graphs, * represents p < 0.05 and ** represents p < 0.01 against 1% DMSO 

preconditioned cells; Two-way ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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In addition to cell viabilities, the effects of preconditioning with the PHD inhibitors 

(100µM) (24 h) followed by reversion (24 h) were studied in PC12 cells against 

subsequent OGD (6 h) insult using FACS analysis (Figure 5.16). Preconditioning 

with 1% DMSO followed by reversion and 6 h OGD resulted in a significant reduction 

in viable cells (54.4 ± 6.8%) and an increase in early apoptotic cells (32.5 ± 4.5%); 

there was no significant necrosis. Compared to cells preconditioned with 1% DMSO, 

there was a significant reduction in early apoptotic cells (AV+ / 7-AAD-) when 

preconditioned with 100µM of DMOG (15.7 ± 4.9%), FG2216 (11.8 ± 5.1%), FG4592 

(16.9 ± 7.1%), GSK1278863 (10.7 ± 4.8%), and Bayer85-3934 (12.3 ± 3.8%) before 

6 h OGD. The majority of the cells (~75-85%) were viable, indicating a cytoprotective 

effect.  
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Figure 5.16. Annexin-V / 7-AAD FACS analysis of PC12 cells preconditioned 

with PHD inhibitors (24 h) followed by 24 h reversion and 6 h OGD. PC12 cells 

were treated with 1% DMSO or PHD inhibitors (100µM) for 24 h in normoxia followed 

by 24 h reversion and 6 h OGD insult (A) Representative Annexin-V / 7-AAD dot 

plots. Cells in the lower left quadrant represent viable cells, cells in the lower right 

quadrant represent early apoptosis, and cells in the upper right quadrant represented 

necrosis. (B) Bar graph representing % of viable, % of early apoptotic and % of 

necrotic cells, out of total cells. (For all graphs, ** represents p < 0.01 against 1% 

DMSO preconditioned cells (against same cell group); Two-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3). 
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5.3.9  Effects of DMSO on primary rat cortical neurons  

The effects of a range of DMSO concentrations (0.5%-10%) were evaluated on 

primary neurons. Compared to control (0%), 5% and 10% DMSO resulted in a 

significant reduction in mitochondrial activity and an increase in LDH release. 

Compared to 5% DMSO, the mitochondrial activity was significantly (p<0.05) lower 

and LDH release was significantly (p<0.01) higher at 10% DMSO treatment. All the 

other concentrations had no significant effects on mitochondrial activity and LDH 

release compared to control (0% DMSO) (Figure 5.17). Similar to PC12 cells, a final 

concentration of 1% DMSO was used in all experiments to dissolve the PHD 

inhibitors. 
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Figure 5.17. Effects of DMSO on primary neuronal viability. Bar graphs 

representing primary neuronal viabilities following 24 h treatment with indicated 

DMSO concentrations. (A) MTT assay (B) LDH assay. Results revealed that that 5% 

and 10% DMSO were cytotoxic compared to untreated (0% DMSO) cells. (For all 

graphs, ** represents p < 0.01 versus 0% DMSO; One-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3) 
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5.3.10  The effect of PHD inhibitors on primary neuronal viabilities  

As the four clinical PHD inhibitors had similar efficacy and potency in the PC12 cells, 

we only studied FG4592 alongside a nonspecific PHD inhibitor DMOG in the primary 

rat neurons. The effects of 24 h treatment in normoxia with FG4592 (10, 30, 50, and 

100µM) and DMOG (100, 250, 500, 1000, and 2000µM) were evaluated on primary 

neurons, using MTT, LDH assay, and neuron-specific Map2 IF staining for 

morphological changes. There were no significant changes in mitochondrial activity 

and LDH release by FG4592 (10, 30, 50, and 100µM) compared to 1% DMSO. 

DMOG (500, 1000, and 2000µM) resulted in a significant reduction in mitochondrial 

activity and an increase in LDH release compared to 1% DMSO (Figure 5.18).  

 

Primary neuronal cultures subjected to 1% DMSO, consisted of Map2+ neurons 

consisting of 9.4±3.8 dendrites per neuron, with each dendrite measuring 

38.9±9.81µm. There were no significant changes in the number of dendrites per 

neuron, dendrites length, and neuron morphology by FG4592 (10, 30, 50, and 

100µM) and DMOG (100 and 250µM). DMOG (500µM) resulted in a significant 

reduction in dendrites per neuron (2.8±1.2; p<0.05 versus 1% DMSO) and dendrite 

length (6.1±2.8µm; p<0.05 versus 1% DMSO). In cultures subjected to DMOG (1000 

and 2000 µM), all the dendrites completely degraded, indicating the degeneration of 

neurons. DMSO (1%) treated cultures consisted of 42.6±10.3 Map2+ nuclei per 

microscopic field. There were no significant changes in cell densities by FG4592 (10, 

30, 50, and 100µM) and DMOG (100, 250, and 500µM). In line with LDH assay 

results, there was a significant reduction in cell densities by 1000µM (15.8±8.1 

Map2+ nuclei per microscopic field; p<0.05 versus 1% DMSO) and 2000µM (9.1±3.4 
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Map2+ nuclei per microscopic field; p<0.01 versus 1% DMSO) of DMOG (Figure 

5.19).  
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Figure 5.18. Effect of PHD inhibitors on primary neurons during normoxia. Bar 

graphs represent the viabilities of primary neurons subjected to 1% DMSO (0µM), 

FG4592 (concentration of 10, 30, 50, and 100µM) and DMOG (100, 250, 500, 1000, 

and 2000µM) for 24 h (normoxia). (A) (i) MTT assays revealed no significant 

changes in mitochondrial activity in primary neurons subjected to 10 to 100µM of 

FG4592 compared to 1% DMSO. (ii) Compared to 1% DMSO, DMOG (500, 1000, 

and 2000µM) significantly reduced mitochondrial activity. (B) (i) LDH assay revealed 

no significant changes in LDH release by 10 to 100µM of FG4592 compared to 1% 

DMSO. (ii) A significant increase in LDH release was seen by 500, 1000, and 

2000µM of DMOG compared to 1% DMSO. (For all graphs, * represents p < 0.05 and 

** represents p < 0.01 versus 1% DMSO only (represented as 0µM); One-way 

ANOVA followed by Tukey’s post-hoc analysis; n=3) 
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Figure 5.19. Fluorescence micrographs of neuronal cultures subjected to PHD 

inhibitors for 24 h in normoxia. Representative double merged micrographs of 

Map2 (FITC) and DAPI (blue) stained neuronal cultures following exposure to 1% 

DMSO, FG4592 (concentration of 10, 30, 50, and 100µM) and DMOG (100, 250, 

500, 1000, and 2000µM) for 24 h in normoxia. DMSO (1%) treated cultures 

consisted of neuronal nuclei (Map2+) surrounded by numerous dendrites. Compared 

to 1% DMSO, there were no changes in neuronal cultures by FG4592 (10, 30, 50, 

and 100µM) and DMOG (100 and 250µM). There was a reduction in the number of 

dendrites surrounding each neuron and dendrite length in cultures treated with 
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500µM DMOG. DMOG (1000 and 2000µM) resulted in complete loss of dendrites 

and a reduction in cell densities.  
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5.3.11  Effects of PHD inhibitors on autophagy in primary neurons  

The effects of 24 h treatment with FG4592 (10, 30, 50, and 100µM) and DMOG (100, 

250, and 500µM) were evaluated on LC3b and p62 expression in primary neurons 

(Figure 5.20). In primary neurons, FG4592 (30, 50, and 100µM) and DMOG (250 

and 500µM) resulted in a significant increase in Lc3b-II / Lc3b-I ratio compared to 

1% DMSO. Significant downregulation of p62 compared to 1% DMSO was seen by 

FG4592 (50 and 100µM) and DMOG (100, 250, and 500µM). A lower concentration 

of FG4592 (10µM) did not result in significant changes in LC3b-II and p62 

expression compared to 1% DMSO.  
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Figure 5.20. Effect of PHD inhibitors on the Lc3b-II / Lc3b-I and p62 expression 

in primary neurons. (A) Representative Lc3b-II / Lc3b-I ratio and p62 immunoblots 

alongside β-actin of primary neurons treated with 1% DMSO, FG4592 (10, 30 50, 

100µM) and DMOG (100, 250, 500µM). (B) Bar chart representing normalised Lc3b-

II / Lc3b-I ratio. FG4592 (30, 50 and 100µM) and DMOG (250 and 500µM) 

significantly upregulated Lc3b-II / Lc3b-I ratio compared to 1% DMSO. (C) Bar chart 

representing p62 expression. FG4592 (50 and 100µM) and DMOG (250 and 500µM) 

significantly degraded p62 compared to 1% DMSO. (For all graphs, * represents p < 

0.05 and ** represents p < 0.01 versus 1% DMSO; Two-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3) 
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5.3.12  Effects of PHD inhibitors on HIF1α and HIF2α in primary neurons  

The effects of 24 h treatment with FG4592 (10, 30, 50, and 100µM) and DMOG (100, 

250, and 500µM) was investigated on HIF1α and HIF2α expression in primary rat 

neurons (Figure 5.21). Compared to 1% DMSO, HIF1α was significantly upregulated 

by FG4592 (30, 50, and 100µM) but not FG4592 (10µM). HIF2α expression was not 

altered by FG4592 (10, 30, 50, and 100µM) compared to 1% DMSO. DMOG (100, 

250, and 500µM) significantly upregulated HIF1α and HIF2α in primary neurons 

compared with 1% DMSO. HIF2α expression was significantly (p<0.01) lower in cells 

treated with 500µM DMOG compared to 100 and 250µM.  
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Figure 5.21. Effects of PHD inhibitors on HIF1α and HIF2α levels in primary rat 

cortical neurons. (A) Representative HIF1α and HIF2α immunoblots were shown 

with those for β-actin of primary neurons treated with 1% DMSO, FG4592 (10, 30 50, 

100µM) and DMOG (100, 250, 500µM). (B) Bar graph representing normalised 

HIF1α level. (C) Bar graph representing normalised HIF2α level. FG4592 (30, 50, 

and 100µM) significantly increased HIF1α expression. DMOG (100, 250, and 

500µM) significantly increased both HIF1α and HIF2α expression. (For all graphs, * 

represents p < 0.05 and ** represents p < 0.01 versus 1% DMSO; Two-way ANOVA 

followed by T 
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5.3.13  Effect of PHD inhibitors on gene expression in primary neurons   

Using qRT-PCR, effects of 24 h treatment with FG4592 (10, 30, 50, and 100µM) and 

DMOG (100, 250, and 500µM) was investigated on hypoxia gene expressions 

(Hif1α, Hif2α, Epo, Bnip3, Phd2, Vegf, Pfkfb1, Pfkfb3, and Ldha) in primary neurons 

(Figure 5.22). Hif1α, Hif2α, Bnip3, Pfkfb1, and Pfkfb3 expression was not 

significantly altered by FG4592 and DMOG (all concentrations studied compared to 

1% DMSO). Compared to 1% DMSO, Phd2 (~10 folds) and Ldha (~9 folds) were 

significantly upregulated by DMOG (500µM) only. Vegf was significantly upregulated 

by FG4592 (30µM, ~10 folds; 50µM, ~15 folds, 100µM, ~19 folds) and DMOG 

(100µM, ~12 folds; 250µM, ~18 folds, 500µM, ~15 folds). Epo was significantly 

upregulated by FG4592 (50µM, ~7 folds, 100µM, ~10 folds) and DMOG (100µM, ~8 

folds; 250µM, ~12 folds, 500µM, ~10 folds). 
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Figure 5.22. Effects of PHD inhibitors on hypoxia gene expression in primary 

rat cortical neurons.  Bar graphs representing normalised gene expression in 

primary neurons subjected to FG4592 (10, 30, 50, 100µM) and DMOG (100, 250, 

500µM) for 24 h. There were no significant changes in (A) Hif1α, (B) Hif2α, (D) 

Bnip3, (G) Pfkfb1, and (H) Pfkfb3 expression by DMOG and FG4592 at the 

concentrations studied versus 1% DMSO. Compared to 1% DMSO, (C) Phd2 and (I) 

Ldha were significantly upregulated by DMOG (500µM). (E) Vegf was significantly 

upregulated by FG4592 (30µM, 50µM, and 100µM) and DMOG (100µM, 250µM, and 

500µM). (F) Epo was significantly upregulated by FG4592 (50µM, 100µM) and 

DMOG (100µM, 250µM, and 500µM). The gene expression was measured against 

the housekeeping gene β-actin and normalised to 1% DMSO. Dotted line represents 

basal gene expression. (For all graphs, * represents p < 0.05 and  ** represents p < 

0.01 against 1% DMSO; Two-way ANOVA followed by Tukey’s post-hoc analysis; 

n=3).  

 

 

 

 

 

 

 

 

 



237 
 

5.3.14  Effects of preconditioning with PHD inhibitors with reversion before  

            OGD insult in primary neurons  

The effect of preconditioning with FG4592 (10, 30, 50, and 100µM) and DMOG (100, 

250µM) followed by reversion were studied against a 6 h OGD insult in primary 

neurons. Preconditioning with 1% DMSO and the PHD inhibitors (all concentrations) 

followed by reversion and 6 h OGD resulted in significantly (p<0.05) reduced 

mitochondrial activity and greater LDH release compared to untreated control. 

However, some protection against 6 h OGD insult was conferred in cells 

preconditioned with FG4592 (50 and 100µM) and DMOG (100 and 250µM) 

compared to 1% DMSO preconditioned cells, for both the assays. The reduction in 

LDH release was significantly (p<0.05) lower in 100µM FG4592 preconditioned cells 

compared to those treated with 50µM; there was no significant difference in 

mitochondrial activity. FG4592 (10 and 30µM) did not improve mitochondrial activity 

or reduce LDH release compared to 1% DMSO preconditioned cells (Figure 5.23). 

 

In primary neuronal cultures preconditioned with DMSO (1%) followed by reversion 

and 6 h OGD insult, the neurons (Map2+) consisted of 2.1±0.4 dendrites per neuron, 

with each dendrite measuring 6.1±1.2µm (indicating degradation of dendrites). 

Compared to 1% DMSO preconditioned cultures, there was no significant 

improvement in neuron morphology in FG4592 (10 and 30µM) preconditioned 

cultures. Compared to 1% DMSO preconditioned cultures, there was a significant 

(p<0.05) improvement in neuron morphology in FG4592 (50 and 100µM) and DMOG 

(100 and 250µM) preconditioned cultures. FG4592 (50µM: 10.2±3.2 dendrites per 

neuron, with each dendrite measuring 34.4±7.8µm and 100µM: 9.8±5.1 dendrites per 

neuron, with each dendrite measuring 31.8±9.1µm); DMOG (100µM: 11.3±3.1 
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dendrites per neuron, with each dendrite measuring 36.4±5.3µm and 

250µM:10.7±5.1 dendrites per neuron, with each dendrite measuring 36.1±4.5µm).  

(Figure 5.24). LDH, MTT assay, and Map2 staining revealed that FG4592 (50 and 

100µM) and DMOG (100 and 250µM) induced ischaemic tolerance and were 

cytoprotective against 6 h OGD insult.  
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Figure 5.23. The effect of preconditioning with PHD inhibitors followed by 24 h 

reversion and 6 h OGD on primary cortical rat neurons. Bar graphs representing 

primary cortical rat neuronal viabilities following exposure to 1% DMSO (0µM), 

FG4592 (10, 30 50, 100, 200µM), and DMOG (100, 250µM) for 24 h in normoxia 

followed by 24 h reversion and subsequent 6 h OGD insult. Untreated control (C) 

were maintained in normoxia throughout (positive control). (A) MTT assay and (B) 

LDH assay revealed significant improvement in mitochondrial activities and reduction 

in LDH release in cells preconditioned with FG4592 (50µM and 100µM) and DMOG 

(100µM and 250µM) compared to 1% DMSO preconditioned cells. (For all graphs, * 

represents p < 0.05 and ** represents p < 0.01 against 1% DMSO preconditioned 

cells; Two-way ANOVA followed by Tukey’s post-hoc analysis; n=3). 

 

 

 



240 
 

 

Figure 5.24. Fluorescence micrographs of neuronal cultures preconditioned 

with PHD inhibitors for 24 h followed by reversion and 6 h OGD insult. 

Representative double merged micrographs of Map2 (FITC) and DAPI (blue) stained 

neuronal cultures following exposure to 1% DMSO, FG4592 (10, 30, 50, and 100µM) 

and DMOG (100, 250µM) for 24 h in normoxia followed by 24 h reversion and 6 h 

OGD insult. DMSO (1%) preconditioned cultures consisted of neurons with reduced 

or no dendrites. There was no significant improvement in neuron morphology in 

FG4592 (10 and 30µM) preconditioned cultures. FG4592 (50 and 100µM) and 

DMOG (100 and 250µM) preconditioned cultures consisted of healthier neurons 

(numerous dendrites).  
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5.4     Discussion  

The experiments in this chapter were performed to determine the effects of a novel 

class of PHD inhibitors as well as DMOG, a nonspecific PHD inhibitor on cell 

viabilities, expression of HIF1α, HIF2α proteins, their downstream genes, and 

autophagic proteins in PC12 cells and primary neurons. After this, the effectiveness 

of preconditioning PHD inhibition was evaluated against OGD insults in PC12 cells 

and in primary neurons.  

 

Pharmacological PHD inhibition has shown promise in several in vivo and in vitro 

studies (Section 1.5.3, summarized in Table 1.5). DFO, CoCl2, and DMOG are 

frequently studied PHD inhibitors that upregulate HIF1α (Jones et al., 2008). In vivo 

studies in neonatal rats have shown that preconditioning with DFO and CoCl2 had a 

long-term protective effect against ischaemic injury (Jones et al., 2008). DFO 

preconditioning promoted tolerance against focal cerebral ischaemia in rats and rat 

cortical neurons subjected to OGD (Li et al., 2008). Similarly, DMOG preconditioning 

has shown to reduce OGD induced cell death (Ogle et al., 2012). In vivo studies 

showed reduced infarct size in DMOG preconditioned adult mice (Nagel et al., 2010). 

However, these molecules also have other mechanisms of action such as anti-

oxidant effect, effect on citric acid cycle enzymes such as isocitrate dehydrogenase 

and 2-OG dehydrogenase (Ogle et al., 2012) indicating that their protective effect is 

not solely due to HIF activation. Although in vitro and in vivo studies using DFO, 

DMOG, and CoCl2 have shown promise, they also have safety and toxicity concerns 

due to which they cannot be used in patients. Considering these requirements, 

studies in this chapter focused on evaluating the most clinically advanced small 

molecule PHD inhibitors at biologically safe concentrations. These PHD inhibitors 
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are in clinical trials for the treatment of anaemia, with aims to augment native EPO 

production (Gupta and Wish, 2017). In this chapter, three of the most recent and 

clinically advanced PHD inhibitors GSK1278863, FG4592, and Bayer85-3934 (Gupta 

and Wish, 2017) were studied, alongside widely studied DMOG and FG2216 for 

comparison.  

 

A study by Yeh et al., (2017) revealed that PHD inhibitors in clinical trials FG4592, 

GSK1278863, and Bayer85-3934 work by active site iron-chelating mechanisms and 

compete with 2-OG. FG4592 and FG2216 coordinate with metal in PHD via 

glycinamide side chain, whereas Bayer85-3934 coordinates via the nitrogen of its 

pyrazolone and pyridine ring. GSK1278863 binds to the metal via amide oxygen and 

pyrimidinetrione oxygen. FG2216 has been replaced in clinical development by 

structurally related FG4592 following the appearance of adverse effects in phase II 

clinical trials (Gupta and Wish 2017). Any differences in results between FG4592 

and FG22216 may be related to the difference in structure, with an additional 

phenoxy-group present on the phenyl isoquinolyl ring in FG4592 resulting in a more 

efficient binding than FG2216 (Yeh et al., 2017). Any differences in their potency and 

effectiveness depend on the extent to which the inhibitors project in the 2-OG 

binding site of PHD2 and influence substrate binding as well as differences in 

inhibition kinetics of these compounds (Yeh et al., 2017). 

 

Before evaluating the effectiveness of PHD inhibitors against ischaemic insults, it is 

essential to determine the concentrations at which the PHD inhibitors are safe to 

use. In PC12 cells, there were no significant changes in cell viability, LDH release, 

and early apoptosis by all the novel PHD inhibitors (FG2216, FG4592, GSK1278863, 
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and Bayer85-3934 versus 1% DMSO) at the concentrations (1-100µM) studied. 

Mitochondrial activities were unchanged by these compounds except for FG4592 

(100µM) and Bayer85-8934 (50 and 100µM), which significantly decreased 

mitochondrial activities compared to 1% DMSO. The extent to which they mimic 

hypoxia and reduce mitochondrial activity may vary and depends on the potency and 

mechanism of action of the drugs. However, it is important to comprehend that 

mitochondrial activity might decrease despite being viable cells. In primary neurons, 

only FG4592 was pursued alongside DMOG. When these experiments were 

performed, FG4592 was most advanced in clinical trials and was in clinical use in 

China (Gupta and Wish, 2017). FG4592 did not result in any significant LDH release, 

changes in mitochondrial activities and neuron morphology (Map2 staining) at the 

concentrations (10-100µM versus 1% DMSO) studied. Compared to 1% DMSO, 

DMOG (500µM, 1mM, and 2mM) resulted in significant LDH release and reduction in 

mitochondrial activities in PC12 cells and primary neurons. DMOG (250µM) also 

resulted in a reduction in mitochondrial activity in PC12 cells but not primary 

neurons. In primary neurons, Map2 staining revealed that high concentrations of 

DMOG (500µM, 1mM, and 2mM) resulted in the degradation of dendrites (loss of 

Map2, reduction in dendrites per neuron, and dendrite length). DMOG (1mM and 

2mM) also resulted in a significant reduction in cell densities.  

 

Next, the effects of the PHD inhibitors were studied on the autophagic marker (Lc3b, 

p62, and Beclin1). Rapamycin, an inducer of autophagy was used as a positive 

control in PC12 cells (Gunn et al., 2018). Upon induction of autophagy, cytosolic 

Lc3b-I is conjugated to phosphatidylethanolamine to form Lc3b-II, which is 
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incorporated into the autophagosomal membrane. The p62 protein binds to 

polyubiquitinated proteins through a ubiquitin-associated domain and combines with 

Lc3b-II through its Lc3b-interaction region domain for attachment to the 

autophagosome, which is finally degraded in autolysosome. In the process of 

autophagy, p62 is continuously degraded. Lc3b-II and p62 are used to monitor 

autophagic activity in various studies (Li et al., 2018). Results showed that 100µM of 

PHD inhibitors (DMOG, FG2216, FG4592, GSK1278863, and Bayer85-3934) and 

Rapamycin (1µM and 10µM) significantly increased Lc3b-II expression in PC12 cells 

compared to 1% DMSO. A subsequent downregulation of p62 was seen in PC12 

cells treated with Rapamycin and the PHD inhibitors compared to 1% DMSO 

indicating degradation by autolysosomes was initiated. Similar results were observed 

in primary neurons, where FG4592 (50µM and 100µM) and DMOG (100µM, 250µM, 

and 500µM) significantly downregulated p62 compared to 1% DMSO. Additionally, 

Lc3b-II was significantly upregulated by FG4592 (30µM, 50µM, and 100µM) and 

DMOG (250µM and 500µM) compared to 1% DMSO. The effects of the novel PHD 

inhibitors have not been widely explored on autophagy. A study by Li et al., 2018 

reported that FG4592 induced autophagy in SH-SY5Y cells characterised via Lc3b-II 

expression and p62 downregulation. A study by Bo et al., 2014 revealed that a PHD 

inhibitor, ethyl-3,4-dihydroxybenzoate (EDHB) promoted autophagy in oesophageal 

squamous cells.  

 

The expression of Beclin1, which is commonly linked to HIF1α activation and 

autophagy was studied in PC12 cells (Cheng et al., 2017). Compared to 1% DMSO, 

results revealed that the novel PHD inhibitors (FG4592, GSK1278863, and Bayer85-

3934) significantly upregulated Beclin1 in PC12 cells. These results are in line with 
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the study by Cheng et al., (2017) that showed that CoCl2 induces autophagy via 

activation of the HIF1α / Beclin1 signalling pathway. Another study by Lu et al., 

(2018) showed that the HIF1α / Beclin1 signalling pathway modulates autophagy and 

contributes to HPC induced protection against OGD / R.  It is postulated that HIF1α 

promotes the dissociation of Beclin1-Bcl2 complex resulting in Beclin1 release 

thereby initiating autophagy (Lu et al., 2018). On the other hand, although mTOR 

inhibitor Rapamycin promoted autophagy (shown by Lc3b-II upregulation and p62 

downregulation), there were no significant changes in Beclin1. This was in line with 

studies by Li et al. (2013) and Grishchuk et al. (2011), which found that Rapamycin 

promoted autophagy via a Beclin-1 independent mechanism. They found that 

Rapamycin inhibited mTOR resulting in activation of Atg1 kinase complex to regulate 

autophagy. In PC12 cells, DMOG promoted autophagy through a different pathway 

from HIF1α / Beclin1 pathway as it has various mechanisms of action, one of which 

is the AMPK signalling pathway (Zhdanov et al, 2015). It is widely accepted that 

AMPK signalling is activated during energy crisis and oxidative stress. There are two 

mechanisms by which AMPK activation results in autophagy (1) inactivation of 

mTOR complex 1 (2) direct phosphorylation of protein kinase, ULK1, initiating 

autophagy. AMPK is known to contribute to autophagosome maturation and 

lysosomal fusion (Jang et al. 2018; Duran et al, 2013).   

 

Autophagy is a self-catabolic process of damaged or dysfunctional cellular 

components that are recycled for providing energy and nutrients. The induction of 

autophagy is beneficial to degrade harmful materials produced during nutrient 

deprivation through lysosomal systems (Gunn et al., 2018). Various studies (Yan et 

al., 2011; Sheng et al., 2010; Park et al., 2009) have shown that IPC increased the 
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generation of autophagosomes and lysosomal activity. Inhibition of autophagy by 3-

methyladenine or Bafilomycin A1 during IPC suppressed the neuroprotective effect 

of IPC, indicating that autophagy activation plays an important role in IPC induced 

tolerance. The induction of autophagy by the PHD inhibitors during pharmacological 

preconditioning is beneficial to degrade harmful materials through lysosomal 

systems. Additionally, the role of PHD inhibitors in promoting autophagy and having 

a protective role supports other studies that have found that preconditioning with 

autophagy inducer Rapamycin is protective in various in vitro (Kim et al., 2018) and 

in vivo (Li et al., 2014) models of ischaemic stroke.  

 

Expression of HIF1α and HIF2α protein were studied in PC12 cells subjected to 

DMOG, FG2216, FG4592, GSK1278863, and Bayer85-3934. In PC12 cells, 100µM 

of all the PHD inhibitors studied except DMOG significantly upregulated HIF1α but 

not HIF2α compared to 1% DMSO. Compared to 1% DMSO, FG4592 significantly 

upregulated HIF1α from 30µM onwards up to 100µM in primary neurons. Similar to 

PC12 cells, no significant HIF2α expression was seen by FG4592 in primary neurons 

at the concentrations studied. A study by Li et al., 2018 showed that FG4592 (50µM) 

upregulated HIF1α expression in SH-SY5Y cells. FG4592 clinical trial concentration 

is 30µM (Chen et al., 2017), which was sufficient to upregulate HIF1α in primary 

neurons. Studies in human Hep3b and HeLa cell lines have shown that 

concentrations of 50µM and 100µM but not 10µM of FG4592, GSK1278863, and 

Bayer85-3934 upregulate HIF1α and HIF2α in the presence of oxygen (Susler et al., 

2020; Yeh et al., 2017). Studies have demonstrated that Bayer85-3934 upregulates 

HIF1α (in normoxia) in vitro and in vivo (Böttcher et al., 2018; Beck et al., 2018).  
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Despite significant cytotoxicity, DMOG upregulated HIF1α (1mM and 2mM) and 

HIF2α (2mM) in PC12 cells. The results in PC12 cells are consistent with studies by 

Zhdanov et al., 2015 in PC12 cells and Chan et al., 2016 in MCF-7 cells, where 1mM 

DMOG significantly upregulated HIF1α. Unlike PC12 cells, in primary neurons, 

HIF1α and HIF2α were significantly upregulated by 100µM onward of DMOG. 

Badawi and Shi, 2017 treated primary rat neurons with 0.5, 1, and 2mM DMOG, and 

HIF1α protein levels were significantly increased by 57%, 83%, and 93% 

respectively. In line with the results in primary neurons, Ogle et al., 2012 reported 

that DMOG (500µM) treatment for 24 h in normoxia increased levels of HIF1α 

protein in primary rat neurons. Another study by Siddiq et al., 2009 showed that 

DMOG (500µM) for 24 h in normoxia upregulated HIF1α and HIF2α in primary rat 

cortical neurons.  

 

The neuroprotective effects of the PHD inhibitors were evaluated in three different 

treatment protocols in PC12 cells. None of the PHD inhibitors provided any 

cytoprotection in PC12 cells when administered concurrently with OGD insult. 

Studies have demonstrated that downstream regulation of pro-survival genes of 

HIF1α occurs after 24 h, with sustained elevation of HIF1α. Additionally, during acute 

injury, HIF1α upregulates pro-apoptotic genes. The effects of PHD inhibitors are not 

protective during acute injury, as they required genetic reprogramming and de novo 

protein synthesis (Baranova et al., 2007). As summarized in Table 1.5 and Section 

1.5.2, in most of the in vivo and in vitro studies, the PHD inhibitors are administered 

hours before ischaemia (preconditioning), or after ischaemia (postconditioning).  
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PC12 cells preconditioned with the PHD inhibitors followed by OGD insult 

immediately (without reversion) did not exhibit any significant cytoprotective effect. 

Preconditioning with 100µM of PHD inhibitors (DMOG, FG2216, FG4592, 

GSK1278863, Bayer85-3934) for 24 h followed by 24 h reversion significantly 

protected PC12 cells against 6 h OGD insult. Significantly greater mitochondrial 

activity, cell viability, and reduced LDH release were seen in cells preconditioned 

with PHD inhibitors compared to 1% DMSO preconditioned cells. The PHD inhibitor 

followed by a period of reversion resulted in genetic reprogramming and 

development of ischaemic tolerance. In primary neurons, preconditioning with 

FG4592 (50µM and100µM) and DMOG (100µM and 250µM) for 24 h followed by 24 

h reversion was protective (greater mitochondrial activity and reduced LDH release) 

against 6 h OGD insult. In line with MTT and LDH assay results, Map2 staining also 

revealed that neuronal cultures preconditioned with FG4592 (50µM and100µM) and 

DMOG (100µM and 250µM) consisted of healthier neurons (surrounded with several 

dendrites, no degradation or loss of Map2 staining) compared to DMSO 

preconditioned cultures. This is consistent with the study by Ogle et al., (2012) in 

which preconditioning with DMOG (100μM) for 24 h before OGD significantly 

reduced OGD-induced cell cytotoxicity. Jones et al., 2013 reported that pre-

treatment with DMOG > 30µM for 20 h before OGD significantly reduced OGD-

induced neuronal death. DMOG induced protection has also been demonstrated in 

vivo, in which the systemic application of DMOG before the onset of cerebral 

ischaemia led to increased acute cerebral tissue preservation (Nagel et al., 2011). 

Pre-treatment with FG4497, 6 h before MCAO also reduced infarct size and 

decrease the formation of oedema 24 h after reperfusion. In an in vitro ischemia 
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model, pre-treatment of mouse hippocampal neuronal HT-22 cells with FG4497 

followed by OGD showed an improved survival rate of neurons (Reischl et al., 2014). 

The effects of GSK1278863 have not been explored yet, however preconditioning for 

18 h with another PHD inhibitor GSK360A from GlaxoSmithKline was shown to 

decrease infarct size and improve behaviour in rats subjected to transient MCAO 

(Zhou et al., 2017). Studies have not yet explored the effectiveness of novel PHD 

inhibitors in ischaemic stroke models.  

 

DMOG showed a neuroprotective effect at 100µM, but HIF1α was not upregulated. 

DMOG (1mM and 2mM) upregulated HIF1α but also resulted in significant 

cytotoxicity. This is consistent with a study by Burr et al., (2016) using PC12 and 

HTC116 cell lines, which revealed that DMOG upregulated HIF1α at 1mM, but 

DMOG (0.1-1mM) decreased cellular respiration by inhibiting mitochondrial function. 

Inhibitions of 2-OG dehydrogenase and isocitrate dehydrogenase by DMOG can 

potentially change cell metabolism much faster than via HIF1 signalling (Burr et al., 

2016). Zhdanov et al., (2015) suggested DMOG may inhibit cellular respiration via a 

HIF-independent pathway by directly trans-activating the gene encoding PDK1, 

thereby affecting mitochondrial activity. DMOG has also shown to have some other 

effects such as activation of the NF-κB (Nuclear factor Kappa B) pathway, 

suppression of TNFα, and activation of AMPK signalling which, coordinates 

metabolic adaptation to energy crisis and oxidative stress (Ogle et al., 2012).  

 

Preliminary results revealed that 6 h OGD mainly resulted in early apoptosis, rather 

than necrosis in PC12 cells, consistent with the previous studies (Jones et al., 2013). 
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Preconditioning PC12 cells with PHD inhibitors (DMOG, FG2216, FG4592, 

GSK1278863, Bayer85-3934; 100µM) followed by reversion protected PC12 cells 

from apoptosis following 6 h OGD insult. These findings correlate with a finding of a 

study by Li et al., 2018, where FG4592 protected PC12 cells from undergoing 

apoptosis following TBHP (tert-butyl hydroperoxide) pre-treatment. FG4592 also 

reduced MPP+ (1-methyl-4-phenylpyridinium) induced apoptosis and improved 

mitochondrial function in SH-SY5Y cells (Li et al., 2018). Apoptosis is energy-

dependent, programmed cell death that results in rapid clearance of cells by 

phagocytosis (Durukan and Tatlisumak, 2007). HIF1α upregulation induces 

apoptosis by stabilising p53, which induces Bax and Bak proteins regulating the 

release of cytochrome C (Schmid et al., 2004). HIF1α also results in the upregulation 

of pro-apoptotic family members such as Bnip3, Noxa, Nix, and downregulation of 

Bcl2 (Chen et al., 2009). In contrast, HIF1α can also protect cells from apoptosis by 

elevating Bcl2, BclxL, and Mcl1 levels, and decreasing pro-apoptotic Bid, Bax, and 

Bak levels (Matthew et al., 2002). The PHD inhibitors (100µM) treatment for 24 h 

significantly upregulated HIF1α and protected the cells from a subsequent OGD 

injury and apoptosis.  

 

As PHD inhibition mediated upregulation of HIFα and HIF2α protein was established, 

qRT-PCR was performed to study the expression of their downstream genes. 

Although HIFα and HIF2α were upregulated at the protein level, all the PHD 

inhibitors (compared to 1% DMSO) did not alter Hif1α and Hif2α expression. Various 

studies have reported that Hif1α is mainly regulated at the post-transcriptional level 

(Obach et al., 2004). Phd2 was upregulated by FG4592 (100µM) in PC12 cells and 
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DMOG (500 µM) in primary neurons. All other PHD inhibitors did not upregulate 

Phd2 in PC12 cells and primary neurons.  

 

Bnip3 was upregulated by 100µM of FG4592, Bayer85-3934 but not DMOG, 

FG2216, and GSK1278863 in PC12 cells. Compared to 1% DMSO, FG4592 (up to 

100µM) and DMOG (up to 500µM) did not upregulate Bnip3 in primary neurons. Vegf 

was upregulated by 100µM of FG4592, Bayer85-3934 but not DMOG, FG2216, and 

GSK1278863 in PC12 cells. In primary neurons, Vegf was upregulated by FG4592 

(30µM, 50µM, and 100µM) and DMOG (100µM, 250µM, and 500µM). Epo was 

upregulated in primary neurons by FG4592 (50µM and 100µM) and DMOG (100µM, 

250µM, and 500µM). Previously studies have demonstrated that DMOG increased 

the expression of Vegf in vivo (Nagel et al, 2011) and cortical neurons (Ogle et al., 

2012). Similarly, GSK360A was associated with increased Epo and Vegf mRNA 

expression in rats (Zhou et al., 2017). Yeh et al., 2017 showed that FG4592, 

GSK1278863 and Bayer85-3934 upregulated Vegf, Epo, Bnip3, and Glut1 

expression in Hep3b and HeLa cell lines.  

 

Compared to 1% DMSO, Pfkfb3 was significantly upregulated by 100µM of DMOG, 

FG2216, FG4592, GSK1278863, and Bayer85-3934 in PC12 cells. There were no 

significant changes in Pfkfb3 expression by FG4592 (up to 100µM) and DMOG (up 

to 500µM) in primary neurons. Minchenko et al., (2002) revealed that CoCl2, DFO, 

and DMOG upregulated Pfkfb3 expression in Hep3b cells. Compared to 1% DMSO, 

Ldha was significantly upregulated by 100µM of FG2216, GSK1278863, and 

Bayer85-3934 in PC12 cells, while FG4592 and DMOG did not. DMOG (500 µM) 
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upregulated Ldha in primary neurons but FG4592 (up to 100µM) did not. Zhdanov et 

al, 2015 showed that 1mM of DMOG upregulated Ldha in HCT116 cells during 

normoxia.  

 

Any variations in the expression of HIF1α, HIF2α proteins and their target genes are 

likely due to differences in the metabolism of these inhibitors in different cells. The 

PHD inhibitors are structurally different and have different potencies, due to which 

they have a varying effect.  

 

Key findings: 

 Concentrations of up to 100µM of the novel class of PHD inhibitors were safe 

in PC12 cells and primary rat neurons.  

  The novel PHD inhibitors upregulated HIF1α and promoted autophagy in 

PC12 cells and primary rat neurons.  

 The novel PHD inhibitors are more potent than non-selective DMOG in terms 

of HIF1α and autophagy regulation.  

 Preconditioning with novel PHD inhibitors followed by reversion induced 

ischaemic tolerance in PC12 cells and primary rat neurons.  

 

In conclusion, the PHD inhibitors possess the capability to upregulate HIF1α protein 

and several hypoxia genes that promote ischaemic tolerance. The PHD inhibitors 

induced autophagy in both PC12 cells and primary neurons but did not promote 

apoptosis or cause cytotoxicity at 100μM. DMOG is less potent in upregulating 

HIF1α, promoting autophagy, and ischaemic tolerance compared to the novel PHD 
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inhibitors. Preconditioning with the PHD inhibitors followed by reversion was 

protective against ischaemic insult in both PC12 cells and primary neurons. The 

pharmacologically induced ischaemic tolerance requires the coordination of intricate 

pathways and mechanisms, such as HIF, mTOR, and autophagy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



254 
 

 

 

 

 

Chapter 6. 

Astrocytes conditioned medium (ACM) induced 

protection against ischaemic injury in primary rat 

neurons 
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6.1     Introduction 

Previous studies on neuroprotection in ischaemic stroke focus on neurons, but none 

of them has been translated into the clinic (Sutherland et al., 2012; Majid A, 2014). 

Neurons, the functional cells in the brain are vulnerable to ischaemia and do not 

have the capabilities to protect themselves (Becerra-Calixto and Gomez, 2017). 

Astrocytes the major glial cells play an essential role in ischaemic stroke 

pathophysiology (Gonzalez-Perez et al., 2015). Within the ischaemic core, 

astrocytes are better preserved (Liu and Chopp, 2016). Although astrocytes are 

generally more resistant to ischaemia than neurons, acute ischaemic insults result in 

reactive astrogliosis and production of cytokines such as TGFβ and various 

interleukins (such as IL-1β, IL-6) (Becerra-Calixto and Gomez, 2017; Patabendige et 

al., 2021).  

 

Astrocytes react to neuronal stress by providing metabolic and trophic support to 

neurons. Astrocytes protect neurons via anti-excitotoxicity mechanisms such as (i) 

uptake of excess glutamate (ii) provision of EPO and glutathione (GSH) to 

neighbouring neurons to enhance neuron survival (iii) regulate anti-oxidant genes 

and activate nuclear erythroid factor 2 (Nrf2) (iv) receive damaged mitochondria from 

neurons and deliver healthy mitochondria (v) releasing glycogen stores to provide 

neurons with lactate for energy (vii) sequester free iron to protect against iron toxicity 

(viii) formation of glial scar around the ischaemic core to seclude viable tissue from 

harmful substances (Bylicky et al., 2007; Becerra-Calixto and Gomez, 2017). During 

acute ischaemia, astrocytes produce cytokines such as interleukins (IL-6, IL-10, and 

IL-1β), interferon γ (IFNγ), and TGFβ, which have multiple roles in 

neurodegeneration and neuroprotection. The expression of cytokines and 
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chemokines in astrocytes are regulated via the nuclear factor kappa B (NF-κB) 

signalling pathway (Becerra-Calixto and Gomez, 2017). Astrocytes also promote the 

secretion of various neurotrophic factors such as NGF, BDNF, neurotrophin 3 (NT-

3), VEGF, epidermal growth factor (EGF), insulin growth factor (IGF), GDNF and 

basic fibroblast growth factor (bFGF). These trophic factors promote angiogenesis, 

neurogenesis, axonal remodelling, and growth / survival of neurons and 

oligodendrocytes during ischaemia (Buffo et al., 2010; Barreto et al., 2011).  

 

The abilities of astrocytes to promote neuron survival during ischaemic stroke have 

been widely explored and shown great promise, but the mechanism is poorly 

understood. A study by Dhandapani et al., (2003) reported that soluble factors in 

ACM protected murine neurons from serum-deprivation induced cell death by 

releasing TGFβ, which activates activator protein-1 (AP-1) protective pathway. A 

study has also reported that ACM constituents such as interleukins (IL-6, IL-10, and 

IL-1β) and TGFβ play a vital role in ACM induced ischaemic tolerance in neurons 

(Becerra-Calixto and Gomez, 2017). A study by Song et al., (2019) demonstrated 

that ACM exerts neuroprotective effects in ischaemic stroke, through modulation of 

NT-3, GDNF, and TNFα secretion. Another study reported that ACM provides a 

neuroprotective effect by regulating apoptosis-related protein expression (Lu et al., 

2015). Narayan and Perez-Pinzon (2017) found that neurons incubated with 

ischaemic preconditioned astrocytes significantly protected neurons against 

ischaemic injury. Studies have previously pointed out that depending on the extent of 

ischaemic injury, the substances secreted by astrocytes may be neurodegenerative 

or neuroprotective (Buffo et al., 2010).   
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In addition to soluble proteins, astrocytes also secrete EVs which are becoming 

increasingly popular in recent years. EVs can be widely divided into exosomes (less 

than 200 nm), microvesicles (200-1000 nm), and apoptotic bodies (larger than 

1000nm). Exosomes are being widely pursued due to their abilities to cross the BBB 

and interact with target cells. Studies suggest that cells take up exosomes by 

endocytosis via receptor-mediated adhesion, direct fusion, or ligand-receptor 

interactions. Exosomes originate from plasma membranes as a result of astrogliosis 

due to nutrient deprivation such as ischaemia. Exosomes are homogenous in shape 

surrounded by membranes enriched with cholesterol, sphingomyelin, and ceramide. 

Exosomes may contain proteins, lipids, metabolites, miRNA / sRNA, DNA, enzymes, 

growth factors, and cytokines; depending on their origin and target (Hong et al., 

2018). Studies have previously studied the protective effect of ACM as a whole 

without isolating and considering the role of EVs in neuroprotection. It is therefore 

important to consider that in conjunction with the soluble proteins, ACM also contains 

EVs with various components that may have a protective role during ischaemic 

injury.  

 

The studies in this chapter were performed in two parts. In the first part, the effects of 

an in vitro hypoxia (OD) and ischaemia (OGD) were studied on primary rat 

astrocytes. The effects of OD and OGD (6, 24, and 48 h) were evaluated on cell 

viability, GFAP expression / morphologies, HIF1α / HIF2α protein expression, and 

their downstream genes. In the second part of this study, ACM was collected from 

astrocytes subjected to 6 h and 24 h OGD insult and separated into soluble protein 

and EVs by sequential ultracentrifugation. Following this, the complete ACM, soluble 

proteins (supernatant), and EVs (pellet) were applied to primary rat cortical neurons. 
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The effectiveness of ACM and its separated components were evaluated in the 

previously established ischaemic injury model in primary neurons (Chapter 3). 

Additionally, the effects of ACM were evaluated on HIF1α / HIF2α proteins, 

autophagic markers (Lc3b, p62), and HIF downstream genes in primary neurons.  

6.2     Materials and methods 

6.2.1  Primary astrocytes responses to OD and OGD  

Primary rat cortical astrocytes were cultured according to procedures described in 

Section 2.2.5. Confluent astrocyte cultures were used for experiments. The complete 

media (100%) was aspirated and the cells were washed twice with glucose-free 

media prior to experiments. Primary astrocytes were treated with Nx, OD, and OGD 

for various durations (6, 24, and 48 h). Additionally, the effect of reperfusion was 

evaluated following OD and OGD. For these experiments, primary astrocytes were 

treated with Nx, OD, and OGD for various duration followed by 24 h reperfusion 

(Figure 6.1). For all experiments, 100% media changes were performed on a 

staggered basis, such that all treatment durations either end or are switched to 

reperfusion simultaneously and end together. The complete treatment conditions for 

Nx, OD, OGD, and reperfusion are described in Section 2.3. Cell viability (MTT and 

LDH assay; Section 2.5), IF imaging (GFAP; Section 2.8), gene expression (Section 

2.6), and protein expression (Section 2.7) were evaluated in primary astrocytes.   
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Figure 6.1. Timeline of primary astrocytes treatment. All primary astrocyte 

cultures were established in parallel, with 0 h indicating the onset of treatment 

[normoxia (Nx), oxygen deprivation (OD), and oxygen-glucose deprivation (OGD) for 

6 h, 24 h, and 48 h followed by 24 h reperfusion. All the conditions were initiated on 

a staggered basis, such that all experiments terminated together. (Image produced 

using Biorender). 

6.2.2  Application of ACM to primary neuronal cultures 

Primary rat astrocytes were obtained as per procedure in Chapter 2. T175 flasks 

containing pure astrocytes (4x106 in 20 mL) were incubated in D10 medium in a 

standard incubator with a humidified atmosphere (5% CO2 at 37oC). Media change 

(50%) with D10 medium was performed every 2 days until ~70-80% confluence. The 

astrocytes cultures were washed twice with D-PBS and switched to complete 

Neurobasal media (100% media change). The cultures were maintained in the 

standard incubator for 2 days. After 2 days, 100% of the media was aspirated from 

the T175 flasks and treated with three different conditions (i) 24 h Nx; complete 

Neurobasal media in the standard incubator with a humidified atmosphere containing 

5% CO2 at 37oC (ii) 6 h OGD; Glucose-free Neurobasal media in purpose-built 
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INVIVO2 400 humidified hypoxia workstation (0.3% O2, 5% CO2, 94% N2 at 37oC) (iii) 

24 h OGD; identical conditions to 6 hours OGD; for 24 hours. The 100% media 

changes were performed on a staggered basis, such that all treatment durations end 

together. Upon completion of treatment, the ACM was collected. In addition, the cells 

in the T175 flasks (subjected to Nx) were trypsinized and counted (counting cells, 

Section 2.2.3) to determine cell densities. (Figure 6.2). On average, T175 flasks 

(~70-80% confluence) used for experiments consisted of an average of 16.3x106 

cells (S.D. 1.1x106 cells, n=4).  

 

As described in Section 2.9, sequential centrifugation of 15 mL ACM (Nx, 6 h OGD, 

and 24 h OGD) was performed to separate soluble protein (supernatant) and EVs 

(pellet). The supernatant was collected and the EVs pellet from each T175 flasks (15 

mL media) was suspended in 1 mL of fresh Neurobasal media (Chapter 2, Section 

2.9). Zetasizer was used to determine the size of the particles (complete Neurobasal 

media (control), whole ACM, EVs pellet, and supernatant). From each T175 flasks, 5 

mL of the whole ACM was retained for experiments. The collected ACM, EVs, 

supernatant, and complete Neurobasal media were stored at -80oC until required for 

experiments. Before experiments, complete Neurobasal media, ACM, supernatant, 

and EVs were thawed in a 37oC water bath.  

 

Primary neurons were cultured as per procedures in Chapter 2. Upon confluence, 

100% of media in the cell culture was aspirated. The primary neuronal cultures were 

treated with complete Neurobasal media (sham), ACM (24 h Nx, 6 h OGD, 24 h 

OGD), supernatant (24 h Nx, 6 h OGD, 24 h OGD), and EVs (24 h Nx, 6 h OGD, 24 
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h OGD) for 6 h. The volume of ACM, supernatant, and EVs added to the neuronal 

cultures are described in Table 6.1. After this, primary neurons were subjected to 24 

h reversion (100% media change with complete Neurobasal; and placed in a 

standard incubator with a humidified atmosphere containing 5% CO2 at 37oC). After 

24 h, the media (100%) was aspirated and the cells were washed twice with glucose-

free Neurobasal media and subjected to 6 h OGD insult (glucose-free Neurobasal 

media, purpose-built INVIVO2 400 humidified hypoxia workstation; 0.3% O2, 5% 

CO2, 94% N2 at 37oC) (Figure 6.2). Identical cultures were maintained in complete 

Neurobasal media throughout the experiment as a positive control (untreated control, 

C). Cell viability (MTT, LDH assay) and neuron morphology (MAP2) were assessed 

at the end of treatment. The expression of proteins (HIF1α, HIF2α, Lc3b, and p62) 

and hypoxic genes were studied in primary neurons subjected to complete 

Neurobasal media (untreated control, C) and whole ACM (Nx, 6 h OGD, and 24 h 

OGD). The materials and methods for cell viability (MTT and LDH assay; Section 

2.5), IF imaging (MAP2; Section 2.8), gene expression (Section 2.6), and protein 

expression (Section 2.7) are described in Chapter 2.  
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Table 6.1. Volume of ACM used to treat neuronal cultures. On average, T175 

flasks (~70-80% confluence) used for obtaining ACM consisted of an average of 

16.3x106 cells (S.D. 1.1x106 cells, n=4). According to the neuronal seeding densities, 

an appropriate volume of ACM was added. Approximately, ACM from 2.7 astrocytes 

was used to treat each neuron (astrocyte: neuron ratio 2.7:1). Consistency was 

ensured across all replicates to mimic in vivo conditions and dose-response.  

Plates / flasks Neurons seeding 

density 

Volume of 

ACM added 

Approximate neuron: 

astrocyte ratio 

96 well plate 3 x 104 cells 100 µL 1:2.7 

24 well plate 1.5 x 105 cells 500 µL 1:2.7 

T25 flask 1.5 x 106 cells 5 mL 1:2.7 
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Figure 6.2. Timeline of treatment of primary neuronal cultures with ACM. Pure 

astrocytes were initially grown in D10 media and 50% changes were performed 

every 2 days until 70-80% confluence. Upon 70-80% confluence, the cultures were 

washed twice with D-PBS, switched to complete Neurobasal media, and maintained 

for 2 days. After 2 days, the media was aspirated and astrocytes were treated with 

Nx and OGD (6 h, 24 h). The media was collected from the astrocytes (ACM). The 

ACM (~15 mL) was ultracentrifuged to separate soluble proteins (supernatant) and 

EVs (pellet). The sizes of particles in complete Neurobasal media, ACM, 

supernatant, and EVs pellet were measured by Zetasizer and stored at -80oC until 

required. Primary neuronal cultures were treated with all the parts of ACM for 6 h 

followed by 24 h reversion, and 6 h OGD insult. (Image produced using Biorender). 
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6.3     Results 

6.3.1  Characterising primary rat astrocytes culture   

High purity cultures of primary rat astrocytes were successfully derived, with 94.1 ± 

6.6% of nuclei being associated with GFAP+ expression (Figure 6.3). GFAP+ cells 

exhibited typical astrocyte morphologies such as flat and stellate in structure with 

GFAP enriched cell bodies and processes with very few cells exhibiting pyknosis or 

other signs of poor health. 

 

 

 

 

 

 

Figure 6.3. Fluorescence micrograph of typical healthy pure primary rat 

cortical astrocytes. Representative double merged (FITC labelled GFAP 

immunostaining (green) and DAPI stained nuclei) of healthy primary astrocytes. A 

typical culture consisted of 94.1 ± 6.6% GFAP+ cells (Data represent mean ± 

S.D; n=5). 
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6.3.2  Responses of primary astrocytes to OD and OGD   

Primary rat cortical astrocytes responses were studied in cells exposed to 6, 24, and 

48 hours of OD and OGD versus Nx (same time point). The primary astrocytes 

responses were compared before and after 24 hours reperfusion using MTT, LDH 

assay, and GFAP intensity (IF staining) (Figure 6.1). 

 

Compared to Nx (same time point), mitochondrial activity (Figure 6.4A) and LDH 

release (Figure 6.4B) were not altered by 6 h OD, 6 h OGD, and 24 h OD (before 

and after reperfusion). There was a significant reduction in mitochondrial activity and 

an increase in LDH release at 24 h OGD, 48 h OD, and 48 h OGD (before and after 

reperfusion) compared to Nx (same time point).  The LDH release and mitochondrial 

activity at the end of 24 h OGD, 48 h OD, and 48 h OGD, and after a period of 

reperfusion were not significantly (p>0.05) different. Compared to 24 h OGD, the 

mitochondrial activity was significantly (p<0.01) lower and LDH release was 

significantly (p<0.01) higher at 48 h OGD.  
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Figure 6.4. Responses of primary rat astrocytes to Nx, OD, and OGD. Bar 

graphs representing the viabilities of primary astrocytes in response to Nx, OD, and 

OGD (6 h, 24 h, and 48 h). The responses were compared before and after 24 h 

reperfusion (A) MTT assay revealed a significant reduction in mitochondrial activity 

by 24 hours OGD and 48 hours of OD and OGD (versus Nx, same time point). 

Compared to the end of treatment, there were no significant changes after 24 hours 

reperfusion. (B) LDH assay revealed a significant increase in LDH release at 24 

hours OGD and 48 hours OD and OGD (versus Nx, same time point). Compared to 

the end of treatment, there were no significant changes after 24 hours reperfusion. 

(For all graphs, ** represents p < 0.01 against Nx (same time point); two-way ANOVA 

followed by Tukey’s post-hoc analysis; n=4). 
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Morphological changes (GFAP staining) were evaluated in primary astrocytes 

subjected to Nx, OD, and OGD for 6 h, 24 h, and 48 h, both before and after 

reperfusion. Compared to Nx (same time point) treated astrocyte cultures, there 

were no significant changes in astrocyte morphology (Figure 6.5A) and GFAP 

intensity (Figure 6.5B) in 6 h OD, 6 h OGD, and 24 h OD (both before and after 

reperfusion) treated cultures. GFAP staining revealed astrocytes (GFAP+ nuclei) with 

extended processes in cultures subjected to 6 h OGD (before and after reperfusion) 

compared to 6 h Nx treated cultures. There was a significant increase in GFAP 

intensity in cultures subjected to 24 h OGD, 48 h OD, and 48 h OGD (both before 

and after reperfusion) compared to Nx (same time point); similar to 6 h OGD 

cultures, the astrocytes (GFAP+ nuclei) possessed extended processes. There was 

no significant difference in GFAP intensity between 24 h and 48 h OGD treated 

cultures. In line with LDH assay results, there was a significant reduction in cell 

densities (GFAP+ nuclei / microscopic field) in 24 h OGD, 48 h OD, and 48 h OGD 

(both before and after reperfusion) treated cultures compared to Nx (same time 

point). The cell densities were significantly (p<0.01) lower at 48 h OGD compared to 

24 h OGD (Figure 6.5C).  
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Figure 6.5. Fluorescence micrographs of primary cortical astrocytes subjected 

to Nx, OD, and OGD. Fluorescence micrograph representing astrocyte cultures 

subjected to Nx, OD, and OGD (6 h, 24 h, and 48 h). The responses were compared 

before and after 24 h reperfusion. (A) Representative double merged (FITC labelled 

astrocyte-specific GFAP and DAPI stained nuclei) of primary astrocytes (GFAP+ 

cells) revealed astrocytes with extended processes at 6, 24 and 48 hours OGD and 

48 hours OD. (B) Bar graph representing average GFAP intensity normalized to 

control (Nx). The GFAP intensity of five nuclei was obtained from each microscopic 

field. Compared to Nx (same time point), results revealed increased GFAP intensity 

at 24 h OGD and 48 h OD / OGD (both before and after reperfusion). There were no 

significant changes in GFAP intensity at the end of treatment and after 24 h 

reperfusion. (C) Bar graph representing GFAP+ nuclei / microscopic field (cell 

densities). Compared to Nx (same time point), results revealed a significant 

reduction in cell densities in 24 h OGD, 48 h OD / OGD (both before and after 
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reperfusion). There were no significant changes in cell density at the end of 

treatment and after 24 h reperfusion. (For all graphs,* represents p < 0.05 and ** 

represents p < 0.01 against Nx (same time point); two-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



271 
 

6.3.3  Effects of OD and OGD on HIF protein expression in primary astrocytes 

The expression of HIF1α and HIF2α proteins were studied in primary astrocytes 

exposed to 6, and 24 hours of OD and OGD in comparison to Nx (same time point) 

(Figure 6.6). At 48 h OD and OGD, ~70-80% of the cells were dead yielding low 

protein concentration. Compared to Nx (same time point), HIF1α was significantly 

upregulated (~6.5-8.5 folds) by 6 h and 24 h OD and OGD. There were no significant 

(p>0.05) differences in HIF1α expression a 24 h (OD and OGD) compared to 6 h 

(OD and OGD). There was also no significant (p>0.05) difference in HIF1α 

expression in response to OD compared to OGD (same time point). Compared to Nx 

(same time point), HIF2α was significantly upregulated by 24 h (but not 6 h) OD 

(~5.7 folds) and OGD (~5.8 folds). There was no significant (p>0.05) difference in 

HIF2α expression in response to 24 h OD compared to 24 h OGD.  
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Figure 6.6. Effects of OD and OGD on HIF1α and HIF2α expression in primary 

rat cortical astrocytes. (A) Representative HIF1α and HIF2α immunoblots were 

shown with those for β-actin of primary astrocytes treated with 6 h and 24 h Nx, OD, 

and OGD. (B) Bar graph representing the normalised HIF1α expression. HIF1α was 

significantly upregulated by 6 h and 24 hours OD and OGD (versus Nx, same time 

point). (C) Bar graph representing the normalised HIF2α expression. HIF2α was 

significantly upregulated by 24 h OD and OGD (versus 24 h Nx). (For all graphs, ** 

represents p < 0.01 against Nx (same time point); two-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3). 
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6.3.4  Effects of OD and OGD on genes expression in primary astrocytes  

The effects of 6 and 24 h OD and OGD were investigated on hypoxia gene 

expressions (Hif1α, Hif2α, Epo, Glut1, Bnip3, Phd2, Vegf, Pfkfb1, Pfkfb3, and Ldha) 

in primary astrocytes (Figure 6.7). Compared to Nx (same time point), both OD and 

OGD (6 h and 24 h) did not alter Hif1α, Hif2α, and Pfkfb1 expression. Phd2 was 

significantly upregulated by 6 h OD (~7 folds), 6 h OGD (~10 folds), 24 h OD (~12 

folds), and 24 h OGD (~15 folds) compared to Nx (same time point). There was no 

significant difference in Phd2 expression at 24 h compared to 6 h (by both OD and 

OGD). Epo was significantly upregulated by 24 h OD (~43 folds), and 24 h OGD 

(~68 folds) compared to Nx (same time point). Vegf was significantly upregulated by 

6 h OD (~16 folds), 6 h OGD (~22 folds), 24 h OD (~25 folds), and 24 h OGD (~41 

folds) compared to Nx (same time point). Vegf expression was significantly (p<0.01) 

higher at 24 h OGD compared to 6 h OGD. Bnip3 was upregulated by 24 h OGD 

(~18 folds versus 24 h Nx). Glut1 was significantly upregulated by 6 h OD (~14 

folds), 6 h OGD (~29 folds), 24 h OD (~23 folds), and 24 h OGD (~42 folds) 

compared to Nx (same time point). There was no significant difference in Glut1 

expression at 24 h compared to 6 h (by both OD and OGD). Ldha was significantly 

upregulated by 6 h OD (~10 folds), 6 h OGD (~31 folds) compared to 6 h Nx. Both 

OD and OGD for 24 h did not upregulate Ldha expression compared to 24 h Nx. 

Pfkfb3 was significantly upregulated by 6 h OD (~10 folds), 6 h OGD (~27 folds), 24 

h OD (~18 folds), and 24 h OGD (~32 folds) compared to Nx (same time point). 

There was no significant difference in Vegf expression at 24 h compared to 6 h (by 

both OD and OGD). 
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Figure 6.7. Hypoxic and metabolic gene expression in response to OD and 

OGD in primary astrocytes. Bar graphs representing normalised gene expression 

in primary astrocytes in response to OD and OGD (6 h and 24 h). Compared to Nx 

(same time point), expression of (A) Hif1α, (B) Hif2α, and (J) Pfkfb3 was not altered 

by OD and OGD (6 h and 24 h). (C) Phd2, (E) Vegf, (G) Glut1, and (J) Pfkfb3 were 

significantly upregulated in response to 6 h and 24 h OD and OGD compared to Nx 

(same time point). (F) Bnip3 was upregulated by 24 h OGD versus 24 h Nx. (D) Epo 

was significantly upregulated in response to 24 h OD and 24 h OGD (compared to 

24 h Nx). (H) Ldha was upregulated by 6 h OD and OGD compared to 6 h Nx. The 

gene expression was measured against the housekeeping gene β-actin and 

normalised to Nx. The dotted line represents basal gene expression. (For all graphs, 

* represents p < 0.05 and ** represents p < 0.01 against Nx (same time point); two-

way ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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6.3.5  Characterisation of extracellular vesicles (EVs) 

ACM was collected from astrocytes subjected to Nx, 6 h OGD, and 24 h OGD 

(Figure 6.2). Following this, the ACM was separated into supernatant and EVs using 

sequential ultracentrifugation. The size distribution of particles was obtained using 

Malvern Zetasizer. Table 6.2 represents the particle size and % area (distribution) of 

the particles in ACM and EVs pellets. All the particles (~85%) in the EVs pellet were 

within ~20 to 200nm. ACM consisted of larger particle size distribution range (~7 to 

4000nm range). The supernatant (Nx, 6 h OGD, 24 h OGD) and complete 

Neurobasal media did not contain any particles.  
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ACM 

 
Nx Size (nm) 2765.4±1304.4 328.2±207.3 20.9±13.3 

  Area (%) 13.8±7.2 55.3±15.8 31.0±18.2 

6 h OGD Size (nm) 1810.8±1028.9 398.7±128.9 24.2±15.3 

  Area (%) 16.2±9.8 46.0±12.1 33.7±12.9 

24 h OGD nm 

Area (%) 

2510.9±1101.9 311.0±198.3 26.8±14.1 

  18.9±10.9 61.8±21.2 28.8±14.8 

      

 

EVs   

Nx nm 135.5±35.3 29.0±10.5 7.1±1.6 

  Area (%) 50.0±8.3 33.9±3.7 15.7±4.3 

6 h OGD nm 176.2±33.9 37.9±4.6 8.1±1.4 

  Area (%) 46.7±4.3 31.8±2.6 20.9±1.3 

24 h OGD nm 

Area (%) 

149.4±36.8 31.4±11.8 7.2±1.2 

  49.5±6.7 32.9±3.9 14.3±3.1 

 

Table 6.2. Size and % of the area of peak of particles in ACM and extracellular 

vesicles (EVs). ACM (24 h Nx, 6 h OGD, and 24 h OGD) was collected from primary 

rat astrocytes. Sequential ultracentrifugation was performed to separate soluble 

proteins and EVs in the ACM. The particle size in nanometre (nm) and % distribution 

(area of peak) was obtained using Malvern Zetasizer. Values represent mean ± S.D.  
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6.3.6  Effect of ACM on primary rat neurons viabilities against ischaemic insult 

Primary neurons were preconditioned with complete Neurobasal media (sham), 

whole ACM, and its separated parts: supernatant (soluble proteins), and pellet (EVs) 

for 6 h in normoxia. The ACM and its part were obtained from astrocytes subjected 

to Nx, 6 h OGD, and 24 h OGD. After preconditioning treatment, the neurons were 

subjected to 24 h reversion followed by 6 h OGD insults. Untreated control cultures 

(C) were maintained in normoxia (complete Neurobasal media) throughout (Figure 

6.2). For all preconditioning treatments, insults resulted in significantly (p<0.05) 

reduced mitochondrial activity compared to untreated control (Figure 6.8A). Similarly, 

for all preconditioning treatments, 6 h OGD resulted in significantly (p<0.05) 

increased LDH release compared to untreated control, with the sole exception of 6 h 

OGD-ACM (whole) preconditioned cells (Figure 6.8B). Both the assays revealed that 

preconditioning with 6 h OGD-ACM (whole) and 6 h OGD-ACM (supernatant) 

provided some protection against these insults compared to sham-PC cells. MTT 

assay (but not LDH assay) revealed that 6 h OGD-ACM (whole) was significantly 

(p<0.05) more protective than 6 h OGD-ACM (supernatant).  

 

Untreated control cultures consisted of MAP2+ neurons surrounded by numerous 

dendrites (10.2±3.4 dendrites per neuron, with each dendrites measuring 

29.6±6.8µm). For most preconditioning treatments, insults resulted in degradation of 

dendrites except 6 h OGD-ACM (whole: 9.3±4.5 dendrites per neurons, with each 

dendrites measuring 27.2±5.1µm) and 6 h OGD-ACM (supernatant: 7.1±5.2 

dendrites per neurons, with each dendrites measuring 26.7±7.1µm) preconditioned 

groups (Figure 6.9).  Both 6 h OGD-ACM (whole) and 6 h OGD-ACM (supernatant) 
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preconditioned cultures tolerated the ischaemic insult and consisted of healthier 

neurons (similar to untreated control).  
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Figure 6.8. Effect of preconditioning with ACM followed by 24 hours reversion 

and 6 hours OGD insult on primary neurons. Primary neurons were 

preconditioned with complete media (sham), whole ACM, and its separated parts: 

supernatant (sup) and pellet (EVs) for 6 h (normoxia) followed by 24 h reversion and 

6 h OGD insult. The ACM and its part were obtained from astrocytes subjected to 

Nx, 6 h OGD, and 24 h OGD. Untreated control (C) was maintained in normoxia 

throughout. (A) Bar graph representing MTT assay results. For all preconditioning 

treatments, 6 h OGD resulted in significantly (p<0.05) reduced mitochondrial activity 

compared to untreated control. The reductions in mitochondrial activity were 

significantly lower in 6 h OGD-ACM (whole), 6 h OGD-ACM (sup) but not 6 h OGD-

ACM (EVs) preconditioned cells compared to sham-PC. 6 h OGD-ACM (whole) was 

significantly more protective than 6 h OGD-ACM (sup). (B) Bar graph representing 

LDH assay results. For all preconditioning treatments, insults resulted in significantly 

(p<0.05) increased LDH release compared to untreated control, with the sole 

exception of 6 h OGD-ACM (whole) preconditioned cells. The increase in LDH 
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release was significantly lower in 6 h OGD-ACM (whole), 6 h OGD-ACM (sup) but 

not 6 h OGD-ACM (EVs) preconditioned cells compared to sham-PC. (For all 

graphs, ** represents p < 0.01 against sham-PC and # represents p < 0.05 against 

whole ACM; two-way ANOVA followed by Tukey’s post-hoc analysis; n=3). 

 

 

 

 



282 
 

 

Figure 6.9. Fluorescence micrographs of primary neurons preconditioned with 

ACM followed by 24 h reversion and 6 h OGD insult. Representative double 

merged micrographs of MAP2 (FITC) and DAPI (blue) stained neuronal cultures 

preconditioned with complete media (sham), whole ACM, and separated parts: 

supernatant (sup) and pellet (EVs) for 6 h (normoxia) followed by 24 h reversion and 

6 h OGD insult. The ACM and its part were obtained from astrocytes subjected to 

Nx, 6 h OGD, and 24 h OGD. Untreated control was maintained in normoxia 

throughout. (w) represents whole-ACM, (s) represents supernatant (soluble protein) 
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treatment, and (e) represents EVs preconditioning treatments. Untreated control 

cultures consisted of MAP2+ neurons surrounded by numerous dendrites. For most 

preconditioning treatments, 6 h OGD resulted in degradation of dendrites except 6 h 

OGD-ACM and 6 h OGD-ACM preconditioned groups. Both 6 h OGD-ACM (whole) 

and 6 h OGD-ACM (supernatant) preconditioned cultures tolerated the ischaemic 

insult and consisted of healthier neurons (similar to untreated control).  
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6.3.7  The effect of ACM on HIF1α and HIF2α expression in primary rat neurons 

HIF1α and HIF2α protein expression were studied in primary neurons subjected to 

untreated control (C) or ACM (Nx, 6 h, and 24 h OGD) for 6 h. Compared to 

untreated control, there were no significant changes in HIF1α and HIF2α expression 

in primary neurons treated with ACM (Nx, 6 h, and 24 h OGD).  
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Figure 6.10. Effect of astrocyte conditioned media (ACM) on HIF1α and HIF2α 

proteins in primary rat neurons. (A) Representative HIF1α and HIF2α Western 

blots alongside β-actin of primary neurons treated with untreated control (C), Nx-

ACM, 6 h OGD-ACM, and 24 h OGD-ACM. (B) Bar graph representing normalised 

HIF1α expression. There was no significant HIF1α expression in all treatment groups 

compared to untreated control. (C) Bar graph representing normalised HIF2α 

expression. There was no significant HIF2α expression in all treatment groups 

compared to untreated control. (For all graphs, p>0.05; One-way ANOVA followed by 

Tukey’s post-hoc analysis; n=3). 
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6.3.8  The effect of ACM on autophagic proteins in primary rat neurons  

The expression of autophagic markers: Lc3b and p62 were studied in primary rat 

neurons subjected to untreated control and ACM (Nx, 6 h OGD, 24 h OGD) for 6 h. 

Compared to untreated control, Lc3b-II was significantly upregulated in primary 

neurons subjected to 6 h OGD-ACM and 24 h OGD-ACM. Lc3b-II expression was 

significantly lesser in 24 h OGD-ACM compared to 6 h OGD-ACM treated cells. 

Compared to untreated control, p62 was significantly downregulated in primary 

neurons subjected to 6 h OGD-ACM and 24 h OGD-ACM. There was no significant 

difference in p62 expression between 6 h OGD-ACM and 24 h OGD-ACM treated 

cells. Compared to untreated control, Nx-ACM did not alter p62 and Lc3b-II 

expression (Figure 6.11).  
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Figure 6.11. Effect of astrocyte conditioned media (ACM) on autophagic 

proteins in primary rat neurons. (A) Representative Lc3b and p62 Western blots 

alongside β-actin of primary neurons treated with untreated control (C), Nx-ACM, 6 h 

OGD-ACM, and 24 h OGD-ACM. (B) Bar graph representing normalised Lc3b-II / 

Lc3b-I ratio. Compared to untreated control, Lc3b-II was significantly upregulated by 

6 h and 24 h OGD-ACM. Lc3b-II expression was significantly lower in 24 h OGD-

ACM compared to 6 h OGD-ACM treated cells. (C) Bar graph representing 

normalised p62 expression. Compared to untreated control, p62 was significantly 

lower in 6 h and 24 h OGD-ACM treated cells. (For all graphs, +represents p < 0.01 

against untreated control and # represents p < 0.05 against 6 h OGD-ACM; two-way 

ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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6.3.9  The effect of ACM on HIF downstream genes in primary rat neurons 

Using qRT-PCR, the effect of ACM (Nx, 6 h OGD-ACM, and 24 h OGD-ACM; 

normalized to untreated control) was studied on hypoxia gene expressions (Hif1α, 

Hif2α, Epo, Bnip3, Phd2, Vegf, Glut1, Pfkfb1, Pfkfb3, Ldha) in primary rat neurons. 

Of all the genes studied, Vegf (~12 folds) was only upregulated in primary neurons 

subjected to 6 h OGD-ACM compared to untreated control (Figure 6.12). There were 

no significant changes in Hif1α, Hif2α, Bnip3, Epo, Phd2, Glut1, Pfkfb1, Pfkfb3, and 

Ldha expression in primary neurons subjected to ACM (Nx, 6 h OGD-ACM, and 24 h 

OGD-ACM).  

 

 

 

 

 

 

 



289 
 

 

 



290 
 

Figure 6.12. Effect of astrocyte conditioned media (ACM) on hypoxic genes in 

primary rat neurons. Expression of hypoxia genes were evaluated in primary 

neurons treated with Nx-ACM, 6 h OGD-ACM, and 24 h OGD-ACM. There were no 

significant changes in (A) Hif1α (B) Hif2α (C) Phd2 (E) Bnip3 (F) Epo (G) Glut1 (H) 

Pfkfb1 (I) Pfkfb3 (J) Ldha expression in all ACM treatment groups compared to 

untreated control. (D) Vegf was significantly upregulated in primary neurons 

subjected to 6 h OGD-ACM compared to untreated control. Each data point 

represents the mean and standard deviation of the relative fold change with respect 

to untreated control normalised to reference gene β-actin level. The dotted line 

represents basal gene expression. (For all graphs, +represents p < 0.01 against 

untreated control; One-way ANOVA followed by Tukey’s post-hoc analysis; n=3). 
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6.4     Discussion 

Astrocytes play essential roles in normal and pathological CNS functioning 

(discussed in section 1.2.6). Astrocytes perform the following functions (i) formation 

and function of developing synapses by releasing molecules signals such as 

thrombospondin (ii) maintaining ion, fluid, pH and NT homeostasis (iii) regulating 

CNS blood flow and BBB (Barreto et al., 2011; Sofroniew and Vinters, 2010). During 

ischaemia, astrocytes have been reported to be neuroprotective via anti-

excitotoxicity effects such as uptake of excess glutamate, the release of antioxidants, 

provide neurons with healthy mitochondria, provide lactate to neurons, sequester 

free iron, modulate immune response, production of neurotrophic factors that 

promote angiogenesis, neurogenesis, synaptogenesis and axonal remodelling aiding 

recovery (Bylicky et al., 2018; Becerra-Calixto and Gomez, 2017).  

 

In primary astrocytes, cell viability assays revealed a significant reduction in 

mitochondrial activity and an increase in LDH release by 24 h and 48 h OGD. There 

were no significant changes by 6 h OGD. This was in line with a study by Paquet et 

al., (2013) that revealed that a significant reduction in primary rat cortical astrocytes 

viability and increased LDH release was observed from 12 h of OGD (0% O2) 

onwards; there were no significant changes for up to 9 h OGD. Unlike results in 

primary neurons (chapter 3), there was no further reduction in mitochondrial activity 

or an increase in LDH release after 24 h reperfusion in primary astrocytes subjected 

to 24 h and 48 h OGD. Studies have previously shown that astrocytes have abilities 

to protect themselves and neurons against oxidative stress during I / R injury. 

Neuron co-cultures with astrocytes are less sensitive to oxidative stress than those 

cultured alone (Peng et al., 2019). Astrocytes synthesize and release GSH, which 
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can minimize oxidative stress during and post ischaemia (Bylicky et al., 2018). 

Astrocytes also release superoxide dismutase (SODs), a family of metal-containing 

proteins that catalyse the dismutation of superoxide radicals (Bylicky et al., 2018; 

Ouyang et al., 2014).  

 

Astrocytes consist of two subclasses: protoplasmic and fibrous. Protoplasmic are 

stellate in appearance and present in the grey matter; whereas fibrous are long, thin 

fibrocyte-like cells present in the white matter (Sofroniew and Winters, 2010). They 

have a distinct gene expression profile, but both express GFAP. GFAP is a 

prototypical marker for identifying astrocytes. GFAP is a sensitive, reliable, and most 

extensively studied marker that labels most reactive astrocytes that are responding 

to CNS injury. GFAP is an intermediate filament protein that serves largely the cell 

architectural functions (Barreto et al., 2011; Sofroniew and Winters, 2010). Upon 

CNS injury, normal astrocytes are transformed into reactive astrocytes known as 

astrogliosis. The primary features of astrogliosis are increased GFAP expression, 

cellular hypertrophy, extended processes, and proliferation (Barreto et al., 2011; 

Bylicky et al., 2018). Within a few days post ischaemia, a glial scar is formed around 

the ischaemic core mainly generated by astrogliosis. The role of the glial scar is 

controversial. During recovery, it may obstruct axonal regeneration and reduce the 

functional outcome. On the other hand, it also secludes viable tissue from the injury 

site and protects the surrounding area from harmful substances in the ischaemic 

core (Becerra-Calixto and Gomez, 2017). Compared to astrocytes in healthy cultures 

(Nx treated), OD (48 h) and OGD (6 h, 24 h, and 48 h) treatment resulted in 

astrocytes with extended processes. Compared to Nx (same time point), GFAP 

intensity was upregulated in 24 h OGD, 48 h OD, and 48 h OGD treated cultures and 
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remained elevated after reperfusion. This was in-line with a study by Wang et al., 

(2012) that revealed that OGD resulted in hypertrophic astrocytes with increased 

GFAP intensity and extended processes; which remains upregulated 24 h and 48 h 

after reperfusion. This was found as a characteristic of the glial scar, formed by 

astrogliosis post ischaemia. In line with LDH assay, cell densities (GFAP+ nuclei / 

microscopic field) were significantly reduced in cultures subjected to 24 h OGD, 48 h 

OD, and 48 h OGD compared to Nx (same time point). The cell densities were 

significantly lower at 48 h OGD compared to 24 h OGD treated cultures.  

 

Astrocytes were resistant to OD insult alone; no significant changes in mitochondrial 

activity, LDH release, or astrogliosis (GFAP intensity) were observed for up to 24 h. 

Several studies have shown that in the presence of glucose, astrocyte cultures were 

resistant to prolonged hypoxia (~24 h) (Vega et al., 2006; Kelleher et al., 1993; 

Callahan et al., 1990). Astrocytes adapt to hypoxia by switching from oxidative 

phosphorylation to anaerobic glycolysis and produce lactate for energy. Astrocytes 

also mobilize their glycogen stores and provide ATP via glycogenolysis to neurons 

during hypoxia (Yu et al., 2005). In response to hypoxia, there is an increased 

expression of glucose transporters (GLUT1) on astrocytes to increase glucose 

uptake (Badawi et al., 2012, Vega et al., 2006; Yu et al., 2005). Studies have 

previously found that astrocytes and endothelial cells are more capable of 

withstanding hypoxic injury more than neurons and oligodendrocytes (Vega et al., 

2006). In astrocyte cultures, 48 h OD resulted in a significant reduction in 

mitochondrial activity, an increase in LDH release, and GFAP intensity. In the 

presence of glucose, astrocytes have abilities to survive in hypoxia, however, a drop 

in pH below 6.5 results in lactic acidosis and cytotoxicity (Badawi et al., 2012).  
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HIF expression has not been as widely explored in astrocytes as in neurons 

(Hirayama et al., 2015). HIF1α and HIF2α protect astrocytes during ischaemia by 

promoting the expression of various pro-survival genes (EPO, VEGF, HSPs, HO-1, 

glucose transporter, glycolytic enzymes) (Badawi et al., 2012). HIF1α and HIF2α can 

also have a detrimental effect by exacerbating inflammatory response through 

activation of astrocyte-specific glial T-cell immunoglobulin and mucin domain protein 

(TIM-3) and upregulation of pro-inflammatory cytokines (Kim et al., 2019). In this 

study, we found both HIF1α and HIF2α were upregulated by 6 h and 24 h OD and 

OGD (versus Nx, same time point) in the primary rat astrocytes. This is consistent 

with studies on primary astrocytes. Chavez et al., (2006) revealed that 4 h OGD 

(0.5% O2) upregulated HIF1α and HIF2α in primary rat astrocytes, and HIF2α 

expression was more prominent in astrocytes than neurons. Liu and Alkayed (2005) 

showed that OD (1% O2) for 6 h upregulated HIF1α primary cultured astrocytes. 

Hirayama et al., (2015) found that P2X7 (an ion channel-forming ATP receptor) 

activation regulated HIF1α expression in astrocytes, resulting in a slow onset and 

long-lasting response. They found that HIF1α activation was abolished in P2X7 

receptor KO mice subjected to hypoxia or ischaemia.  

 

HIF mediates the expression of various downstream genes during hypoxia / 

ischaemia in the brain. Studies have suggested that in astrocytes, HIF1α regulates 

the expression of Glut1, Vegf, Bnip3, Ldha, and Pfkfb3; whereas HIF2α regulates the 

expression of Epo (Sun et al., 2019; Singh et al., 2018; Chavez et al., 2006). In our 

study, there were no significant changes in Hif1α and Hif2α expression by OD and 
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OGD (6 h, 24 h) compared to Nx (same time point),. Obach et al., (2004) revealed 

that HIF1α and HIF2α levels were regulated at the post-transcriptional level following 

hypoxia. We found that OD and OGD (6 h, 24 h) significantly upregulated Phd2 

compared to Nx (same time point). PHD2 is upregulated as a negative feedback 

response to HIF1α upregulation (Berra et al., 2003). Only prolonged (24 h) OGD 

resulted in a ~24 folds increase in Bnip3 gene expression compared to 24 h Nx. 

BNIP3 is a HIF1α target gene that is associated with cell death in astrocytes (Singh 

et al., 2018). Following severe ischaemia, BNIP3 is upregulated inducing cell death 

by opening MPTP leading to loss of MMP and production in ROS in the mitochondria 

(Singh et al., 2018).  

 

During ischaemia / hypoxia, astrocytes are the main source of VEGF and EPO  

known to stimulate erythropoiesis, angiogenesis and inhibit apoptosis (Marti et al., 

2000). In our study, Vegf was significantly upregulated by OD and OGD (6 h, 24 h) 

compared to Nx (same time point) while Epo was significantly upregulated by 24 h 

OD and OGD in line with HIF1α protein upregulation in astrocytes. Vegf was 

upregulated by 6 h OD in primary astrocytes but not in primary neurons. Vegf 

expression in response to 6 h OGD was ~2 times higher in primary astrocytes 

compared to primary neurons. This was in-line with a study by Chavez et al., (2006), 

where significantly higher and more robust upregulation of Epo and Vegf mRNA was 

found in astrocytes compared to neurons exposed to similar ischaemic insult, 

indicating that astrocytes can provide trophic support for neurons.  
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HIF1α regulates the expression of several enzymes in the glycolytic pathway and 

expression of glucose transporter to mediate cellular glucose uptake in response to 

hypoxia or ischaemia (Choi et al., 2018). We found Glut1 was significantly 

upregulated by 6 h and 24 h of OD and OGD in astrocytes. GLUT1 is a glucose 

transporter mainly expressed on the plasma membrane to facilitate diffusion-type 

transport of glucose (Hocquette et al., 1996). GLUT1 and GLUT3 are predominantly 

expressed in the brain, where GLUT1 is localized on astrocytes, oligodendrocytes 

and endothelial cells. GLUT3 is expressed on neurons and controls the uptake of 

glucose by neurons (Carreras et al., 2015). Studies have revealed that during 

anoxia, Glut1 mRNA expression was significantly increased in astrocytes as an 

adaptive response since more glucose is required to maintain ATP levels by 

anaerobic glycolysis (Badawi et al., 2012; Vega et al., 2006).  

 

In the absence of oxygen, anaerobic glycolysis is the main generator of ATP. LDHA 

is required to maintain anaerobic glycolysis by catalysing the conversion of pyruvate 

to lactate (Valvona et al., 2016). Lactate has traditionally been regulated as a waste 

product of glycolysis (Sofroniew and Vinters, 2010), however, studies have shown 

that it is an immediate energy source during hypoxia in the brain. Lactate is exported 

out of astrocytes (monocarboxylate transporter 1, MCT1) and taken up by neurons 

via the neuronal MCT2 transporter in the absence of oxygen (Valvona et al., 2016). 

In the neurons, lactate converted into pyruvate and consumed in the TCA cycle 

(Sofroniew and Vinters, 2010). In our study, we found Ldha was significantly 

upregulated by 6 h OD and OGD (versus 6 h Nx) in primary astrocytes. This is 

consistent with studies by Amaral et al., (2010) that revealed that Ldha was 

upregulated in primary astrocyte cultures following ischaemia.  
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PFKFB3 is a pro-glycolytic enzyme that is abundant in astrocytes. PFKFB3 is an 

allosteric regulator of glycolytic enzyme 6-phosphofructo-1-kinase (PFK1), which 

catalyses the conversion of fructose 6-phosphate to fructose-2, 6-bisphosphate; an 

essential step in anaerobic glycolysis (Burmistrova et al., 2019; Valvona et al., 2016; 

Lv et al., 2015). We found Pfkfb3 was significantly upregulated by OD and OGD (6 h, 

24 h) compared to Nx (same time point) in primary astrocytes. This is consistent with 

a study by Minchenko et al., (2003), where Pfkfb3 mRNA was upregulated in rat 

cortical astrocytes in the absence of oxygen (6 h).  

 

Samy et al., (2018) suggested that HIF1α activation during hypoxia triggers the 

expression of various cytokines and chemokines in astrocytes, e.g. IFNγ, IFNβ, IL-

1β, IL-6, IL-10, IL-17, TGFβ, TNFα, CCL2, CCL5, CCL20, CXCL8, CXCL10, 

CXCL12 and CX3CL1. However, the possibility of the involvement of other HIF1α 

independent mechanisms cannot be ruled out. Mojsilovic-Petrovic et al., (2007) 

suggested that HIF1α induced transcriptional upregulation of inflammatory cytokines 

and chemokines during hypoxia, whereas NF-κB was involved in transcriptional 

regulation of these genes during reperfusion.  Therefore, in addition to the genes 

studied, it would be interesting to study the effect of OD and OGD on the expression 

of astrocyte-specific cytokines and chemokines.  

 

As discussed in Section 1.2.6, astrocytes are resistant to ischaemic insults 

compared to neurons and astrocytes secrete several neuroprotective and neurotoxic 

substances during an ischaemic stroke. It would be beneficial to modulate the 
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neuroprotective properties of astrocytes to protect neurons during ischaemia. 

Studies have previously focused on the protective effect of ACM as a whole, but the 

ACM consists of soluble factors and EVs (Hong et al., 2018). Research in recent 

years has provided fundamental insight into the physiological roles of EVs (Li et al., 

2017). EVs can influence both physiological and pathological functions in human and 

animals (Hong et al., 2018). In recent studies, EVs have been recognized to play 

roles in intercellular communication due to their capacity to transfer proteins, lipids 

and nucleic acids. Studies have implicated that EVs have several functions such as 

protein clearance, immunity, infection, signalling and cancer (Li et al., 2017). In this 

study, the protective effect of supernatant (consisting of soluble factors) and EVs 

were evaluated separately.  

 

Astrocytes are most abundant glial cells in the CNS. The ratio of astrocytes to 

neurons in brain varies between species and brain regions. In the human, glial 

outnumber neurons in all parts, except in the cerebellum where the neurons 

outnumber glia by 4.3:1 ratio. Throughout the rest of the CNS, the ratio of glia to 

neurons in human range from 1.7:1 in cerebral cortex to 11.4:1 in midbrain / 

hindbrain and 17:1 in thalamus (Herculano-Houzel, 2014). In rat brain cortex the 

ratio of neurons to astrocytes is between 1:2 to 1:3 (Herculano-Houzel, 2014). 

Therefore, ACM collected from one fold of astrocytes (e.g. 1 million) will be used to 

treat two folds of neurons (e.g. 2 million).  

 

Various techniques for isolations of EVs such as ultracentrifugation, immunoaffinity 

capture-based techniques, flow cytometry, exosome precipitation, and microfluidic-
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based techniques have been reported (Li et al., 2017; Hong et al., 2018). 

Ultracentrifugation based EVs isolation is considered the gold standard technique 

and is one of the most commonly used and reported techniques (~56% of all EV 

isolation reported techniques in research). It is easy to use, affordable and requires 

little technical expertise. Ultracentrifugation is widely classified into differential and 

density gradient ultracentrifugation. In this study, ACM was separated by differential 

ultracentrifugation. This involves a series of centrifugation cycles of different 

centrifugal forces and duration to isolate EVs based on density and size. Density 

ultracentrifugation involves the separation of EVs based on their mass, size, and 

density in a pre-constructed density gradient medium in a centrifuge tube with 

progressively decreased density from top to bottom (Li et al., 2017).  

 

EVs can be widely divided into exosomes (20 to 200 nm), microvesicles (200 to 

1000nm), and apoptotic bodies (larger than 1000nm) (Hong et al., 2018; Li et al., 

2017). In our study,  the particle size range was large, from the smallest particles 

~7nm up to ~3000-4000nm in the whole ACM. The majority of the particles (~60%) 

fell in ~100-500 nm range, ~30% were between ~20-40 nm and ~20% were between 

~1800-4000 nm. The EVs pellet obtained from Nx-ACM, 6 h OGD-ACM, and 24 h 

OGD-ACM consisted of the majority of particles (~85%) in 20 to 200nm range; 

therefore classifying as exosomes. The pellet also consisted of ~15% of particles 

less than 20nm. It is clear that sequential ultracentrifugation eliminated the bigger 

particles (~1800-4000nm) and particles larger than ~200nm from the ACM. This is in 

line with the study by Pei et al., (2019) that revealed that ~90% of particles obtained 

from sequential centrifugation of ACM were between 20-200nm i.e. exosomes. 

Studies have pointed out that the majority of the EVs obtained from astrocytes are 
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exosomes, with few microvesicles (Chaudhuri et al., 2018; Jovičić and Gitler’s, 

2017). Additionally, sequential centrifugation followed by D-PBS wash performed in 

this study is commonly used to obtain pure exosomes; however, due to 

heterogeneity of exosomes and overlap in size of EVs, there is often some 

contamination and loss of material (Li et al., 2017). Initially, the distribution of all 

particles in the centrifuge tube is homogenous due to which a portion of small 

particles inevitably co-sediments and are lost when large molecules are withdrawn. 

Additionally, a population of smaller exosomes avoid pelleting during 

ultracentrifugation due to relatively small densities and may be lost in the 

supernatant. Moreover, repeated centrifugation of the re-suspended pellet also 

increases the loss of material (Li et al., 2017). Further characterisation of internal 

(Alix, TSG101) and external markers (CD9, CD63, CD81) of EVs (Pei et al., 2019) 

using electron microscopy and Western blotting needs to be performed to validate 

these findings.  

 

The most frequently used media for culturing primary astrocytes are DMEM, 

minimum essential medium (MEM), or Ham’s F-12 medium. Astrocyte media is often 

supplemented with 10% FBS to fulfill metabolic requirements and promote astrocyte 

proliferation (Lange et al., 2012). On the other hand, Neurobasal medium 

supplemented with serum-free B27 is the widely recommended medium for primary 

neuronal cultures (Brewer, 1995). Neurons are often cultures in serum-free media to 

avoid the proliferation of astrocytes (Lange et al., 2012). In this study, astrocytes 

obtained from mixed glial cultures were initially grown and maintained in D10 media 

(DMEM containing 10% FBS) to aid their growth and proliferation. Before 

experiments to obtain ACM, the astrocytes were switched to Neurobasal media. This 
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was done to maintain comparable experimental conditions as the neurons were 

grown and treated with Neurobasal media. Additionally, FBS contains a large 

number of bovine EVs (Kornilov et al., 2018), therefore serum-free media is suitable 

to exclusively analyse the astrocyte secreted EVs.  

 

ACM was collected from primary rat astrocytes subjected to Nx, 6 h OGD, and 24 h 

OGD. ACM was separated into supernatant (soluble protein) and pellet (EVs). ACM 

(whole) and its separated parts were applied to primary rat neuronal cultures for 6 h 

followed by 24 h reversion and 6 h OGD insult. LDH, MTT assay, and MAP2 IF 

staining revealed that preconditioning neurons with 6 h OGD-ACM (whole) followed 

by 24 h reversion, provided significant cytoprotection against 6 h OGD insult 

compared to sham-PC. Nx-ACM and 24 h OGD-ACM (whole) were not 

cytoprotective compared to sham-PC. This is consistent with various studies 

(discussed in the introduction) that have shown that ACM induced tolerance in 

neurons against ischaemic insult (Dhandapani et al., 2003; Becerra-Calixto and 

Gomez, 2017; Song et al., 2019). Narayan and Perez-Pinzon (2017) also found that 

transferring IPC astrocytes to neurons was neuroprotective. ACM collected from 

cultures of primary retinal astrocytes subjected to metabolic stress reduced cell 

death in HT22 cell line and primary cortical neurons subjected to severe metabolic 

stress (Alqawlaq et al., 2016). Several growth factors known to bind to receptor 

tyrosine kinases were found in the ACM (Alqawlaq et al., 2016). Interestingly, 6 h 

OGD-ACM but not 24 h OGD-ACM was found protective in primary neurons. Our 

results indicated that 24 h OGD but not 6 h OGD was cytotoxic and increased GFAP 

intensity in primary astrocytes. Depending on the time, extent, and type (chronic 

versus acute) of ischaemic injury, the substances secreted by astrocytes can be 
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reparative or destructive (Buffo et al., 2010; Lau and Yu, 2001). Studies have 

previously revealed that the secretory activity of reactive astrocytes can exacerbate 

tissue injury, for example, an increasing concentration of TNFα can inhibit neurite 

outgrowth. Astrocytes release several pro-inflammatory cytokines (TNFα, IL-1β, IL-6, 

IFNγ, TGFβ) in response to acute ischaemia; which triggers the production of 

secondary mediators such as arachidonic acid metabolites, nitric oxide, ROS and 

MMPs that promote neuronal degeneration and axonal demyelination (Buffo et al., 

2010). The factors secreted by astrocytes also act in an autocrine / paracrine 

fashion, thereby resulting in amplification in secretion, contributing to sustained 

astrogliosis and neurotoxicity (Trendelenburg and Dirnagl, 2005).  

 

Initial results revealed that preconditioning neurons with whole ACM collected from 

astrocytes subjected to 6 h OGD was protective against OGD insult in neurons. For 

further studies, the whole ACM was separated into supernatant and EVs pellet. The 

supernatant and EVs pellet were separated and each of them was separately 

applied to primary neuronal cultures. Neurons subjected to the supernatant 

separated from 6 h OGD-ACM developed tolerance against subsequent 6 h OGD 

insults. Both MTT and LDH assay revealed that compared to sham-PC neuronal 

cultures, preconditioning with 6 h OGD-ACM (supernatant) followed by reversion 

provided significant cytoprotective against 6 h OGD insult. MTT assay (but not LDH 

assay) revealed that the whole 6 h OGD-ACM (whole) was significantly more 

protective than the supernatant alone. Previous studies have shown that several 

neurotrophic factors, such as VEGF, NGF, GDNF, BDNF, NT-3, and EPO are 

secreted by ischaemic astrocytes protect neurons from ischaemic damage both in 

vitro and in vivo (Barreto et al., 2011). A study has reported that soluble factors such 
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as TNFα and TGFβ present in the ACM protected neurons against serum-

deprivation induced cell death (Dhandapani et al., 2003).  

 

On the other hand, preconditioning with EVs (collected from Nx-ACM, 6 h OGD-

ACM, and 24 h OGD-ACM) were not found protective against OGD in primary 

neurons. A study reported that preconditioning neurons with exosomes obtained 

from glial cells are protective during acute ischaemia (Venturini et al., 2019). It has 

been reported that glial cells transfer miRNA to neurons via exosomes targeting 

signaling pathways such as PI3K / AKT pathway, Hippo, MAPK, or mTOR. Exosomal 

content (such as miRNA) is reported to promote neurogenesis, axonal remodelling, 

vascular remodelling, and reducing neuroinflammation in neurons (Hong et al., 

2018). Li et al., (2019) reported that astrocyte-derived exosomes suppress 

autophagy and ameliorate neuronal damage during ischaemic stroke. Another study 

by Hira et al., (2018) reported astrocyte-derived exosome treated with semaphorin 

3a inhibitor enhances stroke recovery via prostaglandin d2 synthase. Taylor et al., 

(2007) reported that in response to oxidative stress, cultured astrocytes release 

elevated amounts of heat-shock protein 70 (HSP70) and synapsin 1 in association 

with exosomes. Although we have not found exosomes from ACM neuroprotective, 

further studies need to be conducted with prolonged periods of preconditioning 

treatment or increased concentration of EVs.  

 

Besides proteins and cytokines, microRNA secreted by astrocytes could have roles 

in neuronal function following ischaemia. miR-92b-3p released from astrocytes 

subjected to OGD was associated with activation of the PI3K / AKT pathway and 
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ameliorated OGD-induced injury in neurons (Xu et al., 2019). Viral vector expressing 

miR-124 was found to increase neurogenesis and promote neuroprotection against 

cerebral ischaemic in vivo (Yang et al., 2017). Astrocytes also release the miR-17-92 

cluster that promotes neurite elongation (Carlos et al., 2016). Additionally, Hayakawa 

et al., (2017) reported that during transient focal cerebral ischaemia in mice, 

astrocytes release functional mitochondria that enter into adjacent neurons and 

amplify cell survival signals.  

 

Primary neurons subjected to ACM (Nx, 6 h OGD, and 24 h OGD) for 6 h did not 

upregulate HIF1α and HIF2α protein. Du et al., (2011) reported that hyperthermia 

conditioned ACM upregulated HIF1α and protected neurons from ischaemic injury. 

Studies have not explored the effects of OGD conditioned ACM on HIF1α and HIF2α 

expression yet. Out of all the HIF1α and HIF2α downstream genes studies, 6 h 

OGD-ACM upregulated Vegf expression in neurons. Karar et al., (2011) reported 

that activation of PI3K / Akt increased Vegf expression via both HIF dependent and 

independent mechanisms. Some of the cytokines (IL-6, IL-10, IL-1β, and TGFβ) 

secrete by astrocytes during ischaemia (Lau and Yu, 2001), which are known to 

promote angiogenesis. Cohen et al., (1996) showed that Vegf was upregulated in 

various cell lines treated with IL-6. IL-1β increased Vegf mRNA expression in 

cultured neonatal rat cardiac myocytes (Tanaka et al., 2000). Pro-inflammatory 

cytokines such as IL-1β and TNFα promoted neuron outgrowth and neurogenesis 

(Gougeon et al., 2013). During ischaemic stroke, VEGF decreases the expression of 

caspase 3 and increases the expression of anti-apoptotic Bcl-2 protein (Sanchez et 

al., 2011). VEGF promotes angiogenesis, axonal outgrowth, neuronal growth, and 

protects neurons against ischaemic injury (Patabendige et al., 2021; Sanchez et al., 
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2011). VEGF also promotes neuron survival during ischaemic stroke indirectly, by 

interacting with other neurotrophic proteins such as pigment epithelium-derived 

factor (PEDF) (Sanchez et al., 2011; Rosentein et al., 2010).  

 

Autophagic marker Lc3b-II was upregulated and p62 was downregulated in primary 

neurons subjected to ACM (6 h OGD and 24 h OGD) for 6 h, indicating autophagic 

induction. In a Huntingdon disease model, conditioned medium from primary glial 

culture resulted in Lc3b-II upregulation and p62 downregulation. It was postulated 

that Nrf2 overexpression in astrocytes promoted neuronal autophagy and protected 

against Huntingdon disease (Sung and Jimenez-Sanchez, 2019). Sun et al., (2013) 

also reported that ACM induces PI3K / Akt signalling pathway in neurons. ACM from 

primary retinal astrocytes was neuroprotective in primary cortical neurons via PI3K / 

Akt signalling pathway (Alqawlaq et al., 2016). PI3K / Akt pathway is known to 

modulate autophagy and promote survival in neurons during cellular stress (Heras- 

Sandoval et al., 2014). Various soluble factors in the ACM such as VEGF (Sanchez 

et al., 2011), IL-10 (Zhou et al., 2010) have been reported to activate the PI3K / Akt 

pathway in neurons. TGFβ also activated autophagy in various cell models via Smad 

and non-Smad pathways (Zhang et al., 2017; Alizadeh et al., 2018; Ghavami et al., 

2015; Kiyono et al., 2009). Although 24 h OGD-ACM promoted autophagy, it was not 

found protective in primary neurons. Studies have suggested that excessive and 

prolonged autophagy can result in cell death, whereas mild autophagy is 

neuroprotective (Kim et al., 2018). The upregulation of Vegf and autophagy by 6 h 

OGD-ACM may be due to the PI3K / Akt pathways and warrants further 

investigation. In contrast, Madill et al., (2017) showed that ACM derived from ALS 

patients reduced autophagy in the HEK293T cell line. Another study by Tripathi et 
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al., (2017) proposed that TGFβ1 released from reactive astrocytes resulted in mTOR 

activation and inhibited autophagy.  

Key findings: 

 Primary astrocyte cultures are more resistant to OGD insults compared to 

neuronal cultures.  

 Primary astrocytes possess capabilities to stabilise HIF1α and HIF2α in 

response to OD and OGD.  

 Media collected from astrocytes subjected to 6 h OGD insults (ACM) induced 

ischaemic tolerance in primary rat neurons.  

 The soluble proteins but not the EVs in the ACM were involved in induction of 

ischaemic tolerance.  

 Autophagy but not HIF1α plays an essential role in ACM induced ischaemic 

tolerance.  

 

In conclusion, OD and OGD for 6 h were not cytotoxic in primary astrocytes but 

resulted in the upregulation of HIF1α and its downstream genes, while OGD (24 h) 

was cytotoxic. Additionally, HIF1α, HIF2α, and their downstream genes were 

upregulated in response to 24 h OGD. As astrocytes are comparatively less sensitive 

to OGD insults than neurons, therefore modulating astrocytes to protect neurons 

would be beneficial for ischaemic stroke therapeutics. Depending on the time and 

extent of ischaemic injury, the substances secreted by astrocytes can be protective 

or destructive. Preconditioning with ACM from astrocytes subjected to 6 h OGD but 

not 24 h OGD promoted ischaemic tolerance in primary neurons. ACM collected 

from ischaemic (6 h and 24 h OGD) astrocytes promoted autophagy in primary 
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neurons. In comparison to EVs pellet, the soluble proteins in the ACM (6 h OGD) 

played a vital role in ACM induced tolerance and warrants investigation into the 

exact protein profile.   
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Chapter 7. 

General discussion and conclusion 
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7.1     Major finding  

As shown in Figure 7.1. this study established in vitro ischaemic stroke models 

(OGD) using PC12 cells and primary rat neurons and evaluated the effects of OD, 

GD, OGD on cell viability, HIF1α and HIF2α protein expression as well as gene 

expressions of HIF downstream genes and metabolic genes at various time points. 

Upon determining the maximal non-lethal period of GD, OD, and OGD, the 

effectiveness of preconditioning with the sublethal conditions was studied against a 

subsequent OGD insult in PC12 cells and primary neurons. Thereafter, the 

effectiveness of pharmacological preconditioning induced tolerance was evaluated 

on the models using novel small molecule PHD inhibitors in the ischaemic tolerance 

models. These PHD inhibitors are pharmacological mimetics of hypoxia and are in 

phase 3 clinical trials / clinical use for anaemia treatment in patients with CKD. The 

effects of these molecules were studied on HIF1α / HIF2α proteins, autophagic 

proteins, and hypoxic genes in PC12 cells and primary neurons. Finally, the effects 

of OD and OGD (various time points) on astrocyte cell viability, GFAP expression, 

HIF1α / HIF2α protein expression, and HIF downstream genes were evaluated. Then 

studies were performed to determine the effectiveness of separable components i.e. 

soluble proteins and EVs of ACM collected from astrocytes subjected to OGD 

against OGD insult on primary neuronal cultures. The effect of the ACM was also 

studied on HIF1α / HIF2α proteins, autophagic proteins, and HIF downstream genes.  

Figure 7.1. Lists the major discoveries by this study. 
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Figure 7.1. Summary of major findings. In PC12 cells, primary neuronal cultures 

and primary astrocytes, preconditioning with brief OD, OGD stimuli, and PHD 

inhibitors were protective against a subsequent OGD insult. GD-PC was protective in 

PC12 cells only. Reperfusion following brief preconditioning insult was essential for 

recovery, de novo protein synthesis, and genetic reprogramming. OD, OGD, and 

PHD inhibitors inhibit PHDs and upregulate HIF1α. HIF1α translocates to the 

nucleus and dimerizes with HIF1β, resulting in upregulation in various genes. PHD 

inhibitors also promote autophagy, but the link between HIF1 activation and 

autophagy needs further investigation. (Image produced using Biorender). 
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7.2     Establishing an in vitro model of stroke  

Initial studies were performed to develop a suitable in vitro model of ischaemic stroke 

to evaluate the effectiveness of several treatment strategies and characterise their 

underlying mechanism. Ischaemic stroke models were developed using PC12 cells 

and primary neurons. Results revealed that in both PC12 cells and primary neurons, 

6 h OGD resulted in significant cytotoxicity and was a suitable model for ischaemic 

insult. Reperfusion (24 h) further worsened 6 h OGD induced injury. OGD for 2 h and 

4 h were not cytotoxic and therefore deemed sub-lethal. Alongside OGD, the effect 

of OD alone was evaluated on the cells. In PC12 cells, OD (6 h onwards) resulted in 

a significant reduction in mitochondrial activity and an increase in LDH release. In 

primary neurons, 6 h OD altered mitochondrial activity but did not elevate LDH 

release. The effect of GD alone was evaluated on PC12 cell viability. GD (12 h and 

24 h) resulted in a significant increase in LDH release and reduction in mitochondrial 

activity.  

 

In addition to cell viability, apoptosis was studied in PC12 cells using flow cytometric 

analysis (Annexin V and 7-AAD). GD, OD, or OGD for 24 h resulted in significant 

early apoptosis and necrosis which was worsened following reperfusion. Shorter 

periods of GD, OD, or OGD mainly resulted in early apoptosis, which was 

successfully reversed upon reperfusion. 6 h OGD insult resulted in significant early 

apoptosis, which was worsened following reperfusion.  

 

HIF is a dimeric protein complex that plays an essential role in cellular responses to 

low oxygen levels. To evaluate the suitability of these cells as models of ischaemia in 
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vitro, the expression of HIF1α and HIF2α proteins were evaluated in PC12 cells and 

primary neurons. In PC12 cells, 4 h and 6 h OGD upregulated HIF1α and HIF2α; 

whereas a shorter period of OGD (2 h) was sufficient to upregulate HIF1α in primary 

neurons. The PC12 cells and primary neurons were less sensitive to OD, requiring 

24 h and 6 h respectively to upregulate HIF1α and HIF2α. In PC12 cells, GD (24 h) 

upregulated HIF1α and HIF2α. Shorter periods of GD ( 2 h, 4 h and 6 h) did not 

upregulate HIF1α and HIF2α in PC12 cells.  

 

Overall, results revealed that both PC12 cells and primary neurons respond similarly 

to OGD. HIF1α and HIF2α were upregulated in both PC12 cells and primary neurons 

during OD and OGD conditions, however, the time points slightly varied. The 

magnitude of HIF activation varied in the different cell types depending on the period 

of oxygen and / or glucose deprivation. The omission of both glucose and oxygen 

was found most effective in HIF activation. Both PC12 cells and primary neurons 

subjected to OGD are suitable in vitro models for ischaemic stroke for preliminary 

screening of several treatment strategies.  

7.3     Preconditioning induced ischaemic tolerance  

Ischaemic tolerance is a phenomenon whereby transient resistance to lethal 

ischaemia is gained due to prior exposure to sub-lethal noxious stimuli (i.e. 

preconditioning) (Hill, 2014). Upon characterising the timeline for sub-lethal 

ischaemia and ischaemic insult, the effectiveness of IPC and HPC were evaluated in 

PC12 cells and primary neurons. Sub-lethal GD, OD, or OGD (2, or 4 h) were 

applied to PC12 cells and primary neurons followed by a period of reperfusion and 6 

h OGD insult. OGD-PC was the only strategy that was found protective in both the 
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cell types. The time point at which OGD-PC was protective, corresponded with the 

upregulation of HIF1α and / or HIF2α and its downstream gene.  

 

OD-PC was cytoprotective in primary neurons but not in PC12 cells. Unlike OGD-PC 

(2, 4 h), a longer period of OD-PC (6 h) was required to generate sufficient 

cytoprotection in primary neurons. Similar to OGD-PC, the protective effect of OD-

PC correlated with the upregulation of HIF1α and / or HIF2α and its downstream 

genes. GD-PC (4 h, 6 h) was only found protective in PC12 cells and the effect was 

HIF1α and HIF2α independent.  

7.4     Pharmacological activation of HIF for neuroprotection in ischaemia 

As OD-PC and OGD-PC were found protective in PC12 cells and primary neurons, 

the effectiveness of preconditioning with pharmacological hypoxia mimetics (i.e. PHD 

inhibitors) were evaluated in PC12 cells and primary neurons. In PC12 cells, novel 

PHD inhibitors (FG2216, FG4592, GSK1278863, and Bayer85-3934) were pursued 

along with non-specific and widely studied PHD inhibitor DMOG. In primary neurons, 

FG4592 was pursued as a representative of the novel class of PHD inhibitors, 

alongside a nonspecific HIF PHD inhibitor -- DMOG. 

 

Preconditioning with DMOG (100µM) for 24 h followed by reversion was 

cytoprotective against 6 h OGD insults in PC12 cells and primary neurons, however, 

at this concentration HIF1α or HIF2α were not upregulated in PC12 cells. 

Preconditioning PC12 cells with the novel PHD inhibitors (100µM) for 24 h followed 

by reversion and 6 h OGD insult was found cytoprotective. In primary neurons, 

FG4592 (50 and 100µM) was protective against OGD insult. The novel PHD 



314 
 

inhibitors were found cytoprotective in PC12 cells and primary neurons at the 

concentrations HIF1α / HIF2α was upregulated.  

 

In PC12 cells, 100µM of the novel PHD inhibitors resulted in significant HIF1α but 

not HIF2α upregulation. In contrast to PC12 cells, a lesser concentration of FG4592 

(50µM) was sufficient to induce significant HIF1α upregulation. In both PC12 cells 

and primary neurons, HIF2α was not upregulated by the novel PHD inhibitors. Non-

specific PHD inhibitor DMOG (100, 250 and 500 µM) upregulated both HIFα and 

HIF2α in primary neurons, however, in PC12 cells, a ten-times higher concentration 

of DMOG upregulated HIF1α (1mM) and HIF2α (2mM).  

 

In addition to HIF expression, the effects of the PHD inhibitors were studied on 

autophagic proteins Lc3b-II and p62. In PC12 cells, PHD inhibitors: FG2216, 

FG4592, Bayer85-3934, and GSK1278863 significantly increased Lc3b-II expression 

and reduced p62 (i.e. promoted autophagy). In primary neurons, FG4592 (30, 50, 

and 100µM) promoted autophagy. In PC12 cells and primary neurons, independent 

of HIF1α upregulation, 100µM of DMOG was sufficient to promote autophagy. The 

variation in HIF1α / HIF2α expression and autophagy activation between PC12 cells 

and primary neurons by the PHD inhibitors is due to the differences in sensitivity and 

potency, resulting in a variation in the cytoprotective effect.  

 

There are three human PHD isoforms due to which development of highly potent and selective PHD2 

inhibitor is essential (Kenneth and Rocha, 2008). PHD inhibitors such as DMOG are non-

specific and have effects on several 2-OG dioxygenases (~60 in human), therefore 
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they exert pleiotropic effects such as HIF induction, anti-oxidant, anti-inflammatory 

effects. The exact mechanism due to which these inhibitors exert protection is 

unknown and can also result in off-target effects. The novel PHD inhibitors (such as 

FG4592) are a stepping stone in stroke research because they are selective for 

PHDs over other 2-OG dependent enzymes. This minimizes off-target effects on 

other 2-OG dependent enzymes, however, it is essential to develop PHD isoform-

specific inhibitors. Results have revealed that PHD2 inhibition was sufficient for 

protection in cerebral ischaemia, therefore the development of PHD2 specific 

inhibitors would be beneficial for stroke therapy.   

 

Various PHD isoforms can hydroxylate HIF1α. PHD-2 is the primary regulator 

followed by PHD-3 that has comparatively lesser activity and PHD-1 having the least 

activity (Kenneth and Rocha, 2008). Studies have shown that inhibition of PHD-2 is 

sufficient for the upregulation of HIF-1α in various cell types (Karuppagounder and 

Ratan, 2012). Development of specific PHD-2 inhibitors and studying their 

effectiveness will be beneficial to minimize non-specific effects in different cells.  

 

Similar to PHD, an asparaginyl hydroxylase known a FIH also controls HIF 

transcriptional activity in an oxygen-dependent manner (Yeh et al., 2017). Although 

PHD inhibitors have been widely studied on cerebral ischaemic models, FIH 

inhibitors have not been explored. It would be interesting to developing novel and 

specific FIH inhibitors and study their effectiveness in stroke. It would also be 

interesting to compare the differences in protein and gene expression profiles of 

PHD versus FIH inhibitors.  
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For clinical application, PHD inhibitors need to cross the BBB and have an effect on 

the neurons. The novel PHD inhibitors are small molecules and may cross the BBB. 

Li et al., 2018 revealed that FG4592 can partially cross the BBB and induce 

expression of HIF1α in mice brain tissue. Yeh et al., (2017) revealed that PHD 

inhibitor Bayer85-3934 partially crosses the BBB. With current advances in medicinal 

chemistry, the structures of the drugs can be altered to enhance lipid solubility 

promoting passive diffusion across the BBB.  

 

Overall, the PHD inhibitors promoted autophagy as well as HIF1α and / or HIF2α 

upregulation, however, the link between HIF activation and autophagy remains 

unclear. Additionally, whether autophagy or HIF activation alone or together attribute 

to the pharmacological preconditioning induced tolerance, needs to be explored. 

Future studies should be directed towards understanding the link between 

autophagy and HIF activation. Most of the commercial HIF inhibitors such as 3-

methyladenine or YC-1 are non-specific and inhibit autophagy too (Gunn et al., 

2018), therefore, HIF1α and / or HIF2α silencing using siRNA would be more 

effective to understand the role of HIF activation on autophagy and ischaemic 

tolerance. 

 

In addition to the neuron, studying the effect of the novel PHD inhibitors on an in vitro 

BBB model (consisting of astrocytes, endothelial cells, neurons) would be beneficial 

to understand whether they can reduce ischaemic stroke potentiated cerebral 

oedema. The effect of the novel PHD inhibitors on membrane localisation of ZO-1, 
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claudins, and occludins in endothelial cells should be explored to evaluate the BBB 

integrity. HIF1α plays an important role in BBB disruption and oedema formation in 

the brain via pathways involving expression of AQP-4 water transporter, therefore, 

the effect of the novel PHD inhibitors on AQP-4 expression should be explored in 

primary astrocytes and endothelial cells. 

7.5     Neuroglial interaction for ischaemic stroke treatment 

Astrocytes are the main cells in the brain that are responsible to maintain 

homeostasis in the brain. Astrocytes interact and support neurons on several levels 

such as NT trafficking and recycling, ion homeostasis, energy metabolism and 

defence against oxidative stress (Carlos et al., 2016). Astrocytes possess intrinsic 

neuroprotective properties that support and have abilities to protect neurons during 

stress. Therefore, it is essential to understand the innate mechanisms by which 

astrocytes protect neurons during ischaemia and translate these strategies into 

clinical applications (Bélanger, 2009).    

 

Following studies in primary neurons, the effects of OGD were evaluated in primary 

astrocyte cultures. In primary astrocytes, there was no significant cytotoxicity by 6 h 

OGD, whereas 6 h OGD was found cytotoxic in primary neuronal cultures. In primary 

astrocytes, 24 h OGD resulted in significant cytotoxicity. Following 24 h reperfusion, 

the injury was not worsened, however, the astrocytes remained activated (elevated 

GFAP expression). Primary astrocytes were resistant to prolonged OD insults, 48 h 

OD resulted in significant cytotoxicity. In primary astrocytes, HIF1α and HIF2α were 

upregulated by 6 h and 24 h of OD and OGD. These results indicate that astrocytes 

are robust for ischaemia than neurons. Almeida et al., (2002) revealed that in 

https://www.ncbi.nlm.nih.gov/pubmed/?term=B%26%23x000e9%3Blanger%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19877496
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neuron-astrocyte co-culture models, astrocytes were more resistant to OGD than 

neurons. Neuronal death was observed within the first 90 minutes, whereas 

astrocytes remain viable for up to 4 to 6 h of injury. Similarly, an in vivo study by 

Gurer et al., (2009) revealed that astrocytes remain viable for longer than neurons 

during focal cerebral ischaemia. Astrocytes were better preserved than neurons in 

the boundary zone to the infarct and even in the core region, astrocytes remain 

metabolically active and viable post focal cerebral ischaemia (Gurer et al., 2009).  

 

For preliminary studies, ACM was collected from astrocytes subjected to OGD (6 h, 

24 h). The ACM was separated into EVs pellet and soluble proteins (supernatant) via 

sequential ultracentrifugation. Zetasizer detection revealed that ~85% of the particles 

in the EVs pellet were within the exosome size range (20-200 nm). The ACM and its 

separate parts (EVs and supernatant) were applied to primary neurons followed by 

reperfusion and 6 h OGD insult. Results revealed that the whole ACM (6 h OGD) as 

well as the supernatant only, were cytoprotective in primary neurons. 24 h OGD-

ACM was not found protective. ACM (6 h OGD) also promoted autophagy and 

upregulated Vegf gene expression in primary neuronal cultures but did not 

upregulate HIF1α or HIF2α protein.  

 

Although preliminary studies revealed no beneficial effect of EVs, recent studies 

have reported a protective effect of EVs in ischaemic stroke models. Therefore, 

studying the effectiveness of prolonged treatment (24 h) with EVs or higher 

concentrations of EVs should be explored. The EVs need to be further characterised 

by western blotting or electron microscopy using external (CD9, CD63, CD81) and 
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internal (TSG101, HSP70, Alix) exosomal markers (Hong et al., 2018). The 

differences in the components in the EVs generated from astrocytes subjected to 

acute or chronic ischaemia should be studied using liquid chromatography-mass 

spectrometry (LC-MS) or flow cytometry.  

 

In this thesis, a single marker of astrocyte activation (GFAP) was evaluated, however 

additional markers of astrocyte activation S100β (Yasuda et al., 2004) and aldehyde 

dehydrogenase 1 family, memberL1 (Aldh1L1) gene (Matias et al., 2019) need to be 

studied to validate the finding. The effect of OGD was only studied on a set of 

hypoxic genes in the astrocytes, however, in vivo studies have reported that 

astrocyte activation affects various astrocyte-specific genes such as Mmp2, Plaur, 

Mmp13, Axin2, Nes, Ctnnb1, Lcn2, Steap4, Gfap, Cxcl10, Timp1, S1pr3, and 

Serpina3n (Cohen and Torres, 2019). Hence, the expression of these genes in 

astrocytes in vitro and their role needs to be explored.  

 

Preliminary results revealed that 6 h OGD-ACM but not 24 h OGD-ACM was 

protective in primary neurons, therefore, it would be interesting to explore the 

differences in the cytokines, chemokines, and growth factors (summarized in table 

7.1) present in the ACM using LC-MS. Studies have reported that some molecules 

present in ACM such as IL-10, IFNβ, and EPO can confer resistance to ischaemic 

insults in vivo (Buffo et al., 2010), therefore, determining the secretome profile would 

be beneficial to characterise the molecules essential to promote ischaemic tolerance 

and studying their effect on primary neuronal cultures individually. In addition to EVs 

and soluble factors, astrocytes also secrete healthy mitochondria (Hayakawa et al., 



320 
 

2016) and miRNA (Carlos et al., 2016). These need to be characterised using LC-

MS, electron microscopy, or flow cytometry and their roles in ischaemic tolerance 

warrant further investigation. Studies in literature and preliminary findings (6 h OGD 

induced autophagy and Vegf gene upregulation) commonly pointed towards ACM 

affecting the PI3K / Akt / mTOR pathway. Further studies should be directed towards 

studying the effect of ACM on PI3K / Akt / mTOR pathway using knock out, and 

inhibitory studies and understanding its role on ischaemic tolerance.  
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Table 7.1. Lists the different cytokines, chemokines and neurotrophic factors 

that are secreted by astrocytes during ischaemia and their effects on neurons.  

Cytokines IFNγ 

IFNβ 

IL-1β 

IL-6 

IL-10 

IL-17 

TGFβ 

TNFα 

Neurotoxic 

Neuroprotective 

Neurotoxic 

Neuroprotective 

Neuroprotective 

Neurotoxic / neurotoxic 

Neuroprotective 

Neurotoxic 

Chemokines CCL2 

CCL5 

CCL20 

CXCL8 

CXCL10 

CXCL12 

CX3CL1 

Neurotoxic 

Neuroprotective 

Neurotoxic 

Neurotoxic 

Neurotoxic / neurotoxic 

Neuroprotective 

Neuroprotective 

Neurotrophic 

factors 

EPO  

VEGF 

NGF 

GDNF 

BDNF 

NT-3 

Neuroprotective 

Neuroprotective 

Neuroprotective 

Neuroprotective 

Neuroprotective 

Neuroprotective 

 

References: Buffo et al., 2010; Barreto et al., 2011 
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7.6     Conclusion 

Through the several experiments carried out in this thesis, it was determined that the 

brain has endogenous protective mechanisms to cope with stress such as ischaemia 

and these mechanisms need to be well understood and modulated for clinical 

application. Ischaemic stroke was modelled in vitro in PC12 cells and primary 

neurons. Three different conditions GD, OD and OGD were evaluated on the cell 

models. During ischaemic stroke, a clot results in blockage of blood and oxygen 

supply to the brain, therefore, OGD (simultaneous omission of oxygen and glucose) 

most closely mimicked ischaemia in vitro. In PC12 cells and primary neurons, 

significant cytotoxicity was observed by 6 h OGD (0.3% O2). OGD for 2 h and 4 h 

altered metabolic (MTT) activity of the cells but was not cytotoxic. The effects of 

reperfusion were dependent on the period of initial OGD insult. Reperfusion following 

short periods of OGD (2 h and 4 h) was protective in PC12 cells and primary 

neurons, however, following 6 h OGD it further propagated cytotoxicity. OGD 

upregulated oxygen-sensing HIF1α and HIF2α in PC12 cells and primary neurons, 

however, the magnitude of expression was time- and cell-dependent. In primary 

neurons, HIF1α commenced earlier (2 h) compared to PC12 cells (4 h). In both 

PC12 cells and primary neurons, HIF2α commenced later than HIF1α expression. 

Compared to OGD, both PC12 cells and primary neurons were resistant to GD and 

OD requiring prolonged exposure to initiate cytotoxicity and HIF1α / HIF2α 

upregulation.  

 

Preconditioning (GD, OD and OGD) followed by reperfusion and 6 h OGD insult was 

evaluated as a treatment strategy in PC12 cells and primary neurons. 

Preconditioning with GD (4 h) followed by reperfusion was found protective in PC12 



323 
 

cells against 6 h OGD insult, however, there the cytoprotective effect was not HIF1α 

/ HIF2α dependent. In PC12 cells, OD-PC was not found protective at the time points 

evaluated (2 h, 4 h and 6 h). In primary neurons, 6 h OD-PC was found protective 

against 6 h OGD insult. In both PC12 cells and primary neurons, OGD-PC exhibited 

significant cytoprotection; however, the effect was time-dependent and varied 

between these two cell types. In PC12 cells, 4 h (but not 2 h) OGD-PC was 

cytoprotective; whereas in primary neurons, both 2 h and 4 h of OGD-PC protected 

against 6 h OGD insult. In both PC12 cells and primary, the cytoprotective effect of 

OD-PC and OGD-PC corresponded with the time points for upregulation of HIF1α 

and / or HIF2α and their downstream genes.  

 

Novel PHD inhibitors (FG2216, FG4592, GSK1278863, Bayer85-3934) were studied 

alongside non-specific DMOG in PC12 cells. In primary neurons, only FG4592 was 

pursued as a representative of novel PHD inhibitors. At 100µM, all the PHD inhibitors 

were not cytotoxic in PC12 cells and primary neurons. The PHD inhibitors at 100µM 

promoted autophagy in PC12 cells and so did FG4592 (30µM) and DMOG (100µM) 

in primary neurons. HIF1α was upregulated by all the PHD inhibitors at 100µM 

except for DMOG, which stabilised HIF1α at 1 mM. In primary neurons, HIF1α was 

upregulated by FG4592 (30µM) and DMOG (100µM). Overall, results indicated that 

the novel class of PHD inhibitors have higher potency than DMOG.  

 

Preconditioning with 100µM of PHD inhibitors (DMOG, FG2216, FG4592, 

GSK1278863, Bayer85-3934) for 24 h followed by 24 h reversion significantly 

protected PC12 cells against 6 h OGD insult. Similar responses were observed in 
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neurons with FG4592 (50µM and100µM) and DMOG (100µM and 250µM). In PC12 

cells, DMOG showed a neuroprotective effect at 100µM, but HIF1α was not 

upregulated. This is because DMOG exerts effects on several pathways that 

coordinate metabolic adaptation to energy crisis and oxidative stress such as AMPK 

signalling. Exposure to the PHD inhibitor followed by a period of reversion resulted in 

genetic reprogramming and development of ischaemic tolerance.  

 

Primary astrocytes were comparatively more resistant to OGD or OD insult than 

neurons. OGD (6 h) was not cytotoxic in primary astrocytes but it upregulated HIF1α 

and HIF2α. Cytotoxicity was observed from 48 h OD and 24 h of OGD onwards in 

primary astrocytes. ACM collected from astrocytes subjected to 6 h but not 24 h 

OGD followed by reversion was found cytoprotective in primary neurons against 6 h 

OGD insult. The OGD-ACM (6 h) promoted autophagy and Vegf upregulation but not 

HIF1α or HIF2α stabilisation. The EVs pellet isolated from 6 h OGD-ACM were not 

found protective in ischaemic neurons, however, the soluble supernatant alone 

conferred significant cytoprotection.  

 

Overall, all the neuroprotective interventions explored activated either HIF1α, HIF2α, 

and / or autophagy in the cells. The link between HIF activation, autophagy, and 

ischaemic tolerance needs to be further investigated. Ischaemic tolerance is an 

effective strategy that has shown great promise in vitro and needs to be explored 

further for application for clinical use. 
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7.7     Future perspectives 

As with any body of work, addressing research problems sheds light on additional 

avenues of investigation based on outputs generated and experimental parameters. 

For the experiments carried out here, we have evaluated directions this work could 

take to make some things clearer and address new questions raised through 

experimentation. 

 

As discussed in Section 3.4, current in vitro models of ischaemia stroke have several 

limitations and need improvement. Firstly, the oxygen levels in the normoxic 

incubator (for normoxia and reperfusion) are relatively higher than in vivo. Therefore, 

it would be ideal to culture the cells (normoxia) or return the cells back (reperfusion) 

to oxygen levels of around 3-5% to closely mimic the in vivo environment. This could 

be performed with an alternative hypoxia chamber set to around 3% O2 or using a 

system that automatically regulates oxygen and glucose levels. In addition to the 

oxygen levels, the glucose levels in vitro are also very high, therefore to mimic 

glucose levels in vivo; a continuous perfusion system that delivers media and 

removes waste at a constant rate over an extended period would be most suitable. 

One of the limitations of in vitro models is the lack of intact blood vessels and 

leucocyte infiltration, therefore developing a suitable 3D ischaemic stroke model 

would be beneficial for stroke therapeutics. For example, a microfluidic 3D model 

with several layers of living cells (neurons, astrocytes, endothelial cells, and 

microglia) and luminal flow (for leucocyte infiltration) in a perfused chamber would be 

ideal. Additionally, the incorporation of blood vessels into the 3D model to study 

angiogenesis and erythropoiesis could also be beneficial. Over the past decade, 

there have been several efforts to develop microfluidics or hydrogel-based 3D 
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models of in vitro brain. These models aim to closely mimic the human tissue and 

provide reproducible results. Currently in vitro ischaemia models apply OGD to the 

entire cell culture and fail to mimic focal ischaemia (Jorfi et al., 2018). Thus 

developing experimental 3D models where hypoxia can be applied to a particular 

region of interest would be appropriate. It has been reported that cells grown in 3D 

environments exhibit distinct phenotypes (astrocytes maintained in resting state) and 

would be of greater physiological relevance (Holloway and Gavins, 2017).  

 

Alongside neurons, NVU consists of several cell types such as astrocytes, microglia, 

endothelial cells, OPCs and pericytes. As the PHD inhibitors were found protective in 

primary neurons, it would be interesting to study the effects of non-specific PHD 

inhibitors versus novel PHD inhibitors on protein and gene expression on all the 

different cells that form the NVU.  Furthermore, the effectiveness of these PHD 

inhibitors should be evaluated against in vitro OGD insults in all the different cells 

forming the NVU. In addition, it would be interesting to develop primary neuron and 

astrocyte co-cultures to mimic the ischaemic core and evaluate the effectiveness of 

novel PHD inhibitors on the co-culture model.  

 

Preconditioning with the novel PHD inhibitors has shown promise in vitro ischaemic 

stroke models thus future studies should be directed towards studying their 

effectiveness in vivo. In vivo studies would be beneficial to study the overall effect of 

PHD inhibitors on all the different cell types and the brain as a whole. Although in 

vitro cell model systems are cheaper and simpler to procure, their major drawback is 

their failure to capture inherent organ complexity. Studying preconditioning in vivo 
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addresses these shortcomings and can evaluate safety, efficacy and toxicity on 

organ systems.  

 

The occurrence of ischaemic stroke is unpredictable, therefore postconditioning is a 

much more preferential treatment protocol because it can be applied after ischaemic 

stroke. Postconditioning with novel PHD inhibitors was not found effective in vitro, 

however, studies in the past have revealed that postconditioning with PHD inhibitors 

such as DFO and DMOG was associated with reduced complications such as 

sensorimotor dysfunction (Mu et al., 2005; Nagel et al., 2011). It is difficult to study 

postconditioning in vitro because its effectiveness cannot be merely measured by 

cell viability studies. Other outcomes such as effects on sensorimotor dysfunction 

and size of brain oedema are immeasurable in vitro. The effectiveness of 

postconditioning with the novel PHD inhibitors should be explored in vivo.  

 

Preliminary results revealed that ACM collected from astrocytes subjected to 6 h 

OGD (but not 24 h OGD) was protective in primary neurons, therefore, it would be 

interesting to explore the differences in the cytokines, chemokines, and growth 

factors present in the ACM using LC-MS at different time points. Upon identifying the 

molecules that play an essential role, the effectiveness of individual molecules in the 

ACM can be evaluated in ischaemic neurons. In addition, it would be interesting to 

study the dose-dependent effectiveness of ACM and EVs on ischaemic neurons.  
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Appendices 

Recipes for preparation of reagents used for Western blotting 

Table 1. TBS-T (10X) recipe. The reagents were dissolved in 700ml distilled water 

and the pH was adjusted to 7.4 with concentrated hydrochloric acid before making 

up to 1 L with distilled water. 1 L of 1 x TBS-T was prepared by diluting 10x TBS-T 

1:10 in distilled water. 

Reagent                         Amount 

 

Tris- Base                         60.2 g 

 

Sodium chloride               87.7 g 

 

Tween 20                         10 ml 
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Table 2. Mild stripping buffer recipe. The reagents were dissolved in 700 mL 

distilled water and the pH was adjusted to 2.2 with concentrated hydrochloric acid 

before making up to 1 L with distilled water.  

 

Reagent                         Amount 

 

Glycine                             15 g 

 

SDS                                    1 g 

 

Tween 20                         10 ml 
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Figure 1. Representative western blot images Figure 3.6 
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Figure 2. Representative western blot images for Figure 3.11 
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Figure 3. Representative western blot images for Figure 4.7   
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Figure 4. Representative western blot images for Figure 5.9 
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Figure 5. Representative western blot images for Figure 5.10.  

 

 

Figure 6. Representative western blot images for Figure 5.11.  
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Figure 7. Representative western blot images for Figure 5.20.   
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Figure 8. Representative western blot images for Figure 5.21.  
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Figure 9. Representative western blot images for Figure 6.6.   
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Figure 10. Representative western blot images for Figure 6.10.  
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Figure 11. Representative western blot images for Figure 6.11.   
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