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Abstract 

 

The advent of new technologies that permit the simultaneous study of many thousands of genes or 

proteins in parallel has transformed our understanding of many disease processes. As the 

predominant effector molecule in biological systems, the analysis of protein expression likely 

offers a more direct measure of the cellular response in a disease of energy insufficiency like stroke. 

To date, there has been little application of proteomics to stroke research and few studies have 

investigated global changes within the brain or attempted to validate the functional consequences 

of manipulating the potential biological targets identified. We hypothesised that a systems biology 

approach combining large-scale proteomics and bioinformatics could elucidate the molecular 

changes occurring in the days after stroke which are currently not well understood. 

The first aim of this thesis was to establish a bioinformatics approach to analyse large-scale 

proteomic data and to validate the method in a known situation. The analysis method was applied 

to a historical Western array dataset investigating differential protein expression in the 

somatosensory cortex at 3 hours post stroke and in sham operated controls. Proteins with a known 

association to stroke pathophysiology (e.g. Bad, Caspase-7 and Fas ligand) as well as novel 

proteins not previously related to stroke (e.g. RPL22, DHX38, NXF1 and GTF2F2) were identified 

through this approach. Protein profiles showed both detrimental and self-restorative mechanisms 

occur in parallel, and that early reperfusion can prevent the consequences of the expressions of 

detrimental proteins. In addition, the changes in expression profiles following treatment with two 

neuroprotectants (MK-801 and FR131706) in the acute phase were also investigated. Both 

neuroprotectants upregulated the expression of proteins associated with energy metabolism and 

PI3K/AKT signalling pathways despite the distinct pharmacological mechanisms of action of 

these drugs, suggesting a novel common pathway of neuroprotection exists. 

While this more stringent analysis approach provided new insight into neuroprotection, the small 

number of patients that could ultimately benefit limited the value of pursuing these novel targets 

as therapeutic agents. iTRAQ mass spectrometry in combination with the developed 

bioinformatics analysis was then employed to investigate the differential expression of proteins in 

brain tissues harvested from animals 3, 7 and 14 days following experimental stroke. The study 

showed upregulation of proteins known to be involved in neuroplasticity and neuroregeneration 

occurred in the same timeframe as impaired cellular trafficking and synaptic transmission and 

increased inflammation. Expression of proteins such as MAL2, Fsd1 and Mpp2 which have never 

been associated with stroke pathology before were also identified. These results suggest that an 
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opportunity exists in the days after stroke to manipulate protein expression and tip the balance in 

favour of beneficial mechanism. 

To determine whether manipulating key players in these damaging pathways had the potential to 

improve post stroke recovery, a proof of concept study was conducted to examine the effect of 

siRNA knockdown of upregulated inflammatory proteins in an ex vivo organotypic brain slices 

from CSF-1R-EGFP (‘MacGreen’) mice subjected to stroke. EGFP expression, a marker of 

inflammatory status in this transgenic mouse line, could be reduced by application of the non-

steroidal anti-inflammatory agent, indomethacin. Administration of siRNAs targeted to cathepsin 

B and MAL2 also produced a temporal reduction in inflammatory signal that was maximal at day 

7 post stroke. Whether small molecule inhibitors of these proteins have the potential to reduce 

brain inflammation and improve functional recovery in vivo requires further investigation. 

In summary, comparative proteomic technologies combined with stringent bioinformatics analysis 

can provide a comprehensive profile of the molecular changes in a complex disease like stroke 

and can fast-track identification of novel proteins which could be potential therapeutic targets. 

While further optimisation and validation studies are needed, ex vivo organotypic slice cultures 

from MacGreen mice subjected to stroke provide a unique opportunity in which to investigate sub-

acute inflammatory mechanisms following stroke. 
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 General Introduction 

 

1.1 Stroke 

1.1.1 Epidemiology of Stroke 

Stroke (Cerebral Ischaemia) is the third cause of death and long-term neurological disability 

worldwide [1]. Stroke is predicted to be the fourth cause of Disability-adjusted life-years (DALYs 

– the sum of life-years lost as a result of premature death and years lived with disability adjusted 

for severity) in western countries [2]. 

Stroke has enormous socio-economic effects estimated at US$59,800-$230,000 lifetime costs per 

patients [3] which increases mainly due to chronic disability. The healthcare cost for stroke 

accounts for almost 4% of total healthcare costs of the world and an even higher percentage in 

developed countries [2]. The healthcare costs have been estimated at US$ 34.3 billion in the United 

States (U.S) alone in 2008 with indirect costs of US$ 15.5 billion [4]. In New Zealand, the lifetime 

costs of stroke have been estimated as more than NZ$450 million annually [5]. 

Research on the prevention and management of stroke has resulted in a steady decrease in 

prevalence and mortality in industrialized countries over the last 30 years. [6] The average age-

adjusted prevalence of stroke has decreased from 7.5 to 5.3 for men and from 6.2 to 5.1 for women 

(per 1000 people per year) between 1950-2004 [7, 8]. The introduction of dedicated stroke care 

units (SCUs) and public awareness programs, such as the FAST campaign in NZ 

(http://www.stroke.org.nz/See-a-Stroke-FAST), has improved the functional recovery of stroke 

patients [9, 10] and decreased the mortality rate by 20% [2]. 

Every year, there are approximately 6000 new stroke incidences and 2000 stroke-attributed death 

in New Zealand [11]. Stroke in New Zealand displays a similar pattern to that observed in 

developed countries [12]. A population-wide study, Auckland Regional Community Stroke 

(ARCOS I-IV) has recently published the summary of extensively tracked stroke occurrence for 

the past 30 years [12]. According to the studies, the overall stroke incidence, 1-year mortality and 

28-days stroke case fatality reduced by 23% (95% confidence interval (CI) between 15-31%), 62% 

(95% CI 36-86%) and 14.8% (95% CI 9.7-20.0%) respectively. The percentage of stroke patients 

transferred to hospital has increased 28% (95% CI 26-31%) between 1981/82 and 2001/02 and the 

rate of diagnostic confirmation of stroke by neuroimaging and has increased 84.90% (95% CI 

62.8-100%). 
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The absolute number of stroke case, stroke survivors, related deaths, and the overall global burden 

of stroke however, is expected to grow over the next 20 years due to the worldwide increase in 

aging population [13], prevalence of diabetes and obesity [14, 15] and other cardiovascular 

diseases [8, 16]. In addition, an increase in stroke incidence at younger (20-54 years) ages has been 

observed which could result in greater lifetime burden of disability, contributing to the pessimistic 

projection in the future [17]. 

In New Zealand, the increased prevalence of hypertension (15%, 95% CI 11.7-18.4%), myocardial 

infarction (12.6%, 95% CI 12.8-15.1%), type 2 diabetes mellitus (12.5%, 95% CI 10.1-14.9%) and 

arterial fibrillation (7.2%, 95% CI 2.4%-12.0%) were observed over the last 30 years [12]. In 

addition, unlike the world population, no significant increase in stroke incidence with younger age 

group was observed. However, the continuing 15-year gap in the mean age at stroke onset between 

Maori and Pacific people (the youngest age group) and NZ European (the oldest), indicates much 

attention is required for these population groups [12, 18]. 

 

1.1.2 Aetiology and Risk Factors of Stroke 

Stroke is defined by World Health Organisation as “an acute neurologic dysfunction of vascular 

origin with sudden or at least rapid occurrence of symptoms and signs corresponding to the 

involvement of focal areas in the brain” [19]. 

Stroke is largely classified in three main pathological types; ischaemic, intracranial haemorrhage 

(ICH), and sub-arachnoid haemorrhage (SAH). Ischaemic stroke is caused by the occlusion of 

blood vessels supplying the brain and this occlusion is often restricted to a single vascular territory 

(focal) [20]. According to the National Acute Stroke Services Audit 2009, ischaemic stroke and 

intracranial haemorrhage account for approximately 73% and 75% of total stroke patients audited 

[21]. Approximately 50% of ischaemic strokes are due to large-artery atherothrombosis and 

ischaemic events in small intracranial arteries (lacunar strokes) and cardiac emboli account for 25% 

and 20% ischaemic stroke respectively [22]. 
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1.1.2.1 Risk Factors of Stroke 

Typical risk factors for stroke are: increasing age, hypertension, smoking, excessive alcohol 

consumption, secondary life styles (e.g. inadequate physical activities or exercise) and 

obesity/poor diet [3]. Age is the major non-modifiable risk factor and prevalence increases in every 

decade after age 55 [23]. Risk factors influence effects on the structure and function of blood 

vessels and their interface with circulating blood through promoting atherosclerosis, stiffening of 

arteries, inducing narrowing, thickening and tortuosity of arterioles and capillaries [24]. 

Hypertension (Blood pressure level ≥ 160/95mmHg (systolic/diastolic)) is responsible for 60-70% 

strokes worldwide and most important modifiable factor [25]. Arterial damage caused by 

hypertension can impair blood flow, build up plaques and create stenosis or thrombosis. Ischaemic 

stroke due to narrowed intracranial arteries accounts for >70% of stroke incidents worldwide 

underlining the stroke risk among hypertension patients [26]. Smoking is a significant independent 

risk factor for ischaemic stroke. Carboxy-haemoglobinemia, increased platelet aggregation and 

fibrinogen level from smoking and toxic chemicals such as 1,3-butadiene, can increase stroke and 

other heart disease risks [3, 27, 28]. This effect does not only limited to smokers but also to the 

victim of second-hand smoke, increasing stroke risk by at least a two-fold [29]. Obesity and 

unhealthy diet are related to ischaemic stroke which occurs through atherosclerosis, hypertension 

and diabetes [30]. High fat, sugar and/or salt diet increases low-density cholesterol, triglycerides 

and blood pressure therefore increases stroke risk [31]. Lastly, moderate exercise shows an inverse 

relationship with risk of stroke and affects also the risk factors of stoke such as hypertension, high 

cholesterol, obesity, diabetes and atherosclerosis [32]. The current trends for increasing stroke 

incidence in younger age population (20-54 year), lower socioeconomic status group and in 

developing countries are speculated to be due to exposure to such risk factors [2, 15, 17]. 

 

1.1.3 Pathophysiology of Ischaemic Stroke 

Ischaemic stroke is caused by reduction in blood flow to the brain. ATP (Adenosine triphosphate) 

production is in turn disrupted by reduced blood supply, while consumption continues, causing 

depletion of ATP and ultimately a failure of ionic homeostasis [33]. After this initial step, multi-

faceted downstream cascades of pathological mechanisms commence which lead to eventual cell 

death (Figure 1.1). 
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Figure 1.1 Pathological mechanisms of ischaemic stroke 

Metabolic deficiency from ischaemia leading to cytotoxic events (blue) which in turn induces mitochondrial 
dysfunction and an increase in reactive oxygen species. Increased ROS (reactive oxygen species) and reperfusion are 
associated with secondary damage via inflammatory responses (orange) which further increases ROS production and 
leads to apoptotic cell death (green). Illustration done by D. Kim. 

 

 

1.1.3.1 Failure in Ionic Homeostasis 

The area where ischaemia happens, termed the ‘core’, is characterised by near complete cerebral 

blood flow (CBF) arrest (<20% of normal condition) and rapid excitotoxic and necrotic cell death 

which occur within minutes post occlusion [34]. Surrounding this core, the ‘penumbra’ is a zone 

where CBF level is below functional thresholds (20~40% of normal condition) but above the 

threshold of cell death through collateral perfusion [35]. The cells in the penumbra show reduced 

levels of ATP generation, morphological integrity, normal ionic gradients in the presence of 

electrical silence, and suppressed protein synthesis [36]. This area has the capacity to recover to 

normal state if CBF is improved. However, it can also become ischaemic due to the propagation 

of pathological mechanisms of stroke [37] (Figure 1.2). The therapeutic opportunity to salvage the 

penumbra lies within 3-4.5 hours after stroke when the lesion progression to penumbra is 

completed [38]. 
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Figure 1.2 Temporal progressions of ischaemic core and penumbra 

At acute phase, the area of functional deficit (yellow) is not necessarily matched to the area of structural damage (red). 
Some areas may recover function spontaneously or due to therapy while other areas become infarcted. Reillustrated 
and modified from the Figure 6, Dirnagl et al, 1999 [39]. 

 

 

1.1.3.2 Excitotoxicity 

Excitotoxicity is a major mechanism contributing to acute ischaemic cell death. Ischaemia causes 

the inhibition of ATP synthesis in mitochondria that depletes existing ATP within 2 minutes. This 

energy deficiency leads to neuronal plasma depolarization which results in an efflux of potassium 

(K+) ion into extracellular space and an influx of sodium (Na+) into cells [40]. Membrane 

depolarization and increased intracellular Na+ concentration triggers the release of glutamate, the 

key excitotoxic neurotransmitters within the brain, leading to accumulation of glutamate in the 

extracellular space [39]. Increased extracellular glutamate concentration activates ionotropic 

glutamate receptors (iGluR; N-Methyl-D-aspartate (NMDA) receptor and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptor), which in turn, further depolarises the plasma 

membrane and increases calcium (Ca2+) influx. [41, 42]. In parallel, the energy deficiency also 

causes the inhibition of the plasma membrane calcium channel activity which maintains the 

intracellular Ca2+ concentration is maintained between 0.1-1.0µM in normal condition [40]. 

 Hours 
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Energy deprivation caused by ischaemia also increases intracellular Ca2+ concentration through 

acidosis. Increased lactate concentration by hypoglycemia lowers pH which in turn, activating 

Na+-selective acid-sensing ion channels (ASICs) which are calcium permeable [43]. Overall 

increase in intracellular calcium concentration causes the activation of most of Ca2+-dependent 

catabolic enzymes such as proteases, lipases and deoxyribonucleases as well as swelling of neuron 

[44]. 

 

1.1.3.3 Peri-infarct Depolarisation 

Peri-infarct depolarisations are spontaneous waves of depolarisation from the ischaemic core 

propagating through the penumbra. Repeated depolarisation in the penumbra explains the 

expansion of the ischaemic core region into the penumbra by inducing excitotoxic mechanisms in 

the neighbouring neurons and further accumulate intracellular Ca2+ [40]. 

 

1.1.3.4 Oxidative Stress 

The brain is particularly vulnerable to free radical-mediated attack due to the low baseline levels 

and slow speed of upregulation of antioxidant expression and scavenging mechanisms [45]. High 

Ca2+, Na+ and ADP (adenosine diphosphate) levels stimulate the production of mitochondrial 

reactive oxygen species (ROS). ROS mediate the destruction of cellular macromolecules such as 

lipids, proteins, nucleic acids and carbohydrates [46, 47]. In addition, matrix metalloproteinases 

(MMPs) which are activated by ROS, degrade collagen and laminin in the basal lamina affecting 

integrity of vascular wall in turn increasing the blood-brain barrier (BBB) permeability [48]. 

In addition, ROS promotes inflammatory responses via up-regulation of VEGF (vascular 

endothelial growth factor) [49] and inducing the expression of cytokines, matrix remodelling 

enzymes and pro-inflammatory genes through NF-κB (nuclear factor kappa-light-chain-enhancer 

of activated B cells) activation. The recruitment and migration of neutrophils and other leukocytes 

to the cerebral vasculature and the increased circulating monocyte level by ROS further increase 

basal lamina degradation and vascular permeability [48]. 

ROS also induces neuronal death mechanisms through excessive activation of poly(ADP-

ribose)polymerase-1 (PARP-1) and mitochondrial membrane dysfunction [33]. Over-activation of 

PARP-1 which depletes β-nicotinamide adenine dinucleotide (NAD+) and mitochondrial 

dysfunction cause ATP starvation, energy failure and neuronal death [40]. 
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1.1.3.5 Inflammation 

Inflammation is an innate defence and repair mechanism which protects an organism from internal 

and external threats. Microglia is a resident macrophage of the central nervous system (CNS) 

which works as the main immune defence [50]. Following ischaemic stroke, resident microglia 

are activated within minutes of ischaemic onset to minimise the ischaemic injury [51]. However, 

inflammation shows a temporal role change from protective to detrimental and becomes a major 

cause of secondary stroke-induced injury [52]. 

In the acute phase stroke (Figure 1.3), tissue injury activates resident microglial cells and 

astrocytes and recruits leukocyte to the lesion site and the penumbra [53]. Catabolic enzymes 

released by excitotoxic events degrade membrane and intracellular compartments which in turn, 

cause the release of danger associated molecular patterns (DAMPs) to extracellular compartments 

[54]. Pattern recognition receptors such as Toll-like receptor (TLR), which are constitutively 

expressed in brain cells, react to DAMPs inducing the activation of TLR/NF-κB signalling 

pathway. This activation enhances both innate and adaptive immunity (coagulation cascade [51] 

and complement system [55]). Activated microglia and macrophages release pro-inflammatory 

cytokines (IL-1β (interleukin-1β), IL-12, IL-23 and TNFs (tumour necrosis factors)) as well as 

ROS and neurovascular proteases [20]. Proteases such as MMPs increase the permeability of the 

BBB [56], consequently leading to further leukocyte accumulation [53]. 

Concurrently, activated microglial cells are speculated to carry out beneficial functions including 

phagocytosis of dead cells and cell debris [57], glutamate uptake [58], releasing growth factors 

such as IGF -1 (insulin-like growth factor-1) and anti-inflammatory cytokines (IL-10 and TGF-β 

(Transforming growth factor-β)) and scavenging ROS [51]. 

Post-ischaemic microglial proliferation peaks at 48-72 hours post ischaemia and may last for 

several weeks from initial event [59, 60]. Peripheral immune responses also continue to be 

activated over the course of sub-acute phase post stroke (days to weeks). Prolonged inflammation 

impairs network integrity and normal intercellular communications via extracellular matrix 

degradation which in turn hinders neural repair process and ultimately, prognosis post stroke. [61, 

62]. 
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Figure 1.3 Flowchart of acute inflammatory response cascade post stroke 

After ischaemia, released DAMPs and catabolic enzymes activate microglia and damage extracellular matrix (ECM). 
Microglia then releases pro-inflammatory cytokines which recruit leukocytes into the damaged area. Degradation in 
ECM causes BBB more permeable which in turn facilitates further leukocyte accumulation. The activated microglia 
and the recruited leukocytes also produce ROS which exacerbate the damage. Re-illustrated and modified from Figure 
2, Iadecola et al, 2011 [51]. 

 

 

1.1.3.6 Apoptosis and Necrosis 

Apoptosis and necrosis are the principal mechanisms of cell death after ischaemic injury [63, 64]. 

In areas of mild ischaemic injury such as within the ischaemic penumbra, apoptotic-like cell death 

mechanisms are favoured over necrosis due to the requirement for ATP in apoptotic cell death 

whereas necrosis predominates in acute permanent vascular occlusion. 

While necrotic cell death is perceived as unregulated, unprogrammed and lacking cell signalling 

events, a molecular switch that determines the fate of cell death by necrosis or apoptosis through 

TNFα-dependent pathways has been demonstrated in certain cells including those in brain [65]. 

Two kinases, RIP1 (receptor interacting protein 1) and RIP3 can trigger necrosis, often with the 

action of apoptosis inhibitors [66]. Activated RIP3 stimulates enzymes related to energy 

metabolism and/or ROS generation which are required for apoptotic cell death (e.g. glycogen-

degrading enzyme and glycogen phosphorylase) resulting necrosis [67]. 

Apoptosis can be triggered by ROS, death receptor ligands, damage to DNA, protease activation 

and ionic imbalance [68]. The complex interplay of Bcl-2 family of proteins determines the 

outcome of apoptosis either by promoting (Bax, Bak, Bad, Bim, Bid) or preventing (Bcl-2, Bcl-
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XL, Bcl-w) apoptosis [40]. The release of cytochrome c from mitochondria via excitotoxicity and 

ionic imbalance due to energy failure also modulates multiple caspase-dependant and -independent 

processes to dismantle critical homeostatic and repair mechanisms [69, 70]. 

 

1.1.3.7 Innate Mechanisms for Homeostasis Recovery and Reduction of Injury 

All organisms have innate mechanisms to counterbalance the deleterious effects of ischaemic 

event. Arterial pressure near ischaemic region increases via release of hormones and sympathetic 

nerve activation [71] which results in increase of the collateral blood supply to the ischaemic 

region [72]. Release of vasodilators (adenosine, K+, H+, NO (nitric oxide)) also increase blood 

supply [9] and decrease transcription factor HIF1 (hypoxia-inducible factor 1) degradation 

promotes oxygen and glucose supply into tissue [73]. The effects of energy shortage can also be 

compensated through suppression of neural activity and protein production [74, 75].  

Desensitization of NMDA receptors and a decrease in synaptic activity by inhibitory 

neurotransmitters such as γ-aminobutyric acid (GABA) and glycine reduce the damaging effect of 

excitoxicity [76]. Furthermore, Nrf2 (nuclear factor-erythroid 2-related factor 2) anti-oxidative 

response is also induced against post-ischaemic oxidative stress [77]. Up-regulation of IAP 

(inhibitor of apoptosis), Bcl-2, heat shock proteins (HSPs) and activation of Akt counterbalance 

the apoptosis signals. Additionally, anti-inflammatory, neuroprotective IL-10 and TGF-β 

production by regulatory lymphocyte restrict the leukocyte invasion and protect survived neurons 

[9]. 

Increased growth factor expressions (EPO (erythropoietin) and IGF-1) [78, 79], BDNF (brain-

derived neurotrophic factor) activation by CREB (cAMP (cyclic adenosine monophosphate) 

response element-binding protein) [80], remyelination of survived neurons [81], migration of 

neural precursor to damaged area [82] and influx of progenitor cells from bone marrow [83] all 

have shown to occur post ischaemic event for the reconstruction of damaged microvascular 

networks. 
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1.1.4 Diagnosis and Treatment of Stroke 

1.1.4.1 Diagnosis of Stroke 

Identification of the pathological cause is crucial to select the correct treatment options. Brain 

imaging using Computerised Tomography (CT) and Magnetic Resonance Imaging (MRI) were 

routinely used to confirm the diagnosis [2]. Diffusion-weighted imaging (DWI) in MRI has shown 

high sensitivity (0.99, 95% CI 0.23-1.00) and specificity (0.92, 95% CI 0.83-0.97) for acute stroke 

whereas CT has shown high specificity (1.00, 95% CI 0.94-1.00) but with low sensitivity (0.39, 

95% CI 0.16-0.69) [84]. CT is used more readily due the longer examination time and reduced 

availability of MRI however MRI can be used to differentiate ICH and ischaemic stroke [85]. 

Doppler ultrasound and echocardiography (ECG) have also been applied for assessment as well as 

diagnosis of stroke when specific circumstances are foreseen [86, 87] 

 

1.1.4.2 Available Stroke Treatment Options 

Efforts in management (e.g. SCU, FAST program) of stroke have reduced mortality, yet limited 

advances have been made in developing effective treatments to counter the deleterious effects of 

cerebral ischaemia. 

Currently, thrombolysis treatment with tissue-type plasminogen activator (t-PA) is the only FDA-

approved acute stroke treatment with demonstrated clinical efficacy in stroke patients [88]. t-PA 

activates plasminogen, a precursor form of plasmin which is a trypsin-like protease that works on 

a degradation of fibrin on the blood clot [89]. However, due to the limitations of short therapeutic 

time window of t-PA (up to 4.5 hours) and increased risk of symptomatic intracerebral 

haemorrhage, t-PA is still substantially underused [90]. Only up to 20% of ischaemic stroke 

patients are treated with t-PA in the SCU and 1-3% in many other hospitals [91]. This is, in part, 

because the patients are yet poorly informed [9] as well as the lacking of faster diagnosis of stroke 

for quicker and more t-PA treatment [86]. Thus, the challenges remain on how to increase the 

proportion of patients eligible to receive thrombolysis. 

Several intravenous thrombolytic drugs have been tested in an attempt to overcome one of the 

limitations of t-PA’s short half-life; More than 50% of t-PA is cleared within 5 minutes of delivery. 

Tenecteplase (TNK-t-PA), a t-PA variant [92] and desmoteplase, the plasminogen activator 

derived from the blood-feeding bat, Desmodus rotundus have been shown to have longer half-life 

[93]. 
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Decompressive surgeries such as acute carotid endoarterectomy, endovascular reperfusion or 

carotid artery stenting have shown their efficiency in removal of bigger clots causing occlusion of 

major arteries (diameter > 2mm) which thrombolytic drugs show lower efficiency in removing 

[94]. 

 

1.1.4.3 Neuroprotection 

One of the most researched topics in stroke in recent years has been the protection of the ischaemic 

penumbra region (neuroprotection). While there have been numerous clinical trials and validating 

experiments related to neuroprotection since early 1990s, the current impression of 

neuroprotective approach of stroke management is, however, “everything works in animals but 

nothing works in people [95]” due to the failure of translation in research from preclinical studies 

to the stroke patients. 

Neuroprotective research has targeted all of the key pathological mechanisms in the ischaemic 

cascade such as excitotoxicity, oxidative stress, inflammation, and apoptosis (Figure 1.4). Some 

well-known neuroprotection approaches are blocking Ca2+ channel (nimodipine [96]), NMDA 

antagonism (MK-801 (dizocilpine) [97], gavestinel [98]), calcium antagonism (magnesium 

sulphate [99]), ROS scavenging using antioxidants (NXY-059 [100]) and supply of phospholipid 

precursor (citicoline [101]). 

Several reasons have been speculated to account for the failure in the translation of neuroprotective 

agents, including poor predictive validity of models, inadequate preclinical validation prior to 

clinical trials or sub-therapeutic dosing to avoid toxic effects [102]. In addition, the differential 

contribution of white matter (WM) injury in human stroke compared to experimental models may 

explain the differences in efficacy between preclinical studies and clinical trials as neuroprotective 

research predominantly focuses on grey matter injury [20]. 

With failures in targeting single pathological mechanisms to treat stroke, research on elucidating 

the triggers and effectors of endogenous neuroprotection to develop therapies which engage 

multiple neuroprotective pathways and promoting repair processes have been investigated [9]. 

Similarly, administration of t-PA with minocycline, an antibiotic, anti-apoptotic, anti-

inflammatory and anti-excitotoxicity agent with a broad therapeutic window, or with 

haematopoietic growth factor, erythropoietin (EPO), have shown some beneficial effects in small 

clinical trials, extending therapeutic windows and reducing the haemorrhagic risk of t-PA [103, 

104].  



 

12 

Owing to strong association between hypertension and stroke, anti-hypertensive drugs such as 

thiazide diuretic agents, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, 

beta-blockers and Ca2+ channel blockers, have been investigated for stroke prevention. These 

drugs have shown to decrease the risk for cardiovascular events including stroke [105, 106]. From 

a similar strategy, lowering of low-density lipid (LDL) by statin therapy has been investigated to 

reduce the risk of stroke [107]. 
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Figure 1.4 Clinical trials of neuroprotection approach in acute ischaemic stroke  

Figure obtained from Figure 3, Ginsberg, 2008 [102].  
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1.1.4.4 Ischaemic Preconditioning and Tolerance 

Ischaemic preconditioning is defined as the phenomenon that repeated, brief periods of ischaemic 

‘pre’-insults induce significant level of protection against severe ischaemia ‘later’ [108]. 

Underlying mechanism of this preconditioning are thought to be due to metabolic adaptation to 

mild ischaemic conditions with suppression of the metabolic rate and a decrease in ATP levels 

[109]. However, worsening of ischaemic outcome has been also observed post repetitive ischaemic 

insults within a short interval rather than improve histological outcomes in ischaemic stroke [110] 

which indicates the involvement of different adaptive mechanisms in the brain and heart. 

Protein synthesis in the ischaemic region is inhibited in general nevertheless several types of 

molecular chaperones (HSPs) have shown up-regulation [111]. Neuronal upregulation of HSP72, 

which is known its regulatory role in both apoptotic and necrotic cell death [112] and has shown 

neuroprotective characteristic from cerebral ischemia when overexpressed [113], suggests that the 

brain has an ability to respond/react in a way that may be protective and improve recovery 

following ischaemia [114]. 

Ischaemic tolerance in ischaemic stroke was demonstrated in the hippocampal CA1 region in 

transient global models in gerbils with sub-lethal ischaemic stress followed by lethal ischaemic 

injury. The ischaemic tolerance arose from prior induction of HSP72 rendering neurons more 

resistant to ischaemia [115]. Other known triggers of ischaemic tolerance in the brain are: 

hyperthermia, hypothermia, hypoxia, ROS, inflammatory cytokines, spreading depression, 

mitochondrial inhibition, resveratrol, volatile anaesthetics, K+-ATP channel openers, antibiotics, 

myelin basic proteins and E-selectin [114]. 

Ischaemic tolerance has been demonstrated to induce acute and/or delayed protection against 

ischaemic stress [9]. Acute protection by ischaemic tolerance is effective within minutes of the 

insult and lasts for 2-3 hours while delayed protection is initiated between 12-72 hours post stroke 

and lasts for several days to weeks [116]. Ischaemic tolerance has shown fundamental protective 

effects on neurons against ischaemia including protection of oxidative phosphorylation, sustaining 

membrane potential and expression of hypoxia responsive and anti-apoptotic genes [116]. 

 

1.1.4.5 Exercise and Brain Protection 

Related to the metabolic adaptation via preconditioning, regular exercise has been shown to be 

protective and increases resistance to damage and degeneration [117]. Exercise increases 

reperfusion capability and BBB protection by increasing VEGF, eNOS (endothelial nitric oxide 
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synthase) and endothelial progenitor cells [118]. Exercise also promotes neuroregeneration in the 

hippocampus with increased levels of BDNF, FGF-2 (fibroblast growth factor-2), IGF-1, resistive 

factor and functional recovery factors [119, 120]. Suppression of post-ischaemic inflammatory and 

apoptotic responses has been observed by exercise, resulting in improved structural integrity of 

blood vessel and blood flow. Post-ischaemic neurorestorative/ neuroregenerative processes are 

affected positively by exercise improving neurohumoral crosstalk between the periphery and brain 

and coordinating responses between different organs [79, 121-123]. 
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1.2 Stroke Models 

1.2.1 In vitro Stroke Model 

Ischaemic stroke can either be modelled in vitro by removal of oxygen and glucose 

(oxygen/glucose deprivation) or via chemical or enzymatic inhibition of metabolism [124]. In vitro 

models of stroke enable examination of specific basic biochemical and molecular mechanisms of 

energy deficiency as well as the fundamental effects and molecular pathways of necrosis and 

apoptosis [125]. The model also becomes a platform for high-throughput analyses which is 

required for testing of potential novel neuroprotective pharmaceuticals. 

Oxygen (O2)/glucose deprivation (OGD) is the most frequently used in vitro model of ischaemic 

stroke due to its physiological relevance to ischaemic stroke. OGD is induced by replacing the 

normal O2/CO2 (carbon dioxide)-equilibrated medium with N2 (nitrogen)/CO2-equilibrated 

medium and maintaining cells in a hypoxic chamber with glucose omitted from the medium. 

Reperfusion can also be modelled with OGD method by returning to normal culture conditions 

[124]. OGD causes acute cell swelling within 60 minutes followed by apoptotic and excitotoxic 

necrotic cell death [126, 127]. The neuronal degeneration occurs over several hours even with 

standard culture condition which is consistent with observations of in vivo ischaemia-reperfusion 

injury. OGD in primary mouse cortical neurons has also shown a large increase in extracellular 

glutamate concentration consistent with excitotoxic effects in vivo [128]. 

 

1.2.2 Animal Stroke Models 

While animal models also recreate certain aspects of the disease as in in vitro models, they are 

often regarded better in reflecting the heterogeneity of human stroke in severity, pathology, and 

pathological complexity [124]. Majority of animal stroke research has been performed in rodent 

however other models have also been developed in rabbits, pigs and dogs as well as primates [129]. 

The choice of model animals is dependent on considerations of cost, ethics, ease of physiological 

monitoring, and availability of standardized neurobehavioural assessments. While rodent models 

have shown similarities in cardiovascular anatomy and pathophysiology to human, their 

limitations have also been identified which require careful interpretation of result (differences in 

brain size and length, neurovasculature and grey to white matter ratio) [130]. 
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1.2.2.1 Global Ischaemia Model 

Acute global ischaemia models mimic the cerebral damage that occurs after cardiac arrest. This 

modelling is clinically informative as 50% of cardiac arrest survivors have persistent severe motor 

and cognitive deficits [131]. Three models are available: 4-vessel occlusion, 2-vessel occlusion 

and rat asphyxial cardiac arrest models. Four-vessel occlusion model involves permanent 

occlusion of both vertebral arteries and temporary ligation of 2 common carotid arteries (CCA) 

[132] whereas, two-vessel occlusion model involves temporary occlusion of common carotid 

arteries with induced systemic hypotension [133]. Both models induce reversible forebrain 

ischaemia and cause extensive bilateral forebrain injury. Rat asphyixial cardiac arrest model 

causes temporary complete ischaemia of the whole brain, requiring resuscitation thereafter [134]. 

However, these models are also with limitations. Four-vessel occlusion model has tendencies of 

occurrence of seizure, variable outcomes in different rat strains whereas 2-vessel occlusion model 

and asphyxial cardiac arrest model require systemic hypotension and intensive post-operation care 

respectively. 

 

1.2.2.2 Focal Ischaemia Model 

The most common form of ischaemic stroke in humans occurs in the vascular territory of the 

middle cerebral artery (MCA) [135]. The animal model simulating MCA occlusion (MCAo) 

therefore is the most commonly employed for studying focal ischaemic stroke model. MCAo 

induces long-term sensorimotor and cognitive deficits as well as impairments of postural and 

sensory reflexes in rodents [136, 137]. It is suitable for assessing the effects of physical 

interventions to promote recovery. 

Endovascular MCAo is the most frequently used however, has shown the risk of vessel rupture 

(SAH) and post-surgical hypothermia [138]. Surgical approaches have shown better control of site 

and less variability, but required craniotomy [139]. 

Thromboembolic occlusion of the MCA [140] mimics the pathology of human ischaemic stroke 

and can be induced via injection of autologous blood clots into the internal carotid artery (ICA). 

While there are higher variability in lesion size and in location of the occlusion as well as 

occurrence of spontaneous reperfusion, this model has shown its usefulness in investigation of 

thrombolytic agents or combinations of thrombolytic and neuroprotective drugs [141]. 
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1.2.3 Ex-vivo Organotypic Slice Culture Model 

Recent advances in brain slice culturing have enabled examination of the pathophysiology of brain 

diseases and various regional cultures have been successfully established such as hippocampus 

[142], striatum [143], spinal cord [144] and cerebellum [145]. Brain slice models can also be 

established using adult and/or injured brain [146]. Previous experience in our laboratory with 

whole brain sagittal slice culture from adult rats subjected to quinolinic acid lesions showed that 

the cultured slice has the capability to survive for up to 3 days in culture (M Pengelly, unpublished). 

Similar studies using whole brain coronal slice cultures from mice showed that slices cultured 7-

days post middle cerebral artery occlusion remained viable for at least 12 hours [147]. 

The ex vivo brain slice model shows several advantageous characteristics over in vitro models such 

as maintaining of the characteristics of in vivo biology (e.g. preserved tissue architecture of the 

brain regions and maintained neuronal activities with intact functional synaptic circuitry (interplay 

between glial cells and neurons)). The ex vivo slice culture model also shows some advantages 

over animal models such as easy excess to experimental protocols and precise control of the 

extracellular environment allow labelling of specific pathways and visualization of morphological 

changes of cell or organelles in real time [125]. However, the extent of simulating complex 

neuronal microenvironment in ex vivo organotypic slice culture model is still disputed as in vitro 

model which requires comprehensive validation of the model. 

 

1.2.4 Selecting the Right Model 

Acute stroke presents a highly variable clinical condition including variation in lesion area (both 

location and size), severity and pre-existing symptoms/illnesses. All these conditions contribute to 

a wide variation in outcomes in patients [148]. Given that there is no model which reproduces the 

entire complexity of stroke, choosing the most valid model is dependent on the research question 

being addressed and requires thorough consideration on the limitations of models as well as the 

advantages. 

These limitations include; relevancy of the model mimics in human, reproducibility and 

complexity of generating the model, availability of relevant functional/neuropsychological 

assessment, and lastly, required number of animals to gain statistical power with relation of animal 

price [149]. 
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1.3 Proteomics 

The advent of genomics or transcriptomics has transformed our understanding of many disease 

processes and several recent publications have demonstrated that cerebral ischaemia gives rise to 

widespread alterations in gene expression [150-152]. However, as acute stroke is essentially a 

disease of energy insufficiency and it is unclear whether these gene products (transcripts) are 

translated into functional proteins [151]. Proteomics may therefore provide a more comprehensive 

and biologically relevant approach to the analysis of stroke pathophysiology than genomics. 

The exponential growth in proteomics based research began in the 2000s. When searching the 

online database PubMed (2017) using the term 'proteomics', 83 journal articles were published 

during the 1990s however, 25,178 journal articles were published during 2000s and currently more 

than 42,000 studies have been published since 2011 (Table 1.1). On the other hand, among over 

243,000 journal articles published under the search term, ‘Stroke OR Cerebral Ischaemia’ since 

the 1990s, only 349 publications described using proteomic approaches. Given these are the results 

from a simple search, it is clear that the application of proteomic approaches has been underused 

in stroke research despite the great potential to generate data. 

 

 

 

 

Table 1.1 Literature search showing the number of papers investigating proteomic approaches in stroke 
research since 2007 

MeSH Term (Journal Article, PubMed) 
No. of Publications 

1990-1999 2000-2009 2010-2016 

(A) Proteomics 83 25178 42368 

(B) Stroke OR "Cerebral Ischemia” 42924 89469 113306 

A AND B 0 109 240 
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1.3.1 2D-PAGE and MS 

Considering the multi-faceted nature of stroke pathophysiology, a comparative proteomic analysis 

between diseased condition and normal condition has been performed to visualise overall changes 

in several studies [153-155]. Two-dimensional Polyacrylamide Gel Electrophoresis (2D-PAGE or 

2DE) is the most frequently used technique to separate complex protein mixtures prior to 

downstream protein characterization by mass spectrometry [156, 157]. 

 

1.3.1.1 Two-dimensional Polyacrylamide Gel Electrophoresis (2D-PAGE) 

Protein mixtures are separated on the basis of the isoelectric points along a pH gradient (1st 

dimension, isoelectric focusing) then further according to the molecular mass using SDS (sodium 

dodecyl sulphate)-PAGE (2nd dimension). Software packages specifically designed to match 

protein spots of gel replicates for the different conditions are generally employed to compare the 

pattern of proteins and to detect the change in protein expression. 

Two visualization methods for 2DE are most commonly used: Coomassie staining and silver 

staining. The limits of detection are at picomole and femtomole order, respectively [158]. Though 

Coomassie staining is approximately 100 times less sensitive than silver staining, it is faster, 

simpler and more reproducible. 

The limitations of 2DE, such as difficulties in identification of proteins with a molecular weight 

lower than 10kDa or higher than 150kDa or with very basic isoelectric point and hydrophobic 

proteins are present [159]. In addition, detecting proteins with low abundance in sample can be 

limited due to the current detection limits of the analytical techniques [160]. 

 

 Difference in-Gel Electrophoresis (DIGE) 

DIGE is a modified version of 2DE which overcomes several limitations associated with 

traditional 2DE, such as inter-gel variation, excessive time/labour costs and limited dynamic range 

[161]. 

DIGE can separate up to three samples simultaneously on one gel using 3 fluorescent dyes with 

unique excitation/emission wavelengths. One of the 3 samples is used as internal standard which 

is consisted of pooled mixture of an equal aliquot of all test samples; hence, the normalization of 

the data and the minimization of inter-gel experimental variability can be achieved [162]. 
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DIGE fluors are sensitive with a detection range of as little as 150pg of a signal protein with a 

linear response in protein concentration over five orders of magnitude [163]. This sensitivity is 

equal to that of silver staining with wider linear dynamic range [162]. DIGE can also quantify 20% 

changes in very abundant proteins and 80% changes in uncommon ones reliably at the 90% 

confidence level [159]. DIGE reduces the number of gels needed for one experiment compared to 

when traditional 2DE is employed, however, relative high cost of the equipment, software and 

chemicals also exist as the limitations. 

 

 Western Array 

Similar to DIGE, Western array is a combinational method of 2DE and Western blot that allows 

identification of and comparison between differentially expressed proteins. Owing to the 

specificity of antibodies, Western array shows advantages over 2DE and DIGE with easier 

identification of proteins (by having a pre-designed set of antibodies) and detection of post-

translational modification. This technique has shown its effectiveness in examination of the effect 

of drugs or pathological processes in a single sample from rat, mouse or human [164-167]. There 

are multiple commercial versions of the techniques available (PowerBlot™, Panorama® Antibody 

Array, Kinex™ Antibody Microarray) with specialised set of antibodies targeting specific organs 

like brain or kidney, or mechanism such as apoptosis and inflammation which make easier for 

selecting the appropriate assay. 

 

1.3.1.2 Mass Spectrometry (MS) 

From separation techniques such as 2DE or DIGE, the protein spots of interest can be further 

analysed by mass spectrometry. Trypsin is used most commonly for protein digestion owing to its 

very specific cleavage site [168]. MS analysis is divided into two types according to the techniques 

employed for soft ionization: matrix-assisted laser desorption ionization (MALDI) and 

electrospray ionization (ESI) [169]. 
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 MALDI-TOF 

MALDI-TOF (time of flight) is one of the most commonly used mass spectrometry methods and 

has the advantage of speed, user-friendliness, robustness, mass accuracy, high resolution and 

sensitivity [170]. The ionized samples are separated on the basis of their mass-to charge (m/z) 

ratios, in which generate a unique spectrum of peptide mass fingerprinting which can be used for 

identification of proteins within mixture [171]. The analysis of mass spectra and identification of 

proteins is usually done by searching within databases using specifically built softwares such as 

SEQUEST, Mascot and ProFound. 

The use of MALDI-TOF is however limited for the genomes of organisms have been completely 

sequenced and annotated as false positive result could rise from proteins share structural homology, 

undocumented post-translational modifications and/or different proteins with same isoelectric 

point and molecular weight [159]. 

 

 LC-MS/MS 

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) is a high throughput 

technique for identification and characterization of protein contents in a sample. In LC-MS/MS, 

the protein mixture is separated first according to the hydrophobicity via micro-scale liquid 

chromatography. The separated proteins (peptides) are then ionized through ESI. Single peptide 

species, which have been isolated from initial MS detection over a wide m/z range, are subjected 

to additional mass spectrum. The MS/MS fragmentation spectra of the proteins are then identified 

using specific protein sequence databases. LC-MS/MS is useful for accurate quantification of 

expression levels, post-translational modifications and comparative and absolute quantification of 

peptides [172]. Though LC-MS/MS has the advantage of a simpler separation step, single-

dimensional micro-scale LC has shown limitation in separation power when analysing more 

complex protein mixtures [173]. To overcome this, upgraded forms of LC-MS/MS with multi-

dimensional separation techniques have been developed. (e.g. MudPit [174], OFFGEL 

electrophoresis [175]. 
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 Isobaric Tag for Relative and Absolute Quantification (iTRAQ) 

iTRAQ is an isobaric labelling method used in quantitative proteomics by tandem mass 

spectrometry (LC-MS/MS) to determine the amount of proteins from different sources in a single 

experiments [176]. 

Isobaric tags is consist of a peptide reactive group, a neutral balance portion and a charged reporter 

group that results in unique reporter ions upon MS/MS fragmentation (m/z = 114-117 (for 4-plex), 

or 113-119 and 121 (for 8-plex)) (Figure 1.5). These reporter ions are used for quantification of 

samples as well as to give rise to strong signature y- and b- ions without changing the charge state 

of any given peptide to allow for more confident protein identification simultaneously with the 

quantification [177]. 

 

 

Figure 1.5 The chemical design of isobaric tags for iTRAQ analysis 

Figure modified from the original. The original figure was obtained from Figure 1, Zieske, 2006 [177]. 

 

 

iTRAQ technology also has an advantage of retaining of post-translational modification and in the 

identification and quantification of native non-tryptic peptides which found in saliva, serum or 

plasma samples [178]. In addition, the multiplexing capacity of iTRAQ allows replication within 

a single setup of experiments which reduces statistical validation within any given experiment. 

Thus, iTRAQ technology shows the capability of simultaneous examination of protein levels in 

multiple samples like Western arrays, but also exhibits a superior degree of detection resolution of 

mass spectrometry and no-requirement for antibodies. 

  

113-119 & 121 
(Retains Charge) 
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1.4 Summary of the Literature 

Stroke is the third leading cause of death worldwide and in New Zealand. Stroke is also a major 

cause of disability that affects not only the patients but also their families and the society. 

The public campaigns for stroke awareness (e.g. FAST) and the introduction of SCU have resulted 

in a decrease in stroke prevalence and improvement in functional recovery of stroke patients. For 

the research on stroke treatment, however, has not been translated into clinical efficacy studies 

despite positive data in experimental animal models [179]. 

Many different classes of compound targeting the early events in the cell death cascade have been 

shown to protect brain tissue in a number of different experimental stroke models in different 

species [102]. In addition, while t-PA is the only FDA-approved treatment option for stroke 

patients, its limitations (short therapeutic time window and safety concerns) hinder a wider and 

faster application of the drug which leave the majority of stroke patients without timely treatment. 

A clinically relevant disease model is central for identification of novel therapies. The mouse 

MCAo model mimics the most common form of stroke occurring in human. This model displays 

reproducible infarct volumes and reliable deficits in skilled motor function which show a 

comparable degree of partial functional recovery to that observed in human stroke patients [180]. 

Detecting changes in protein profiles between diseased and control can provide more 

comprehensive and biologically relevant information than genomic and transcriptomic analysis. 

Protein profiling techniques such as 2DE, Western array and mass spectroscopy allow the 

identification of and the comparison between, differentially expressed proteins in brain tissue at 

different stages of stroke. 
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1.5 Research Hypothesis and Objectives 

The primary focus of stroke research in recent years has shifted from protecting neuronal cells 

from early ischaemic damage (neuroprotection) to promoting neuroregeneration in the later stage 

of stroke. This change in focus has been due to the fact that a large population of stroke patients 

experience delayed hospital admission and are not eligible for thrombolysis. In comparison to the 

knowledge regarding cell death, little is known about what happens in the brain after the initial 

damage is produced. This lack of knowledge has delayed the development of new therapeutic 

strategies. 

This study was started from the idea that recent technological advances in molecular biology, 

(especially in proteomics) and data analysis could produce information on the molecular changes 

occurring after stroke and fast-track the drug discovery process. We hypothesised that the protein 

expression profiles generated would provide insight into what mechanisms (such as inflammation, 

regeneration and neuroplasticity) are occurring and the timeframe at which they predominate. 

Proteins differentially regulated by stroke constitute a pool of novel biological targets which may 

have therapeutic potential. 

Specifically, this study aimed to 

1) Validate this approach by re-analysing a historical PowerBlot™ dataset from an acute time 

point (3 hours) after stroke (Chapter 2 and 3) but also to provide a fresh perspective on 

neuroprotection, 

2) Refine and validate the middle cerebral artery occlusion model in the mouse (Chapter 4), 

3) Extend the proteomic approach to identify the molecular changes occurring in the brain in 

the sub-acute phase (between 3-14 days) post stroke using mass spectrometry (Chapter 5) 

and lastly, 

4) Investigate the therapeutic potential of manipulating key proteins involved in 

neuroinflammation (identified in Chapter 5) using siRNA silencing could alter brain 

inflammation in an ex vivo stroke model (Chapter 6). 
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 Proteomic Profiling of Acute Transient and 

Permanent Experimental Stroke 

 

2.1 Introduction 

2.1.1 Background 

Despite intense research, our understanding of the overall pathological process involved in stroke 

has evolved little in the last 30 years [9]. Prolonged occlusion of a cerebral vessel instigates 

multiple pathological mechanisms namely energy deficit, necrosis, excitotoxicity, inflammation, 

oxidative stress and apoptosis. These mechanisms are interlinked and temporal progression of 

stroke-related damage has been observed in both preclinical models and in human patients [39, 

44]. Due to such complexity, no single agent targeting the early events in the cell death cascade 

has shown efficacy in human patients and clinical translation of these approaches has not been 

successful [179]. A fresh perspective is therefore required to identify new biological targets for 

acute stroke. 

Comparative research technologies like transcriptomics and proteomics allow the simultaneous 

examination of the expression of hundreds of transcripts/proteins in a single sample. The only 

hypothesis required is that there is a change in transcript level/protein expression due to disease or 

experimental conditions [165]. Recent research comparing transcripts between stroke and normal 

brain tissues has identified many pathways and associated key proteins involved in stroke 

pathophysiology. The transcripts showing differential expression depends on both the time point 

post occlusion and the anatomical location of the region investigated [152]. Differentially 

expressed transcript categories range from immediate-early genes [181] to those involved in cell 

cycle, apoptosis, RNA metabolism/processing, and other biological or cellular processes [182, 

183]. 

Stroke is however essentially a disease of energy insufficiency and it remains unclear whether 

these gene transcripts are translated into functional proteins. Proteomics may therefore provide a 

more biologically relevant approach to the analysis of stroke pathophysiology. To date, the 

proteomics approach has been little applied to stroke research. A literature search (Table 2.1) 

revealed only 294 of the 145,534 journal articles (0.20%) published during last decade (PubMed 

2017) applied proteomics to stroke research, and even fewer studies have looked into global 

changes in protein expression levels (120 journals, 0.08%). 
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The commercialised large-scale Western array screening service, PowerBlot™ (BD Biosciences), 

is a high-throughput immunoblotting technique that allows identification of and comparison 

between differentially expressed proteins. This technique has been applied to examine the effect 

of drugs or pathological processes in a single sample from rat, mouse or human and is capable of 

detecting post-translational modifications such as phosphorylation [164-167]. 

 

Table 2.1 Literature search showing the number of papers investigating comparative proteomics in stroke 
research since 2007 

MeSH Term (Journal Article, 2007/01/01-2016/12/31) No. of Publications 

(A) Stroke OR "Cerebral Ischemia” 145534 

(B) Proteomics 54383 

(C) “Western array” OR “Mass spectrometry” OR PowerBlot 168774 

A AND B 294 

A AND B AND C 120 

 

 

2.1.2 Specific Aims 

This chapter investigated the relative changes in protein expression within the somatosensory 

cortex of mice subjected to transient (60 minutes occlusion + 2 hours reperfusion) or permanent 

(3 hours) focal cerebral ischaemia using PowerBlot™. The aim of the chapter was to refine and 

validate the combination approach of differential proteomics and bioinformatics analysis using 

historical dataset. Re-analysis of the dataset would add more confidence in the approach by 

1) Determining if differentially expressed proteins identified were consistent with previously 

established stroke pathophysiology, and by 

2) Identifying proteins that have not previously been linked to stroke pathophysiology. 
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2.2 Materials and Methods 

2.2.1 Experimental Design Considerations 

2.2.1.1 Sample Selection and Size 

Before addressing the rationale behind the sample selection and size used, it is important to inform 

the reader that the datasets used in this chapter and the next were historical data generated by Dr 

Ailsa McGregor. 

In the classical view, the ischaemic core, where reductions in cerebral blood flow are most 

profound, is surrounded by a penumbral area where reductions in blood flow are less severe [34]. 

Necrotic cell death outweighs apoptosis in ischaemic core (lesion) while the balance is tipped 

towards apoptosis in the penumbra (adjacent regions to the lesion) [39]. A prolonged state of 

ischaemia spreads the damage to the penumbral regions. The ischaemic lesion following middle 

cerebral artery occlusion (MCAo) shows expansion of the core from the striatum to the dorsolateral 

cortex at later time points [180]. This core region is not able to be salvaged by classical 

neuroprotectants [184], therefore, salvaging the cells in penumbra from death (neuroprotection) 

has been the main goal of stroke research since 1990s [102]. 

The therapeutic time window in preclinical neuroprotection studies lies mostly within the acute 

phase post stroke (minutes to hours from onset of occlusion) as the initial damaging mechanisms 

of stroke subside within 3 hours [102]. For this reason, the time point at 3 hours post occlusion 

was decided as a sampling time point. 
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Figure 2.1 Representative coronal sections showing the regions of interest selected in (A) MCAo and (B) sham 
brains 

The tissue sample for PowerBlot™ analysis was harvested from the penumbral region of the somatosensory cortex 
(blue circled area in A). The ischaemic core was identified as pallor area in the ipsilateral hemisphere (right 
hemisphere in A; left to red dashed line). Respective regions in the permanent and sham control samples (orange 
circled area in B) were selected for standardised collection of the sample. 

 

In order to standardise collection of this brain region for analysis, pallor was used to identify the 

location of the ischaemic region within the ipsilateral hemisphere and a region selected at the 

watershed between normal and damaged tissue (penumbra, Figure 2.1 A). Penumbral region 

harbouring the border between the core and the penumbra in the somatosensory cortex was chosen 

for PowerBlot™ analysis with the purpose of envisaging what occurs in this salvageable region. 

Anatomical landmarks were then used to navigate and select comparable regions in permanent and 

sham control samples (Figure 2.1 B). To meet the requirement of sample protein amount (200μg) 

for the analysis, ten (10) animals were generated per group and used as a single pooled 

representative of the group. 

  

A B 

2mm 2mm 
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2.2.1.2 Refinement of Data Analysis  

The original analysis supplied by BD Biosciences used to identify differentially expressed proteins 

is subjective and in the form of confidence levels based on protein fold changes (Table 2.2). Thus, 

it is difficult to determine how robust differential expression identified by this method is and 

whether these changes are biologically meaningful. A more formal statistical analysis on the 

dataset (differential protein expression profile between stroke and sham samples) was therefore 

required. A novel statistical analysis protocol was developed for this purpose in collaboration with 

New Zealand Genomics Limited (NZGL; Dunedin, New Zealand, http://www.nzgenomics.co.nz) 

to take into consideration of protein expression changes could be visualized in a more formal 

statistical comparisons. 

 

 

Table 2.2 Description of confidence levels for original PowerBlot™ analysis by BD Biosciences 

Level 10 is the highest confidence. Visual inspection refers to identification of differences in expression levels from 
gels. 

Level Description: 

10 
Changes greater than 2 fold in all 9 comparisons from good quality signals that also pass a visual 
inspection 

9 
Changes 1.5 to 1.9 fold in all 9 comparisons from good quality signals that also pass a visual 
inspection  

8 Changes greater than 2 fold in all 9comparisons from low signals that pass a visual inspection  

7  Changes 1.25 to 1.5 fold in all 9 comparisons from good quality signals that pass a visual inspection 

6 Changes greater than 2 fold in all 9 comparisons that do not pass visual inspection 

5 Changes 1.5 to 1.9 fold in all 9 comparisons that do not pass visual inspection  

4 
Changes greater than 2 fold in all 9 comparisons from low signals that do not pass a visual 
inspection  

3 
Changes 1.25 to 1.5 fold in all 9 comparisons from good quality signals that do not pass a visual 
inspection  

2a Changes 1.5 to 1.9 fold in all 9 comparisons from low quality signals 

2b Changes 1.25 to 1.5 fold in all 9 comparisons from low quality signals 

1a Changes greater than 2 fold in 8 of 9 comparisons from good quality signals  

1b Changes greater than 1.5 fold in 8 of 9 comparisons from good quality signals  

0 No significant protein changes (0 changes out of 9 comparisons) 
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2.2.2 Animals 

All stroke surgeries were performed by Dr Ailsa McGregor under licence by the UK Home Office 

subject to the Animal (Scientific Procedures) Act 1986. Male C57B16/J mice (25-30g, Charles 

River, UK) were housed at 22 ± 1˚C under a 12hr light/dark cycle and allowed free access to food 

and water. 

 

2.2.3 Stroke Surgery 

Occlusion of the middle cerebral artery (MCAo) was performed using a modification of the 

monofilament method described by Hata et al., 1998 [138]. Briefly, the right common carotid 

(CCA), external carotid (ECA), internal carotid (ICA) arteries and their branches were exposed 

through a midline cervical incision. A 6-0 silk suture (Resorba®, Germany) was tied around the 

CCA proximal to the bifurcation of the ECA and ICA. A second suture was tied around the ECA 

distal to the superior thyroid artery (STA). An 8-0 silicon-coated monofilament (diameter 220µm) 

was introduced into the CCA and advanced 10mm distal to the carotid bifurcation, occluding the 

origin of the MCA. The monofilaments used were manufactured by Dr Ailsa McGregor following 

the same protocol described in Section 4.2.3. Sham occlusion involved insertion of the filament 

and immediate withdrawal. Cortical samples were carefully collected following 1 hour occlusion 

+ 2 hours reperfusion (‘transient’) and 3 hours occlusion without reperfusion (‘permanent’). 

Normothermia was maintained throughout by means of a thermostatically controlled heating 

blanket (Complete Homeothermic Blanket System with Flexible Probe, Harvard Apparatus, USA). 

 

2.2.4 Sample Preparation 

Sample lysates were prepared according to the instruction provided by BD Biosciences. Briefly, 

samples of cortical brain tissue were processed using a rotor-stator homogeniser (PowerGen; 

Fisher Scientific, Loughborough, UK) in SDS extraction buffer (10mM Tris, pH 7.4, 1mM sodium 

orthovanadate, 1% (w/v) SDS). The total protein content of each sample was determined (BCA 

protein assay; Perbio Science, Tattenhall, Cheshire, UK). Each group sample was pooled with 

equal amount of protein to a concentration of 2mg/ml. The pooled samples were then diluted to a 

final concentration of 1mg/ml by the addition of an equal volume of 2x electrophoresis buffer 

(125mM Tris pH 6.8, 4% SDS, 10% (v/v) glycerol, 0.006% (w/v) bromophenol blue, 2% (v/v) β-

mercaptoethaol) and stored at -80˚C prior to Western array analysis. 
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2.2.5 Large-scale Western Array 

Pooled lysate (200µg protein) from each group was boiled for 5 minutes then loaded into a single 

well across the entire width of 13 x 10cm, 0.5mm thick, 4-15% gradient SDS-polyacrylamide gels 

(Criterion; BioRad, Hemel Hempstead, UK). After separation at 150V for 1.5 hours, proteins were 

transferred to Immobilon-P membrane (Millipore, Watford, UK) for 2 hours at 200mA and 

blocked for 1 hour (Odyssey blocking buffer, LI-COR Biosciences, Cambridge, UK). Membranes 

were subsequently inserted into Western blotting manifolds that isolated 40 longitudinal channels 

across the membrane. Different complex antibody cocktails were added to each channel and 

allowed to hybridize for 1 hour at 37˚C. The blots were removed from the manifold, washed and 

incubated with secondary goat anti-mouse immunoglobulin-Alexa 680 conjugate (Molecular 

Probes, Leiden, Netherlands) for 30 minutes at 37˚C. The membranes were washed and dried. The 

images were captured with an Odyssey Infrared Imaging System (LI-COR). Each sample was run 

in triplicate and analysed using a 3 (in experimental group) x 3 (in control group) matrix 

comparison method. Differential protein expression was determined from signal intensity data 

from each blot. Signals were detected and raw intensities measured using PDQuest 2D analysis 

software (BioRad). An overview of the PowerBlot™ workflow is illustrated in Figure 2.2. 
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5 Gels (5 Antibody Cocktails)per Group  

× 3 Replicates per Gel 

= 15 Gel Images per Group 

 

 

Figure 2.2 Flow diagram of PowerBlot™ method and the design for the statistical analysis 
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2.2.6 Statistical Analysis 

The R codes for the analysis were written by D. Kim in collaboration with NZGL. While the R 

codes cannot be provided in this thesis as these are the intellectual property (IP), the structure of 

the codes were described here. Signal intensity data from all blots were combined then normalized 

using quantile normalisation. Any protein without replicates was excluded prior to the analysis. 

The normalised data were then Log2-transformed. A bioconductor package Limma in the statistical 

programming language R was used to identify differentially expressed proteins. A linear model 

was used to estimate the fold changes for each protein in comparison groups and an empirical 

Bayes method used to moderate the standard deviations of the estimated log-fold changes.  

Proteins showing p-value less than 0.05 from the R analysis were then subjected to 2-way Analysis 

of Variance (ANOVA) between sham, transient and permanent stroke using GraphPad Prism 

version 7.00 for Windows (GraphPad Software, California, USA, www.graphpad.com). Sidak's 

multiple comparisons test was used as the post-hoc test. 

 

2.2.7 Database Searches 

The list of proteins showing differential expression between stroke and control samples (adj. p < 

0.05) was subjected to a literature and database search to identify the key biological processes and 

potential consequence of differential regulation for each protein using PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/) and UniProt (http://www.uniprot.org/) [185]. 

Correlation to stroke pathophysiology was also searched in literatures using PubMed database and 

used for categorising of proteins identified. Proteins were categorised into three groups according 

to the criteria described in Table 2.3. 

 

 

 

Table 2.3 Classification criteria of protein according to its relevance to known stroke pathophysiology 

Group Description 

A Proteins demonstrated direct association to stroke or ischaemia within the published literature 

B Proteins shown a speculated association with stroke but no primary research articles 

C Proteins without the known association to stroke pathophysiology 
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2.3 Results 

2.3.1 Demography of Detected Proteins 

All detected proteins are listed in Supplementary Information 1. From a panel of over 900 

antibodies included in the PowerBlot™ screen, 499 unique proteins (655 proteins in 

Supplementary Information 1 with inclusions of data from different isoforms and antibodies for 

a protein), were detected commonly in all lysate groups. 

 

2.3.2 Changes in Expression Profiles following Acute Transient Stroke 

Seventeen proteins (3.41% of all detected proteins) were identified as differentially expressed in 

the penumbral region of the sensorimotor cortex following transient (60 minutes occlusion then 2 

hours reperfusion) stroke compared to sham occlusion. Nine proteins showed increased, and eight 

showed decreased expression compared to sham control. The differentially expressed proteins in 

acute transient stroke were manually classified into 13 groups according to biological processes 

described in the literature and the databases described above (Table 2.4). Results were described 

using the gene name of the protein which the antibody was targeted to.  

Diaph1 (Protein diaphanous homolog 1) a protein involved in cytoskeletal modification showed 

the highest upregulation with a 4.95-fold change compared with sham condition (t=3.931, adj. 

p=0.0002). Proteins involved in Rho-related cytoskeleton modification (CNKSR1 and Rasgrf2) 

were also significantly upregulated. In contrast, the cytoskeleton-associated proteins, DMTN 

(dematin) and MAPT (microtubule-associated protein tau), showed the most significant 

downregulation with 3.54- and 3.64-fold decrease compared to expression in the sham condition 

(t=3.111 and 3.173, adj. p=0.0038 and 0.0031 respectively). Other biological processes showing 

upregulated proteins included catecholamine synthesis, cell cycle, fibrinolysis and mRNA 

processing. Signalling adaptor proteins and proteins involved in PI3K (Phosphoinositide 3-

kinase)/AKT signalling pathway showed a general downregulation in transient stroke. 

Proteins were then categorised according to their association with known stroke pathophysiology 

(Table 2.5 and Table 2.9). The proteins significantly altered only in acute transient stroke were 

categorised as follows; 3 proteins had demonstrated a direct association to stroke or ischaemia 

within the published literature (Group A), 5 proteins had a speculated association with stroke but 

no primary stroke-related research articles were found (Group B), and 2 proteins had no obvious 

association with stroke pathophysiology (Group C).  



 

36 

Table 2.4 Proteins showing differential regulation in acute transient stroke compared to sham condition 

*: p<0.05; **: p<0.01; ***: p<0.001. The colour of the cell indicates the direction of regulation compared to sham 
(Upregulated and Downregulated). All p-values shown were adjusted for multiple comparisons. 

Protein Name 
Gene 
Name 

Fold 
Change 

Significance t p-value 
UniProt 

ID 

Apoptosis 

Serine/threonine-protein phosphatase 2B 
catalytic subunit α isoform 

PPP3CA 2.926 * 2.64 0.0167 Q08209 

Catecholamine synthesis 

Tyrosine 3-monooxygenase Th 2.490 * 2.243 0.0494 P04177 

Cell cycle 

Mitotic spindle assembly checkpoint 
protein MAD2A 

MAD2L1 2.776 * 2.51 0.0242 Q13257 

Cytoskeleton modification 

Protein diaphanous homolog 1 Diaph1 4.945 *** 3.931 0.0002 O08808 

Cytoskeleton protein 

Microtubule-associated protein tau MAPT 3.635 ** 3.173 0.0031 P10636 

DNA repair 

DNA topoisomerase 2-binding protein 1 TOPBP1 2.840 * 2.568 0.0205 Q92547 

Exocytosis 

Regulating synaptic membrane 
exocytosis protein 1 

Rims1 2.934 * 2.647 0.0163 Q9JIR4 

Fibrinolysis 

Annexin A2 ANXA2 2.641 * 2.388 0.0338 P07355 

MAPK signalling 

Mitogen-activated protein kinase 14  MAPK14 3.643 ** 3.18 0.003 Q16539 

mRNA processing 

Pre-mRNA-splicing factor ATP-
dependent RNA helicase PRP16 

DHX38 3.322 ** 2.953 0.0064 Q92620 

PI3K / AKT signalling 

Ca2+/calmodulin-dependent protein 
kinase kinase 1 

Camkk1 2.790 * 2.523 0.0233 P97756 

Rho-related signalling 

Connector enhancer of kinase suppressor 
of ras 1 

CNKSR1 2.734 * 2.473 0.0268 Q969H4 

Ras-specific guanine nucleotide-
releasing factor 2 

Rasgrf2 2.740 * 2.479 0.0264 P70392 

Signalling Adaptor 

Actin filament-associated protein 1 AFAP1 2.790 * 2.523 0.0233 Q90738 

Dematin DMTN 3.543 ** 3.111 0.0038 Q08495 

SHC-transforming protein 3 Shc3 2.770 * 2.505 0.0245 Q61120 

Transcription 

Transcription factor AP-1 Jun 2.780 * 2.514 0.0239 P05627 
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Table 2.5 Categorisation of proteins showing differential regulation only in acute transient stroke according to their association to known stroke pathophysiology 

The colour of the cell indicates the direction of regulation compared to sham (Upregulated and Downregulated). 

Protein Name 
Gene 
Name 

UniProt 
ID 

References Role / Association 

Group A – Demonstrated direct association to stroke or ischaemia 

Annexin A2 ANXA2 P07355 
[186] 

[187] 

- t-PA-mediated proteolysis 

- Involved in hypoxia-induced angiogenesis 

Serine/threonine-protein phosphatase 2B catalytic 
subunit α isoform 

PPP3CA Q08209 [188] 
- Activates pro-apoptotic Bad 

- Induces apoptosis 

SHC-transforming protein 3 Shc3 Q61120 [189] 
- Signalling adaptor in neuron 

- Pro-survival/anti-apoptotic via PI3K/AKT pathway 

Group B - Speculated involvement 

Connector enhancer of kinase suppressor of ras 1 CNKSR1 Q969H4 [190] 
- Interacts with effectors of Ras and Rho GTPase signalling pathway 

mediating gene expression and cytoskeletal rearrangements 

Ras-specific guanine nucleotide-releasing factor 2 Rasgrf2 P70392 
[191] 

[192] 

- Induces MAPK and PI3K pathways via Ras activation 

- Involved in cell growth and cytoskeletal reorganisation via Rac1 
activation 

Actin filament-associated protein 1 AFAP1 Q90738 [193] 
- Adaptor protein modulates changes in actin filament integrity 

- Involved in PI3K/AKT and Ras/MAPK signalling pathways 

Ca2+/calmodulin-dependent protein kinase kinase 1 Camkk1 P97756 [194] 
- Phosphorylates CaMKs; activation of protein kinase B (Akt) 

- Pro-survival via PI3K signalling pathway 

Rab-3-interacting molecule 1 Rims1 Q9JIR4 [195] 
- Regulates the density of voltage-gated Ca2+ channels 

- Involved in Ca2+-triggered neurotransmitter release 

Group C – No known association to stroke or ischaemia 

Mitotic spindle assembly checkpoint protein MAD2A MAD2L1 Q13257 [196] 
- Checkpoint protein of mitosis monitors spindle-kinetochore 

attachment 

DNA topoisomerase 2-binding protein 1 TOPBP1 Q92547 [197] 
- Negative feedback regulator of E2F1 which represses E2F1-dependent 

p53-mediated apoptosis upon DNA damage 
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2.3.3 Changes in Expression Profiles following Permanent Stroke 

Sixty-eight proteins (13.63% of all detected proteins) showed differential expression following 3 

hours of permanent MCA occlusion. Thirty-three proteins were increased and 35 decreased 

relative to sham-operated controls. The proteins differentially expressed in permanent stroke were 

classified in to 23 groups according to biological processes described in the literature and the 

databases (Table 2.6). 

SCAMP1 (Secretary carrier-associated membrane protein 1) showed the most significant 

upregulation with a fold change of 11.85 compared to sham (t=6.08, adj. p<0.0001). Several other 

proteins, Bad (t=3.925, adj. p=0.0002), DHX38 (t=3.669, adj. p=0.0005), GTF2F2 (t=3.809, adj. 

p=0.0003), ITGA5 (t=3.802, adj. p=0.0003), Pdpk1 (t=3.886, adj. p=0.0002), PTPN1 (t=3.739, 

adj. p=0.0004), RHOGAP1 (t=4.113, adj. p<0.0001) and Th (t=4.365, adj. p<0.0001) showed 

greater than a 4.5-fold upregulation compared to sham. Proteins involved in apoptosis (4 of 4 

proteins differentially expressed), cell cycle (3 of 4), and transcription (4 of 4) showed generally 

increased expression following permanent occlusion compared with sham. 

The expression of Serine/threonine-protein Nek3 showed the most significant downregulation 

with 6.32-fold decrease in expression (t=4.533, adj.p<0.0001) when compared with sham. The 

expression of other proteins, Exoc4 (t=4.446, adj.p<0.0001), WASF1 (t=4.218, adj.p<0.0001), 

Grm1 (t=4.064, adj.p=0.0001) and MAPT (t=4.046, adj.p=0.0001) showed greater than 5-fold 

downregulation compared to sham. Downregulation of signalling adaptor proteins were observed 

(4 of 6 proteins differentially expressed). Additionally, downregulation of proteins involved in 

endocytosis (4 of 4), MAPK (mitogen-activated protein kinase) signalling (3 of 3) and 

ubiquitination (4 of 4) was observed. 

The categorisation of the proteins of differentially expressed only in acute permanent stroke 

according to association with known stroke pathophysiology (Table 2.7 and Table 2.9) revealed 

29 proteins in Group A, 26 in Group B and 6 in Group C. 
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Table 2.6 Proteins showing differential regulation in acute permanent stroke compared to sham condition 

*: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. The colour of the cell indicates the direction of regulation 
(Upregulated and Downregulated). All p-values shown were adjusted for multiple comparisons. 

Protein Name 
Gene 
Name 

Fold 
Change 

Significance t p-value 
UniProt 

ID 

Apoptosis 

Bcl2-associated agonist of cell death Bad 4.931 *** 3.925 0.0002 Q61337 

Caspase-7 CASP7 2.789 * 2.523 0.0233 P55210 

Neuronal pentraxin-1 Nptx1 2.736 * 2.474 0.0267 P47971 

Tumor necrosis factor ligand superfamily 
member 6 

FASLG 3.758 ** 3.256 0.0023 P48023 

Autophagy 

Beclin-1 BECN1 3.112 * 2.792 0.0106 Q14457 

Catecholamine synthesis 

Tyrosine 3-monooxygenase Th 5.897 **** 4.365 <0.0001 P04177 

Cell cycle 

60S ribosomal protein L22 RPL22 3.015 * 3.314 0.0019 P35268 

Serine/threonine-protein kinase Chk1 CHEK1 2.615 * 2.364 0.0361 O14757 

Synaptonemal complex protein 3 Sycp3 3.613 ** 3.159 0.0032 Q63520 

Cyclin-dependent kinase inhibitor 3 CDKN3 2.498 * 2.251 0.0484 Q16667 

Cytoskeletal modification 

Myosin phosphatase Rho-interacting protein Mprip 2.500 * 2.253 0.0482 P97434 

Myotonin-protein kinase DMPK 2.774 * 2.509 0.0243 Q09013 

Protein diaphanous homolog 1 Diaph1 3.136 ** 2.812 0.0099 O08808 

Serine/threonine-protein kinase Nek3 Nek3 6.316 **** 4.533 <0.0001 Q9R0A5 

Wiskott-Aldrich syndrome protein family 
member 1 

WASF1 5.556 **** 4.218 <0.0001 Q92558 

Cytoskeletal protein 

Microtubule-associated protein tau MAPT 5.180 *** 4.046 0.0001 P10636 

DNA repair 

DNA repair protein XRCC4 XRCC4 3.848 ** 3.314 0.0019 Q13426 

Endocytosis 

AP-2 complex subunit β AP2B1 2.551 * 2.303 0.0424 P63010 

AP-1 complex subunit γ-1 Ap1g1 2.734 * 2.473 0.0268 P22892 

Ataxin-2 ATXN2 4.803 *** 3.86 0.0002 Q99700 

Huntingtin-interacting protein 1 HIP1 4.135 *** 3.492 0.001 O00291 

Epoxide metabolism 

Epoxide hydrolase 1 EPHX1 2.736 * 2.475 0.0266 P07099 

Excitotoxicity 

Metabotropic glutamate receptor 1 Grm1 5.220 *** 4.064 0.0001 P23385 

Methylosome subunit pICln CLNS1A 2.715 * 2.457 0.028 P54105 
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Exocytosis 

Exocyst complex component 4 Exoc4 6.097 **** 4.446 <0.0001 Q62824 

Rabphilin-3A Rph3a 4.173 *** 3.513 0.0009 P47709 

Fibrinolysis 

Plasminogen activator inhibitor 1 PAI1 2.567 * 2.318 0.0407 P05121 

Annexin A11 Anxa11 2.932 * 2.646 0.0164 P97384 

Inflammation 

Arachidonate 5-lipoxygenase ALOX5 3.608 ** 3.156 0.0033 P09917 

Hematopoietic lineage cell-specific protein HCLS1 3.842 ** 3.31 0.0019 P14317 

MAPK signalling 

Ca2+/calmodulin-dependent protein kinase 
type IV 

CAMK4 2.497 * 2.25 0.0485 Q16566 

Mitogen-activated protein kinase 14 MAPK14 2.617 * 2.366 0.0358 Q16539 

Mitogen-activated protein kinase 3 Mapk3 2.597 * 2.348 0.0376 P21708 

mRNA processing 

Pre-mRNA-splicing factor ATP-dependent 
RNA helicase PRP16 

DHX38 4.444 *** 3.669 0.0005 Q92620 

Nuclear RNA export factor 1 NXF1 2.832 * 2.561 0.0209 Q9UBU9 

PI3K / AKT signalling 

3-phosphoinositide-dependent protein kinase 
1 

Pdpk1 4.857 *** 3.886 0.0002 O55173 

RAC-α serine/threonine-protein kinase AKT1 3.097 * 2.78 0.011 P31749 

Phosphatidylinositol 4,5-bisphosphate 3-
kinase catalytic subunit α isoform 

PIK3CA 4.350 *** 3.615 0.0006 P42336 

Serine/threonine-protein kinase mTOR Mtor 4.144 *** 3.496 0.001 P42346 

Transitional endoplasmic reticulum ATPase Vcp 3.308 ** 2.943 0.0066 Q01853 

RTK / GPCR signalling 

Guanine nucleotide-binding protein 
G(I)/G(S)/G(T) subunit β-1 

GNB1 3.076 * 2.763 0.0115 P62871 

Protein phosphatase inhibitor 2 PPP1R2 2.860 * 2.585 0.0196 P41236 

Tyrosine-protein phosphatase non-receptor 
type 1 

PTPN1 4.573 *** 3.739 0.0004 P18031 

Protein kinase C γ PRKCG 4.371 *** 3.628 0.0006 P05129 

Protein phosphatase 1G Ppm1g 4.158 *** 3.505 0.0009 Q61074 

Rho-related signalling 

Reticulon-4 Rtn4 2.922 * 2.638 0.0168 Q9JK11 

Rho GTPase-activating protein 1 RHOGAP1 5.326 **** 4.113 <0.0001 Q07960 

Rho-associated protein kinase 2 Rock2 2.500 * 2.254 0.048 Q62868 

Signalling Adaptor 

Caveolin-1 CAV1 3.195 ** 2.857 0.0086 Q03135 

Integrin α-5 ITGA5 4.695 *** 3.802 0.0003 P08648 

Breast cancer anti-estrogen resistance 
protein 1 

Bcar1 4.287 *** 3.58 0.0007 Q63767 
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Dematin DMTN 2.504 * 2.257 0.0477 Q08495 

Flotillin-1 Flot1 2.757 * 2.494 0.0253 O08917 

Paxillin PXN 3.324 ** 2.955 0.0063 P49024 

Trafficking 

ADP-ribosylation factor 3 ARF3 2.801 * 2.533 0.0227 P61204 

DnaJ homolog subfamily A member 1 DNAJA1 3.523 ** 3.523 0.004 P31689 

Secretory carrier-associated membrane 
protein 1 

SCAMP1 11.852 **** 6.08 <0.0001 O15126 

45 kDa calcium-binding protein Sdf4 3.091 * 2.775 0.0111 Q61112 

Peroxisomal targeting signal 1 receptor Pex5 3.187 ** 2.85 0.0088 O09012 

Transcription 

Far upstream element-binding protein 1 FUBP1 2.813 * 2.543 0.0221 Q96AE4 

General transcription factor IIF subunit 2 GTF2F2 4.708 *** 3.809 0.0003 P13984 

Telomeric repeat-binding factor 2-
interacting protein 1 

TERF2IP 2.912 * 2.628 0.0173 Q9NYB0 

Transcription factor AP-1 Jun 3.138 ** 2.813 0.0099 P05627 

Translation 

Eukaryotic translation initiation factor 5A-1 EIF5A 2.687 * 2.43 0.0302 P63241 

Ubiquitination 

Cullin-2 CUL2 3.044 * 2.738 0.0124 Q13617 

E3 ubiquitin-protein ligase CBL CBL 2.959 * 2.668 0.0153 P22681 

E3 ubiquitin-protein ligase NEDD4 Nedd4 2.813 * 2.543 0.022 O08758 

Tripartite motif-containing protein 3 Trim3 2.546 * 2.297 0.043 O70277 
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Table 2.7 Categorisation of proteins showing differential regulation only in acute permanent stroke according to their associations to known stroke pathophysiology 

The colour of the cell indicates the direction of regulation (Upregulated and Downregulated) 

Protein Name 
Gene 
Name 

UniProt 
ID 

References Role / Association 

Group A – Demonstrated direct association to stroke or ischaemia 

3-phosphoinositide-dependent protein kinase 1 Pdpk1 O55173 [198] - Coordinates pro-survival PI3K signalling by activating AKT 

Arachidonate 5-lipoxygenase ALOX5 P09917 
[199] 

[200] 

- Metabolism of pro-inflammatory leukotrienes 

- Inhibition showed neuroprotection 

Bcl2-associated agonist of cell death Bad Q61337 [188] 
- Induces apoptosis 

- Heterodimerise with anti-apoptotic Bck-xL 

Beclin-1 BECN1 Q14457 [201] 
- Required for autophagosome formation 

- Regulates autophagy 

Caspase-7 CASP7 P55210 [202] 
- Execution of apoptosis 

- Involved in activation of microglia 

Caveolin-1 CAV1 Q03135 [203] 
- Caveolar-membrane associated protein 

- Protects BBB integrity 

DnaJ homolog subfamily A member 1 DNAJA1 P31689 
[112] 

[204] 

- Co-chaperone 

- Negatively regulates mitochondrial translocation of Bax 

Integrin α-5 ITGA5 P08648 
[205] 

[206] 

- Involved in cell adhesion & migration 

- Mediates angiogenesis post ischaemia 

Neuronal pentraxin-1 Nptx1 P47971 [207] 
- Induces neuronal cell death under hypoxic condition through 

excitotoxicity 

Plasminogen activator inhibitor 1 PAI1 P05121 [208] - Inhibitor for tissue-type plasminogen activator (t-PA) 

RAC-α serine/threonine-protein kinase AKT1 P31749 
[209] 

[210] 

- Pro-survival 

- Involved in PI3K/AKT signalling 

Reticulon-4 Rtn4 Q9JK11 
[211] 

[212] 

- Neurite outgrowth inhibitor 

- Inhibits axonal regeneration 



 

43 

Tumor necrosis factor ligand superfamily member 6 FASLG P48023 [213] 
- Death signalling ligand 

- Pro-apoptotic 

AP-2 complex subunit β AP2B1 P63010 
[214] 

[215] 

- Clathrin-mediated endocytosis 

- Involved in glutamate receptor recycling 
AP-1 complex subunit γ-1 Ap1g1 P22892 

Ca2+/calmodulin-dependent protein kinase type IV CAMK4 Q16566 
[216] 

[217] 
- Induces MAPK signalling via activation of ERK, JNK and MAPK14 

E3 ubiquitin-protein ligase CBL CBL P22681 
[218] 

[219] 

- Mediates ubiquitination and degradation of RTKs and non-RTKs 

- Inhibition reduced myocardial infarction-induced damage 

E3 ubiquitin-protein ligase NEDD4 Nedd4 O08758 
[220] 

[221] 

- Involved in proteosomal degradation and cellular trafficking 

- Shown neuroprotection with its adaptor protein under ischaemic 
condition 

Eukaryotic translation initiation factor 5A-1 EIF5A P63241 [222] 
- Translation initiation factor 

- Induces oxidative stress-mediated apoptosis 

Metabotropic glutamate receptor 1 Grm1 P23385 [223] 
- Group I mGluR 

- Induces glutamate-mediated excitotoxicity 

Methylosome subunit pICln CLNS1A P54105 [224] 
- Subunit of volume-sensitive chloride channel 

- Involved in NMDA-induced excitotoxicity 

Mitogen-activated protein kinase 3 Mapk3 P21708 [225] 
- Regulates proliferation, differentiation and cell survival 

- Induces pro-inflammatory response during reperfusion 

Peroxisomal targeting signal 1 receptor Pex5 O09012 [226] 
- Involved in peroxisomal protein import 

- Affecting on homeostasis of ROS 

Phosphatidylinositol 4,5-bisphosphate 3-kinase 
catalytic subunit α isoform 

PIK3CA P42336 [227] - Activates AKT1 inducing PI3K/AKT signalling 

Protein kinase C γ PRKCG P05129 [228] 
- Ca2+ mediated translocation to plasma membrane contribute to 

ischaemic cell death 

Protein phosphatase 1G Ppm1g Q61074 
[229] 

[230] 

- Nuclear protein phosphatase 

- Inhibition affected on cell survival post oxidative stress 
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Rho-associated protein kinase 2 Rock2 Q62868 [231] - Inhibits neurite outgrowth/axon guidance 

Serine/threonine-protein kinase mTOR Mtor P42346 
[232] 

[233] 

- Member of PI3K family 

- Involved in cell growth, proliferation, motility, survival, autophagy 

Transitional endoplasmic reticulum ATPase Vcp Q01853 [234] 
- Activates PI3K/AKT signalling 

- Involved in expression of nitric oxide synthase 

Group B - Speculated involvement 

ADP-ribosylation factor 3 ARF3 P61204 [235] 
- Regulates coatomer assembly 

- Involved in protein trafficking 

Far upstream element-binding protein 1 FUBP1 Q96AE4 [236] 
- Regulator of MYC expression which involves in cell proliferation, 

migration, cell death and carcinogenesis 

Guanine nucleotide-binding protein G(I)/G(S)/G(T) 
subunit β-1 

GNB1 P62871 
[237] 

[238] 

- G protein subunit 

- Involved in induction of inflammation response 

Hematopoietic lineage cell-specific protein HCLS1 P14317 [239] 
- Interacts with Arp2/3 

- Required for neutrophil chemotaxis 

Myosin phosphatase Rho-interacting protein Mprip P97434 [240] - Promotes neurite outgrowth and cell spreading 

Myotonin-protein kinase DMPK Q09013 [241] 
- Involved in cytoskeleton remodelling 

- Contributes to synaptic plasticity 

Protein phosphatase inhibitor 2 PPP1R2 P41236 [242] 

- Inhibits protein phosphase 1 when synaptic NMDA receptor is 
stimulated 

- Negatively regulates synaptic plasticity 

Rho GTPase-activating protein 1 RHOGAP1 Q07960 [243] 
- GTPase deactivating protein 

- Negative regulator of Cdc42 

Secretory carrier-associated membrane protein 1 SCAMP1 O15126 
[244] 

[245] 

- Involved in receptor recycling 

- Function in exo-endocytic coupling 

Serine/threonine-protein kinase Chk1 CHEK1 O14757 [246] 
- DNA damage checkpoint kinase 

- Involved in hypoxia-induced p53 activation 

Tyrosine-protein phosphatase non-receptor type 1 PTPN1 P18031 
[247] 

[248] 

- Negative regulation of VEGF-induced ERK activation 

- Inhibition promote neovascularisation 
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45 kDa calcium-binding protein Sdf4 Q61112 [249] 
- Multiple isoforms with different functions available: regulating cargo 

sorting at trans-Golgi network, involvement in amylase exocytosis or 
inhibits ER stress-induced apoptosis 

Annexin A11 Anxa11 P97384 [250] - Involved in cytokinesis, phagocytosis, thrombolysis and exocytosis 

Ataxin-2 ATXN2 Q99700 [251] - Involved in synaptic vesicle endocytosis, endocytic receptor cycling 

Breast cancer anti-estrogen resistance protein 1 Bcar1 Q63767 [252] 
- Docking protein 

- Involved in membrane ruffling and cell migration 

Cyclin-dependent kinase inhibitor 3 CDKN3 Q16667 [253] 
- Promotes cell cycle 

- Knockdown reduces cell proliferation and promotes apoptosis 

Cullin-2 CUL2 Q13617 [254] - Degrades HIF via neddylation 

Epoxide hydrolase 1 EPHX1 P07099 [255] 

- Converts epoxides to diols 

- Involved in epoxyeicosatreinoic acids metabolism in brain which shown 
neuroprotection against ischaemia 

Exocyst complex component 4 Exoc4 Q62824 [256] 
- Involved in vesicle docking for exocytosis 

- Controls transcriptional activities of NF-κB, CRE and p53 

Flotillin-1 Flot1 O08917 [257] - Scaffolding protein within caveolar membrane 

Huntingtin-interacting protein 1 HIP1 O00291 [258] - Involved in clathrin-mediated endocytosis for AMPA receptor recycling 

Paxillin PXN P49024 
[259] 

[260] 

- Mediates focal adhesion 

- Anti-apoptotic activity with Bcl-2 

- Involved in neurite extension 

Rabphilin-3A Rph3a P47709 [261] - Involved in Ca2+ invoked exocytosis of neurotransmitter 

Serine/threonine-protein kinase Nek3 Nek3 Q9R0A5 [262] 
- Regulates microtubule acetylation in neurons 

- Involved in axonal growth 

Tripartite motif-containing protein 3 Trim3 O70277 
[263] 

[264] 

- Subunit of CART complex: involved in vesicular trafficking and 
receptor recycling 

- Function as E3 ubiquitin ligase: involved in neuronal plasticity 

Wiskott-Aldrich syndrome protein family member 1 WASF1 Q92558 [265] 
- Involved in actin polymerisation and cell migration 

- Promotes neurite outgrowth 
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Group C – No known association to stroke or ischaemia 

60S ribosomal protein L22 RPL22 P35268 
[266] 

[267] 

- Constituent of the 60S large ribosomal subunit but not required for 
protein synthesis 

- Inhibition showed upregulation of p53-mediated apoptosis 

DNA repair protein XRCC4 XRCC4 Q13426 [268] - Repair double strand break of DNA with DNA ligase IV 

General transcription factor IIF subunit 2 GTF2F2 P13984 [269] - Involved in stabilisation of RNA polymerase II transcription factor 

Synaptonemal complex protein 3 Sycp3 Q63520 [270] 
- Biomarker for cell transformation 

- Induces chromosome instability 

Telomeric repeat-binding factor 2-interacting 
protein 1 

TERF2IP Q9NYB0 
[271] 

[272] 

- Acts as transcription regulator and regulator of telomere function 

- Shown link to cardiovascular disease risk 

Nuclear RNA export factor 1 NXF1 Q9UBU9 [273] - Nuclear export of mRNA  
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2.3.4 Proteins Commonly Affected by Transient and Permanent Stroke 

Seven proteins were commonly affected by both transient and permanent stroke (Table 2.8). These 

proteins showed the similar pattern of regulation in both conditions compared to sham control 

except MAPK14. MAPK14 showed different expression levels in the two conditions with a 3.64-

fold increase in transient stroke but 2.62-fold decrease in expression in permanent stroke compared 

to sham. 

The expression of Tyrosine 3-monooxygenase (Th) and MAPT showed larger fold changes 

following permanent compared to transient stroke (further upregulated from 2.49-fold to 5.90 and 

further downregulated from 3.64-fold to 5.18). Commonly affected proteins are known to be 

involved in catecholamine synthesis, cytoskeleton structure, mRNA processing, Rho and MAPK 

signalling pathways and transcription. 
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Table 2.8 Proteins showing differential expression in both acute transient and permanent stroke 

The colour of the cell indicates the direction of regulation (Upregulated and Downregulated). All p-values shown were adjusted for multiple comparisons. 

Protein Name Gene Name UniProt ID 
Transient Permanent 

Fold Change p-value Fold Change p-value 

Pre-mRNA-splicing factor ATP-dependent RNA helicase PRP16 DHX38 Q92620 3.322 0.006 4.444 0.0005 

Protein diaphanous homolog 1 Diaph1 O08808 4.945 0.0002 3.136 0.010 

Transcription factor AP-1 Jun P05627 2.780 0.239 3.138 0.010 

Tyrosine 3-monooxygenase Th P04177 2.490 0.049 5.897 <0.0001 

Dematin DMTN Q08495 3.543 0.004 2.504 0.048 

Microtubule-associated protein tau MAPT P10636 3.635 0.003 5.180 0.0001 

Mitogen-activated protein kinase 14 MAPK14 Q16539 3.643 0.003 2.617 0.036 
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Table 2.9 Categorisation of proteins showing differential regulation in both acute transient and permanent stroke according to their association with known stroke 
pathophysiology 

The colour of the cell indicates the direction of regulation (Upregulated and Downregulated). 

Protein Name 
Regulation Change Gene 

Name 
UniProt 

ID 
References Role / Association 

Transient Permanent 

Group A – Demonstrated direct association to stroke or ischaemia 

Tyrosine 3-monooxygenase Up Up Th P04177 
[274] 

[275] 

- First limiting enzyme for catecholamine synthesis 

- Involved in dopamine homeostasis – neural plasticity 

Microtubule-associated protein tau Down Down MAPT P10636 [276] 
- Stabilisation of microtubule 

- Shown decline of protein level post stroke 

Mitogen-activated protein kinase 14 Up Down MAPK14 Q16539 
[277] 

[278] 

- Inhibition studies showed decreased infarct volume and 
inflammation 

Group B - Speculated involvement 

Protein diaphanous homolog 1 Up Up Diaph1 O08808 
[279] 

[280] 

- Involved in actin polymerisation and cell migration 

- Known to promote neurite outgrowth 

Transcription factor AP-1 Up Up Jun P05627 [281] 
- Transcriptional regulation of pro- and anti-apoptotic proteins 

(e.g FasL, Bim, Bcl-3 and Fas) 

Dematin Down Down DMTN Q08495 [282] 

- Cytoskeleton protein bind and bundle actin filaments 

- Act as signalling adaptor modulating Rho signalling pathways 
via suppress JNK activation 

Group C – No known association to stroke or ischaemia 

Pre-mRNA-splicing factor ATP-
dependent RNA helicase PRP16 

Up Up DHX38 Q92620 [283] 
- Involved in pre-mRNA splicing 

- Mediates structural rearrangements of the spliceosome 
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2.4 Discussion 

Neuroprotection research targeting the early events in the cell death cascade to protect brain tissue 

has been the mainstream of stroke research for last two decades and shown its effectiveness pre-

clinically. However, despite numerous clinical trials, the translation of neuroprotective agents has 

not been successful [102]. We propose that a new strategy is therefore required to produce insight 

into novel pathological mechanisms. Commercially available large-scale Western array screening 

services enable the effect of drugs or pathological processes to be investigated by simultaneous 

examination of the total protein expression in a single sample from rat, mouse or human [165]. 

With advantage of requiring no a priori targeted hypothesis, this approach therefore has the 

potential to identify proteins that have not previously been linked to stroke pathology. 

A combined approach employing large-scale Western array technique and bioinformatics database 

was therefore used to investigate the differential expression of proteins in the mouse 

somatosensory cortex at an acute time point (3 hours) following transient and permanent occlusion 

of the MCA. Preliminary analysis of the dataset using the commercially supplied fold change 

criteria showed over 100 proteins were differentially regulated by permanent stroke. In contrast, 

application of more stringent statistical analysis identified a smaller number of proteins 

differentially regulated by stroke. Acute transient stroke significantly upregulated 9 and 

downregulated 8 proteins while permanent stroke altered the expression of a larger number of 

proteins and affected more biological processes upregulating the expression of 33 and 

downregulating 35 proteins. It is likely that the difference in affected proteins reflects the 

importance of early reperfusion to reduce the severity of ischaemic damage [284]. 

The smaller number of proteins identified with more rigorous statistical analysis and the common 

alteration of seven proteins by both conditions suggest that this analysis approach provides a more 

robust method to measure and compare biological samples than confidence intervals based on fold 

changes. While the addition of more strength to the data analysis provides increased confidence in 

the observed changes, the resulting protein list requires further interpretation to derive a 

meaningful biological conclusion. The data was therefore annotated with existing biological 

knowledge by performing literature searches to determine an association with known stroke 

pathophysiology. Identification of proteins previously known to be involved in pathways leading 

to ischaemic cell death (Group A in Table 2.5, Table 2.7 and Table 2.9) further validates this 

combined approach. 
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Proteins showing differential expressions in acute transient stroke 

The protein profile following transient stroke revealed a mixed regulation of proteins with 

beneficial and detrimental effects on stroke tissue with no single biological process extensively 

affected (Table 2.4 and Figure 2.3). However, upregulation of proteins involved in cytoskeletal 

restructuring and restoration of damaged neural and vascular connections were apparent 

suggesting activation of endogenous protective mechanisms. However, downregulation of pro-

survival signalling proteins was also observed. 

Among the most affected biological processes, proteins involved in Rho-related modification of 

the cytoskeleton were upregulated. Rho is a small GTPase and relays signals to multiple pathways 

related to maintenance of cytoskeletal structure [285]. Several Rho-related proteins were 

upregulated by transient stroke and implied an endogenous attempt to maintain cellular integrity. 

Diaph1 (Protein diaphanous homolog 1) is involved in actin polymerisation and cell migration and 

known to promote neurite outgrowth when activated by Rho GTPase [279, 280]. Rasgrf2 (Ras-

specific guanine nucleotide-releasing factor 2) activates Ras inducing MAPK and PI3K pathways 

as well as Rac1, a Rho family GTPase, affecting growth control and cytoskeletal reorganisation 

respectively [191, 192]. CNKSR1 (Connector enhancer of kinase suppressor of ras 1) also interacts 

with effectors of Ras and Rho signalling pathway to mediate gene expression and cytoskeletal 

rearrangement [190]. Increased expression of, Diaph1, Rasgrf2 and CNKSR1 may indicate 

attempts to protect and preserve tissue in the penumbral region. Increased expression of Annexin 

A2 (ANXA2) which has been shown to promote tissue-type plasminogen activator (tPA)-induced 

fibrinolysis as well as neoangiogenesis post hypoxia [186, 187] further supports the of activation 

of protective mechanism. 

Additionally, we observed downregulation of the actin binding/bundling protein, dematin 

(DMTN), which acts as a signal adaptor and mediates cytoskeletal reorganisation and the Ras 

signalling pathway [282]. Dematin suppresses the activation of c-Jun N-terminal kinase (JNK) 

through interacting with Rasgrf2. Thus, dowregulation of dematin likely enables the activation of 

JNK which is promoted by upregulated Rasgrf2. 

Upregulation of such proteins promoting cell migration and axonal growth influence beneficial 

repair processes such as angiogenesis, neural plasticity and remodelling of cytoskeletal structure 

and migration of neural progenitor cells. However, as these processes generally occur in the sub-

acute (>24 hours) stage of stroke [286, 287], it is interesting that such restorative mechanisms are 

upregulation at such an acute time point. 
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Figure 2.3 Summary representation of differentially expressed proteins in acute transient stroke showing the 
potential consequences of regulations based on their functions (beneficial & detrimental) and directional (up- 
& down-regulation) changes 

Red gene names indicate the proteins showing increased expression and blue decreased compared to sham control. 
Proteins were categorised according to their involved biological processes and association to known stroke 
pathophysiology (Group A, B and C). 

 

 

Conversely, downregulation of proteins involved in PI3K/AKT signalling pathway was also 

observed following transient stroke. PI3K/AKT signalling pathways regulate multiple biological 

responses promoting cell survival and inhibiting apoptosis [209]. Ca2+/calmodulin-dependent 

protein kinase kinase 1 (Camkk1) phosphorylates Ca2+/calmodulin-dependent protein kinases 

(CaMKs) and consequently activates protein kinase B (AKT1) independently to PI3K activity and 

promotes cell survival [194]. SHC-transforming protein 3 (Shc3) is a signalling adaptor protein 

expressed specifically in neuron. Studies in double-null Shc3mutants suggest a neuroprotective 

role for Shc3 in stroke via increased PI3K/AKT activity [189]. Another adaptor protein, actin 

filament-associated protein 1 (AFAP1) induces tyrosine-protein kinase Src (c-Src) activation. 

Downregulation of AFAP-1 suggests reduced signal transduction through PI3K/AKT, MAPK and 

Rho signalling pathways [193]. Downregulation of these proteins therefore indicates decreased 

cell survival capability in the penumbra of following stroke.  
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Proteins showing differential expressions in permanent stroke 

More proteins covering a wider range of biological processes were affected by permanent stroke 

than transient stroke (Table 2.6 and Figure 2.4). In addition, it was harder to predict the 

consequence of differential regulation of proteins and their biological processes, as proteins with 

opposite (detrimental or beneficial) effects were altered. 

Proteins involved in apoptosis were upregulated by permanent stroke. The apoptotic proteins, Bad, 

caspase-7, Fas ligand and neuronal pentraxin-1 have all shown detrimental effects in the stroke 

brain [188, 202, 207, 213]. Among these, caspase-7 and Fas ligand are also involved in the 

induction of inflammatory response [202, 288]. Together with other upregulated inflammatory 

proteins, 5-lipoxygenase (ALOX5; [199, 200]) and haematopoietic lineage cell-specific protein 

(HCLS1; [239]), increased inflammatory response are expected in permanent stroke. 

Inflammation is known to be a key pathophysiological mechanism in the later phase (> 24hr) and 

aggravates ischaemic damage [289]. The activation and recruitment of intravascular leukocytes 

and the complement system have been demonstrated with worsening of stroke outcomes [290, 

291]. However, it is also speculated to have a neuroprotective role during the acute phase as 

activated microglia can protect against extracellular glutamate-mediated excitotoxicity by 

expressing glutamate transporters [58]. The downstream consequences of the acute upregulation 

of inflammatory proteins observed in this study therefore depends on whether the inflammatory 

response remains well controlled (important in resolving injuries) since prolonged inflammation 

hinders tissue repair process and eventually results in permanent damage [289]. 

Receptor proteins that are directly involved in excitotoxicity also showed decreased expression 

following permanent stroke. Inhibition studies on group I metabotropic glutamate receptors 

(mGluR1 (Grm1) and mGluR5) [223] and volume-sensitive outwardly rectifying chloride channel 

(CLNS1A) [224] have been shown to reduce acute ischaemic damage through reduction of 

glutamate-mediated excitotoxicity. In the current study, proteins involved in exo-/endocytosis 

processes showed different directional regulation and consequently predicts opposite effects on 

glutamate-mediated excitotoxicity. Exocytotic proteins rabphillin 3A (Rph3a) and many proteins 

involved in clathrin-mediated endocytosis, including adaptin-1/-2 (AP2B1 and Ap1g1), ataxin-2 

(ATXN2) and HIP1 (huntingtin-interacting protein 1), showed decreased expression in the 

permanent stroke profile. Rhp3a is involved in regulation of synaptic vesicle exocytosis and Ca2+-

triggered neurotransmitter release [261] and recycling of receptors from the plasma membrane 

[215, 251, 258]. Adaptins and HIP1, particularly, are involved in glutamate receptor recycling 

from the excitatory synapses in the brain [215, 258]. 
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Downregulation of ubiquitination process were also observed following permanent stroke. 

Ubiquitination of proteins is a post-translational mechanism that leads to degradation of protein in 

the proteasome or protein sorting and trafficking [292]. Ubiquitination and its downstream 

signalling cascades play a role in both neuronal death and survival mechanisms in cerebral 

ischaemia [220]. Increased protein ubiquitination has been observed after 2 hours of transient 

ischaemia and aggregations of ubiquitinated misfolded/abnormal proteins within damaged 

ischaemic neurons have also been observed [293]. The dysfunctional ubiquitin-proteosome system 

is thought to contribute to neurological deficits and delayed neuronal death following ischaemia 

[294]. The E3 ubiquitin-protein ligase NEDD4 (Nedd4) is involved in proteosomal protein 

degradation and participates in cellular trafficking activities [221]. With a specific adaptor protein, 

Nedd4 is neuroprotective in both ischaemic stroke and traumatic brain injury [220, 295]. Similarly, 

tripartite motif-containing protein 3 (Trim3), a subunit of the CART (cytoskeleton-associated 

recycling or transport) complex, is involved in vesicular trafficking, particularly receptor recycling. 

Trim3 also works as a E3 ubiquitin ligase and plays a role in neural plasticity by regulating the 

stability of actin filaments [263, 264]. The observed downregulation of these proteins in this study 

therefore indicates a reduction in these potentially protective/restorative mechanisms. In contrast, 

another member of E3 ubiquitin-protein ligase, proto-oncogene Casitas b-lineage lymphoma (c-

Cbl; CBL), negatively regulates RTK signalling and acts as a docking protein of multiple 

signalling pathways [219]. Inhibition of c-Cbl has shown to attenuate the damage induced by 

myocardial infarction [218]. Downregulated cullin-2 (CUL2) is a major substrate for NEDD8 and 

subunits of the E3 ligase machinery known to negatively modulate hypoxia-inducible factor (HIF) 

pathway in the inflammatory pathway [254]. Thus, downregulation of proteins involved in 

ubiquitination may cause both beneficial and detrimental effects.  

Many changes in the expression of proteins with conflicting functions within the same biological 

processes were also observed between the protein profile from permanent and transient stroke. 

While this may be simply due to the difference in the number of proteins affected, it is a noticeable 

difference. This mixed regulation was identified among the proteins involved in cytoskeletal 

modification, protein trafficking, RTK/GPCR (receptor tyrosine kinase/G-protein coupled 

receptor) and PI3K/AKT signalling pathways. These directional differences make it harder to 

determine the effect of altered individual biological processes. However, in general, the directional 

regulation of proteins in acute permanent stroke is seemed to tilt towards a more detrimental 

outcome than those in transient stroke (Figure 2.4). 
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Figure 2.4 Summary representation of differentially expressed proteins in acute permanent stroke showing 
the potential outcomes of regulations based on their functions and directional changes 

Red gene names indicate the proteins showing increased expression and blue decreased compared to sham control. 
Proteins were categorised according to their involved biological processes and associations to known stroke 
pathophysiology (Group A, B and C). 
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Commonly affected proteins and biological processes 

Downregulation of microtubule-associated protein tau (MAPT) was observed in both transient and 

permanent stroke. MAPT is involved in the stabilisation of microtubule [296] and its 

downregulation has been observed after cerebral ischaemia [276]. Decreased expression of MAPT 

in stroke models has been speculated as a biomarker for estimating the progression of stroke 

damage from functional impairment to permanent lesion [276]. 

Upregulation of tyrosine hydroxylase (Th; tyrosine 3-monooxygenase), a rate-limiting enzyme in 

catecholamine synthesis, was also observed in both protein profiles. Tyrosine hydroxylase is 

involved in the synthesis of important catecholamine neurotransmitters such as dopamine, 

adrenaline and noradrenaline. A loss of dopaminergic function has been observed in stroke patients 

which results in reduction of neural plasticity. This symptom is speculated to be due to decreased 

expression of tyrosine hydroxylase [297]. However, impaired dopamine metabolism has only been 

observed in the transcriptome more than 4 hours post permanent ischaemia [298] and in the 

proteome during the sub-acute phase (>24 hr) post transient MCAo [275, 298]. Therefore, the 

increase in tyrosine hydroxylase level at 3 hours post occlusion in the current study may be more 

likely related to the noradrenergic system. Upregulation of tyrosine hydroxylase in the stroke brain 

occurs due to enhancement of dynamic cerebral autoregulation which reacts against acute cerebral 

perfusion pressure changes to maintain the required cerebral blood flow [299]. Where the blood-

brain barrier is not intact, this noradrenaline-mediated autoregulatory response may cause 

hypocapnia which results in vasoconstriction and further aggravates ischaemia [300]. 

The expression of main components in MAPK signalling, MAPK14 (p38) and Transcription factor 

AP-1 (Jun), were also commonly affected in both stroke conditions. MAPK signalling has been 

speculated to be an important pathway in regulating pathophysiological mechanisms ranging from 

apoptosis and inflammation to cell survival [301]. Jun showed upregulation in both conditions. 

Jun is known to regulate the expressions of both pro- and anti-apoptotic proteins (e.g Fas ligand, 

Bim, Bcl-3 and Fas) response to various stress signals [281]. At the same time, MAPK14 

expression showed a change in regulation direction from upregulated in transient stroke to 

downregulated in permanent stroke. The release of pro-inflammatory factors via the MAPK14 

signalling has demonstrated its detrimental effect on stroke brain and the inhibition of MAPK14 

activity showed reduction in lesion volume [277, 278]. To this extent, downregulation of MAPK14 

is unanticipated as the upregulation of proteins involved in inflammatory process were observed 

in permanent stroke. 

Upregulation of DHX38, a component of spliceosome functioning which mediates structural 

rearrangement of the spliceosome [283], was observed in both transient and permanent stroke and 
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is categorised as a protein which has not been shown to have any association to known stroke 

pathophysiology (Group C). Many proteins involved in RNA metabolism showed upregulation in 

permanent stroke (FUBP1 [236], GTF2F2 [269] and TERF2IP [271]). Therefore, upregulation of 

DHX38 and those involved in RNA metabolism may represent a mechanism that warrants correct 

transcription of proteins in permanent stroke brain where energy shortage is sustained. 

 

Association to known stroke pathophysiology 

While the Group A proteins (Table 2.5, Table 2.7 and Table 2.9) indirectly validate the results in 

this study, the identification of proteins shown no known association to stroke/ischaemia (Group 

C) require further investigation. The identification of proteins involved in cell cycle, DNA repair 

and RNA metabolism is consistent with results from previous transcriptomic studies in stroke [182, 

183] though the list of proteins identified was different. Aberrant activation of cell cycle regulators 

has been associated in stroke. While the activation of cell cycle in non-mitotic cells (e.g. neuron) 

provokes ischaemic cell death, proliferation in residing glial cells in brain (astrocyte and microglia) 

may contribute to acute inflammatory response [302]. Differentially regulated CDKN3, CHEK1 

and MAD2L1 have all shown the relevance to cell cycle arrest and p53 signalling [196, 246, 253]. 

Where activation of p53 post stroke is speculated to be more preventing of injury than worsening 

[303], differential regulation of, therefore, may indicate a potentially protective mechanism. 

Alterations in the expression of proteins involved in DNA repair process (TOPBP1 and XRCC4) 

may be a byproduct of hypoxia-induced p53 activation [303]. RNA-based regulatory networks are 

involved in coordinating nearly every cellular process in health and various disease states and have 

been implicated in the molecular pathogenesis of stroke [304]. Strategies targeting proteins 

involved in RNA transcription and quality control (e.g. GTF2F2 and DHX38) and mRNA 

trafficking (e.g. NXF1) may promote neuroprotective and regeneration. Thus, the identification of 

proteins involved in such biological processes therefore presents a new view on stroke mechanisms 

and together with proteins categorised as Group B, represents a group of novel biological targets. 

 

Limitations of Western array technology 

This chapter and the following chapter showed the potential of the combinational approach of 

comparative proteomics and bioinformatics databases in research of complex disease such as 

stroke. The approach is however not without the limitations. The use of commercially available 

Western array services like PowerBlot™ (BD Biosciences; discontinued now) would save our 

time to design, validate and perform the experimental procedures by using predetermined antibody 
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cocktail sets and providing extra hands for the analysis, the acquisition of information and/or 

assistance however could be limited if the service discontinued due to the proprietary issue. 

Additionally, the result identified is always dependent on the availability of antibodies due to the 

nature of Western approach. 

 

2.5 Conclusion 

Relative changes in protein expression profiles in the penumbra area affected by transient and 

permanent stroke were investigated using a large-scale Western array with bioinformatics 

approach. A number of proteins previously shown to be directly associated with stroke 

pathophysiology were identified and validated the approach. Proteins not previously reported to 

have a connection with ischaemia were also identified. Both protein profiles from transient and 

permanent stroke showed differential expressions of proteins involved in neuroprotective 

mechanisms as well as those involved in the destructive processes of ischaemia. The difference 

between protein profiles likely reflects how reperfusion tempers the consequences of sustained 

occlusion. The current study further highlights the complex interplay between multiple 

mechanisms that ultimately determine life or death of brain tissue and how rapidly changing the 

time course of these mechanisms is. Identification of proteins in Group B and C which show only 

indirect or no association to known stroke pathophysiology provides a fresh perspective on acute 

stroke mechanisms and represents a group of novel biological targets which require further 

investigation. 
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 Proteomic Profiling of Neuroprotection 

 

3.1 Introduction 

3.1.1 Background 

In the previous chapter, the application of large-scale proteomics and bioinformatics to an 

experimental mouse stroke model generated protein profiles showing both detrimental 

pathophysiological mechanisms and self-restorative mechanisms occurring early after artery 

occlusion. This acute snapshot also identified novel proteins not previously identified in the stroke 

brain which extends our knowledge of stroke pathophysiology. 

Identification of competing mechanisms provides two general approaches to limit stroke damage; 

inhibit or decrease expression of proteins which are damaging, or upregulate proteins that are 

beneficial. The mainstream of stroke research for the last two decades has been protecting neuronal 

cells from the destructive mechanisms of the early phase of stroke (neuroprotection). Many 

different classes of compound have been shown to protect brain tissue in a number of different 

experimental stroke models in different species [102]. However, this approach has been not 

translated into clinical efficacy despite positive data in experimental animal models [179]. Further 

elucidation of injury mechanisms using in vivo models that are relevant to mechanisms observed 

in humans is required to identify new therapeutic targets. 

Many factors have been proposed to account for the failure in the translation of neuroprotective 

agents, including poor predictive validity of models, inadequate preclinical validation prior to 

clinical trials or poor clinical trial design (e.g. sub-therapeutic dosing to avoid toxic effects) [102]. 

It has also been argued that having better understanding of the targets that neuroprotective drug 

interacts with, and how these mechanism are affected both temporally and functionally are 

essential to successful translation [305]. 

Thus, we hypothesize that the investigation on the molecular changes in the acute phase following 

treatment with classical therapeutic agents may lead us to a fresh perspective on neuroprotection. 

MK-801 (dizocilpine) is the most extensively researched non-competitive N-methyl-D-aspartic 

acid (NMDA) receptor antagonist. MK-801 blocks opening of the NMDA receptor and thus 

prevents calcium influx. While MK-801 has been shown to reduce lesion volume in animal models 

of focal ischaemia [306, 307], it also has a short therapeutic window (1-2 hours post stroke) [308] 

and is possibly neurotoxic at high doses [309]. 
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FK506 (tacrolimus) is widely used clinically for the treatment of allograft rejection. Preclinical 

studies have indicated that FK506 may also be of therapeutic use in a number of other clinical 

conditions, including reperfusion injury., Indeed, FK 506 has been shown to be a potent anti-

ischaemic agent in both rat and mouse models of ischaemia [310] and demonstrated to have 

neuroprotective and neuroregenerative effects in many studies [311]. Both immunosuppression 

and neuroprotection is exerted via the inhibition of calcineurin (calcium (Ca2+)/calmodulin-

dependent serine/threonine protein phosphatase) activity [312]. 

FR131706 (FK1706) is a non-immunosuppressive derivative of FK506 which displays 

neurotrophic activity and potentiates neurite outgrowth [313]. FR131706 has been also shown 

cortical protection in a mouse monofilament model when administered post occlusion (Figure 3.1, 

A. McGregor, unpublished). 
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Figure 3.1 Comparison of neuroprotective effects of FK506, MK-801 and FR131706 in transient mouse model 
of MCAo 

Mice were subjected to 60 minutes MCAo and 2 hours reperfusion. FK506 (1mg/kg), MK-801 (3mg/kg) and 
FR131706 (3mg/kg) were administered intraperitoneally 5 minutes post occlusion (n=8 per group). All values are 
presented as mean ± SEM. All three treatments resulted significant reduction in lesion volumes in the cortical area 
however, only MK-801 showed the neuroprotection of striatum (A McGregor, unpublished) 
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3.1.2 Specific Aims 

In this chapter, the combinational approach of comparative proteomics technique (PowerBlot™) 

and bioinformatics analysis established in the previous chapter was applied to examine the relative 

changes in protein expression within the somatosensory cortex of mice subjected to transient 

MCAo following administration of two neuroprotective drugs, MK-801 and FR131706. 

The aim of the chapter was to 

1) Investigate proteomic profiles from stroke brains treated with MK-801 and FR131706, 

2) Determine whether common biological process or pathway of neuroprotection by MK-801 

and FR131706 treatments exists and 

3) Provide a secondary validation of the combinational approach established in the previous 

chapter. 
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3.2 Materials and Methods 

3.2.1 Experimental Design Considerations 

As specified in Section 2.2.1.1, the datasets used in this chapter were also historical data generated 

before the study by Dr Ailsa McGregor. The justification for the selection of the sample region 

and sample size is explained in Section 2.2.1.1.  

Experimental groups were total of 4 groups which were 

1) Sham occlusion with vehicle (saline) injection, 

2) Transient stroke (60 minutes occlusion + 2 hours reperfusion) with vehicle injection, 

3) Transient stroke with MK-801 injection and 

4) Transient stroke with FR131706 injection. 

The comparisons of protein profiles are described in Table 3.1.  

To note, as the dataset was historical collected previously by Dr Ailsa McGregor, the candidate 

could not be able to change/modify the experiment design but to be explained the rationale behind 

the design. Some decisions were made based on the circumstances at the time of the experiment. 

For example, while FK506 is a better known drug for neuroprotection than FR131706, there was 

an opinion at that time that the efficacy of FK506 neuroprotection might be overestimated due to 

inclusions of the results with poor study quality and possible publication bias [314]. In addition, it 

was more inclined to test FR131706 for a novel neuroprotectant if the laboratory was funded by a 

pharmaceutical company developed FR131706. 

 

 

Table 3.1 Summary of comparisons made between protein profiles 

Comparison Description Question 

A Group 1 vs 2 
Change of protein profile induced by 
transient stroke 

Which proteins and biological 
processes/pathways are affected by 
transient stroke? 

B Group 2 vs 3 
Change of protein profile by MK-801 
treatment 

What are changed by the treatment? 

Does the treatment restore the change 
made by transient stroke? C Group 2 vs 4 

Change of protein profile by FR131706 
treatment 

B AND C Common profile of neuroprotection 
Is there a commonly affected 
protein(s) or a pathway(s)? 
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Exclusion of the treatment on permanent stroke also circumstantial decisions as the 

neuroprotection studies of both drugs had shown that the therapeutic windows were around 3 hours 

post occlusion [315]. The injection timing was chosen as the data at the time in the laboratory 

suggested the neuroprotection by both drugs could be achieved when injected 5-minutes post 

occlusion. Since the treatment at 5-minutes post occlusion is not clinically-relevant, the knowledge 

of how these drugs influence the stroke brain in this study cannot be clinically translated. However, 

this study is still useful for finding common biological process or pathway of neuroprotection and 

as a secondary validation of the combinational approach established in the previous chapter. 

Injections of MK-801 and FR131706 were prepared in saline at concentration of 3mg/kg. This 

concentration has shown neuroprotection previously in mice model of stroke with both 

neuroprotectants [307] (A. McGregor, unpublished) (Figure 3.1). Hypothermia is an 

acknowledged effect of MK-801 treatment [316]. Thus, mice were maintained as normothermic 

during surgery by means of a homeothermic blanket (Complete Homeothermic Blanket System 

with Flexible Probe, Harvard Apparatus, USA) and were kept in an incubator during the 2 hours 

of reperfusion. 

 

3.2.2 Animals 

All stroke surgeries were performed by Dr Ailsa McGregor under licence by the UK Home Office 

subject to the Animal (Scientific Procedures) Act 1986. Male C57B16/J mice (25-30g, Charles 

River, UK) were housed at 22 ± 1˚C under a 12 hour light/dark cycle and allowed free access to 

food and water. 

 

3.2.3 Stroke Surgery 

Occlusion of the middle cerebral artery (MCAo) was performed using a modification of the 

monofilament method described by Hata et al., 1998 [138]. Briefly, the right common carotid 

(CCA), external carotid (ECA), internal carotid (ICA) arteries and their branches were exposed 

through a midline cervical incision. A 6-0 silk suture (Resorba®, Germany) was tied around the 

CCA proximal to the bifurcation of the ECA and ICA. A second suture was tied around the ECA 

distal to the superior thyroid artery (STA). An 8-0 silicon-coated monofilament (diameter 220µm) 

was introduced into the CCA and advanced 10mm distal to the carotid bifurcation, occluding the 

origin of the MCA. The monofilaments used were manufactured by Dr Ailsa McGregor following 

the same protocol described in Section 4.2.3. Sham occlusion involved insertion of the filament 
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and immediate withdrawal. Cortical samples harbouring the border region between the core and 

the penumbra (Figure 2.1) were carefully collected following 1 hour occlusion and 2 hours 

reperfusion. Animals were subjected to injection with MK-801 (3mg/kg), FR131706 (3mg/kg) or 

vehicle (saline) intraperitoneally 5 minutes after establishment of occlusion. 

 

3.2.4 Sample Preparation 

Sample lysates were prepared according to the instruction provided by BD Biosciences. Briefly, 

samples of cortical brain tissue were processed using a rotor-stator homogeniser (PowerGen; 

Fisher Scientific, Loughborough, UK) in SDS extraction buffer (10mM Tris, pH 7.4, 1mM sodium 

orthovanadate, 1% (w/v) SDS). The total protein content of each sample was determined (BCA 

protein assay; Perbio Science, Tattenhall, Cheshire, UK). Each group sample was pooled with 

equal amount of protein to a concentration of 2mg/ml. The pooled samples were then diluted to a 

final concentration of 1mg/ml by the addition of an equal volume of 2x electrophoresis buffer 

(125mM Tris pH 6.8, 4% SDS, 10% (v/v) glycerol, 0.006% (w/v) bromophenol blue, 2% (v/v) β-

mercaptoethaol) and stored at -80˚C prior to Western array analysis. 

 

3.2.5 Large-scale Western Array 

Pooled lysate (200µg protein) from each group was boiled for 5 minutes then loaded into a single 

well across the entire width of 13 x 10cm, 0.5mm thick, 4-15% gradient SDS-polyacrylamide gels 

(Criterion; BioRad, Hemel Hempstead, UK). After separation at 150V for 1.5 hours, proteins were 

transferred to Immobilon-P membrane (Millipore, Watford, UK) for 2 hours at 200mA and 

blocked for 1 hour (Odyssey blocking buffer, LI-COR Biosciences, Cambridge, UK). Membranes 

were subsequently inserted into Western blotting manifolds that isolated 40 longitudinal channels 

across the membrane. Different complex antibody cocktails were added to each channel and 

allowed to hybridize for 1 hour at 37˚C. The blots were removed from the manifold, washed and 

incubated with secondary goat anti-mouse immunoglobulin-Alexa 680 conjugate (Molecular 

Probes, Leiden, Netherlands) for 30 minutes at 37˚C. The membranes were washed and dried. The 

images were captured with an Odyssey Infrared Imaging System (LI-COR). Each sample was run 

in triplicate and analysed using a 3 (in experimental group) x 3 (in control group) matrix 

comparison method. Differential protein expression was determined from signal intensity data 

from each blot. Signals were detected and raw intensities measured using PDQuest 2D analysis 

software (BioRad). An overview of the PowerBlot™ workflow is illustrated in Figure 2.2. 
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3.2.6 Statistical Analysis 

Signal intensity data from all blots were combined then normalized using quantile normalisation. 

Any protein without replicates was excluded prior to the analysis. The normalised data were then 

Log2-transformed. The R codes applied in the previous chapter were used to identify differentially 

expressed proteins. A linear model was used to estimate the fold changes for each protein in 

comparison groups and an empirical Bayes method used to moderate the standard deviations of 

the estimated log-fold changes.  

Proteins showing p-value less than 0.05 were then subjected to 2-way Analysis of Variance 

(ANOVA) between treatments in stroke and sham control using GraphPad Prism version 7.00 for 

Windows (GraphPad Software, California, USA, www.graphpad.com). Sidak's multiple 

comparisons test was used as the post-hoc test. 

 

3.2.7 Database Searches 

The list of proteins showing differential expression generated by neuroprotectant treatments (adj. 

p < 0.05) were subjected to a literature and database search to identify the key biological processes 

and potential consequence of differential regulation for each protein using PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/) and UniProt (http://www.uniprot.org/) [185]. 
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3.3 Results 

3.3.1 Change in Protein Expression by Transient Stroke  

The list of differentially expressed proteins following 60 minutes of transient MCAo compared to 

sham control (Comparison A, Table 3.1) were the same as those identified in the Chapter 2 (Table 

2.4). 

 

3.3.2 Changes in Stroke Protein Profiles by MK-801 

Administration of MK-801 5 minutes post occlusion altered the expressions of fourteen proteins 

in the penumbral region of the sensorimotor cortex following 60 minutes transient stroke and 2 h 

reperfusion (Comparison B, Table 3.1). Three proteins showed increased and eleven showed 

decreased expression compared to stroke. Proteins involved in trafficking and transcription 

showed most downregulation (Table 3.2). 

The greatest upregulation was observed in the mitochondrial protein, 3-hydorxyacyl-CoA 

dehydrogenase type-2 (HSD17B10) with a fold change of 3.57 (t=3.084, adj. p=0.0062) whereas 

the greatest downregulation was observed for REST corepressor 1 (RCOR1) with a 4.29-fold 

decrease (t=3.534, adj. p=0.0013). A brief description of the function and relevance to stroke 

pathophysiology of the differentially regulated protein is listed in Table 3.4. 
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Table 3.2 Proteins showing differential regulation of MK-801 treatment in acute transient stroke 

*: p<0.05; **: p<0.01. The colour of the cell indicates the direction of regulation (Upregulated and Downregulated). 
All p-values shown were adjusted for multiple comparisons. 

Protein Name 
Gene   
Name 

UniProt 
ID 

Fold 
Change 

Significance t p-value 

Cell Growth & Survival 

Cyclin-dependent kinase inhibitor 3 CDKN3 Q16667 2.680 * 2.392 0.0497 

Mitogen-activated protein kinase 3 Mapk3 P21708 3.338 * 2.925 0.0104 

Cytoskeletal Modification 

Ras and Rab interactor 1 RIN1 Q13671 3.138 * 2.776 0.0166 

Rho-associated protein kinase 2 Rock2 Q62868 2.834 * 2.529 0.0342 

Energy Homeostasis 

3-hydroxyacyl-CoA dehydrogenase 
type-2 

HSD17B10 Q99714 3.565 ** 3.084 0.0062 

ROS Homeostasis 

Thioredoxin-like protein 1 TXNL1 O43396 3.004 * 2.669 0.0228 

Signalling Adaptor 

SHC-transforming protein 3 Shc3 Q61120 2.706 * 2.416 0.0466 

Tyrosine-protein phosphatase non-
receptor type 1 

PTPN1 P18031 2.844 * 2.536 0.0335 

Paxillin PXN P49024 3.389 ** 2.963 0.0092 

Trafficking & Endocytosis 

Clathrin heavy chain 1 Cltc P11442 3.149 * 2.784 0.0162 

DnaJ homolog subfamily A member 1 DNAJA1 P31689 3.506 ** 3.044 0.0071 

Kinesin-like protein KIF1A Kif1a P33173 2.990 * 2.658 0.0236 

Transcription 

REST corepressor 1 RCOR1 Q9UKL0 4.290 ** 3.534 0.0013 

Signal transducer and activator of 
transcription 3 

Stat3 P52631 2.922 * 2.602 0.0278 
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3.3.3 Changes in Stroke Protein Profiles by FR131706 

While protein expression was generally decreased with MK-801 treatment, FR131706 treatment 

(Comparison C, Table 3.1) produced a general upregulation of protein expression. FR131706 

treatment following transient stroke changed the expressions of 17 proteins. Fourteen proteins 

showed upregulated expression whereas 3 showed decreased expression compared to stroke alone 

(Table 3.3). Proteins involved in signalling and inflammation were most affected by FR131706 

treatment.  

Myotonin-protein kinase (DMPK; t=4.249, adj. p<0.0001) and Tyrosine-protein kinase HCK 

(HCK; t=4.219, adj. p<0.0001) showed most upregulation with both showing greater than 5.5-fold 

increased expression compared to transient stroke alsone. In addition, dematin (DMTN, t=3.695, 

adj. p=0.0007) and SHC-transforming protein 3 (Shc3; t=3.444, adj. p=0.0018) also showed 

significant upregulation (>4-fold increase). In contrast, , all three proteins donwregulated by 

FR131706 treatment (ABR, ATXN2 and Polr1e) showed a similar fold change in expression of 

approximately 3 fold decrease in protein level (with t>2.562, adj. p<0.032) compared to transient 

stroke. The function and potential association to stroke pathology of the affected protein is 

described in Table 3.4. 
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Table 3.3 Proteins showing differential regulation with FR131706 treatment in acute transient stroke 

*: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. The colour of the cell indicates the direction of regulation 
(Upregulated and Downregulated). All p-values shown were adjusted for multiple comparisons. 

Protein Name 
Gene   
Name 

UniProt 
ID 

Fold 
Change 

Significance t p-value 

Apoptosis 

Caspase-7 CASP7 P55210 3.837 ** 3.263 0.0034 

Cell cycle 

Serine/threonine-protein kinase 
Chk1 

CHEK1 O14757 2.914 * 2.595 0.0283 

Cytoskeletal Modification 

Myotonin-protein kinase DMPK Q09013 5.760 **** 4.249 <0.0001 

Wiskott-Aldrich syndrome 
protein family member 1 

WASF1 Q92558 3.117 * 2.759 0.0175 

DNA Replication & Repair 

Ribonuclease H2 subunit A RNASEH2A O75792 3.180 * 2.807 0.0151 

Endocytosis 

Ataxin-2 ATXN2 Q99700 2.963 * 2.635 0.0252 

Energy Homeostasis 

3-hydroxyacyl-CoA 
dehydrogenase type-2 

HSD17B10 Q99714 2.757 * 2.462 0.0412 

Inflammation 

Tyrosine-protein kinase HCK HCK P08631 5.688 **** 4.219 <0.0001 

Active breakpoint cluster region-
related protein 

ABR Q12979 2.874 * 2.562 0.0311 

Signalling Adaptor 

Actin filament-associated protein 
1 

AFAP1 Q90738 3.408 ** 2.976 0.0089 

Dematin DMTN Q08495 4.585 *** 3.695 0.0007 

Gephyrin Gphn Q03555 2.768 * 2.471 0.0402 

SHC-transforming protein 3 Shc3 Q61120 4.132 ** 3.444 0.0018 

Transcription 

Krueppel-like factor 11 KLF11 O14901 2.749 * 2.454 0.0421 

Myb-binding protein 1A Mybbp1a Q7TPV4 2.858 * 2.548 0.0324 

DNA-directed RNA polymerase I 
subunit RPA49 

Polr1e Q8K202 2.959 * 2.632 0.0254 

Translation 

Nucleolysin TIAR TIAL1 Q01085 2.979 * 2.649 0.0242 
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Table 3.4 Biological functions of proteins showing differential regulation following treatment of MK-801 and FR131706 in acute transient stroke 

The colour of the cell indicates the direction of regulation compared to the expression in transient stroke with vehicle injection (Upregulated and Downregulated). 

Protein Name 
Gene 
Name 

UniProt 
ID 

References Functions 

Proteins affected commonly 

3-hydroxyacyl-CoA dehydrogenase type-2 HSD17B10 Q99714 [317] 

- Metabolises β-hydroxybutyrate under pathologic condition 

- Shown neuroprotection in response to acute metabolic stress via 
increasing ATP production 

SHC-transforming protein 3 Shc3 Q61120 [189] - Neuron-specific signalling adaptor that promotes PI3K/AKT pathway 

Proteins affected by MK-801 treatment 

Tyrosine-protein phosphatase non-receptor type 
1 

PTPN1 P18031 
[247] 

[248] 

- Negatively regulates neovascularisation 

- Counter-regulatory mechanism during angiogenesis 

Cyclin-dependent kinase inhibitor 3 CDKN3 Q16667 [253] 
- Promotes cell cycle 

- Knockdown reduces cell proliferation and promotes apoptosis 

Clathrin heavy chain 1 Cltc P11442 [318] - Major component of intracellular trafficking and endocytosis 

DnaJ homolog subfamily A member 1 DNAJA1 P31689 
[112] 

[204] 

- Co-chaperone 

- Inhibits mitochondrial translocation of pro-apoptotic Bax 

Kinesin-like protein KIF1A Kif1a P33173 
[319] 
[320] 

- Neuron specific anterograde axonal transporter  

- Transport of synaptic vesicle and cargo vesicles 

Mitogen-activated protein kinase 3 Mapk3 P21708 [225] 
- Regulates proliferation, differentiation and cell survival 

- Induces pro-inflammatory response during reperfusion 

Paxillin PXN P49024 
[259] 

[321] 

- Mediates focal adhesion 

- Involved in anti-apoptotic signalling via association with Bcl-2 and 
cytoskeletal reorganisation 

Ras and Rab interactor 1 RIN1 Q13671 [322] 

- Ras effector protein 

- Involved in regulation of receptor endocytosis and cytoskeletal 
remodelling 

    -  
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REST corepressor 1 RCOR1 Q9UKL0 [323] 
- Transcription regulation 

- Epigenetically regulates common myeloid cell differentiation 

Rho-associated protein kinase 2 Rock2 Q62868 [231] - Inhibits neurite outgrowth/axon guidance 

Signal transducer and activator of transcription 3 Stat3 P52631 [324] 

- Transcription activator 

- Shown neuroprotection via promoting expressions of anti-apoptotic 
Bcl-2 and Bcl-xL 

Thioredoxin-like protein 1 TXNL1 O43396 
[325] 

[326] 

- Cellular response to oxidative stress 

- Involved in regulation of fluid phase endocytosis 

Proteins affected by FR131706 treatment 

Actin filament-associated protein 1 AFAP1 Q90738 [193] 
- Adaptor protein that relays signal to PI3K/AKT and Ras/MAPK 

signalling pathways 

Caspase-7 CASP7 P55210 [202] 
- Execution of apoptosis 

- Involved in activation of microglia 

Dematin DMTN Q08495 [327] 
- Acts as signalling adaptor modulating Rho signalling pathways via 

suppress Rasgrf2 activity 

Gephyrin Gphn Q03555 
[76] 

[328] 

- Neuronal assembly protein 

- Anchors inhibitory neurotransmitter receptors to the post synaptic 
cytoskeleton 

Krueppel-like factor 11 KLF11 O14901 
[329] 

[330] 

- Transcription factor that co-activates PPARγ-mediated cerebrovascular 
protection 

- Neuroprotective against stroke via regulation of BBB function and anti-
inflammatory roles in stroke brain 

Myb-binding protein 1A Mybbp1a Q7TPV4 
[331] 

[332] 

- Nucleolar transcriptional regulator 

- Induces p53 activation which leads to the cell cycle arrest (or apoptosis) 
in response to energy shortage 

Myotonin-protein kinase DMPK Q09013 [241] 
- Involved in cytoskeleton remodelling 

- Contributes to synaptic plasticity 

Nucleolysin TIAR TIAL1 Q01085 
[333] 

[334] 

- Known to suppress hypoxia-inducible factor 1a (HIF1a) pathway in 
hypoxic condition which induces homeostatic response supporting cell 
survival 
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Ribonuclease H2 subunit A 
RNASEH2

A 
O75792 [335] 

- A component of the type II ribonuclease H 

- Roles in DNA replication, mismatch repair 

Serine/threonine-protein kinase Chk1 CHEK1 O14757 [246] 
- DNA damage checkpoint kinase 

- Involved in hypoxia-induced p53 activation 

Tyrosine-protein kinase HCK HCK P08631 
[336] 

[337] 

- Non-RTK found in haematopoietic cells 

- Regulation of innate immune responses: phagocytosis, cell survival, 
proliferation, adhesion and migration of immune cells 

Wiskott-Aldrich syndrome protein family 
member 1 

WASF1 Q92558 [265] 
- Involved in actin polymerisation and cell migration 

- Promotes neurite outgrowth 

Active breakpoint cluster region-related protein ABR Q12979 [338] 
- GTPase-activating protein for Rac and Cdc42 

- Known to negatively regulate acute inflammation response 

Ataxin-2 ATXN2 Q99700 [251] - Involved in synaptic vesicle endocytosis, endocytic receptor cycling 

DNA-directed RNA polymerase I subunit 
RPA49 

Polr1e Q8K202 
[339] 
[340] 

- Component of RNA polymerase I 

- Involved in transcription initiation of rRNA synthesis 
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3.3.4 Effect of Treatments 

Two proteins that were significantly downregulated by transient stroke (Shc3 and AFAP1 (actin 

filament-associated protein 1)) were upregulated following treatment with both MK-801 and 

FR131706 treatments. The change in AFAP1 expression by MK-801 treatment was not 

statistically significant but close to the significance level (t=2.49, adj. p=0.063). FR131706 

treatment also showed the reversion of downregulation of DMTN caused by transient stroke. In 

general, the fold change in expression observed following FR131706 treatment was larger than 

that following treatment with MK-801. 

The expression of HSD17B10 showed upregulation but not significantly by stroke (t=0.888, adj. 

p=0.756). The expression was further increased following treatment with both MK-801 (t=3.084, 

adj. p=0.006) and FR131706 (t=2.462, adj. p=0.041) (Table 3.5). 

 

 

 

 

 

 

Table 3.5 List of proteins upregulated by both neuroprotectant treatments 

The colour of the cell indicates the direction of regulation compared to the expression in transient stroke (Upregulated 
and Downregulated). Bold: significant change, Italic: non-significant change. 

  

Protein Name 
Gene 
Name 

UniProt 
ID 

Fold Change 

A 

Stroke vs 
Sham 

B 

Stroke vs 
Stroke+ 
MK-801 

C 

Stroke vs 
Stroke+ 

FR131706 

SHC-transforming protein 3 Shc3 Q61120 2.770 2.706 4.132 

Actin filament-associated protein 1 AFAP1 Q90738 2.789 2.581 3.408 

Dematin DMTN Q08495 3.543 1.002 4.585 

3-hydroxyacyl-CoA dehydrogenase type-
2 

HSD17B10 Q99714 1.442 3.565 2.757 
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3.4 Discussion 

Protecting neuronal cells from the destructive mechanisms of early phase of stroke 

(neuroprotection) has been the major focus of stroke research for many years [102]. However, the 

translation of neuroprotective approaches has not been fruitful [179]. The modified PowerBlot™ 

analysis which was established in the previous chapter have made possible to investigate what is 

happening inside the stroke brain and provide a better understanding of how the brain responds to 

injury. In this chapter, another historical datasets generated using PowerBlot™ analysis on stroke 

and sham brains with the treatments of two neuroprotective agents (MK-801 and FR131706) 

which have different therapeutic mechanisms were.re-analysed to see if the result could explain 

the gap in knowledge of how a drug or treatments influence the stroke brain which in turn improve 

translational success. 

 

The effect of MK-801 on transient stroke 

MK-801 is an established neuroprotectant in stroke models [306] and the dose and the timing of 

the treatment applied in this study was comparable to those used in previous studies [307]. It was 

surprising to find that the majority of proteins (11 of 14 proteins) showing differential expression 

following treatment with MK-801 were downregulated, reducing their proposed beneficial effect 

(Figure 3.2). 

In the present study, proteins involved in intracellular trafficking and endocytosis such as clathrin 

heavy chain 1 (Cltc), a key component for internalisation of important receptors and transport at 

trans-Golgi networks [318] showed decreased expression following treatment with MK-801 

compared to stroke alone. Downregulation of proteins involved in endocytosis has been previously 

reported in stroke and speculated to sensitise neuronal cells to excitotoxicity [215]. 

Proteins involved in transcriptional regulation such as signal transducer and activator of 

transcription 3 (Stat3) and REST corepressor 1 (RCOR1) were also downregulated by MK-801 

treatment. Stat3 is a transcription activator for pro-survival genes and has been shown to be 

neuroprotective and promote cell proliferation via transcription of Bcl-2 and Bcl-xL [324]. On the 

other hand, RCOR1 is a transcription regulator required for differentiation of monocyte lineage 

cells [323] and may influence the inflammatory response in stroke brain.  

Downregulation of paxillin (PXN) are speculated to cause detrimental effects as the protein is 

involved in Bcl-2 mediated anti-apoptotic signalling [259] and in Rho-signalling pathway which 

affects on cytoskeletal reorganisation [321]. Similarly, upregulation of tyrosine-protein 
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phosphatase non-receptor type 1 (PTPN1) is also to be detrimental for stroke brain via inhibition 

of neovasculaisation [247, 248]. In addition, reduced expression of DnaJ homolog subfamily A 

member 1 (DNAJA1) likely promotes translocation of pro-apoptotic Bcl-2 family protein, Bax 

into mitochondria which induces apoptosis [204]. 

To our knowledge, no previous studies have looked at proteome alterations following MK-801 

treatment in stroke. The general downregulation observed upon MK-801 treatment revealed 

multiple protein changes potentially involved in neurodamaging pathways. The identification of 

these proteins may clarify the mechanism of vacuole formation observed with MK-801 treated 

cortical neurons [341]. In contrast, the observed upregulation of proteins associated with energy 

metabolism and cell signaling has been demonstrated in cultured oligodendrocytes treated with 

MK-801 [342].  
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Figure 3.2 Summary representation of potential consequences of differential regulation by MK-801 treatment 
following stroke 

Proteins were categorised according to their involved biological processes. Red names indicate the proteins showing 
increased expression and blue decreased expression compared to transient stroke with vehicle. Dashed lines (dark 
green) indicate proteins’ associations to a secondary biological process. 

 

 

 The effect of FR131706 on transient stroke 

Treatment with FR131706, a non-immunosuppressant analogue of FK506 [313], affected proteins 

involved in inflammatory responses as well as neuroprotective processes. Unlike MK-801 

treatment, majority proteins were upregulated by FR131706 treatment compared with transient 

stroke, and mostly speculated to have beneficial effects on stroke brain (Figure 3.3). 

Upregulated gephyrin (Gphn) is a microtubule-associated protein that functions in clustering of 

inhibitory neurotransmitter receptors such as GABA (γ-aminobutyric acid) and glycine receptors 

to cytoskeletal structures in postsynaptic cells [328]. The downregulation of gephyrin by calpain 

digestion has been demonstrated during ischaemia and in excitotoxic conditions and speculated as 

a cause of downregulation of GABAergic synaptic transmission in stroke [76]. In addition, 

FR131706 treatment also showed an upregulation of a transcription factor, Krueppel-like factor 

11 (KLF11). Downregulation of KLF11 has been shown to be neuroprotective via coactivation of 

PPAR-γ (peroxisome proliferator-activated receptor gamma) in a stroke model [330] and is 

downregulated following focal ischaemia. Knockout of KLF11 disrupts BBB structure and 
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regulation and increases pro-inflammatory interleukin-6 (IL-6) post stroke [329]. The upregulation 

of such proteins by FR131706, which are downregulated in acute transient stroke and potentially 

neuroprotective, suggest FR131706 may have multi-target directed effects for favourable outcome 

post stroke. 

FR131706 treatment also differentially regulates several proteins involved in DNA repair, cell 

cycle arrest and apoptosis. Nucleolar transcriptional regulator, Mybbp1a (Myb-binding protein 1A) 

and a DNA damage checkpoint kinase, CHEK1 (serine/threonine-protein kinase Chk1) regulate 

these processes through p53 activation under energy-deprived conditions such as hypoxia or 

ischaemia [246, 332]. Activation of p53 has been shown to prevent worsening of acute stroke 

injury [303]. Therefore, upregulation of these proteins may indicate a role for p53-induced cell 

cycle mediation in the action of FR131706-derived neuroprotection. Likewise, upregulation of 

ribonuclease H2 subunit A (RNASEH2A) which is involved in DNA replication and mismatch 

repair may be related to p53-mediated signalling as well as preservation of genomic stability [335]. 

In addition to acute neuroprotection mechanisms, FR131706 also upregulates proteins such as 

DMPK (myotonin-protein kinase; [241]) and WASF1 (Wiskott-Aldrich syndrome protein family 

member 1; [265]). These proteins play a role in neurite outgrowth, neural progenitor cell migration 

and cytoskeleton remodelling suggesting FR131706 also promotes processes that are involved in 

repair and recovery at a later stage following stroke. Furthermore, The upregulation of these 

proteins together with upregulation of tyrosine-protein kinase HCK that functions in the regulation 

of innate immune responses [336, 337] and caspase-7 (CASP7) [202] involved in microglia 

activation indicates the activation of acute inflammatory response following treatment with 

FR131706. The downregulation of ABR (active breakpoint cluster region-related protein) by 

treatment with FR131706 supports this proposal. ABR is a GTPase-activating protein for Rac and 

Cdc42, and known to negatively regulate acute inflammatory responses [338]. The activation of 

acute inflammatory cells is required to resolve injury and has been shown to protect against 

excitotoxicity by uptake of glutamate via microglial and macrophage glutamate transporters [58]. 

The neurotrophic activity and the induction of immune response is consistent with the known 

mechanism how FR131706 induces neuroprotection [313]. 

At the same time, differential regulation of proteins involved in detrimental processes in ischaemic 

injury were also identified following FR131706 treatment. Together with a known executioner of 

apoptosis, caspase-7 (CASP7), the translation inhibitor, nucleolysin TIAR (TIAL1), showed 

upregulation. Increased expression of TIAL1 has been reported in a transient focal ischaemia 

model [334]. TIAL1 suppresses HIF-1α (hypoxia-inducible factor 1 alpha) activity which is 

required to induce a homeostatic response that supports in cell survival during hypoxia [333]. 
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Downregulated endocytic protein, ataxin-2 (ATXN2) is involved in clathrin-mediated endocytic 

receptor recycling [251]. Considering the involvement of endocytic process in neurotransmitter 

receptor desensitisation against excitotoxicity [215], downregulation of ATXN2 may also result 

in aggravation of ischaemic injury in acute stroke tissue. Another downregulated protein, DNA-

directed RNA polymerase I subunit RPA49 (Polr1e), is involved in transcription initiation of 

rRNA synthesis [339, 340]. Transcription of rRNA by RNA polymerase I in the nucleolus is 

inhibited in stress conditions, such as DNA damage, heat and energy shortage [343] and likely 

contributes to the upregulation of p53 activation via Mybbp1a activity [331]. 

 

 

Figure 3.3 Summary representation of potential consequences of differential regulation by FR131706 treatment 
following stroke 

Proteins were categorised according to their involved biological processes. Red names indicate the proteins showing 
increased expression and blue decreased expression compared to sham control. Dashed lines (dark green) indicate 
proteins’ associations to a secondary biological process. 

 

 

Proteins showing altered expression with both neuroprotectants 

Both neuroprotectants showed upregulation of Shc3 (SHC-transforming protein 3) and 

HSD17B10 (3-hydroxyacyl-CoA dehydrogenase type-2) (Table 3.5). MK-801 treatment reversed 

the stroke-induced downregulation of Shc3 to levels observed in sham controls, while FR131706 

treatment further upregulated Shc3 levels. Shc3 has been shown to positively regulate 
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phosphoinositol-3 kinase (PI3K)/AKT signalling pathways in response to hypoxic/ischaemic 

stress [189]. 

In addition, the expression of HSD17B10 was also upregulated by both treatments. Unlike Shc3, 

HSD17B10 expression was not affected by stroke. Upregulation of HSD17B10 in ischaemic 

regions, especially in cortical neurons has been previously demonstrated in transient MCAo. This 

upregulation occurred at 24 hours post MCAo and resulted in reduced infarct volume and 

improved neurological scores [317]. Considering the function of HSD17B10 in 

nutritional/metabolic stress response and metabolism of β-hydroxybutyrate [344], this beneficial 

effect is speculated to come from increased flux of acetyl-CoA by the activity of HSD17B10 which 

would lead to the increase in ATP level through TCA (tri-carboxylic acid) cycle [345]. 

FR131706 treatment reversed the expression of two additional proteins APAF1 (actin filament-

associated protein 1) and dematin (DMTN) which showed downregulation in transient stroke 

compared to sham. Both proteins are known to act as signalling adaptors that crosslink actin 

filament with other signalling proteins involved in PI3K/AKT, Ras/MAPK or Rho-related 

pathways [193, 327]. The upregulation of AFAP1 was also observed in the treatment of MK-801 

though did not show statistically significance. 
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3.5 Conclusion 

The application of the differential proteomics established in the previous chapter was applied to 

investigate the effect of two neuroprotectants, NMDA receptor antagonist, MK-801 and non-

immunosuppressive FK506 analogue, FR131706 in acute transient stroke. Each neuroprotective 

drug produced a different pattern of alterations in protein expression. Treatment with MK-801 

yielded an unanticipated downregulation of proteins that are believed to be neuroprotective, while 

FR131706 showed a more expected upregulation of proteins involved in endogenous protection, 

but also those involved in inflammatory response. Both drug treatments reversed the stroke-

induced downregulation of Shc3 and AFAP1 to near or over the level observed in sham control. 

Both treatments induced the upregulation of HSD17B10 expression that is involved in alternative 

energy metabolism. Despite different pharmacological mechanisms of action, the upregulation of 

proteins that have the potential to promote pro-survival PI3K/AKT signalling pathway or to protect 

against the energy shortage in stroke appear to be common mechanisms of neuroprotection for 

both agents examined in the present study. 
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 Training and Validation of Surgical MCAo 

Model 

 

4.1 Introduction 

4.1.1 Background 

Among the endovascular models of middle cerebral artery occlusion (MCAo), the most commonly 

used focal ischaemic stroke model in rodents has been the intraluminal monofilament method [346, 

347]. Monofilament MCAo results in large and reproducible MCA territory infarction (involving 

cortex and deeper brain structures) using minimally invasive surgery [180]. The model has other 

advantages such as ease of reperfusion, generation of a substantial volume of penumbra [38, 348] 

and induction of reliable deficits in skilled motor function that show comparable to that observed 

in human stroke patients [138].  

Since the publication of the initial STAIR (The Stroke Therapy Academic Industry Roundtable) 

recommendations in 1999, the demand for auditable measures of quality control in preclinical 

stroke research has been increasing [349, 350]. The latest STAIR update recommends preclinical 

studies to perform appropriate power and sample size calculations and to have predefined 

inclusion/exclusion criteria as good laboratory practice and to avoid randomisation and assessment 

bias [349]. In addition, clear documentation of the specific methods and other considerations 

improves model consistency, reliability and reproducibility. 

Our laboratory has previously established an experimental model of stroke in the mouse, involving 

occlusion of the MCA, the most common form of focal ischaemia in man. This model have shown 

a reproducible infarct volume and reliable deficits in skilled motor function which show a 

comparable degree of partial functional recovery to that observed in human stroke patients [351, 

352]. The animals used for Chapter 2 and 3 were generated by Dr Ailsa McGregor and the analyses 

were performed on this historical dataset. To ensure the experimental protocol is as reliable and 

reproducible in the hands of a new operator, optimisation of the surgical procedure and validation 

was performed by the candidate prior to generating animals for subsequent chapters. 
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4.1.2 Specific Aims 

The overall aim of this chapter was therefore to establish and optimise the MCAo procedure for 

use in subsequent studies. The specific aims of this chapter were to 

1) Describe the general procedures of the MCAo surgery, animal handling and welfare criteria 

and provide justification for experimental design considerations including exclusion 

criteria, 

2) Determine the reliability and reproducibility of the MCAo surgery performed by a new 

operator (D. Kim) and 

3) Refine the relationship between body weight and model diameter to effect successful MCA 

occlusion. 
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4.2 Materials and Methods 

4.2.1 Experimental Design Considerations 

Historic data and previous experience within the laboratory as well as recommendations from the 

literature were taken into account in planning MCAo experiments using intraluminal 

monofilaments. 

 

4.2.1.1 Body Weight 

The vasculature of adult mice continues to increase in size as body weight increases and several 

studies showed that there is a linear relationship between body weight and filament diameter for 

successful occlusion of the MCA, [138, 347]. Historical data within the laboratory suggests the 

highest rate of successful occlusion has been observed when using animals within a 25-30g body 

weight range. Animals below 25g showed significantly lower survival rates and manufacturing 

small diameter filaments was technically challenging. Animals over 30g showed variable in MCA 

diameters and this variability reduced the success rate of the surgery. Historical records of 

successful occlusions from other operators within the laboratory indicated monofilament diameters 

of 165-200µm were suitable for a body weight range 25-30g. This generated an initial relationship 

between body weight and filament diameter (Equation 1 in Figure 4.8). This relationship was later 

refined with accumulation of filament diameters that produced successful occlusions throughout 

the validation process. 

 

4.2.1.2 Pain Management 

Preliminary studies conducted by Dr Ailsa McGregor showed that animals subjected to a 60 

minute MCA occlusion show considerable weight loss in the first 4 days post operatively, with a 

maximum of a 20-25% decrease from starting weight on days 2 and 3 post stroke and then recovery 

towards starting weight out to 1 week (Figure 4.1 A). Post-operative analgesia is known to prevent 

excessive reductions in body weight and to lower mortality following surgery [353, 354] and was 

implemented to minimise weight loss due to post-operative pain. Moreover, the choice of analgesia 

is driven by the choice least likely to affect lesion outcome. Some analgesics have shown to be 

neuroprotective (e.g. ibuprofen [355]) or neurotoxic (e.g. fentanyl [356]). Providing paracetamol 

(dose of 6mg/ml, Panadol®, GlaxoSmithKline, USA, 30mg/ml) in the drinking water from 24 

hours prior to the surgery through to 3 days post-surgery has not shown a marked decrease in body 
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weight in the first week post operatively and nor affected in survive out to 28 days (A McGregor, 

unpublished observation). The use of paracetamol was therefore adopted in this and later chapters. 

 

4.2.1.3 Welfare Monitoring and Neurological Scoring 

Neurological scoring at 24 hours shows animals are moderately impaired (average score 10/15, 

15=normal). Neurological score increases over time, reflecting partial recovery of function in the 

first week post stroke (Figure 4.1 B). Previous experience within the laboratory suggests that the 

combinational assessments of weight loss and neurological impairment are the most appropriate 

way to monitor the welfare of stroke animals. Phenotypic markers such as weight loss, rough fur, 

hunched posture, circling and movement impairments were frequently observed in animals with 

MCAo [357]. The surgical site was also examined for integrity of sutures and wound healing. 

 

 

 

 

 

Figure 4.1 Change in weight and neurological score in the first 10 days post stroke administered saline and an 
experimental drug 

Weight loss (A) and neurological score (B) in the first 10 days post stroke in animals administered saline (white circles) 
and an experimental drug (black circles). For how the neurological scores were measured, refer to Table 4.3. All 
values are presented as mean ± SEM (n=8). (A. McGregor, unpublished) 

  

A             B 
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4.2.1.4 Exclusion Criteria 

The MCAo surgery was designed to produce lesions restricted to the MCA territory and primarily 

affect the striatum and overlying cortex. Incidences of atypical lesion patterns and unsuccessful 

occlusions may still occur due to the inherent variability between animals and in the manufacture 

of the filaments. Thus, exclusion criteria were established before commencing experimental 

procedures. A detailed description of the exclusion criteria is listed in Table 4.1. Animals were 

removed from the study if any of the criteria described was met. Any exclusion from the study was 

recorded and an overall rate of exclusion was calculated. 

 

 

 

 

 

Table 4.1 Animal exclusion criteria for MCAo modelling of stroke 

Category Description 

Death 

- Death during or immediately post-surgery 

- After recovering from the anaesthetic, the animal needs to be humanely culled 
under ethical guidelines if: 

- sustained weight loss is greater than 25% on 2 consecutive measures 24 hours 
apart 

- continuous barrel rolling or seizure activity for up to 6 hours is observed, or 

- neurological scoring is less than 5 out of 15 

Surgical Miss 

- No clear lesion 

- Histology shows no neocortical damage and striatal damage at less than 2 
stereotaxic levels 

Outliers 
- Total volume of damage for the animal is greater than two standard deviations 

away from the group mean. 

Other 

- Reperfusion is established more than 10% from the designated reperfusion time 

- Extensive damage in the contralateral hemisphere 

- Extensive damage in the hippocampal and thalamic regions 
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4.2.2 Animals 

All animal experiments were performed with approval from the Animal Ethics Committee 

(Approval number: R842 and R1245) in accordance with the Animal Welfare Act 1999. Male 

C57Bl/6j mice (25-30g, stock colony, Vernon Jansen Unit, University of Auckland) were housed 

at 20 ± 1˚C under a 12 hour light/dark cycle and allowed free access to food and water. 

 

4.2.3 Monofilament Manufacture 

Monofilaments were manually produced by coating of an 11mm length 8-0 nylon suture 

(EthilonTM 8-0 suture, nylon ophthalmic suture, Ethicon, USA.) with silicone dental paste. Silicone 

resin was produced by mixing dental impression material (Xantopren® M mucosa, Heraeus Kulzer, 

Germany) with specified activator (Optosil® Universal Plus Activator, Heraeus Kulzer, Germany) 

for hardening in a 1:1 ratio. The mixture was then applied to the suture segment coating 

approximately 45% of the length (4mm approximately) at one end to produce a capsule-shaped 

coating (Figure 4.2 A). The paste was then allowed to harden at room temperature overnight before 

examination using Nikon TE2000 Inverted Light Microscope for shape and thickness of the 

silicone coat. Images of the silicone-coated area of the filaments (Figure 4.2 B) were taken at 40x 

magnification. The diameter of the monofilaments was measured using ImageJ software (National 

Institutes of Health, USA). 
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Figure 4.2 Schematic (A) and example image (B) of a silicon-coated monofilament 

Approximately 4mm of silicone resin coated (orange) portion in 11mm total length 8-0 nylon suture. Ideal silicon 
coating is between 165-180µm in diameter with smooth surface and a capsule shape. The image was generated by D. 
Kim. 

 

 

4.2.4 Surgical Procedure 

4.2.4.1 Pre-surgical Preparation 

Animals were anaesthetized with 5% isofluorane in O2 and a surgical level of anaesthesia 

maintained at 2%. Normothermia was maintained at 36.5˚C ± 0.5˚C during the surgery by a 

thermostatically controlled heating blanket (Complete Homeothermic Blanket System with 

Flexible Probe, Small, 230 VAC, 50 Hz, Havard Apparatus, USA). Hair on the neck area was 

trimmed using a shaver and the residual hair removed with hair removal cream (Veet®, Reckitt 

Benckiser, Australia). Exposed skin was cleaned with an isopropyl alcohol swab (Derma Sciences 

Canada Inc. Canada) and Marcaine (Bupivacaine HCl and epinephrine, AstraZeneca France, 

2mg/kg) was administered subcutaneously prior to the first incision as a pre-emptive analgesia. 

  

A                                                                         B 

180μm 

2.8mm (of 4mm) 

250μm 

4mm 

11mm 

165-200μm 
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4.2.4.2 Stroke Surgery 

The MCAo surgery was performed using a modification of the monofilament protocol described 

by Hata et al., 1998 [138]. Briefly, the right common carotid (CCA), external carotid 

(ECA), internal carotid (ICA) arteries and their branches were exposed through a midline cervical 

incision. A 6-0 silk suture (Resorba®, Germany) was tied around the CCA proximal to the 

bifurcation of the ECA and ICA. A second suture was tied around the ECA distal to the superior 

thyroid artery (STA). An 8-0 silicon-coated monofilament (preparation described in Section 4.2.3) 

was introduced into the CCA and advanced 10mm distal to the carotid bifurcation, occluding the 

origin of the MCA (Figure 4.3 B). 

 

 

               

Figure 4.3 Schematic illustration of the middle cerebral artery occlusion surgical procedure 

(A) Midline cervical dissection and the locations of the suture ties (yellow) that prevents backflow of blood into the 
surgery site. The monofilament is inserted via the opening on the CCA, and advanced into the ICA to block the origin 
of the MCA. (B) The final position of the filament (shown in red) within the Circle of Willis. The images were 
originally drawn by A. McGregor and modified by D. Kim. 

  

A                                                                                         B 
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Following introduction of the monofilament, anaesthesia was discontinued and animals were 

placed in a humidified incubator (at 25˚C ± 0.5˚C) (MediHeat™, Peco Services Ltd, UK) for the 

duration of the occlusion. Animals were subjected to 45 and 60 minutes occlusion of the MCA. 

Sham occlusion involves insertion of the filament with immediate withdrawal. After withdrawal 

of the filament, the surgery site was sutured closed with silk suture (PERMA-HANDTM Silk Suture 

6-0 C3 30cm, Ethicon, USA) and topical analgesia (Xylocaine® gel, AstraZeneca, Australia) was 

then applied. 

 

4.2.4.3 Post-surgical Care 

1ml of 0.9% (w/v) saline was injected subcutaneously (0.5ml in each side) to compensate the fluid 

lost during the surgery. The animals were then kept in a humidified incubator post operatively to 

recovery from anaesthesia for at least 1 hour. During this time, they were continuously monitored 

until moving independently. Animals were then returned to their home cages. A portion of baby 

cereal (Farex®, Heinz, Australia) was provided on the floor of the cage in addition to standard 

rodent chow as a palatable and easily accessible food source. 

 

4.2.5 Animal Monitoring 

To comply with ethical requirements, the general welfare of the animals was assessed during the 

experimental study (Table 4.2). Neurological function was also assessed post operatively using a 

15-point neurological scoring system that was modified from original SHIRPA (SmithKline 

Beecham, Harwell, Imperial College, Royal London Hospital phenotype assessment) scoring 

system [358]. This assessment examined general condition, mobility and spontaneous circling 

behaviour of animals to provide a general overview of neurological impairments (Table 4.3). 
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Table 4.2 Checklists for animal welfare monitoring 

 

FROM A DISTANCE 

Activeness Isolation Posture Tremors 

Circling Movement/Coordination Coat Quality Breathing* 

* Breathing: N = normal, R = rapid, S = shallow, L = laboured  

 

ON HANDLING 

Body weight** Responsiveness Thin Diarrhoea 

Dehydration Temperature Eyes Nose 

Barrel rolling/Seizure 
activity 

Abnormal vocalization  SHIRPA score 

** Weight loss of 20% compared with control group on 2 consecutive measures 24h apart – seek advice from AWO 

 

FOOD AND WATER 

Food intake    

 

OPERATION SITE  

Wound Bleeding Other discharges Sutures/Clips 

 

POST-OP SUPPORT - Analgesic administration 

Drug name Drug dose Fluid by subcut (ml/day) Other support 
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Table 4.3 Neurological scoring sheet 

Measurement and Criteria Scores 

General Condition (Score Range 0-2)  

Score 2 if normal (good coat condition, alert, moving), 1 unkempt (dirty coat, hunched 
posture, aggressive), 0 if thin, weak, and poor muscle tone  

 

Motility (Score Range 0-2)  

Score 2 for normal motility, 1 rocking and unsteady, 0 if immobile  

Circling (Score Range 0-1)  

Score 1 for non-circling, 0 for circling  

Right Reflex (Score Range 0-1)  

Animal placed on its back on palm of the hand scores 1 if righted itself  

Visual Forepaw Reach (Score Range 0-2)  

Ability of animal to reach to bench when held slightly away from it, scores 1 for each 
successful forepaw placement. 

 

Paw Placement (Score Range 0-2)  

Animal held lengthways at the edge of bench and each paw placed in turn on edge of the 
bench, each successful paw placement back on the bench scores 1 

 

Inclined Platform (Score Range 0-3)  

Animals placed facing down on a 45˚ incline, scores: 3 if animal rotates to face upwards 
<15sec, 2 for 15-30sec, 1 for >30sec, and 0 if animal falls off or remains pointing downwards 

 

Rotation (Score Range 0-2)  

Animal is held by the base of the tail and gently rotated clockwise then anticlockwise, animal 
swivels up contralaterally to the direction of rotation, scores 1 for each side 

 

Total Score / Maximum Total Score / 15 
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4.2.6 Brain Collection 

Animals were euthanized 24 hours post occlusion using pentobarbitone (Pentobarb®, PROVET, 

300mg/ml) overdose (90-150mg/kg, intraperitoneal injection). When the animal was deeply 

anaesthetised, the chest cavity was opened to permit transcardial perfusion. After the heart was 

isolated from the surrounding tissues, a 20-gauge butterfly needle was inserted into the left 

ventricle and the right atrium was snipped to release blood. Using speed-controlled perfusion pump 

(Masterflex® L/S variable speed modular drive, 6 to 600rpm, 230 VAC, CE-approved, Cole-

Parmer, USA), 50-100ml of ice-cold 0.9% (w/v) saline was perfused. Subsequently, 100-150ml of 

ice-cold 4% (w/v) paraformaldehyde (PFA) in 0.1M phosphate buffer (PB, pH 7.2) was perfused 

to the tissue. The head of the animal was then removed and the brain was carefully extracted from 

the skull. The brain was then post-fixed in 4% (w/v) PFA at 4˚C for overnight. PFA was replaced 

with 30% (w/v) sucrose solution in 0.1M PB then stored at 4˚C until sectioning. 

 

4.2.7 Sectioning of the Brain 

The extracted brain was sectioned using a freezing microtome (HM 450 Sliding Microtome, 

Thermo ScientificTM, USA). The brain was mounted on the platform using Tissue-Tek® optimum 

cutting temperature (O.C.T.) compound (Sakura Finetek Europe B.V., The Netherlands) and cut 

into 30µm thick sections. The brain sections were placed in series of 6 wells in a 24-well plate 

(Corning Inc., USA) and stored at -20˚C with cryoprotectant (30% (w/v) sucrose, 30% (v/v) 

Ethylene glycol in 0.1M PB). Each well represented a series of sections from the forebrain through 

to the cerebellum. 

 

4.2.8 Thionin Staining 

Thionin staining was used to determine the extent of the ischaemic damage. Thionin (thionin 

acetate) is a basophilic dye that stains the cell body, in particular rough endoplasmic reticulum 

[359]. A disrupted endoplasmic reticulum in damaged tissue, apoptotic or necrotic neurons appears 

as an area of pallor [360]. 

A rostro-caudal series of free-floating coronal sections from each mouse was transferred from the 

cryprotectant to 0.1M PB solution. The sections were then mounted onto poly-L-lysine coated 

microscope slides (LabServ, USA) and left to air dry for 24-48 hours at room temperature. The 

sections were carefully transferred into xylene (delipidation, 5 min) then moved into 100% to 70% 
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ethanol series (rehydration, 2 min each). After 3 minutes in tap water, the sections were stained 

with thionin solution (0.009% (w/v) thionin acetate in tap water) for 20 min followed by a 

differentiation step (2 dips in 0.2% acetic acid). Following one dip in tap water, the sections were 

dehydrated through 70% to 100% ethanol series (6 dips up to 90% ethanol solution then 2x 2 min 

for 100% ethanol) and then moved into xylene (2x 5 min). The section slide was coverslipped with 

DPX (Di-n-butyl Phthalate in Toluene-Xylene, Scharlau, Spain) and left to dry overnight. 

 

4.2.9 Lesion Area/Volume Analysis 

Lesion area and volumetric analysis was performed using Nikon E800 Upright microscope 

installed with Neurolucida software (MBF Biosciences Ltd. USA) using a 100x magnification. 

The Neurolucida software enables tracing via monitoring the live image under the microscope. 

Nine stereotaxic levels (Bregma +2.58, +1.54, +0.98, +0.74, -0.1, -1.06, -2.06, -2.92, -4.48     

Figure 4.4) of each brain were traced for area of interest and total area of both hemispheres. 

Traced contour of section level was analysed by Neurolucia software. The total area of enclosed 

contour at each stereotaxic level and lesion volumes in both contralateral and ipsilateral 

hemispheres were calculated by the software. Lesion area at each stereotaxic level and infarct 

volume were corrected for swelling or tissue atrophy in the ipsilateral hemisphere using the 

following equation: Incidence map of stroke lesions was generated by overlaying the traced 

contours of each animal. 

 

Adjusted Lesion Area or Volume (A or V) =
   ×       
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    Figure 4.4 Mouse stereotaxic levels. 

    The coronal sections correspond to the level from Bregma +2.58, +1.54, +0.98, +0.74, -0.10, -1.06, -2.06, -2.92 and -4.48 mm through A to I. 

         A        D         G 
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4.2.10 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism version 7.00 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com). Unpaired Student’s t test and 

One-way ANOVA were used to determine the statistical significance in the lesion volumes, 

SHIRPA scores and weight losses at 24 hours post-surgery between different experimental groups. 

Two-way ANOVA was also employed to test if lesion area in each stereotaxic level was 

statistically different between experimental groups. Sidak's multiple comparisons test was 

employed as the post-hoc test. Linear regression analysis was used to update the relationship 

between filament thickness and body weight. 

Sample size was estimated using one sample t-test comparing an experimental mean with a 

hypothetically estimated value (values corresponding 80% confidence intervals, for example) in 

GraphPad StatMate version 2.00 for Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com). 
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4.3 Results 

Detailed summaries on each cohort describing number of animals, strain, surgical manipulation 

and purpose are listed in Table 4.4. 

 

4.3.1 MCAo Surgery Training 

Initial training of MCAo surgery was performed on 25 male C57Bl/6j strain mice (25-30g, stock 

colony, Vernon Jansen Unit (VJU), University of Auckland) under the guidance of Dr Ailsa 

McGregor (Table 4.4, Training Cohort 1). 

Later, an additional nine 45 minutes MCAo surgeries were performed to determine the initial 

success rate of independent surgery and to become familiar with the follow-up processes (post-

mortem, cutting, and staining) (Training Cohort 2). Two mice were excluded due to excessive 

arterial bleeding during the surgery and unintentional early withdrawal of the monofilament during 

occlusion respectively. Two additional stroke brains were excluded as the brain sections were 

damaged while sectioning/processing. Histological analysis revealed three animals with clear 

lesions and two with no lesions. The success rate for the Cohort 2 was 33.3% (3 out of 9 surgeries). 

These three brains were used to become familiar with the Neurolucida software. 
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Table 4.4. Summary of experimental groups in MCAo surgical skill validation 

 

 Cohort Strain 
Number of 
animal (n) 

Surgery Goal 

Training 

1 C57Bl/6j 

15 Sham surgery - Familiarisation of surgical processes and welfare protocols 

- Gain confidence and competent to perform surgery independently while 
supervision is provided 

10 
45 minutes MCAo + 24 
hours reperfusion 

2 C57Bl/6j 9 
45 minutes MCAo + 24 
hours reperfusion 

- To test the acquired surgery skill independently and to see the initial success rate 

- Familiarisation of follow-up processes (post-mortem, cutting, and staining) 

Validation I 

1 

C57Bl/6j 

20 

45 minutes MCAo + 24 
hours reperfusion 

- Validation of surgical skill for 45’ MCAo 

- Achieve higher success rate and more consistent lesion area and volume 

- Further fine-tuning of the relationship between filament diameter and body 
weight from successful occlusion 

2 16 

3 6 

Validation II 4 C57Bl/6j 16 
60 minutes MCAo + 24 
hours reperfusion 

- Validation of 60’ MCAo surgery  

- Determine a suitable model for sub-acute phase stroke 
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4.3.2 Surgical Skill Validation 

4.3.2.1 45-minutes Occlusion of MCA 

A total of 42 mice underwent MCAo surgery in three separate cohorts (n = 20, 16 and 6 

respectively). The characteristics of the cohorts are described in Table 4.5. All values are presented 

in mean ± standard error of the mean (SEM). 

From the first cohort (Validation I Cohort 1), two animals were excluded from the analysis due to 

a severed artery during surgery and the loss of more than 60% of its ipsilateral hemisphere section 

during the course of the processing/staining. Thionin staining analysis showed that ten animals did 

not exhibit ischaemic lesion. Two additional animals were excluded due to displaying extensive 

hippocampal/thalamic damage. The success rate of the MCAo surgery in this cohort was 30.0 % 

(6 out of 20 animals). Mean weight loss in successfully occluded animals was 10.81 ± 1.14 % 

(2.83 ± 0.31g) at 24 hours post-surgery. The mean neurological score for successfully occluded 

animals at 24h post occlusion was 9.67 ± 0.56. The average lesion volume was 11.18 ± 2.39 mm3. 

In the second cohort (Validation I Cohort 2), sixteen mice were subjected to MCAo surgery and 

no animals were lost during surgery or the follow-up processes. Nine animals showed damage on 

thionin stained sections however two were excluded due to extensive damage in 

hippocampal/thalamic regions (success rate of 43.75%). The animals with successful occlusions 

lost on average 12.86 ± 0.74 % (3.29 ± 0.20g) of their weight. The mean neurological score of 

successfully occluded animals was 8.71 ± 1.13. The time taken to complete the surgical procedure 

was also recorded and the average surgery time was 30.14 ± 3.32 minutes. The average lesion 

volume for the Cohort 2 was 14.59 ± 2.77 mm3. 

Six MCAo surgeries were performed in the last cohort (Validation I Cohort 3) and all six brains 

displayed lesions following thionine histology. One animal, however, was excluded, as the total 

lesion volume was greater than two standard deviations away from the group mean. The average 

weight loss and mean neurological scores at 24 hours after surgery were 8.65 ± 0.73 % (2.20 ± 

0.20g) and 10.60 ± 0.51 respectively. The average surgery time taken in the animals with 

successful surgeries was 23.80 ± 2.52 minutes. The average lesion volume for the Cohort 2 was 

13.90 ± 3.32 mm3. 

Comparing the three cohorts in Validation part I, lesion volumes showed an increasing trend in 

each cohort although the difference between the cohorts was not statistically significant 

(F2,15=0.423, P=0.662) (Figure 4.5 A). Though the caudal lesion areas of the Cohort 2 appeared 

larger than those in the Cohort 1 and 3, however, the difference between lesion areas in different 
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cohorts was also not significant (F2,105=1.116, P=0.331) at any of the stereotaxic levels examined 

(Figure 4.5 B and C). Similarly, the overall weight loss and neurological score (F2,15=1.542, 

P=0.246) between the Cohorts 1, 2 and 3 was also not statistically significant. 

 

 

 

 

 

 

 

Table 4.5 Summary table for experimental cohorts in the validation I and II 

All values are presented as mean ± SEM. a: based the surgeries with successful occlusion. b: with inclusion of excluded 
animals (surgical miss and with extensive hippocampal/thalamic damage).  

 Validation I Validation II 

 Cohort 1 Cohort 2 Cohort 3 Cohort 4 

Number of animal (n) 20 16 6 16 

Exclusion 14 9 1 6 

- Death 1 0 0 0 

- Lost sections during 
processing 

1 0 0 3 

- Surgical miss 10 7 0 0 

- Extensive damage in 
hippocampal/thalamic lesion 

2 2 0 3 

- Outlier 0 0 1 0 

Success rate 
6/20 

(30.0%) 

7/16 

(43.75%) 

5/6 

(83.33%) 

10/16 

(62.50%) 

Surgery time N/A 30.14 ± 3.320 23.80 ± 2.518 22.80 ± 1.711 

Mean weight loss 
(%) 10.81 ± 1.14 12.86 ± 0.74 8.65 ± 0.65 10.78 ± 1.40 

(g) 2.83 ± 0.31 3.29 ± 0.20 2.20 ± 0.20 2.80 ± 0.39 

Mean neurological score at 24 
hours post-surgery 

9.67 ± 0.56 8.71 ± 1.13 10.60 ± 0.51 9.20 ± 0.39 

Mean lesion volume (mm3) 11.18 ± 2.39 14.59 ± 2.77 13.90 ± 3.32 24.47 ± 3.48 
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Cohort 1 

 

 

 

 

 

Cohort 2 

 

 

 

 

 

Cohort 3 

 

Figure 4.5 Comparison of (A) mean total volumes, (B) mean lesion areas at various distances from 
Bregma between three cohorts following 45 minutes MCAo and (C) the incidence maps of the lesions 
on the striatal and hippocampal sections (Bregma +0.98 and -2.06) in each cohort 

All values are presented as mean ± SEM. The incidence map was drawn by overlaying each lesion area onto 
the corresponding stereotaxic level. 

A                 C 
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4.3.2.2 60-minutes Occlusion of MCA 

Sixteen mice were subjected to 60 minutes MCA occlusion surgery (Validation II Cohort 4). Six 

animals were excluded from the analyses as the ipsilateral hemisphere sections were damaged 

during sectioning/staining or displayed excessive damage in hippocampal/thalamic regions. 

Details of Cohort 4 are summarised in Table 4.5.  

Animals with successful MCA occlusion displayed mean weight loss and mean neurological score 

of 10.78 ± 1.40 % (2.80 ± 0.39g) and 9.20 ± 0.39 at 24 hours post-surgery respectively. Mean 

lesion volume for this cohort was 24.47 ± 3.48 mm3. The average surgery time was 22.80 ± 1.71 

minutes. Comparing qualitatively between 60 minutes MCA occlusion and those in the 45 minutes 

cohorts, the patterns of ischaemic damage observed on striatal and hippocampal sections were 

similar. However, a higher incidence of cortical damage was observed in animals following 60 

minutes MCAo than 45 minutes (Figure 4.6 A). 

The average lesion volume observed following 60 minute MCAo was significantly larger than at 

45 minutes (t=3.37, P=0.002) (Figure 4.7). However, when compared with individual cohorts 

subjected to 45 minutes MCAo (Cohorts 1-3 vs Cohort 4), a significant difference was observed 

only with Cohort 1 (t=2.97, P=0.020) (Figure 4.7 B). 

Two-way ANOVA of lesion areas at each stereotaxic level between 45 minutes and 60 minute 

MCAo revealed a significant effect of occlusion time (F1,234=59.37, P<0.0001). Rostral sections 

were more affected by the longer ischaemic duration than caudal areas and showed a greater 

difference in lesion area. Post hoc analysis confirmed four rostral stereotaxic levels (from +1.54 

to -0.10mm relative to Bregma) showed significantly larger areas of ischaemic damage following 

60 minutes MCAo (Figure 4.7 C). Conversely, weight loss in percentage (t=0.171, P=0.865) and 

neurological scores at 24 hours post operation (t=0.479, P=0.636) showed no statistically 

significance between animals with 45 minutes and 60 minutes MCAo. 
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 45 minutes MCAo 60 minutes MCAo 

Cortical lesion 
44.44% 

(8 of 18) 

80.0% 

(8 of 10) 

Cortical lesion in more than 4 
stereotaxic levels 

38.89% 

(7 of 18) 

80.0% 

(8 of 10) 

 

Figure 4.6 Incidence maps of the lesions on the striatal and hippocampal sections (Bregma +0.98 and -2.06) 
and summary table about presence of cortical lesions between 45 minutes and 60 minutes MCA occlusion 
with 24 hours reperfusion. 

The incidence map was drawn by overlaying each lesion area onto the corresponding stereotaxic level. 

 

45 min 

(n = 18) 

 

 

 

 

 

60 min 

(n = 10) 
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Figure 4.7 Comparison of mean infarct volumes between (A) 45 minutes 
and 60 minutes MCAo, (B) between different cohorts, and (C) of lesion 
areas at different stereotaxic levels relative to Bregma 

*: p<0.05; **: p<0.01, ***: p<0.001 All values are presented as mean ± SEM. 
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4.3.3 Filament Diameter 

Equation 1 in Figure 4.8 was calculated from historical records of successful occlusions within the 

laboratory and used to determine respective filament diameters for animals in the Validation I 

(Cohort 1-3). Where the Y-axis is diameter of silicon coat in filament and X-axis is body weight 

of mouse, the equation gives an indication of which thickness of manufactured filament could be 

used for successful occlusion of animals of different weight. 

Equation 1 was refined using filament diameters that produced successful occlusions in Validation 

study I. Filaments of thickness between 167-198µm resulted the successful occlusions in animals 

of 25-29g body weights in Validation I (Equation 2). Compared to Equation 1, Equation 2 

estimated thicker filaments in general but the difference in diameter for equal weight was greatest 

for lighter animal. 

Validation study II (Cohort 4) applied Equation 2 to estimate appropriate filament diameters. 

Linear regression analysis of filament diameters from successful 60 minutes MCAo (Validation 

II) generated Equation 3. Equation 3 computed even thicker filaments than Equation 2 and a 

general trend in during the refinement of the equation over successive validation studies was the 

requirement for thicker filament for the same weight of animal. The Equation 3 was used to 

determine the filament diameters used in the Chapter 5 and 6. 
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 Slope Y Intercept R2 value F P 

Equation 1 7.0 ± 0.0 -10.0 ± 0.0 1.0 - - 

Equation 2 6.721 ± 1.159 1.256 ± 30.54 0.6777 F1,16=33.64 <0.0001 

Equation 3 6.909 ± 1.476 -1.036 ± 39.14 0.7325 F1,8=21.9 0.0016 

 

Figure 4.8 Relationships between body weight (g) and the diameter of filament (µm) used in successful surgeries from (A) Cohorts 1-3 and (B) 4 

Circles (o) represent datapoint for successful MCAo in Cohorts 1-3 and 4. Other symbols (with cohort number) represent animals with failed occlusions. Solid lines represent the 
relationships (equations 2 and 3) between body weights and the filament thickness used for the successful surgeries. Dotted lines represent 95% confidence intervals (CIs) of linear 
regression. Equation 1 shows the historical relationship between filament diameter and body weight for successful occlusion. Equations 2 and 3 were calculated via linear regression 
using the diameters and body weights of successfully occluded animals in Cohort 1-3 and 4 respectively. All values are presented as mean ± SEM. 

A               B 
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4.4 Discussion 

The aim of this chapter was to benchmark the reliability and reproducibility of ischaemic damage 

generated by monofilament occlusion of the MCA by a novice surgeon (D. Kim) which is 

important as it ensures the quality of future research involving the model. Additionally, the 

relationship between body weight and model diameter affecting successful MCA occlusion in 

future studies was refined. 

 

Success rate and surgery time 

In general, the rate of production of successful occlusions increased with successive cohorts while 

the number of animals excluded from the study decreased (Table 4.5). The average time taken to 

complete the surgical procedure also reduced. Taken together these observations indicate an 

increase in operator efficiency. 

The trend towards an increasing success rate for MCA occlusion was offset by increased exclusion 

of animals due to tissue processing issues and overall success rate was reduced from 83.3% (5 out 

of 6) in 45 minutes MCAo (Cohort 3) to 62.5% (10 of 16) in 60 minutes (Cohort 4). Though this 

reduction could have arisen by chance (as the sample number increased), this reduction could also 

be substantiated by the increased incidence of cortical lesions that made the sample more fragile 

and easily damaged and lost during the sectioning and the staining followed. 

Surgery time did not show any significant correlation with infarct volume, weight loss or 

neurological score at 24 hours post occlusion among the successful surgeries in the validation 

processes. However, in general, a shorter surgical procedure likely improves survival for longer-

term studies as prolonged anaesthesia can cause hypotension. Reduction in tissue perfusion due to 

hypotension can cause larger infarct which ultimately results in a high mortality rate [361]. 

 

Lesion volume and area 

Among the successful surgeries in the 45 minute MCAo validation cohorts (Cohort 1-3), there was 

no significant difference in lesion volume or lesion area at the nine stereotaxic levels investigated 

(Figure 4.5 A and B). The cohort with 60 minutes MCAo (Cohort 4) also showed a similar pattern 

of ischaemic damage to those in 45 minutes cohorts, however, exhibited a higher incidence of 

cortical damage as well as significantly larger lesion volume and area per stererotaxic level (Figure 

4.6 and Figure 4.7). Incidence maps revealed that the ischaemic lesion was restricted to the MCA 
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territory spanning lateral regions of frontal, temporal and parietal cortex and the basal ganglia and 

this is in keeping with previous reports [362]. In addition, the lesion volume and area in both 

durations of MCAo surgery were comparable to those generated previously within the laboratory 

[351]. 

 

Weight loss and neurological score 

Weight loss and neurological scores are indications of physiological change and neurological 

impairment post-surgery and are key criteria on which to assess animal welfare [363]. Historical 

data within our laboratory suggests that animals with successful MCA occlusion are expected to 

have a neurological score ranging between 8 to10 with a small degree of recovery over time. The 

mean neurological scores of both 45 minutes and 60 minutes MCAo cohorts were similar to those 

observed previously with an average scoring of 9.56 ± 0.39 and 9.20 ± 0.39 respectively. it was, 

of course, not possible to detect any recovery of function from observation at a single time point 

of 24 hours post occlusion. Spontaneous recovery of neurological deficit typically occurs from the 

first week post occlusion [364]. 

 

Diameter of Monofilament  

The vasculature of adult mice increases in size as body weight increases, therefore, the lesion 

reproducibility and size are prone to be affected by the suture diameter in monofilament model of 

stroke [138, 347]. The predicted filament diameter to produce a successful occlusion in a particular 

weight of mouse was optimised by refining the relationship between body weight and filaments 

diameter from the successful surgeries in the previous validation and applying to the next cohort. 

Graph A in Figure 4.8 showed that many ‘unsuccessful’ surgeries during Validation study I were 

within 95% confidence intervals (CIs) of the linear regression of Equation 2 indicating that the 

filament used were with ‘correctly-estimated’ diameters and that potential misplacement of the 

filaments may have caused a ‘surgical miss’. Compared to graph A, the filament thicknesses used 

in successful surgeries in Validation study II fit more within the 95% CIs, though similar 

misplacement of the filaments was also observed. However, the decrease in surgical misses 

implied that surgical competence had been improved (Figure 4.8 B). 

In order to decide on the most suitable experimental protocol for subsequent studies investigating 

changes in protein expression in the sub-acute phase (days to 2 weeks) following stroke several 

factors have been considered. The presence of an ischaemic lesion in the somatosensory cortex is 
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an important criterion in the study design. Based on the validation study results 45-minutes MCAo 

showed less possibility of having cortical lesions than 60 minute occlusion. On the other hand, for 

longer-term studies, the survival rate of the animals is also important. However, in general, animals 

with subjected to longer occlusion time have larger lesion and increased mortality [365]. Despite 

this possibility, 60-minutes MCAo model was more reliable and consistent in generating cortical 

lesions and was thus decided as the model of choice in subsequent chapters. 

 

4.5 Conclusion 

In summary, increased success rate, reduced surgery time, and reliable and reproducible infarcts 

were achieved through the validation process. Lesion volumes showed temporal progression, with 

a longer occlusion of MCA (60 minutes) generating significantly larger infarcts compared to 45 

minutes, without causing a significant change in weight loss or neurological impairment. The 

lesion volume and areas at each stereotaxic level in both durations of MCAo surgery were 

comparable to historical data within the laboratory. The optimisation of the relationship between 

monofilament diameter and body weight improved the reproducibility of the model. Since 60-

minutes MCAo exhibited a more desirable pattern of damage than 45-minutes, it was selected to 

be used in the subsequent studies. 
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 Protein Profiling of Sub-acute Stroke 

 

5.1 Introduction 

5.1.1 Background 

The previous chapters have applied a systems biology approach combining proteomics and 

bioinformatics to better understand on the pathological mechanisms occurring acutely (3 hours) 

after stroke. Ischaemia produced a protein expression profile which was fundamentally different 

to that of control sham-operated animals. A number of proteins previously known to be involved 

in ischaemic cell death showed altered expression within the ischaemic cortex. These included 

apoptotic proteins, glutamate receptor and calcium channel subunits, inflammatory mediators, cell 

cycle proteins and signalling adaptor involved in both detrimental and beneficial pathways. These 

observations validate this technique as an approach to investigate ischaemic consequences. A 

number of protein not previously implicated in the pathophysiology of stroke were also identified. 

While this approach has provided new insight on neuroprotection, it is recognised that there are 

limitations in pursuing these novel targets as therapeutic agents. There is a short therapeutic time 

window for neuroprotection (3 hours in mouse and 4.5 hours in human patients) [91], which 

restricts the number of patients that could benefit from these therapies. Despite the introduction of 

dedicated stroke care units and public awareness programs such as the FAST campaign in NZ 

(http://www.stroke.org.nz/See-a-Stroke-FAST), the proportion of stroke patients who currently 

reach hospital within the effective therapeutic time window to receive thrombolysis treatment with 

t-PA remains low. An audit of compliance to stroke guidelines conducted in Auckland City 

Hospital in 2015 showed thrombolysis rates of 15% (A. McGregor, unpublished observation), 

slightly lower than international reported rates of 22.5% [366]. 

Reflecting this, the focus of stroke research has started to shift from protection against acute 

damaging mechanisms (excitotoxicity) to understanding processes such as inflammation, and 

reconnection and regeneration of neural networks which are currently not well understood [367]. 

While the initial damaging mechanisms have subsided, increased reactive oxygen species (ROS), 

upregulated intracellular calcium levels and activation of brain-residing astrocytes and microglia 

have already been instigated by hypoxic and excitotoxic processes and lead to further damage via 

inflammation and apoptotic cell death [39]. While acute inflammation can help resolve injury, 

prolonged inflammation hinders tissue repair and ultimately, prognosis post stroke. [61, 62]. A 
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degree of spontaneous recovery also occurs in the sub-acute phase (days to weeks) after stroke, 

and recent studies have confirmed that the brain can engage in a limited process of repair [368]. 

In both human and animal studies, post-stroke repair has been attributed to regeneration of myelin 

and the formation of new connections in areas affected by stroke damage [287]. Activation of other 

potentially beneficial processes such as angiogenesis, axonal sprouting and migration of neural 

progenitor cells from subventricular zone (SVZ) and subgranular zone (SGN) has also been 

observed to occur at least 24 hours after stroke [147, 286, 287, 369]. 

It is likely therefore, that a better understanding of the molecular changes that occur in the days 

after stroke (which is more clinically relevant with regard to the timeframe when stroke patients 

arrive at hospital) may lead to identification and development of new therapeutic targets to treat a 

larger population of stroke patients. 

 

5.1.2 Specific Aims 

This part of the study aims to identify the key mechanisms and pathways that occur within the 

penumbra region after acute cell death in a clinically relevant mouse model of stroke. Specifically 

the study aimed to 

1) Perform large-scale proteomics on brain tissue harvested from animals 1, 3, 7 and 14 days 

following experimental stroke using iTRAQ (isobaric Tag for Relative and Absolute 

Quantification) mass spectrometry, 

2) Perform bioinformatic analysis of the dataset to identify differentially expressed proteins 

and 

3) Examine temporal expression of differentially regulated proteins using MRM (Multiple 

Reaction Monitoring) to validate new biological targets. 
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5.2 Materials and Methods 

5.2.1 Experimental Design Considerations  

5.2.1.1 Application of Mass Spectrometry 

The effectiveness of the combinational approach employing comparative proteomics and 

bioinformatics analysis in studying multifaceted disease like stroke has been demonstrated in 

Chapter 2 and 3. However, the PowerBlot™ (BD Biosciences) service is no longer commercially 

available. While other commercial services employing similar approaches are available (e.g. 

Panorama® Antibody Array, Kinex™ Antibody Microarray), their dependence on the number of 

antibodies included in the screens and concomitant limitation in detection were considered. 

Technology in comparative proteomics has progressed significantly since the historical datasets 

used in Chapter 2 and 3 were generated. Like western arrays, iTRAQ technology allows the 

simultaneous examination of protein levels in multiple samples. iTRAQ provides advantages over 

Western array however, and has a superior degree of detection resolution and no-requirement for 

antibodies. Furthermore, MRM analysis for results validation can be performed with the same 

sample used for iTRAQ analysis. MRM analysis targets specific peptide sequences of the proteins 

identified differentially expressed through iTRAQ analysis [370]. 

 

5.2.1.2 Sample Size 

In order to capture a time course of changes during the sub-acute phase post stroke, samples were 

collected at 1, 3, 7 and 14 days post occlusion. Control samples were taken from respective regions 

in sham occluded animals at the same time points. 

Due to longer survival time before the collection of samples, increased weight loss and mortality 

rates were expected. To account for potential losses, six animals were generated to guarantee four 

animals per group at each sample time.  
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5.2.1.3 Design of iTRAQ Analysis 

As the isobaric tag labels allow up to 8 samples to be analysed in a single run, multiple 8-plex 

iTRAQ runs were carried out. To avoid bias arising from the tendency of using certain iTRAQ 

labels more often for a sample group, randomisation of the iTRAQ labelling was performed to 

ensure each run contained a mixture of samples from 8 experimental groups. Additionally, a 

‘reference’ sample was generated to normalise the data between different iTRAQ runs. The 

labelling and running scheme for the iTRAQ experiments is described in  

Table 5.1. 

 

5.2.1.4 Selection of Proteins for MRM Analysis 

Initially, all proteins showing differential expression in the iTRAQ analysis (Table 5.2) were 

selected for targeted MRM validation. An extra 6 proteins, which showed (1) high abundance, (2) 

existence in all the 16 replicates and (3) p-value of greater than 0.5 in unpaired t-test between 

respective stroke versus sham comparisons were also chosen as normalisers for MRM analysis. 

However, due to unavailability of suitable precursor peptides for building the MRM assay, several 

proteins were excluded from the final MRM validation (Table 5.3). 
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Table 5.1 Experimental scheme for iTRAQ analysis 

Each tag (e.g. 1dSh1 in label 113 in Run 1) indicates what sample has been allocated which the first number(s) (1, 3, 7, 14) indicates the day post stroke, d is day, Sh/St are Sham/Stroke 
and last number is the replicate number. Ref indicates Reference sample that is the aliquots of the pooled sample described in the section 5.2.6.1. The numbers in highlighted columns 
and rows indicate how many sample of each category is included in each run and label respectively and the matched sums of total samples. 

 

  Run 1 Run 2 Run 3 Run 4 Run 5 Stroke Sham 1d 3d 7d 14d 

iT
R

A
Q

 la
be

l 

113 1dSh1 3dSt1 7dSh1 14dSt1 Ref1 2 2 1 1 1 1 

114 Ref2 1dSt1 3dSh1 7dSt1 14dSh1 2 2 1 1 1 1 

115 7dSh2 Ref3 1dSh2 14dSt2 3dSt2 2 2 1 1 1 1 

116 7dSt2 14dSh2 Ref4 1dSt2 3dSh2 2 2 1 1 1 1 

117 3dSt3 7dSh3 14dSt3 Ref5 1dSh3 2 2 1 1 1 1 

118 1dSt3 7dSt3 14dSh3 3dSh3 - 2 2 1 1 1 1 

119 - 1dSh4 3dSt4 7dSh4 14dSt4 2 2 1 1 1 1 

121 14dSh4 - 1dSt4 3dSh4 7dSt4 2 2 1 1 1 1 

Stroke 3 3 3 4 3 16 - - - - - 

Sham 3 3 4 3 3 - 16 - - - - 

1d 2 2 2 1 1 - - 8 - - - 

3d 1 1 2 2 2 - - - 8 - - 

7d 2 2 1 2 1 - - - - 8 - 

14d 1 1 2 2 2 - - - - - 8 
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5.2.2 Animals 

All animal experiments were performed with approval from the Animal Ethics Committee in 

accordance with the Animal Welfare Act 1999. Male C57Bl/6j mice (25-30g, stock colony, 

Vernon Jansen Unit, University of Auckland) were housed at 20 ± 1˚C under a 12-hour light/dark 

cycle and allowed free access to food and water. 

 

5.2.3 Stroke Surgery 

Animals were anaesthetized with 5% isofluorane in O2 and a surgical level of anaesthesia 

maintained at 2%. Normothermia was maintained at 36.5˚C ± 0.5˚C during the surgery by a 

thermostatically controlled heating blanket (Complete Homeothermic Blanket System with 

Flexible Probe, Small, 230 VAC, 50 Hz, Havard Apparatus, USA). Hair on the neck area was 

trimmed using a shaver and the residual hair removed with hair removal cream (Veet®, Reckitt 

Benckiser, Australia). Exposed skin was cleaned with an isopropyl alcohol swab (Derma Sciences 

Canada Inc. Canada) and a pre-emptive analgesic, Marcaine (Bupivacaine HCl and epinephrine, 

AstraZeneca France, 2mg/kg) was administered subcutaneously. 

The MCAo surgery was performed using a modification of the monofilament protocol described 

by Hata et al., 1998 [138]. Briefly, the right common carotid (CCA), external carotid 

(ECA), internal carotid (ICA) arteries and their branches were exposed through a midline cervical 

incision. A 6-0 silk suture (Resorba®, Germany) was tied around the CCA proximal to the 

bifurcation of the ECA and ICA. A second suture was tied around the ECA distal to the superior 

thyroid artery (STA). An 8-0 silicon-coated monofilament (preparation described in Section 4.2.3) 

was introduced into the CCA and advanced 10mm distal to the carotid bifurcation, occluding the 

origin of the MCA. 

Following introduction of the monofilament, anaesthesia was discontinued and animals were 

placed in a humidified incubator (at 25˚C ± 0.5˚C) (MediHeat™, Peco Services Ltd, UK) for the 

duration of the occlusion. Animals were subjected to 60 minutes occlusion of the MCA. Sham 

occlusion involves insertion of the filament with immediate withdrawal. After withdrawal of the 

filament, the surgery site was sutured closed with silk suture (PERMA-HANDTM Silk Suture 6-0 

C3 30cm, Ethicon, USA) and topical analgesia (Xylocaine® gel, AstraZeneca, Australia) was then 

applied. 
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5.2.3.1 Post-surgical Care 

1 ml of 0.9% (w/v) saline was injected subcutaneously (0.5 ml in each side) to compensate the 

fluid lost during the surgery. The animals were kept in a humidified incubator post operatively to 

recovery from anaesthesia for at least 1 hour. During this time, they were continuously monitored 

until moving independently. Animals were then returned to their home cages. A portion of baby 

cereal (Farex®, Heinz, Australia) was provided on the floor of the cage in addition to standard 

rodent chow as a palatable and easily accessible food source. Paracetamol (dose of 6mg/ml, 

Panadol®, GlaxoSmithKline, USA, 30mg/ml) in the drinking water was also provided from 24 

hours prior to the surgery through to 3 days post-surgery. 

 

5.2.4 General Welfare Monitoring 

To comply with ethical requirements, the general welfare of the animals was assessed during the 

experimental study (Table 4.2). Neurological function was also assessed post operatively using a 

15-point neurological scoring system that was modified from original SHIRPA scoring system 

[358]. This assessment examined general condition, mobility and spontaneous circling behaviour 

of animals to provide a general overview of neurological impairments (Table 4.3). 

 

5.2.5 Brain Collection 

Animals were euthanized at 1, 3, 7 and 14 days post occlusion via cervical dislocation. The head 

of the animal was immediately removed and the brain was carefully extracted from the skull. The 

extracted brain was sectioned using a coronal brain matrix (for adult mouse, 1 mm channel, Pelco®, 

Ted Pella. Inc. USA) in approximately 3 mm thickness incorporating the region of entire striatum 

to early (rostral) hippocampus (approximately ranged from +1.54 to -1.06 mm relative to Bregma 

(Figure 4.4)). Following sectioning, the somatosensory cortical region adjacent to the stroke lesion 

was dissected on ice-cold glass petri dish. The dissected tissue was put into a cryotube then snap-

frozen with liquid nitrogen. The samples were stored at -80°C until the sample preparation for 

mass spectrometry. 
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5.2.6 Sample Preparation 

5.2.6.1 Extraction and Quantification 

The tissue sample was mixed in 150μl of 7M Urea/2M Thiolurea/10mM Di-thio-threitol (DTT) in 

50mM Ammonium bicarbonate (ABC) then transferred into a new 1.5 ml microfuge tube. After 

brief vortex mix and centrifugation, the sample tube was put on ice. The sample was then sonicated 

for 10-15 seconds at 10-15Hz while on ice. The total protein content of each sample was 

determined using EZQ™ Protein Quantification Kit (Molecular Probes, ThermoFisher, USA). The 

reference sample was prepared by pooling and equal amount of protein from each group samples. 

The experimental samples and the reference samples were then diluted with 50mM ABC to make 

0.5mg/ml concentration. 

 

5.2.6.2 Alkylation 

Following the addition of 1μl of 1M DTT, the samples were incubated using a microwave reactor 

(Discover® system, CEM, USA) at 50W, 55°C for 15 minutes. 5μl of 1M Iodoacetamide (IAM) 

was added into the samples and the samples were briefly vortexed and centrifuged. The sample 

tubes were incubated in dark at room temperature for 45 minutes. 1μl 1M DTT was then added to 

finish the alkylation. 

 

5.2.6.3 Trypsin Digestion 

Following the alkylation, 900μl of 50mM ABC was added into the samples. After checking pH of 

the samples, 2μg of trypsin (Sequencing Grade Modified Trypsin, Promega Corp. USA) was added. 

The samples then incubated at 15W, 40°C for 1 hour. After the incubation, 5μl of 20% (v/v) formic 

acid was added into the samples to stop the digestion. The samples were then centrifuged at 16000 

rcf (relative centrifugal force) for 3 minutes. 

 

5.2.6.4 Solid Phase Extraction (SPE) 

The samples were desalted and concentrated using Oasis Solid-Phase Extraction (SPE) HLB 

(Hydrophilic-Lipophilic Balance) cartridge (Waters Corp. USA). Briefly, the cartridge column 

was conditioned with 0.5ml of 100% methanol then equilibrated with 1ml (2x 0.5ml) of 0.1% (v/v) 

formic acid via pressing through with syringe at the speed of 1 drop per second. The samples were 
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loaded and pressed through the column. The loaded column was washed with 1ml (2x 0.5ml) of 

0.1% (v/v) formic acid. The column was then placed in a new 1.5 ml microfuge tube. The column-

bound proteins were eluded with 300μl of 50% (v/v) acetonitrile in 0.1% (v/v) formic acid at the 

pace of 1 drop per 3 seconds. The sample tubes were then vacuum-centrifuged until dried 

completely. The dried samples were stored at -30°C until used for mass spectrometry. 

 

5.2.7 Mass Spectrometry 

Mass spectrometry analysis, iTRAQ and MRM data acquisitions were performed in collaboration 

with Mr Martin Middleditch and Dr Leo Payne at the Mass Spectrometry Centre, University of 

Auckland, New Zealand. 

 

5.2.7.1 LC-MS/MS Methods: iTRAQ Data Acquisition 

Total of 37 samples (4 time points x 2 surgery groups x 4 replicates + 5 reference samples,  

Table 5.1) were analysed over five iTRAQ runs. Each sample was labelled with a different 8-plex 

iTRAQ label (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's 

instructions. The labelling reaction was stopped by adding 5μl of 50% (v/v) formic acid prior to 

pool the samples in the same run. Each pooled sample was then centrifuged at 16,000 rcf for 

3 minutes and subjected to another SPE protocol followed by vacuum concentration. 

Data were acquired on a SCIEX TripleTOF 6600 instrument with an Eksigent ekspert™ Nano 

HPLC system. Solvents were 0.1% (v/v) formic acid in water (Solvent A) and 0.1% (v/v) formic 

acid in acetonitrile (Solvent B). Samples were injected onto a 0.3 x 10 mm trap column packed 

with Reprosil C18 media (Dr. Maisch HPLC GmbH, Germany) and desalted for 8 minutes at 2 

μl/min with 2% (v/v) acetonitrile in 0.1% (v/v) formic acid before being separated on a 0.075 x 

200 mm PicoFrit® column (New Objective Inc. USA) packed in-house with Reprosil C18 media. 

The following gradient was formed at 300nl/min using a NanoLC 400 UHPLC system (Eksigent, 

USA): 0min 15% (Solvent) B; 105min, 32% B; 110min, 98% B; 115min, 98% B; 116min, 15% 

B; 120min, 15% B. 

The PicoFrit® spray was directed into a TripleTOF 6600 Quadrupole-Time-of-Flight mass 

spectrometer (SCIEX, USA) scanning from 350-1200 m/z for 250ms, followed by 50ms MS/MS 

scans on the 40 most abundant multiply-charged peptides (m/z 80-1200) for a total cycle time of 
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~2 seconds. The mass spectrometer and UHPLC system were controlled by Analyst TF 1.7 

software package (SCIEX, USA). 

The resulting data from each pool were searched against a database containing the UniProt mouse 

proteome from July 2016 (51,414 entries) using ProteinPilot version 5.0 (SCIEX, USA). Search 

parameters were as follows: Sample Type, iTRAQ 8-plex (Peptide Labelled); Search Effort, 

Thorough; Cys Alkylation, Iodoacetamide; Digestion, Trypsin. Peptide and Protein summary files 

were exported for further bioinformatic/statistical analyses. 

 

5.2.7.2 LC-MS/MS Methods: MRM (targeted) Data Acquisition 

 MRM Assay Design 

In order to improve the design of targeted assays (MRM assay) for candidate proteins identified 

in iTRAQ experiments, additional discovery proteomics data was collected from unlabelled 

samples. Analyses were performed using both 60-minutes and 125-minutes gradients. Data was 

collected as described for iTRAQ experiments, but with the following modifications. 

For 60-minutes analysis, samples were washed for 3 minutes at 4 μl/min before being eluted with 

a gradient of: 0 min, 5% (Solvent) B; 0.5 min, 5% B; 47 min, 30% B; 49 min, 98% B; 52 min, 98% 

B; 53 min, 5% B; 60 min, 5% B. The mass spectrometer was programmed to perform cycles 

consisting of a TOF-MS survey scan (m/z 350-1200) followed by 45 ms MS/MS scans on the 40 

most abundant multiply-charged peptides (m/z 80-1600) for a total cycle time of ~2 seconds.  

For 125-minutes analysis, samples were washed for 8 minutes at 2 μl/min before being eluted with 

a gradient of: 0 min, 5% B; 2 min, 5% B; 105 min, 35% B; 110 min, 98% B; 115 min, 98% B; 116 

min, 5% B; 125 min, 5% B. The mass spectrometer was programmed to perform cycles consisting 

of a TOF-MS survey scan (m/z 350-1200) followed by 40 ms MS/MS scans on the 40 most 

abundant multiply-charged peptides (m/z 80-1600) for a total cycle time of ~1.9 seconds. 

Transition lists were built using Skyline software [371] and acquisition methods exported to 

Analyst TF software. A full list of the precursor inclusion list and fragment ions used for 

quantification is presented in Supplementary Information 2. 
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 MRM Data Acquisition 

MRM assay data were acquired on a SCIEX TripleTOF 6600 instrument with an Eksigent 

ekspert™ nano HPLC system configured as described previously for iTRAQ experiments. 

Samples were washed for 3 min at 4 μl/min before being eluted with a gradient of: 0min, 5%B; 

0.5 min, 5%B; 47min, 30%B; 49min, 98%B; 52min, 98%B; 53min, 5%B; 60min, 5%B. The mass 

spectrometer was programmed to perform cycles consisting of a TOF-MS scan (m/z 311-1600) 

followed by 20 ms product ion scans (m/z 140-1600) on the precursors shown in Supplementary 

Information 2. The identity of peptides was confirmed by comparison of retention times and 

intensities of fragment ions in MS/MS spectra between discovery and targeted analysis. 

 

5.2.8 Data Processing 

All statistical analyses were performed using GraphPad Prism version 7.00 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com). 

 

5.2.8.1 iTRAQ Data Analysis 

Peptide summaries resulting from the combined and individual searches were exported and 

processed further in Microsoft Excel software (Microsoft corp., USA). Briefly, all matched spectra 

with sufficient iTRAQ signal in the individual searches were aligned via matching to proteins 

above the 1% FDR (False Discovery Rate) threshold in the combined search. Then, the spectra 

were assigned with the protein names and accession numbers associated in the combined search. 

Relative abundance was calculated from data from the individual searches. All spectra with low 

confidence and marked as “shared MS/MS” were excluded. The raw peak areas were log-

transformed and normalised. Reference sample in each iTRAQ run were used to normalise the 

data between different iTRAQ runs. Separate correction factors were applied for the peptides with 

correct and missed cleavages to avoid potential bias from differential tryptic cleavage. Following 

normalisation, the log-transformation was reverted and the total peak area for each protein was 

calculated for each iTRAQ channel. Following the merge of all data from 5 iTRAQ runs, any 

subset of protein expressions with more than two missing replicates in respective comparison (1d 

stroke vs. 1d sham, for example) were excluded. Calculation of relative abundance and unpaired 

t-test (two-tailed, unequal variance) between stroke and sham samples in respective experimental 

group were performed on log-transformed data. Proteins showing p-value less than 0.1 were then 
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subjected to 2-way ANOVA for time-course comparison between stroke and sham. Sidak's 

multiple comparisons test was used as the post-hoc test. 

 

5.2.8.2 MRM Data Analysis 

Wiff format files were processed using Skyline software and peak areas exported to Microsoft 

Excel software for subsequent analysis. The raw peak areas of proteins were normalised to the 

mean raw peak area of control proteins (pyruvate dehydrogenase E1 component subunit b, 

mitochondrial (Q9D051) and cytosolic acyl coenzyme A thioester hydrolase (E9PYH2)), which 

showed the least changes in expression level over time, for respective time points. The significant 

change occur over time was tested using 2-way ANOVA for time-course comparison between 

stroke and sham. Sidak's multiple comparisons test was used as the post-hoc test. 

 

5.2.9 Database Searches 

The list of proteins showing differential expression between stroke and control samples (p < 0.05) 

was subjected to a literature and database search to identify the key biological processes and 

potential consequence of differential regulation for each protein using PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed/) and UniProt (http://www.uniprot.org/) [185]. 
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5.3 Results 

5.3.1 Differentially Regulated Proteins during Sub-acute Phase Stroke 

Sixteen proteins showing differential regulation compared to sham samples differed with time post 

occlusion (Figure 5.1). A small number of proteins showed significant changes in expression at 

Day 1 (1 protein), 3 (3 proteins) and 7 (4 proteins) post occlusion. In contrast, 10 proteins showed 

differential expression at Day 14 post stroke. The greatest upregulation and downregulation were 

observed in the profile of 14 days post occlusion. 

A majority of differentially expressed proteins in sub-acute phase of stroke showed upregulation 

(16 of 18 total differential expressions). Only two proteins, heat shock 70kDa protein 12A 

(Hspa12a; 0.749-fold downregulation, t=3.838, adj. p=0.003) and synaptosomal-associated 

protein 25 (Snap25; 0.848-fold, t=2.747, adj. p=0.044), showed downregulations at 14 days and 3 

days post occlusion respectively. 

A summary of the 16 proteins identified as differentially expressed in the penumbral region of the 

sensorimotor cortex between 1 and 14 days following 60 minutes MCA occlusion are shown in 

Table 5.2. 

While complement C1q subcomponent subunit A (C1qa) showed a significant upregulation 

(2.491-fold, t=2.861, adj. p=0.027) at 14 day post stroke, the notable temporal downregulation of 

C1qa was also observed at 1 day post occlusion (0.545-fold, t=1.902, adj. p=0.223). Peroxiredoxi-

1 (Prdx1) also showed upregulation at Day 1 (1.160-fold, t=2.825, adj. p=0.037) but this 

upregulation was not observed until 14 days post occlusion (1.236-fold, t=4.038, adj. p=0.002). 

Cell cycle protein, fibronectin type III and SPRY domain-containing protein 1 (Fsd1; 1.776-fold, 

t=3.782, adj. p=0.005), the proteins involved in cellular trafficking of iron, serotransferrin (Tf; 

1.499-fold, t=3.222, adj. p=0.015) and of neurotransmitters, Snap25 showed differential 

expression at Day 3 post occlusion. Similar to Prdx1, this upregulation of serotransferrin was not 

observed until 14 days post occlusion (1.425-fold, t=2.822, adj. p=0.037). 

Proteins shown the direct or indirect association with neuroinflammation and oligodendrogenesis, 

especially those differentially expressed at Day 7 and 14. Proteins involved in cellular trafficking 

showed the greatest alteration in expression (5 of 16 proteins) over time post occlusion but also 

the differential regulations of several cytoskeletal proteins (glial fibrillary acidic protein (Gfap), 3 

of 16) were also observed. 
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Several notable but not statistically significant changes in expression level were also observed. 

The upregulation of glial fibrillary acidic protein (Gfap; 1.527-fold, t=2.35, adj. p=0.105) and 

vimentin (Vim; 1.773-fold, t=2.266, adj. p=0.125) at 7 days post occlusion and of cathepsin B 

(Ctsb; 1.538-fold, t=2.524, adj. p=0.073) at 14 days post occlusion showed comparable fold 

changes (Table 5.2). 
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Table 5.2 Summary of 16 proteins showing significant differential expression in iTRAQ analysis between stroke and sham over time post occlusion 

*: p<0.05; **: p<0.01; ***: p<0.001. The colour of the cell indicates the direction of regulation compared to sham (Upregulated and Downregulated). Lighter colours highlight notable 
expression changes but without statistical significance. 

Protein Name 
Gene 
Name 

UniProt 
ID 

Day 1 Day 3 Day 7 Day 14 

fold 
change 

sig. adj. p 
fold 

change 
sig. adj. p 

fold 
change 

sig. adj. p 
fold 

change 
sig. adj. p 

Cell cycle / Cell division 

Fibronectin type III and SPRY domain-
containing protein 1 

Fsd1 Q7TPM6 0.847 ns 0.788 1.776 ** 0.005 0.959 ns 0.999 0.998 ns 
>0.99

9 

Cytoskeleton organisation 

Glial fibrillary acidic protein Gfap P03995 1.064 ns 0.995 1.144 ns 0.917 1.527 ns 0.105 2.213 *** 0.001 

MAGUK p55 subfamily member 2 Mpp2 Q9WV34 0.952 ns 0.973 1.108 ns 0.723 1.269 * 0.049 0.940 ns 0.941 

Vimentin Vim Q5FWJ3 0.940 ns 0.999 1.449 ns 0.491 1.773 ns 0.125 2.008 * 0.043 

Chaperone 

Heat shock 70 kDa protein 12A Hspa12a Q8K0U4 0.976 ns 0.996 1.055 ns 0.931 1.080 ns 0.785 0.749 ** 0.003 

Energy metabolism 

Isocitrate dehydrogenase [NAD] subunit 
gamma 1, mitochondrial 

Idh3g Q3TGZ3 0.997 ns 
>0.99

9 
1.006 ns 

>0.99
9 

1.300 * 0.031 0.945 ns 0.955 

Inflammation / Immune response 

Cathepsin B Ctsb P10605 0.913 ns 0.974 1.320 ns 0.390 1.746 * 0.013 1.538 ns 0.073 

Complement C1q subcomponent subunit 
A 

C1qa P98086 0.545 ns 0.223 1.192 ns 0.968 0.832 ns 0.961 2.491 * 0.027 

Oxidoreductase 

Peroxiredoxin-1 Prdx1 P35700 1.160 * 0.037 0.881 ns 0.091 0.987 ns 0.999 1.236 ** 0.002 

Peroxiredoxin-6 Prdx6 Q6GT24 1.035 ns 0.993 1.013 ns 1.000 1.158 ns 0.423 1.372 ** 0.010 

Trafficking 

Fatty acid-binding protein, epidermal Fabp5 Q497I3 0.930 ns 0.853 1.059 ns 0.930 1.133 ns 0.443 1.394 ** 0.002 

Protein MAL2 Mal2 Q2KHK7 0.875 ns 0.793 - - - 1.911 * 0.038 - - - 
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Ras-related protein Rab-11B Rab11b Q78ZJ8 1.011 ns >0.999 1.042 ns 0.990 1.045 ns 0.990 1.351 * 0.028 

Serotransferrin Tf Q921I1 1.187 ns 0.558 1.499 * 0.015 1.277 ns 0.229 1.425 * 0.037 

Synaptosomal-associated protein 25 Snap25 P60879 1.091 ns 0.501 0.848 * 0.044 0.904 ns 0.359 0.982 ns 0.997 

Plasma component 

Serum albumin Alb Q546G4 1.382 ns 0.412 1.215 ns 0.819 1.459 ns 0.270 1.768 * 0.039 
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Figure 5.1 Fold changes in expressions of 16 proteins over time post occlusion identified using iTRAQ analysis. 

*: p<0.05; **: p<0.01; ***: p<0.001. All values are presented as mean ± SEM (n=4). 
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Figure 5.1 Fold changes in expressions of 16 proteins over time post occlusion identified using iTRAQ analysis 
(continued) 

*: p<0.05; **: p<0.01; ***: p<0.001. All values are presented as mean ± SEM (n=4).  
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5.3.2 MRM validation of iTRAQ result 

Of the sixteen proteins showing differential expression in the sub-acute phase post stroke, 9 

proteins (plus a further 2 control proteins) were subjected to MRM validation (Table 5.3). No 

changes in control proteins, cytosolic acyl coenzyme A thioester hydrolase  (Acot7) and pyruvate 

dehydrogenase E1 component subunit β, mitochondrial (Pdhb) were observed between stroke and 

sham samples at any time point investigated. In general, MRM validation broadly supported the 

iTRAQ results with results being most consistent at 14 days and most variable at 7 days. 

MRM validation demonstrated a similar pattern of expression changes observed in iTRAQ 

analysis for both Gfap and Vim. Expression of both proteins increased with time, however, the 

amplitude of change observed in MRM analysis was much larger than that observed with iTRAQ. 

Gfap showed a significant 2.213 fold upregulation at 14 days post stroke in iTRAQ, but was 

significantly upregulated at 3 (6.539 fold, t= 4.202, adj. p=0.002), 7 (7.149-fold, t=4.705, adj. 

p=0.0007) and 14 days (25.451-fold, t=7.243, adj. p<0.001) post stroke following MRM analysis 

(Figure 5.2 A). Vimentin also showed a significant 2-fold upregulation compared to sham at 14 

days post stroke following iTRAQ while MRM analysis resulted significant upregulation at 7 

(6.631-fold, t=3.43, adj. p=0.012) and 14 days (10.248-fold, t=3.947, adj. p=0.004). 

In addition, two proteins showed comparable amplitude of change but different temporal 

expression patterns. Prdx1 was significantly upregulated at 1 and 14 days post stroke in iTRAQ 

compared to 7 (1.340-fold, t=3.326, adj. p=0.015) and 14 days (1.674-fold, t=5.482, adj. p=0.0001) 

in MRM. In the same way, Snap25 showed decreased expression compared to sham at 3 days with 

iTRAQ, but a significant downregulation at 14 days (0.649-fold, t=2.946, adj. p=0.034) with MRM 

(Figure 5.2 B). 

Four proteins, which showed significant alterations in expression in iTRAQ, result at 7 (Mpp2) 

and 14 days post stroke (Alb, Hspa12a and Rab11a); Figure 5.2 C) showed no differential 

expression in MRM.  
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Table 5.3 Summary of 9 proteins showing significant differential expression (and 2 controls) in MRM analysis between stroke and sham over time post occlusion 

*: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001. The colour of the cell indicates the direction of regulation compared to sham (Upregulated and Downregulated). Lighter colours 
highlight notable expression changes but without statistical significance. Control proteins are shaded grey. 

Protein Name 
Gene 
Name 

UniProt 
ID 

Day 1 Day 3 Day 7 Day 14 

fold 
change 

sig. adj. p 
fold 

change 
sig. adj. p 

fold 
change 

sig. adj. p 
fold 

change 
sig. adj. p 

Glial fibrillary acidic protein Gfap P03995 1.181 ns 0.991 6.539 ** 0.002 7.149 *** 0.0007 25.451 **** <0.0001 

Heat shock 70 kDa protein 12A Hspa12a Q8K0U4 1.072 ns 0.856 0.991 ns >0.999 0.901 ns 0.582 0.910 ns 0.717 

MAGUK p55 subfamily member 2 Mpp2 Q9WV34 0.863 ns 0.665 1.077 ns 0.966 1.081 ns 0.949 0.827 ns 0.5 

Peroxiredoxin-1 Prdx1 P35700 0.961 ns 0.987 1.206 ns 0.226 1.340 * 0.015 1.674 *** 0.0001 

Peroxiredoxin-6 Prdx6 Q6GT24 1.030 ns 0.999 1.310 ns 0.192 1.324 ns 0.125 1.819 *** 0.0009 

Ras-related protein Rab-11B Rab11b Q78ZJ8 1.066 ns 0.782 1.005 ns >0.999 1.066 ns 0.779 1.026 ns 0.992 

Serum albumin Alb Q546G4 2.034 ns 0.540 1.526 ns 0.904 2.998 ns 0.162 2.081 ns 0.572 

Synaptosomal-associated protein 
25 

Snap25 P60879 0.768 ns 0.253 0.832 ns 0.638 1.089 ns 0.956 0.649 * 0.034 

Vimentin Vim Q5FWJ3 0.952 ns >0.999 4.006 ns 0.115 6.631 * 0.012 10.248 ** 0.004 

Cytosolic acyl coenzyme A 
thioester hydrolase 

Acot7 E9PYH2 1.080 ns 0.790 0.957 ns 0.972 0.930 ns 0.818 1.046 ns 0.971 

Pyruvate dehydrogenase E1 
component subunit β, 
mitochondrial 

Pdhb Q9D051 0.926 ns 0.790 1.045 ns 0.972 1.076 ns 0.818 0.956 ns 0.971 
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Figure 5.2 Comparisons of results from iTRAQ and MRM analysis for 3 example proteins 

*: p<0.05; **: p<0.01; ***: p<0.001. Note the difference in Y-axis scale in A between iTRAQ and MRM analysis. 
All values are presented as mean ± SEM (n=4). 
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5.4 Discussion 

In this study, we used iTRAQ and MRM validation to investigate the changes in protein expression 

occurring within the penumbral region in the sensory motor cortex during the sub-acute phase post 

stroke. Proteins identified as differentially regulated with iTRAQ were involved in pathological 

processes such as inflammation and apoptosis but also neurorestorative processes such as 

oligodendrogenesis and neural progenitor cell migration. Proteins involved in gliosis (glial scar 

formation) were also identified.  

MRM analysis did not yield identical results but broadly supported the temporal profile of changes 

observed with iTRAQ. The result from MRM analysis showed subtle differences in temporal 

expression of proteins to that observed following iTRAQ analysis despite the use of the same 

samples for both methods. Differential expression was most variable at earlier time points when 

fewer proteins were differentially expressed and most comparable at day 14, when both iTRAQ 

and MRM analyses showed the highest number of differentially expressed proteins. The difference 

in expression profiles may result from the difference in how normalisation was conducted in the 2 

approaches. As described in Section 5.2.1.3, a reference sample, which is a pooled lysate with 

equal contribution from all samples, was used to normalise between separate iTRAQ runs. The 

existence of an identical sample in multiple runs of same experiment enables adjustment of 

variation between individual samples within a single run as well as between individual runs. 

However, a reference sample was not used in MRM analysis; instead, the abundant expression of 

control proteins were used as a normaliser for each sample runs. 

 

Trafficking and synaptic transmission is impaired post stroke 

Proteins involved in cellular trafficking also showed differential expression in sub-acute stroke. 

Presynaptic synaptosomal-associated protein 25 (Snap25) was downregulated at 3 days post 

occlusion. As a SNARE (soluble NSF attachment protein receptor) protein, Snap25 is involved in 

molecular regulation of neurotransmitter release [372]. Decreased Snap25 levels have been 

observed in both the ischaemic core and penumbra in 7 day post transient MCAo model [373] and 

indicates synaptic dysfunction. 

In contrast, postsynaptic MAGUK (membrane-associated guanylate kinase) p55 subfamily 

member 2 (Mpp2) was upregulated at 7 days post stroke. As a scaffold protein, Mpp2 is shown 

involvement in formation and maintenance of synapses through interaction with cytoskeleton [374, 

375] and suggests an attempt to restore synaptic communication at a later time-point after stroke. 
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Inflammation is ongoing in the first weeks after stroke 

Many proteins involved in inflammation and immune responses (cathepsin B, complement C1q 

subcomponent subunit A, Peroxiredoxin-1 & -6) were upregulated in the ipsilateral cortex 

compared to sham controls at 7 and 14 days, suggesting that neuroinflammation is a key 

mechanisms in the first weeks following stroke. These results are in keeping with previous studies 

showing inflammation continues for up to several weeks post stroke [289]. 

The cysteine protease, cathepsin B (Ctsb), showed persistent upregulation post stroke which is 

consistent with previous reports showing Ctsb upregulation between 3-7 days post ischaemia [376-

378]. Ctsb is found mostly in lysosomes and is involved in intracellular degradation and turnover 

of proteins such as protein kinase C and EGFRs (epidermal growth factor receptor) [379]. 

Abnormal release of lysosomal enzymes into the cytosol by events like ischaemia is known to 

induce neuronal cell death [380-382] and also mediates production of pro-inflammatory peptides 

like IL-1β [383, 384] and TNF-α [385]. Ctsb, inhibitors are protective against neuronal cell death 

and reduce inflammation [376-378, 386]. 

Proteins involved in ROS homeostasis also showed differential expression in sub-acute stroke. 

Peroxiredoxin-1 (Prdx1) and & -6 (Prdx6) showed upregulation 14 days post occlusion. In normal 

condition, Prdxs function as an antioxidant and reduce intracellular peroxides which may be 

neurotoxic. The neuroprotective activity of Prdxs against mitochondrial dysfunction has been 

demonstrated [387, 388]. However, when Prdxs are released from necrotic and dying neural cells, 

they acts as DAMPs activating TLR4 and promoting neuroinflammation [389]. Activation of 

TLR4 leads to production of neurotoxic inflammatory cytokines, including IL-1β IL-17 and 

interferon-γ which are responsible for inflammatory damage in the late stage of stroke [390, 391]. 

The expression of Prdxs has previously been reported to occur between 12-72 hours post stroke 

and Prdx antibodies reduce both infract size and neurological deficits in mice[391].  

Inhibition or impairments in components of the complement system have been shown to reduce 

infarct size and inflammation in various stroke models [392-394]. C1qa (Complement C1q 

subcomponent subunit A) is a subunit of initiation/recognition component C1q in the complement 

system [55]. The significant upregulation of C1qa in the current study at 14 days post occlusion 

may therefore be pro-inflammatory, as expression of C1q has been reported in ischaemic cortical 

neurons at earlier time points (24 hours) post ischaemia/reperfusion [394]. On the contrary, C1q 

has also been speculated to have a protective role when C1q acting independently of other 

complement proteins [395]. Independently, C1q has been shown to improve neuronal viability and 

promote neurite outgrowth via increasing the expression of neurotrophic factors Nerve Growth 
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Factor and NeuroTrophin-3) and may therefore reflect activation of an endogenous restorative 

mechanism. 

The upregulation of key regulators previously identified to be involved in inflammatory and 

immune responses after stroke confirms that iTRAQ is an appropriate technique to investigate 

protein changes in the days and weeks following stroke. Evidence within the literature that 

downregulation or inhibition of these mediators in the early stages post stroke confers an advantage 

further strengthens this approach as a method to identify potential therapeutic targets.  

 

Astrogliosis, regeneration and repair mechanisms occur in parallel with inflammation 

Coincident with inflammatory processes, proteins involved in astrocyte activation, gliosis and 

oligodendrogenesis were also upregulated in sub-acute phase following stroke. Notable 

upregulation of glial fibrillary acidic protein (Gfap) and vimentin (Vim) were observed at 14 days 

post stroke. Both proteins are intermediate filaments that are major component of the cytoskeleton 

in astrocytes. Upregulation of Gfap and Vim has been observed in reactive astrocytes in response 

to CNS injuries such as stroke [396]. Resident astrocytes, microglia, and infiltrating monocytes 

surround the ischaemic injury site forming a glial scar [397]. While the formation of a glial scar 

by reactive astrocytes interferes with axonal regeneration [398], it has also been shown to promote 

neuronal survival and prevent delayed neuronal death in the injured brain via spatial protection 

against oxidative stress and neurotrophic effect to surviving neurons [399-401]. 

Myelin-forming oligodendrocytes are highly susceptible to injury by oxidative stress, excitatory 

amino acids, trophic factor deprivation, and activation of apoptotic pathways [402]. During the 

sub-acute phase of stroke (>48 hours), gradual recovery of oligodendrocyte numbers and myelin 

density has been observed in peri-infarct areas [403], indicating oligodendrogenesis and 

remyelination processes are occurring. 

Transferrin plays an essential role in the maturation of oligodendrocyte and promotion of 

myelination and is upregulated 7 days post stroke in the hippocampal CA1 region [404]. Our 

observed upregulation of serotransferrin (Tf) from 3 days post stroke is in keeping with these 

observations. The report that intranasal administration of transferrin increased oligodendrocyte 

survival and proliferation, protected oligodendrocyte progenitor cells and decreased astrogliosis 

and neuronal loss in a neonatal hypoxia/ischaemia encephalopathy model [405] suggests 

upregulation is part of an oligodendrogenesis. 
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Another upregulated protein, MAL2 (Mal2), a component of the polarised transcytosis machinery 

has been identified in oligodendrocytes, Schwann cells and myelin and is known to require for the 

development of oligodendrocytes and myelination formation [406]. Considering this, the 

upregulation of MAL2 at 7 days post occlusion may also indicate the upregulation of myelination 

process in oligodendrocytes. 

Neurogenesis in the post-ischaemic hippocampus is dependent on maintaining a polyunsaturated 

fatty acids supply to neural progenitor cells and requires epidermal type of fatty acid-binding 

protein (Fabp5) activity [407]. Fabp5 is a cytoplasmic protein that acts as chaperone for 

intracellular fatty acid transport especially arachidonic acid, DHA (docosahexaenoic acid) and 

eicosapentaenoic acid [408]. Upregulation of Fabp5 at 14 days post stroke in the present study 

may therefore indicate activation of mechanisms to support the generation of new neurons. 

 

In summary, our results show that repair and regeneration mechanism are superimposed on a 

background of inflammation in the first weeks post stroke. Strategies to promote a better recovery 

of function post stroke could therefore be targeted at further upregulating beneficial proteins or 

counteracting upregulated inflammatory mediators. Counteracting the second, chronic phase of 

inflammation may be a more effective treatment approach. Recent results from our group show 

that activation of anti-inflammatory pathways three days after experimental stroke reduced brain 

inflammation and upregulated a marker of tissue repair [409]. Animals also demonstrated an 80% 

recovery in their impaired paw 10 days after stroke and support the hypothesis that reducing 

chronic inflammation after stroke can promote long-term functional recovery. 
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5.5 Conclusion 

Application of iTRAQ to investigate change in protein expression in sub-acute phase of stroke 

samples generated a list of differentially expressed proteins which were involved in inflammation 

and repair and regeneration processes. Proteins involved in inflammation, astrogliosis and neural 

plasticity, including oligodendrogenesis and neurogenesis were upregulated from Day 3 post 

stroke but most alterations were observed at 14 days post stroke. Some of the identified proteins 

have been previously associated with stroke pathology and confirm this is a suitable approach to 

investigate long-term alterations in protein expression post stroke. Differential expressions of 

proteins such as Mal2, Fsd1 and Mpp2 post stroke are reported here for the first time. These 

proteins may constitute a group of novel therapeutic targets. 
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 Proof of Concept: siRNA Knockdown in Sub-

acute Stroke Brain Organotypic Slice Culture 

 

6.1 Introduction 

6.1.1 Background 

In the previous chapter, multiple proteins showed differential expression over time from 3-14 days 

post stroke. Within these samples from the watershed area between live and dead tissue of the 

ipsilateral cortex, iTRAQ analysis identified proteins involved in neuroinflammation and glial scar 

formation as well as proteins involved in neurogenesis and oligodendrogenesis. These results 

indicate that beneficial and detrimental processes occur in parallel within this subacute timeframe. 

As previously described, the inflammatory response following stroke plays different temporal 

roles; it is required to remove damaged/dead cells from the ischaemic injury site during the acute 

phase but also may deter restorative processes if prolonged [61, 62]. Identification of several 

proteins that are linked to inflammatory processes and show upregulation in the weeks following 

stroke may therefore serve as suitable biological targets to enhance post stroke repair and recovery. 

In therapeutic terms, it is more straightforward to decrease an up-regulated protein than to 

artificially increase levels of a protein that is downregulated. The following chapter describes 

preliminary studies to establish an ex vivo model and to determine whether siRNA (small 

interfering RNA) knockdown of selected novel proteins is in principle beneficial. 

While there are many in vivo models of stroke addressing many aspects of stroke pathophysiology, 

in vitro modelling of stroke is mostly restricted to mimicking the acute phase stroke. 

Oxygen/glucose deprivation (OGD) is the most frequently used in vitro model of stroke however 

the primary endpoint of OGD is cell death and this approach does not allow the modelling of later 

pathophysiological processes. OGD is also usually performed in young animals. Acute brain slices 

from early postnatal animals do not recapitulate the reduced capacity for plasticity observed in the 

adult brain and long-term survival in culture is not possible. 

Ex vivo organotypic slice cultures from adult brain may provide a better model system than the in 

vitro OGD model as it allows temporal ‘aging’ of the stroke brain in vivo prior to in vitro culture. 

Our laboratory has previous experience with whole brain sagittal slice culture from adult rats 

subjected to quinolinic acid lesions. The slices are viable for up to 3 days in culture (M Pengelly, 
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unpublished). Similar studies using whole brain coronal slice cultures from mice showed that slices 

cultured 7-days post MCAo remained viable for at least 12 hours [147]. 

Among many mouse strains which have been employed in stroke research, the CSF-1R-EGFP 

‘MacGreen’ mouse was selected for this study. MacGreen mice express enhanced green 

fluorescent protein (EGFP) in cells of a macrophage and monocyte lineage [410]. Previous work 

from our laboratory has shown that EGFP expression is increased in the ipsilateral hemisphere of 

MacGreen mice up to 35 days post stroke and that the increased EGFP expression post-stroke 

resulted from changes in both monocyte/macrophage cell density and morphology [351]. 

MacGreen mice also show a comparable response to ischaemia and progression of damage to the 

commonly used C57Bl/6j strain mice [351]. MacGreen mice consequently provide a model system 

in which to investigate brain inflammation following experimental stroke. Brain inflammation 

(indicated by EGFP expression) can be modulated by delayed pharmacological intervention, and 

this decreased inflammation in the sub-acute phase correlates with improved function in MacGreen 

mice [409]. 

Slice cultures from MacGreen mice subjected to stroke should therefore provide a platform in 

which to investigate the effect of modulation of inflammatory protein expression in real-time 

through the observation in EGFP expression. 

 

6.1.2 Specific Aims 

In this ‘proof of principle’ study we aimed to 

1) Establish ex vivo coronal brain slice cultures from MacGreen mice brains 3- and 7-days 

post stroke, 

2) Characterise EGFP expression over time in the ex vivo culture and determine whether 

EGFP expression can be altered by a non-steroidal anti-inflammatory drug, 

3) Investigate whether RNA interference (RNAi) delivered in culture media is a viable option 

for modulating protein expression in organotypic slice cultures and 

4) Determine whether knockdown of protein transcripts shown upregulation in sub-acute 

stroke (Chapter 5) can reduce EGFP expression and alter slice viability. 
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6.2 Materials and Methods 

6.2.1 Experimental Design Considerations 

As the purpose of this study is to establish a new protocol, a detailed validation of each step in the 

process was performed. For this, there were a few questions which needed to be addressed before 

investigating knockdown of protein expression. These were: 

1) What happens to EGFP signals with time in culture? 

2) Can the EGFP signal be switched off using a known anti-inflammatory agent? 

3) Do reagents for RNAi knockdown influence EGFP signals? 

 

6.2.1.1 Rationale for Protein Selection 

Decreasing the expression of an up-regulated protein (knockdown) is technically more 

straightforward than artificially increasing levels of a protein that is downregulated. In order for 

gene silencing approaches to be effective, they must also be targeted to proteins with a fast turnover. 

The proteins chosen for the present RNAi study were cathepsin B, a protein with a known 

association with stroke, and MAL2, a relatively unstudied protein with no known connection to 

stroke. Cathepsin B is a lysosomal cysteine protease that is known to induce inflammatory 

response following dysfunction of the lysosomal membrane [383-385]. Cathepsin B showed 

upregulation on day 7 post 60 minutes MCAo in the previous chapter. Increased cathepsin B 

expression was accompanied by the upregulation of proteins involved in inflammation and 

astrogliosis. 

MAL2 or T-cell differentiation protein 2, is an essential component of polarised transcytosis 

machinery that is known to be involved in sorting proteins and lipids for myelin assembly [406]. 

MAL2 also showed upregulation on day 7 post occlusion. While a direct association of MAL2 

with inflammatory response is not demonstrated, MAL2 is expressed in the intermediate and late 

stages of T cell differentiation [411]. Removal of T lymphocytes (expecially CD4+ cells) has been 

shown to enhance genenration of neural stem and progenitor cells and accelerates functional 

recovery post stroke [412]. 

The selection of the proteins for knockdown occurred in parallel with MRM analysis in the 

previous chapter. Unfortunately, the expression of both selected proteins could not be validated 

via MRM due to unavailability of suitable precursor peptides. 
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 siRNA Design 

A commercially available pre-designed RNAi approach (Silencer® Select system, ThermoFisher, 

USA) was used to design siRNAs for the current study To ensure the knockdown of the protein 

transcripts of interest, two pre-designed siRNAs for each gene were used. Figure 6.1 shows the 

location on the genomic maps of each siRNA for cathepsin B (s64599 and n424958, A) and MAL2 

(s98557 and s98559, B).  

 

 

 

Figure 6.1 Genomic locations of siRNAs for (A) cathepsin B and (B) MAL2 

The genomic maps of siRNAs were provided from the manufacturer’s website (ThermoFisher Scientific, USA; 
https://www.thermofisher.com/nz/en/home/life-science/rnai/synthetic-rnai-analysis/ambion-silencer-select-
sirnas/silencer-select-sirna.html). Note that one of siRNA in Ctsb is located within intron (n424958) while the rest are 
in exons. 
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B 
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6.2.1.2 Rationale for Culturing Period 

Both selected proteins showed significant upregulation on day 7 post occlusion. In normal culture 

preparation and siRNA treatment, the culture requires a ‘settling’ time (1~2 days post 

culture/treatment) to adjust into new media/condition as well as to show the effect of the treatment. 

Therefore, if brain slices were cultured at day 7 post occlusion, the time-point for observing the 

treatment effect would be at least 11 days post occlusion. While the organotypic slice culture 

model has an advantage over other cell cultures by retaining a degree of brain neural architecture, 

the culture still cannot model completely the surrounding environment inside the brain. Thus, it is 

difficult to predict how the cells and tissues will respond in culture. Therefore, cultures from both 

3 days and 7 days post occlusion were used in this study (Figure 6.2). 

 

 

 

Figure 6.2 Diagram explaining experimental schedules of (A) indomethacin treatment and (B) siRNA 
treatments in -3-day MCAo slices and (C) siRNA treatments in 7-day MCAo. 

  

A                  C 
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6.2.2 Animals 

All animal experiments were performed with approval from the Animal Ethics Committee in 

accordance with the Animal Welfare Act 1999. Male CSF-1R-EGFP (‘MacGreen’) transgenic 

mice (25-30g, stock colony, Vernon Jansen Unit, University of Auckland) were housed at 20 ± 

1˚C under a 12-hour light/dark cycle and allowed free access to food and water. 

 

6.2.3 Stroke Surgery 

6.2.3.1 Pre-surgical Preparation 

Animals were anaesthetized with 5% isofluorane in O2 and a surgical level of anaesthesia 

maintained at 2%. Normothermia was maintained at 36.5˚C ± 0.5˚C during the surgery by a 

thermostatically controlled heating blanket (Complete Homeothermic Blanket System with 

Flexible Probe, Small, 230 VAC, 50 Hz, Havard Apparatus, USA). Hair on the neck area was 

trimmed using a shaver and the residual hair removed with hair removal cream (Veet®, Reckitt 

Benckiser, Australia). Exposed skin was cleaned with an isopropyl alcohol swab (Derma Sciences 

Canada Inc. Canada) and Marcaine (Bupivacaine HCl and epinephrine, AstraZeneca France, 

2mg/kg) was administered subcutaneously prior to the first incision as a pre-emptive analgesia. 

 

6.2.3.2 MCA Occlusion Surgery 

The MCAo surgery was performed using a modification of the monofilament protocol described 

by Hata et al., 1998 [138]. Briefly, the right common carotid (CCA), external carotid 

(ECA), internal carotid (ICA) arteries and their branches were exposed through a midline cervical 

incision. A 6-0 silk suture (Resorba®, Germany) was tied around the CCA proximal to the 

bifurcation of the ECA and ICA. A second suture was tied around the ECA distal to the superior 

thyroid artery (STA). An 8-0 silicon-coated monofilament was introduced into the CCA and 

advanced 10mm distal to the carotid bifurcation, occluding the origin of the MCA. 

Following introduction of the monofilament, anaesthesia was discontinued and animals were 

placed in a humidified incubator (at 25˚C ± 0.5˚C) (MediHeat™, Peco Services Ltd, UK) for the 

duration of the occlusion. Animals were subjected to 60 minutes occlusion of the MCA. Sham 

occlusion involves insertion of the filament with immediate withdrawal. After withdrawal of the 

filament, the surgery site was sutured closed with silk suture (PERMA-HANDTM Silk Suture 6-0 
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C3 30cm, Ethicon, USA) and topical analgesia (Xylocaine® gel, AstraZeneca, Australia) was then 

applied. 

 

6.2.3.3 Post-surgical Care 

1ml of 0.9% (w/v) saline was injected subcutaneously (0.5ml in each side) to compensate the fluid 

lost during the surgery. The animals were kept in a humidified incubator post operatively to 

recovery from anaesthesia for at least 1 hour. During this time, they were continuously monitored 

until moving independently. Animals were then returned to their home cages. A portion of baby 

cereal (Farex®, Heinz, Australia) was provided on the floor of the cage in addition to standard 

rodent chow as a palatable and easily accessible food source. 

 

6.2.4 Animal Monitoring 

To comply with ethical requirements, the general welfare of the animals was assessed during the 

experimental study. Neurological function was also assessed post operatively using a 15-point 

neurological scoring system that was modified from original SHIRPA scoring system [358]. This 

assessment examined general condition, mobility and spontaneous circling behaviour of animals 

to provide a general overview of neurological impairments. 

  

6.2.5 Brain Collection 

Animals were euthanized at 1, 3, 7 and 14 days post-occlusion using cervical dislocation. The head 

of the animal was immediately decapitated and the brain was carefully extracted from the skull. 

The extracted brain was stored in the ice-cold L-15 hibernation media (95.5% (v/v) Leibovitz’s L-

15 medium (no phenol red), 1.5% (v/v) D-glucose (200g/L), 1% (v/v) Penicillin-Streptomycin 

(10,000 Unit/ml), 2% (v/v) B-27™ Supplement (50x, minus antioxidants), ThermoFisher 

Scientific, USA). The brain was then sectioned using vibratome (Leica VT 1000S, Germany) while 

submerged in the L-15 media. The sectioning setup was at 100Hz (Knob dial: 10), 0.05mm/sec 

(Knob dial: 1.5), and 150μm thickness. The brain was sectioned from the entire striatum but before 

the starting of hippocampus (corresponding to stereotaxic level from +1.54 to -1.06 mm relative 

to Bregma (Figure 4.4)). Following the sectioning, the sections were transferred into 6-well plates 

with the ice-cold L-15 media. 
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6.2.6 Organotypic Slice Culture 

The section slices were then placed at the liquid-air interface on Transwell® inserts (Corning Inc. 

USA) in sterile prewarmed (at 37°C) Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 

media (70.5% (v/v) DMEM/F-12 (no phenol red), 1.5% (v/v) D-glucose (200g/L), 1% (v/v) 

Penicillin-Streptomycin (10,000 Unit/ml), 2% (v/v) B-27™ Supplement (50x, minus antioxidants), 

ThermoFisher Scientific, USA) with 25% (v/v) horse serum (heat inactivated, New Zealand origin, 

ThermoFisher Scientific, USA). The culture was maintained in a sterile humidified incubator at 

37°C with 5% CO2. A half volume (150μl) of the culture media was exchanged every second day 

during incubation during incubation. 

 

6.2.7 Administration of Indomethacin (IM) 

A subset of cultures from brain 3-day post stroke were treated with 0 (negative control), 0.01, 0.02 

and 0.04mM indomethacin (IM) (Sigma-Aldrich, USA) in DMEM/F12 media with serum on 2 

days post culture to see if EGFP signals in MacGreen tissue could be decreased pharmacologically 

[413, 414]. The pre-existing media was completely replaced with fresh media containing 

respective concentrations of indomethacin. The culture was maintained for two more days from 

the administration of indomethacin (7 days post stroke/ 4 days post culture). After the final 

observation under the microscope, the tissue was transferred into a cryotube then stored at -80°C.  
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6.2.8 siRNA Treatment 

6.2.8.1 Control Experiment 

A separate set of experiment were performed using slice culture from 3-day post occlusion brain 

to investigate whether the reagents used for RNAi or the transfecting system per se influenced the 

EGFP signal. The culture was incubated with 

1) No reagent (no transfecting agent, no positive or scrambled siRNA) and only a change in 

media to Opti-MEM™ reduced serum medium (Opti-MEM, ThermoFisher Scientific, 

USA), 

2) Opti-MEM + transfecting agent (TA; Lipofectamine™ RNAiMAX trasfection reagent, 

ThermoFisher Scientific, USA), 

3) Negative control (Silencer™ Select negative control No. 1 siRNA, ThermoFisher, USA) 

siRNAs + Opti-MEM + TA 

4) Positive control (Silencer™ Select GAPDH positive control siRNA, ThermoFisher, USA) 

+ Opti-MEM + TA 

The transfection and the working concentrations were taken from the protocol provided by the 

manufacturer. The pre-existing media was completely replaced with the media containing 

respective concentration of siRNA. After the final observation under the microscope, the tissue 

was transferred into a cryotube then stored at -80°C. 

 

6.2.8.2 RNAi of Target Proteins 

To examine the effectiveness of the siRNA treatment and to determine the most effective 

concentration for both proteins (Figure 6.1), four concentrations (0 (negative control), 25nM, 

50nM and 100nM) were tested and transfected into slices from 3-day and 7-day post stroke brain 

on the second day post culture. The slices were maintained in culture for three more days from the 

administration of siRNAs. After the final observation under the microscope, the tissue was 

transferred into a cryotube then stored at -80°C. 
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6.2.9 Image Analysis and Data Processing 

EGFP signals were imaged daily from 1 day post culture using a Nikon Eclipse TE2000 Inverted 

Light microscope installed with Nikon DS-Ri2 camera and NIS Elements Imaging software 

version 4.50 (Nikon Corporation, USA) at 40x and 100x magnification. The striatal region lateral 

to the ventricle and the cortical region adjacent to the lesion border on the ipsilateral side of culture 

was imaged as well as matching regions in the contralateral side. The signal intensity of EGFP 

immunofluorescence in the image was estimated by converting the acquired images to 8-bit gray 

scale. The mean area intensity was then measured using ImageJ software (National Institutes of 

Health, USA). 

 

6.2.9.1 Change in GFP Intensity 

Qualitative observations in preliminary slices showed that EGFP signal in cultures from stroke 

brains increased over time in culture as well as in sham controls cultures. In addition, EGFP signal 

intensity was reduced when the culture medium was replaced to allow administration of treatments 

(both indomethacin and RNAi). 

To account for this, the EGFP intensity value in the ipsilateral hemisphere was normalised by 

dividing the signal intensity on the day of measurement by the average contralateral signal in 

previous days. 

 

6.2.10 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism version 7.00 for Windows 

(GraphPad Software, La Jolla California USA, www.graphpad.com). Two-way ANOVA was used 

to determine the statistical significance of changes in inflammatory signals (EGFP) over time in 

the MacGreen slice culture. Sidak's multiple comparisons test was employed as the post-hoc test. 
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6.3 Results 

6.3.1 Changes in EGFP Signals with Time in Culture 

6.3.1.1 Change in GFP Intensity 

Preliminary experiments from a single set of slices showed that while the lesion hemisphere 

showed brighter EGFP signal in stroke brains, baseline expression of EGFP was observed in the 

contralateral hemisphere as well as in both hemispheres of sham control. The EGFP signal increase 

with time in culture. This increase in EGFP signal was also observed in slices from sham-operated 

brains (Figure 6.3). Qualitatively, the trend for an increased EGFP signal in the contralateral 

hemisphere in stroke culture was greater than the change observed in the respective hemisphere in 

sham culture. 
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Figure 6.3 EGFP signal increased with time in culture in untreated brain slices 

Blue squares indicate the locations of the images and red indicates where the measurements for signal intensity were collected. The images were taken under 40x magnification (400ms 
exposure, 7.6x gain). Graph shows absolute EGFP signal intensity in ipsilateral and contralateral hemispheres. 
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6.3.2 Indomethacin Treatment 

Preliminary experiments on a single set of slices demonstrated that low and intermediate 

concentrations of indomethacin (0.01 and 0.02mM) did not appear to alter EGFP expression in the 

striatum of slices cultured 3-day post occlusion. In contrast, cortical EGFP expression appeared to 

be increased compared to that observed in negative controls following treatment with an 

intermediate indomethacin concentration (0.02mM). 

Treatment with the highest concentration of indomethacin (0.04mM) showed visual decrease in 

EGFP signal in both striatal and cortical regions on day 2 post administration (Figure 6.4 and 

Figure 6.5). The trend in changing EGFP signal was quantified by calculating relative intensity by 

dividing the signal of ipsilateral hemisphere to that of contralateral hemisphere. While no statistical 

analysis could be performed due to lack of replicate, quantification of EGFP signals confirmed the 

results shown by visual inspection of the slices. 
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Figure 6.4 Photomicrographs show EGFP expression in the 
striatum of 3-day post MCAo slices following indomethacin 
treatment 

Red squares indicate the locations of the images were taken and 
where the measurements were collected. The images were taken 
under 100x magnification (150ms exposure, 7.6x gain). NC= 
negative control (untreated) slices. The images show a decrease 
in EGFP expression in slices treated with highest concentration 
of indomethacin at 2 days. Quantification revealed a decrease in 
relative intensity in slices treated with 0.02 and 0.04mM 
indomethacin from day 1 to day 2. 

 s 

250μm 

 



 

149 

 s 

250μm 

 

Figure 6.5 Photomicrographs show EGFP expression in the 
cortex of 3-day post MCAo slices following indomethacin 
treatment. 

Red squares indicate the locations of the images were taken and 
where the measurements were collected. The images were taken 
under 100x magnification (150ms exposure, 7.6x gain). NC= 
negative control (untreated) slices. Quantification revealed a 
decrease in relative intensity in slices treated with only 0.04mM 
indomethacin from day 1 to day 2. 
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6.3.3 Effect of RNAi Reagents 

None of the RNAi reagent combinations (1-4 in Section 6.2.8.1) tested affected EGFP signal in 

slice culture. The representative images showing EGFP expression in striatal and cortical region 

of slice culture are displayed in the Supplementary Information 3 (#1-2). 

Two-way ANOVA confirmed no statistical difference in the intensity of EGFP signals in striatal 

or cortical regions between any condition compared to negative control sections (adj. p>0.50) 

(Figure 6.6).  

 

 

 

 

Figure 6.6 Effect of reagents used for RNAi in (A) striatal and (B) cortical regions in 3d-post MCAo slice 
culture 

The relative intensity was calculated by dividing GFP signal in ipsilateral hemisphere with respective signal from 
contralateral hemisphere. NC: negative control, TA: transfectic agent, Sc: scramble siRNA, PC: positive control 
siRNA (GAPDH). All values are presented as mean ± SEM, n= 3 slices from independent animals per condition. 
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6.3.4 Changes in GFP Signal in 3-day post MCAo Slice Cultures 

6.3.4.1 Cathepsin B 

RNAi knockdown of cathepsin B was performed using two different siRNAs (Figure 6.1 A). The 

pre-designed siRNA for cathepsin B were designated as Ctsb1 (s64599) and Ctsb2 (n424958). 

Representative images showing EGFP expression in striatal and cortical regions in negative 

control slices and those following treatment with 3 different concentrations of both siRNAs (25, 

50 and 100nM) are displayed in the Supplementary Information 3 (#3-6).  

EGFP intensity in the striatum and cortex of negative control slices (no siRNA, media + 

transfecting agent only) did not alter with time in the majority of slices. A single set of 

experimental slices (Figure 6.7, panel A, striatum, Ctsb1 treatment) did show a significant  

decreased in relative EGFP intensity from day 1 to day 3 in culture (t=2.849, adj. p=0.034). 

Treatment with Ctsb2 produced no significant change in EGFP intensity in any region, at any 

concentration investigated (Figure 6.7 C & D). In contrast, Ctsb1 significantly altered EGFP signal 

intensity in 3-day post MCAo slices. 

Treatment with Ctsb1 (25nM) decreased relative EGFP intensity in striatal regions at day 2 and 

day 3 post treatment compared with day 1 (t=5.513, adj. p=0.0001 and t=3.842, adj. p=0.004 

respectively). Further, EGFP intensity was significantly decreased in cortical regions adjacent to 

lesion border at day 3 compared with day 1 (t=2.975, adj. p=0.027). 

Ctsb1 also showed significant downregulation of EGFP signals in striatal regions at day 3 post 

treatment with 50nM (vs day 1, t=3.479, adj. p=0.009) and 100nM (vs day 2, t=3.391, adj. p=0.011) 

treatments. 
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Figure 6.7 Effect of cathepsin siRNAs Ctsb1 (A & B) and Ctsb2 (C & D) in striatal (A & C) and cortical (B & 
D) regions in slices cultured 3-day post MCAo 

The relative intensity was calculated by dividing GFP signal in ipsilateral hemisphere with respective signal from 
contralateral hemisphere. NC= negative control. All values are presented as mean ± SEM, n=3 slices from independent 
animals per group. 
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6.3.4.2 MAL2 

RNAi knockdown of MAL2 was also performed with two siRNAs (Figure 6.1 B) designated as 

Mal2-1 (s98557) and Mal2-2 (s98559). The representative images showing EGFP expression in 

striatal and cortical regions are displayed in the Supplementary Information 3 (#7-10). 

Similar to the previous Ctsb1 experiment, negative controls for Mal2-1 and Mal2-2 treatment 

showed a significant decrease in EGFP intensity over time, within striatal (Mal2-1, day 3 vs day 

1, t=3.305, adj. p=0.013, Figure 6.8 A) and cortical regions (Mal2-2, day 3 vs day 1, t=2.772, adj. 

p=0.040 and day 3 vs day 2 t=3.315, adj. p=0.013, Figure 6.8 D). 

EGFP intensity changed over time following treatment with Mal2-1 (Figure 6.8 A and B). EGFP 

signal intensity was increased at day 2 in striatal region following siRNA administration (50nM) 

when compared with day 1 (t=3.361, adj. p=0.012) but was decreased at day 3 (t=3.028, adj. 

p=0.024). In cortical regions, Mal2-1 (25nM) significant downregulated EGFP intensity at day 3 

post treatment (t=3.034, adj. p=0.024) but upregulated intensity at day 3 compared to day 1 at 

50nM (t=3.14, adj. p=0.019). 
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Figure 6.8 Effect of MAL2 siRNAs Mal2-1 (A & B) and Mal2-2 (C & D) in striatal (A & C) and cortical (B & 
D) regions in slices cultured 3-day post MCAo 

The relative intensity was calculated by dividing GFP signal in ipsilateral hemisphere with respective signal from 
contralateral hemisphere. NC= negative control. All values are presented as mean ± SEM, n=3 slices from independent 
animals per group. 
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6.3.5 Change in EGFP Signal Intensity in 7-day post MCAo Slice Cultures 

Slice cultures generated from brains 7 days post occlusion showed a different pattern of EGFP 

changes. Representative images showing EGFP expression over time in culture and following 

siRNA treatment are displayed in the Supplementary Information 3 (#11-18). Images were taken 

using a shorter exposure time than those in 3 days post MCAo cultures due to much stronger signal 

intensity. 

We observed no change in EGFP expression with increasing days in culture in negative control 

slices. Treatment with Ctsb1 or Ctsb2 did not alter EGFP expression in any region at any of the 

concentrations investigated (Figure 6.9) while EGFP expression in 7-day post MCAo slices 

changed over time following administration of Mal2-1 (Figure 6.10 A and C). 

EGFP intensity in striatal region was significantly downregulated on day 3 compared to day 1 with 

Mal2-1 (100nM) (t=4.006, adj. p=0.012). Treatment with Mal2-2 (25 and 100nM) significantly 

decreased EGFP expression at day 3 post treatment in striatal regions compared to day 1 and day 

2 (t=4.18 adj. p=0.009 and t=3.734, adj. p<0.033 respectively). Change in EGFP intensity in 

cortical regions was not observed. 
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Figure 6.9 Effect of cathepsin siRNAs Ctsb1 (A & B) and Ctsb2 (C & D) in striatal (A & C) and cortical (B & 
D) regions in slices cultured 7-day post MCAo 

The relative intensity was calculated by dividing GFP signal in ipsilateral hemisphere with respective signal from 
contralateral hemisphere. NC= negative control. All values are presented as mean ± SEM, n=3 slices from independent 
animals per group. 
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Figure 6.10 Effect of MAL2 siRNAs Mal2-1 (A & B) and Mal2-2 (C & D) in striatal (A & C) and cortical (B & 
D) regions in slices cultured 7-day post MCAo 

The relative intensity was calculated by dividing GFP signal in ipsilateral hemisphere with respective signal from 
contralateral hemisphere. NC= negative control. All values are presented as mean ± SEM, n=2 slices from independent 
animals per group. 
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6.4 Discussion 

Stroke-induced activation and migration of inflammatory cells which is required for clearing of 

debris during the acute phase, can become detrimental in sub-acute phase. With the failure in the 

translation of neuroprotective therapies, and timely thrombolysis not being achieved in the 

majority of stroke patients, an approach to manipulate mechanisms in sub-acute stroke, and tip the 

balance in favour of recovery has become a key research. 

The present chapter outlines the preliminary study aimed at providing evidence that manipulation 

of proteins identified by iTRAQ as differentially expressed in the sub-acute phase following 

experimental stroke may be possible biological targets. In vitro model gives the advantage of 

observation of cellular changes in real time and easier manipulation of experimental conditions 

than in vivo. This initial proof of concept study investigated the potential of coronal brain slices 

(ex vivo) from adult MacGreen mice cultured several days post occlusion as a new in vitro platform. 

EGFP expression in the cells from monocyte and macrophage lineage provided a great directly 

visualise inflammatory [410] and RNAi knockdown of upregulated proteins was employed as a 

strategy to manipulation of protein expression. 

 

EGFP intensity changes with time in culture and culture time post occlusion. 

Within each set of slices, notable differences in EGFP signals were observed over time in culture. 

EGFP signals showed a tendency to increase in intensity and this increase was observed in both 

ipsilateral and contralateral hemispheres as well as in sham control culture. This upregulation may 

be due in part to extracellular inflammatory cytokines generated from ischaemic lesion and from 

cells damaged during the cutting of the brain to generate slices. These cytokines and other damage 

signals may be released from the tissue into the media and induce an additional inflammatory 

response in the culture. The presence of serum in the culture medium also appears to contribute to 

this low-grade inflammation, and is less apparent in brain slices cultured in reduced serum 

conditions (A. McGregor, unpublished observation). 

A reduction in EGFP signal intensity was also observed whenever the medium was completely 

replaced for administration of the treatments (both indomethacin and RNAi). This downregulation 

is speculated to be due to the loss of the cells on the cut surfaces of the slices. A proportion of 

these damaged cells are likely washed away over time naturally and more easily when the media 

is completely replaced. 
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EGFP expression was therefore expressed as relative intensity (ipsilateral/contralateral) in an 

attempt to normalise these changes to and allow comparison of EGFP expression over time and 

between ages of slices. It is recognised that this may result in the underestimation of subtle changes. 

Compared to slices cultured 3-day post MCAo, slices from 7-day post occlusion brains showed 

approximately 1.5 times greater EGFP intensity in the ipsilateral hemisphere. As the contralateral 

hemisphere did not show as much change, this difference could be observed in the calculated 

relative GFP intensities (Figure 6.7 to Figure 6.10). 

 

Switching off the EGFP signal pharmacologically 

The advantage of MacGreen mice as a good sub-acute stroke model depends on the EGFP signal 

correlating closely with inflammatory status. We have previously demonstrated that in vivo 

administration of the nicotinic agonist varenicline can reduce EGFP expression [409], however it 

is important to show that EGFP expression an also be regulated in vitro. To test this, the well-

known non-steroidal anti-inflammatory drug, indomethacin, was applied to slices cultured from 

MacGreen mice 3 days post stroke. Two days post administration, indomethacin (0.04mM) almost 

completely abolished the EGFP signal (Figure 6.4 and Figure 6.5). While repetition of the 

experiment is required to confirm this observation and determine the effective dosage of 

indomethacin, the visual observation of the change in EGFP signals was notable, strengthened by 

the fact that the slices from the independent animals, suggesting that the EGFP signal in MacGreen 

slice cultures could be switched off purposely with anti-inflammatory drugs. 

 

Knockdown of Cathepsin B 

Cathepsin B was upregulated at 7 days post occlusion in the iTRAQ analysis in the previous 

chapter. Other published observations suggest on cathepsin B is upregulated between 3-7 days 

post ischaemia [376-378]. Stroke-induced activated microglia and macrophages secrets cathepsin 

B which induces apoptosis [415]. Pharmacochemical inhibitors of cathepsin B have been shown 

to reduce inflammation and protected neurons against apoptosis post stroke [376-378, 386]. 

Cathepsin B siRNA downregulated EGFP expression in slice cultured 3 days post occlusion, most 

effectively with siRNA concentration from 25nM while RNAi in slices cultured 7 days post stroke 

resulted no significant changes (Figure 6.7 and Figure 6.9). 

Thus, the decrease in EGFP expression by cathepsin B siRNA treatment in slices cultured 3-days 

post MCAo suggests maximal deactivation of the cathepsin B transcript occurred at this time point. 
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Validation experiments using realtime PCR and/or Western blot should be performed to confirm 

whether the decrease in EGFP signal in the stroke brain culture can be attributed to knockdown of 

cathepsin B protein levels. 

 

Knockdown of MAL2 

MAL2 RNAi also showed significant change in EGFP signals in slices cultured 3-day post stroke 

with the most effective dose of 50nM siRNA (Figure 6.8). RNAi of MAL2 showed regional 

difference in EGFP signal alteration. The treatment Mal2-1 (50nM) showed a temporal increase 

in EGFP signal in striatal regions at day 2 post administration, whereas EGFP increased in cortical 

regions at day 3 post administration. In addition, MAL2 siRNA treatment in slices cultured 7-day 

post stroke showed a significant decrease in EGFP intensity only in striatal region with 100nM of 

siRNA (Figure 6.10). 

MAL2 was selected as an RNAi target because of its novelty and its differential expression at day 

7 post stroke. Mal2 is an essential component of the polarised transcytosis machinery that is known 

to be required for the development of oligodendrocytes and myelination formation [406]. Many 

studies investigating white matter damage after stroke have reported that neuroinflammation post 

stroke induces the apoptosis of mature oligodendrocytes which results in white matter injury [402]. 

Considering the importance of MAL2 in oligodendrocyte development, the temporal increase in 

EGFP expression, and by extension, inflammation in slices cultured 3-day post stroke following 

MAL2 siRNA treatment may indicate a potentially protective role for MAL2. The reason for the 

decrease in inflammatory signal observed in the striatal region following MAL2 siRNA treatment 

of slices cultured 7-day post stroke remains unclear. The involvement of MAL2 in transcytotic 

transport and T-cell differentiation may indicate a potential role in inflammatory cytokine transport 

[406, 411, 412]. 

 

Limitations 

Proof of concept studies aim to show that a method or idea is feasible in principle and that it has 

practical potential. By their nature, proof of concepts are usually small and may be incomplete. 

The experimental procedures in the present study followed a ‘design and perform’ workflow with 

the proviso that modification could be applied to later studies. Because of this workflow, the design 

of the study possessed many ‘known’ limitations. 
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A limitation of the study design which has already been mentioned is that the validation of siRNA 

knockdown with realtime PCR and/or Western blot was not performed. This was originally 

planned for the study however was not performed as appropriate antibodies were not available. 

Several other aspects recognised during the study, such as the significant EGFP changes over time 

in negative controls and normalisation bias (the same relative intensity in Mal2-2 treatment over 

time in culture, despite the change in absolute intensity in slices cultured 7-days post stroke), also 

requires further characterisation and validation. 

In addition, as a more fundamental limitation of the ex vivo approach, how much this ex vivo brain 

slice culture can represent clinical condition at respective time point should be answered in future 

studies since there are obvious differences in the physiological mechanisms occurring and in the 

surrounding environments in in vivo and in vitro/ex vivo stroke models. 

 

In summary we have establish a method to generate ex vivo organotypic slice culture from 

MacGreen brains at 3- and 7-days post stroke. We have performed an initial characterisation of 

EGFP expression over time in culture and demonstrated that EGFP expression can be altered by a 

non-steroidal anti-inflammatory drug in in vitro condition. Application of siRNA targeted to 2 

proteins upregulated in the sub-acute phase of stroke produced region specific reductions in EGFP 

expression which require further investigation. However, we have not yet confirmed that these 

changes result directly from modulations in protein expression in slice cultures or that these 

changes impact on slice viability. 

 

6.5 Conclusion 

Modelling sub-acute stroke using organotypic coronal brain slice cultures in MacGreen mice 

provides a unique opportunity to investigate changes in inflammatory responses in real time. While 

the observed results and the protocol established in this study require extensive validation, the 

knockdown of inflammatory EGFP signal via RNAi of a key inflammatory protein, cathepsin B 

and a novel protein, MAL2 appears promising. 
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 General Discussion 

 

Cerebral ischaemia (stroke) is a devastating disease with long-term consequences. While the 

introduction of dedicated stroke care units, public awareness programs and intense research in the 

last decades have reduced the prevalence of stroke and ameliorated the outcome and prognosis of 

stroke, it is still the leading cause of mortality and of morbidity worldwide [9]. Stroke is initiated 

by prolonged occlusion of a cerebral vessel which instigates multiple pathological mechanisms 

(Figure 1.1) [39, 44]. The temporal progression and interconnected nature of mechanisms in the 

cell ischaemic cascade has made it difficult to target a single event within the brain to protect 

against cell death. This complexity has been a contributing factor to the unsuccessful translation 

of acute neuroprotection approaches, which have been the mainstream of stroke research for last 

two decades [179]. 

The work presented in this thesis originated from the idea that having a more complete picture of 

what is happening inside the stroke brain may bring to light novel targets and a better approaches 

for treating stroke. Thus, the studies were designed using an unconventional ‘bottom up’ approach 

of identifying the individual base elements of the system in detail (which proteins are differentially 

affected by stroke), linking these elements to form a bigger picture (identifying the mechanisms 

and pathways affected). Understanding the complete top-level system of which mechanisms occur 

concurrently may then lead to identification and development of new therapeutic targets. 

Comparative research technologies like transcriptomics and proteomics allow the simultaneous 

examination of the expression of hundreds of transcripts/proteins in a single sample [165]. Recent 

research employing genomics and transcriptomics in stroke samples has validated this ‘bottom up’ 

approach and has identified many pathways and key proteins involved in stroke pathophysiology 

[152]. However, as stroke is fundamentally a disease of energy deficiency, it remains uncertain if 

these transcripts are translated into functional proteins. Thus, proteomics may be more biologically 

relevant approach to investigate stroke. Surprisingly, there has been little application of 

comparative studies to stroke research (Table 2.1) so far. 

The proteomic research tools, large-scale Western array and mass spectrometry with iTRAQ 

analysis, were employed in this study to visualise the differences in protein expression occurring 

in the acute phase (hours) following experimental stroke and following treatment with 

neuroprotectants. Protein profiles in the sub-acute (days to weeks) phase of stroke were also 

investigated. 
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Protein profiling of acute stroke and neuroprotection 

We started the study with an examination of the relative changes in protein expression within the 

somatosensory cortex of mice subjected to acute transient or permanent focal cerebral ischaemia 

using large-scale Western array (PowerBlot™) (Chapter 2). Due to the subjective nature of the 

original analysis provided by BD Biosciences, a more stringent statistical analysis comparing the 

change in expression between the conditions was required to more robustly identify differentially 

expressed proteins. The application of a bioinformatics approach to data analysis indeed resulted 

in a smaller number of proteins showing statistically significant differential expression. The 

objective of the study in this chapter was also to validate comparative proteomics as a viable tool 

for stroke research. Finding consistency between published information and the result from the 

current study in identifying differential expression of proteins with known stroke pathophysiology 

as well as identifying novel proteins not previously associated with the stroke confirms this as a 

reasonable approach. The protein profiles showing both detrimental pathophysiological 

mechanisms and self-restorative mechanisms occurring at an early time point after stroke were 

identified in both conditions. The difference in increased number of differentially expressed 

protein and potentially detrimental biological processes in permanent compared transient stroke 

re-emphasises the importance of early reperfusion to reduce the severity of ischaemic damage 

(Figure 2.3 and Figure 2.4) [284]. 

The same approach was employed to examine the effects of two neuroprotective drug treatments, 

MK-801 [306, 307] and FR131706 [313] in acute transient MCAo in mice (Chapter 3). Both drugs 

have demonstrated beneficial effects pre-clinically. In keeping with the previous chapter, we 

proposed that having a better understanding of the molecular changes affected by treatment with 

classical therapeutic agents in the acute phase may provide a fresh perspective on neuroprotection. 

The first observation of proteome alteration following MK-801 treatment in stroke was a general 

downregulation of proteins with potentially beneficial effects in the stroke brain such as clathrin, 

paxillin, Stat3 and RCOR1, which may result in promotion of neurodamaging pathways (Figure 

3.2). In contrast, treatment with FR131706 differentially expressed proteins involved in 

inflammatory responses as well as neuroprotective processes with speculated beneficial effects in 

the stroke brain (Figure 3.3). At the same time, both treatments upregulated the expressions of 

proteins associated with energy metabolism and neuroprotective/survival PI3K/AKT signalling 

pathways indicating that these agents, which have distinct pharmacological mechanisms of action, 

act on a common pathway. 

While both studies in Chapter 2 and 3 highlighted the ability of this comparative proteomics 

approach to identify potential new therapeutic targets, the results (differential expressions of 
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proteins) were only indirectly validated by associating the observed expression pattern (up- or 

downregulation) with reports in the current literature. Therefore, independent Western time-course 

experiment should be performed to confirm the up and down regulation of these proteins in stroke. 

 

Validation of surgical skill 

Chapter 4 describes the validation of monofilament occlusion of the MCA (MCAo) by a novice 

surgeon (D. Kim). This process was required to benchmark the reliability and reproducibility in 

the production of ischaemic damage in the stroke model that would be employed in later studies 

(Chapter 5 and 6). At the end of the validation study, familiarisation and competence in generating 

MCAo has been demonstrated by an increased rate of successful occlusion, reduced surgery time 

and reliable and reproducible infarcts. The lesion volume and areas were comparable to historical 

data within the laboratory and the relationship between monofilament thickness and body weight 

were optimised. 

Despite the increase in mortality rate with longer survival time that was anticipated due to bigger 

lesion volumes, Chapter 4 concluded with the decision that 60 minute occlusion of the MCA was 

the preferred model for sub-acute stroke studies as it exhibited a higher incidence of lesions in the 

cerebral cortex than 45 minute occlusion. While additional animals were generated to compensate 

for this expectation, the mortality observed in Chapter 5 and 6 was even greater than anticipated. 

It is also possible that the larger lesion areas at each stereotaxic level which was thought to be 

advantageous, may have resulted in a greater variance in lesion volume between animals. It would 

be of interest to investigate the viability and response to protein knockdown in a less severe 

ischaemia model in future studies. 

Other studies in our laboratory typically investigate longer-term functional recovery in stroke 

animals (out to 35 weeks post stroke) using a 45 minute MCAo because of the improved mortality 

associated with this model. Future work considering generating organotypic slices at time points 

beyond 7-days post stroke may also be better served with a shorter occlusion time than 60 minutes. 

Considering these observations in the later studies, 45 minutes MCAo might have been a more 

suitable model for sub-acute studies. While independent study is required to test this, the fact that 

other studies in our laboratory investigating longer term functional recovery in stroke animal up 

to 38 weeks was investigated with 45 minutes MCAo model can be a good indication. 
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Protein profiling of sub-acute stroke 

Chapter 2 and 3 demonstrated the ability of large-scale comparative proteomics with 

bioinformatics analysis to give insight into a disease with complex pathophysiology. This 

approach not only identified proteins previously shown to be involved in stroke pathology but also 

identified proteins with no previous association with stroke. However, despite the identification of 

potential novel therapeutic targets, pursuing neuroprotection was unappealing due to the short 

therapeutic time window (<3-4 hours) [91] and the large proportion of stroke patients with delayed 

hospital admission [366]. 

We aimed to identify the key mechanisms and pathways that occur within the penumbra region 

after acute stroke mechanisms have subsided which is more clinically relevant with regard to the 

timeframe when most stroke patients arrive at hospital. This study was designed for better 

understanding of processes in the sub-acute phase such as inflammation, restoration and 

regeneration of neural networks which are currently not well understood [367]. 

To overcome the limitation of Western array that is dependent on the availability of antibodies, 

mass spectrometry with iTRAQ analysis was employed for this study (Chapter 5). In addition, to 

fulfil the requirement of validation of the results from iTRAQ analysis, MRM analysis was 

performed on the same samples [370]. 

iTRAQ analysis identified the differential regulation of proteins involved in pathological processes 

such as inflammation and apoptosis but also in neurorestorative processes such as 

oligodendrogenesis and neural progenitor cell migration from 3-day post stroke. Proteins involved 

in activation of glial cells as well as those in with a role in trafficking and synaptic transmission 

were also identified. Temporal expression of the proteins identified provides a better 

understanding of when sub-acute stroke mechanisms are active and when to target such 

mechanisms (to promote beneficial or to inhibit detrimental processes) to enhance recovery post 

stroke. Recently, the pharmacological activation of anti-inflammatory pathways 3 days post 

experimental stroke was performed in our laboratory resulting in reduction of brain inflammation 

and upregulation of a marker of tissue repair as well as improvements in neurological function 

[409]. 

The results from the targeted MRM analysis showed a similar but not identical temporal profile of 

changes to those observed in iTRAQ (Table 5.2). The most comparable results were observed at 

14 days post stroke when the highest number of differentially expressed proteins was observed in 

both iTRAQ and MRM analyses. Considering the differences in how the expression data was 

collected and normalised in each analysis, the similarity in the temporal pattern of protein 
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expression provides confidence that the results are robust. A Western time course experiment with 

independently generated samples would be an extra validation step for the future studies. In the 

same way as Chapter 2, identification of proteins with a previously association with stroke 

pathology as well as alterations in novel proteins such as Mal2, Fsd1 and Mpp2 which are reported 

for the first time in stroke reinforce the idea that this approach is also suitable to investigate long-

term alterations in protein expression. 

 

Validation of in vitro modelling of sub-acute stroke 

The last chapter of this thesis (Chapter 6) describes the preliminary results from a proof of concept 

study that aimed to establish a new in vitro model in which to examine the effect of knockdown 

of upregulated proteins identified in Chapter 5 via RNAi. With increasing attention on the 

inflammatory and neuro-restorative/regenerative mechanisms occurring during sub-acute phase 

stroke, there is a requirement for a research platform to screen potential candidate proteins, 

manipulate their expression and to observe the change in real time. However, a gap exists between 

in vivo and in vitro modelling of the sub-acute stroke and to our knowledge, there are no models 

widely in use. 

Therefore, we proposed that a coronal brain slice organotypic culture from mice subjected to stroke 

in vivo may be an appropriate system to model sub-acute stroke. We have previously transferred 

our MCA occlusion model into a transgenic mouse line (MacGreen) expressing enhanced green 

fluorescent protein (EGFP) in cells of a macrophage and monocyte lineage [410]. MacGreen mice 

show increased EGFP expression in the ipsilateral cortex up to 35 days post stroke [351] and allow 

direct visualisation of the inflammatory status of the brain in culture. Preliminary characterisation 

showed that EGFP expression changes with time in culture in untreated slices, but that expression 

relative to contralateral levels may normalise these fluctuations. We also present preliminary 

results that the EGFP signal can be reduced by in vitro application of the non-steroidal anti-

inflammatory agent indomethacin. In vitro RNA interference (RNAi) as a strategy to knockdown 

upregulated proteins was also investigated. Two candidate proteins were selected from the 

upregulated proteins in Chapter 5 and RNAi for cathepsin B and MAL2 were examined. The 

former was selected as a well-known inflammatory mediator supported by extensive literature and 

the latter was selected as a newly identified protein with no direct association to stroke. 

The reduction in EGFP signal, and by extension inflammatory status, that occurred over time in 

culture of slice cultures treated with siRNA to both proteins is encouraging but the results require 

further extensive validation. The next stage of these organotypic slice culture studies should 
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investigate a single effective concentration of siRNA and its effect on both EGFP expression and 

slice viability. Western studies demonstrating that application of siRNA results in a reduced 

expression of protein are also warranted. 

 

Conclusion 

In conclusion, comparative proteomic technologies such as Western array and mass spectrometry 

with iTRAQ analysis combined with stringent statistical analysis and bioinformatics is a viable 

tool to research a complex disease like stroke and to identify a new perspective in therapeutic 

candidates for therapeutic strategies. However, conventional research tools like realtime PCR, 

Western blot and immunohistochemistry are also required to complement the shortcomings. 

Subjecting adult MacGreen mice to MCAo allows maturation of ischaemic damage in vivo and 

subsequent culture of organotypic brain slices from these animals provides an in vitro system in 

which to investigate sub-acute mechanism. Preliminary results suggest that brain inflammation 

can be directly visualised and modulated by indomethacin and siRNA targeted to inflammatory 

proteins in these cultures. However, further optimisation and validation studies are required. 
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Supplementary Information 1

List of Detected Proteins in the PowerBlot™ Screen

Protein SSP Catalog Template Lane UniProt ID Gene ID Species Pred. MW Obs. MW
1 Amphiphysin 703 A59420 A 1 P49418 273 H 125 127
2 BiP/GRP78 501 G73320 A 1 P11021 3309 H 78 82
3 Calcineurin-52KD? 301 C26920 A 1 Q08209 5530 H 61 52
4 Calcineurin-62KD 405 C26920 A 1 Q08209 5530 H 61 62
5 Calretinin 112 C69520 A 1 P47728 117059 R 29 31
6 Casein Kinase I epsilon 201 C40520 A 1 P49674 1454 H 47 44
7 VCP-108KD 601 V39620 A 1 Q01853 269523 M 97 102
8 CaM Kinase Kinase- 63KD 403 C46920 A 2 P97756 60341 R 68 63
9 CaM Kinase Kinase-71KD 502 C46920 A 2 P97756 60341 R 68 71

10 CDC42GAP-56KD/60KD 302 C20020 A 2 Q07960 392 H 53 52
11 CRP1-21KD 2 C73220 A 2 P97315 13007 M 23 22
12 CRP1-22KD 4 C73220 A 2 P97315 13007 M 23 22
13 p36/MAT1-43.5 204 P46220 A 2 P51949 17420 M 36 35
14 R-Cadherin 602 C38020 A 2 P39038 12561 M 100 102
15 Thrombin Receptor/PAR1-39KD? 202 T97620 A 2 P25116 2149 H 47 39
16 Thrombin Receptor/PAR1-44KD 203 T97620 A 2 P25116 2149 H 47 44
17 AP180 1901 A41820 A 3 Q05140 65178 R 180 159
18 CASK 1702 C63120 A 3 Q62915 29647 R 120 110
19 Munc-18-64KD 1404 M32320 A 3 P61765 25558 R 68 64
20 Munc-18-70KD 1505 M32320 A 3 P61765 25558 R 68 70
21 Neuronal Pentraxin 1301 N35120 A 3 P47971 266777 R 47 51
22 Rab3 1003 R35520 A 3 P63012 25531 R 25 24
23 BAF47 1302 B33720 A 4 Q9Z0H3 20587 M 47 45
24 beta 1-Calcium Channel 1402 C49020 A 4 Q02641 782 H 58 56
25 eps8 1601 E18220 A 4 Q08509 13860 M 97 99
26 PACS-1a-129KD? 1703 P93120 A 4 O88588 171444 R 120 129
27 alpha-Synuclein 1001 S63320 A 5 P37377 29219 R 19 18
28 Dystrobrevin 1602 D62320 A 5 Q9D2N4 13527 M 87 88
29 Gap1m 1704 G60420 A 5 Q63713 25597 R 100 103
30 Nogo-A 1902 N33320 A 5 Q9JK11 83765 R 220 231
31 Rab4-25KD/29KD 1002 R68520 A 5 P20338 5867 H 25 23
32 Bcl-2 1104 B46620 A 6 P10415 596 H 26 24
33 CD100 1904 C57020 A 6 Q92854 10507 H 150 167
34 DGK iota-128KD? 1707 D37920 A 6 O75912 9162 H 117 128
35 PKC delta 1504 P36520 A 6 Q05655 5580 H 78 83
36 TIAR-39KD 1204 T33520 A 6 Q01085 7073 H 50/42 39
37 TIAR-43KD 1205 T33520 A 6 Q01085 7073 H 50/42 43
38 DLP1-90KD 2601 D80320 A 7 O35303 114114 R 84/79 87
39 nNOS/NOS Type I-160KD 2901 N31020 A 7 P29475 4842 H 155 160
40 p115 2701 P18420 A 7 P41542 56042 R 115 111
41 SNAP-25 2101 S35020 A 7 P60879 20614 M 25 25
42 Tau-44KD? 2201 T57120 A 7 P10636 4137 H 50_68 44
43 Tau-49KD 2301 T57120 A 7 P10636 4137 H 50_68 49
44 Tau-55KD 2402 T57120 A 7 P10636 4137 H 50_68 55
45 Tau-59KD 2401 T57120 A 7 P10636 4137 H 50_68 59
46 Tau-68KD 2502 T57120 A 7 P10636 4137 H 50_68 68
47 Tau-74KD? 2501 T57120 A 7 P10636 4137 H 50_68 74
48 JNKK1/MKK4 2202 M66420 A 8 P45985 6416 H 44 44
49 Mena-131KD 2902 M58320 A 8 Q03173 13800 M 140/88/80 131
50 PIN 2003 P60220 A 8 P63170 58945 R 10 13
51 Rac1-20KD 2002 R56220 A 8 P63000 5879 H 21 21
52 Rac1-22KD 2006 R56220 A 8 P63000 5879 H 21 22
53 ShcC-59KD 2403 S55720 A 8 Q61120 20418 M 69/55 59
54 ShcC-73KD? 2505 S55720 A 8 Q61120 20418 M 69/55 73
55 G alpha t 2204 G51820 A 9 P04695 281794 B 40 40
56 GCAP-1 2103 G54220 A 9 P43080 2978 H 23 25
57 Karyopherin alpha 2/Rch-1 2407 R43020 A 9 P52292 3838 H 58 64
58 PSD-95 2602 P43520 A 9 P31016 29495 R 95 102
59 PKC epsilon-100KD 2604 P14820 A 10 Q02156 5581 H 90 100
60 Rim-187KD 2904 R69420 A 10 Q9JIR4 84556 R 173 187
61 Vesl-1L-V10720 2303 V10720 A 10 Q9Z214 29546 R 45 48
62 Yes 2408 Y35320 A 10 P07947 7525 H 62 60
63 ARF-3 3007 A63220 A 11 P61204 377 H 20 19
64 Glutamine Synthetase 3205 G45020 A 11 P15104 2752 H 45 43
65 Synaptogyrin 3107 S52520 A 11 Q62876 29205 R 29 28
66 Synaptotagmin 3401 S39520 A 11 P21707 25716 R 65 65
67 EphA4/Sek-120KD 3704 S41820 A 12 Q03137 13838 M 130 120
68 EphA4/Sek-132KD 3903 S41820 A 12 Q03137 13838 M 130 132
69 NMDAR2B 3902 N38120 A 12 Q00960 24410 R 180 180
70 p47A-47KD 3301 P68620 A 12 P53676 171126 R 50/47 47
71 p47A-57KD? 3402 P68620 A 12 P53676 171126 R 50/47 57
72 Rab27 3004 R52320 A 12 P51159 5873 H 25 22
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73 CBF beta-28KD? 3105 C44920 A 13 Q08024 12400 M 22 28
74 pan-JNK/SAPK1-45KD 3204 M54920 A 13 P53779 5602 H 49 45
75 pan-JNK/SAPK1-54KD? 3403 M54920 A 13 P53779 5602 H 49 54
76 Synapsin IIa 3503 S56820 A 13 Q63537 29179 R 74 76
77 Annexin II 4101 A14020 A 14 P07355 302 H 36 37
78 MAPKAPK-5 4301 M32220 A 14 Q8IW41 8550 H 54 47
79 BRAMP2-83KD 3504 B67020 A 15 O08539 30948 M 96/89 83
80 BRAMP2-91KD 3603 B67020 A 15 O08539 30948 M 96/89 92
81 EB3-34KD 4102 E39120 A 15 Q9UPY8 22924 H 38 34
82 EB3-40KD? 4201 E39120 A 15 Q9UPY8 22924 H 38 40
83 Fatty Acid Synthase 4902 F72520 A 15 P49327 2194 H 265 224
84 Tenascin-R/Janusin-168KD 4907 J55020 A 15 Q92752 7143 H 180/160 168
85 Connexin-43-41KD 4206 C13720 A 16 P08050 24392 R 43 41
86 FKBP12 4003 F64420 A 16 P62942 2280 H 14 14
87 TGN38 4607 T69020 A 16 P19814 192152 R 85-95 88
88 JNKK2/MKK7 4401 M86920 A 17 Q8CE90 26400 M 52 63
89 KIF3A 4604 K96920 A 17 Q9Y496 11127 H 80/85 87
90 PMCA2 4909 P71020 A 17 P11506 24215 R 129-133 136
91 Rab24 4004 R38620 A 17 P35290 19336 M 23 23
92 Cofilin 4002 C38720 A 18 P18760 12631 M 19 19
93 EAAT2-61.5/67.9/76.6 4402 E16820 A 18 P43004 6506 H 66 71
94 Integrin alpha v 4706 C75120 A 18 P06756 3685 H 125 129
95 PKA RI-50KD 4302 P19920 A 18 Q9DBC7 19084 M 48 50
96 PKA RI-54KD 4303 P19920 A 18 Q9DBC7 19084 M 48 54
97 PKC beta 4605 P17720 A 18 P05771 5579 H 80 88
98 Dynactin 5301 D74620 A 19 Q13561 10540 H 50 53
99 mGluR1 5901 M72620 A 19 P23385 24414 R 133 148

100 SIRP alpha 1 4608 S74920 A 19 P78324 140885 H 90 97
101 B2 Bradykinin Receptor-37KD 5203 B40820 A 20 P30411 624 H 42 37
102 B2 Bradykinin Receptor-39KD 5202 B40820 A 20 P30411 624 H 42 39
103 B2 Bradykinin Receptor-43KD 5201 B40820 A 20 P30411 624 H 42 43
104 ENC-1-57KD? 5401 E85120 A 20 O35709 13803 M 66 57
105 ENC-1-69KD 5502 E85120 A 20 O35709 13803 M 66 69
106 Neurabin 5903 N79020 A 20 O35867 84685 R 180 171
107 SHPS-1-118KD 5703 S96320 A 20 P97710 25528 R 100 103
108 GDNFR-alpha-56KD 5403 G55620 A 21 Q62997 25454 R 45_60 56
109 GDNFR-alpha-61KD 5404 G55620 A 21 Q62997 25454 R 45_60 61
110 L22 5001 L16720 A 21 P35268 6146 H 15 16
111 Tomosyn 5902 T89420 A 21 Q9WU70 81022 R 130 133
112 gamma-Catenin 5602 C26220 A 22 P14923 3728 H 82 90
113 Integrin alpha 3/VLA-3-117KD? 5706 V76720 A 22 Q62470 16400 M 135 117
114 PKA RI alpha-49KD 5304 P53620 A 22 P17612 5566 H 49 49
115 PKA RI alpha-53KD 5303 P53620 A 22 P17612 5566 H 49 53
116 Bid-28KD? 6101 B21320 A 23 P70444 12122 M 23 28
117 Caspase-7/MCH-3 6201 M64620 A 23 P55210 840 H 35 40
118 Hck-65KD? 6401 H28520 A 23 P08631 3055 H 59/56 65
119 LR11/SorLA/gp250 6901 G25020 A 23 Q92673 6653 H 250 250
120 Rabphilin-3A-78KD 5505 R44520 A 23 P47709 171039 R 75 78
121 Rabphilin-3A-86KD 6503 R44520 A 23 P47709 171039 R 75 86
122 Synaptojanin 1 6902 S12520 A 23 Q62910 85238 R 140 153
123 ABR-102KD 6602 A80820 A 24 Q12979 29 H 100 102
124 ABR-108KD 6702 A80820 A 24 Q12979 29 H 100 108
125 CRP2 6001 C34520 A 24 P36201 338401 R 23 23
126 Mint1 6703 M75920 A 24 O35430 83589 R 120 129
127 PP1 6206 P35220 A 24 P62136 5499 H 36 38
128 PP5/PPT 6402 P75520 A 24 P53042 65179 R 58 61
129 RAFT1/FRAP-227KD 6903 R81320 A 24 P42346 56718 R 245 225
130 AFAP 6704 A22220 A 25 Q90738 374034 Ck 110 107
131 Carboxypeptidase E-56KD 6404 C61820 A 25 P16870 1363 H 50 56
132 Carboxypeptidase E-60KD? 6403 C61820 A 25 P16870 1363 H 50 60
133 Casein Kinase II beta-23KD 6003 C40420 A 25 P67870 1460 H 25 23
134 Casein Kinase II beta-24KD 6104 C40420 A 25 P67870 1460 H 25 24
135 Intersectin/ESE-1-182KD 6905 E99620 A 25 Q9Z0R4 16443 M 140/200 182
136 Caspase-3/CPP32 6103 C76920 A 26 P70677 12367 M 32 32
137 Dlg-124KD 6906 D67820 A 26 Q12959 1739 H 140 130
138 Na,K ATPase beta 2-54KD 6205 N69920 A 26 P14415 482 H 45 47
139 N-Cadherin 6904 C70320 A 27 P15116 12558 M 130 131
140 p23 6004 P26420 A 27 Q9R0Q7 56351 M 23 22
141 PTP1B-49KD/52KD 6303 P18020 A 27 P18031 5770 H 50 50
142 p24 6102 P11920 A 28 P97799 22360 M 24 28
143 TCBP49 6302 T38020 A 28 Q62703 29218 R 49 52
144 Casein Kinase II alpha-42KD 7202 C11320 A 29 P19139 116549 R 45 42
145 Endopeptidase 3.4.24.16 7501 E86620 A 29 P42676 117041 R 80 82
146 Hic-5 7301 H82420 A 29 Q62219 21804 M 50 53
147 MYPT1-132KD 7902 M38420 A 29 Q10728 116670 R 130 132
148 MYPT1-139KD 7901 M38420 A 29 Q10728 116670 R 130 139
149 Psme3 7101 P83620 A 29 P61290 19192 M 36 31
150 sigma 3A 7001 S88220 A 29 O88670 11777 M 22 22
151 PKC gamma 7602 P82820 A 30 P05129 5582 H 80 88
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152 Vesl-1L-V83320 7302 V83320 A 30 Q9Z214 29546 R 45 48
153 Vti1a 7102 V85620 A 30 O89116 53611 M 29 26
154 PhLP 7205 P24120 A 31 Q63737 64013 R 45 42
155 RNCAM-104KD 7704 R79220 A 31 O35136 17968 M 125/94 104
156 RNCAM-124KD 7705 R79220 A 31 O35136 17968 M 125/94 124
157 TREX1 7103 T28920 A 31 Q91XB0 22040 M 32 35
158 CPG16/CaM Kinase VI-44KD 7206 C14020 A 32 O08875 83825 R 48/96 44
159 CPG16/CaM Kinase VI-53KD 7303 C14020 A 32 O08875 83825 R 48/96 53
160 CPG16/CaM Kinase VI-82KD? 7503 C14020 A 32 O08875 83825 R 48/96 82
161 CPG16/CaM Kinase VI-92KD 7603 C14020 A 32 O08875 83825 R 48/96 92
162 PI3-Kinase p170 7904 P76820 A 32 Q61194 18704 M 170 174
163 SRPK2 7706 S80620 A 32 P78362 6733 H 115 116
164 Brevican 7903 B68820 A 33 P55068 25393 R 145 152
165 GSPT2 7604 G87120 A 33 Q149F3 14853 M 88/90 95
166 NCS-1 7002 N99820 A 33 P62168 65153 R 21 21
167 FEZ1 7504 F10020 A 34 Q99689 9638 H 75 81
168 Per2 7709 P81620 A 34 O54943 18627 M 105 107
169 GRIP 8902 G90520 A 35 P97879 84016 R 130 135
170 N-Copine 8501 C10220 A 35 Q9Z140 12891 M 62 68
171 Nexilin 7605 N98720 A 35 Q9Z2J4 246172 R 97 98
172 SQS-50KD 8402 S10120 A 35 P53798 14137 M 48 56
173 CaM Kinase II 8303 C89220 A 36 P11275 25400 R 52 51
174 GABA B R2-110KD 8703 G12020 A 36 O88871 83633 R 130 110
175 GABA B R2-119KD 8702 G12020 A 36 O88871 83633 R 130 119
176 STRAP 8201 S91920 A 36 Q9Z1Z2 20901 M 39 40
177 ZO-2 8903 Z98920 A 36 Q9Z0U1 21873 M 160 160
178 AP50 8302 A92120 A 37 P84091 11773 M 50 52
179 GIT1 8603 G94420 A 37 Q9Z272 83709 R 95 98
180 COMT-23KD 8002 C16120 A 38 O88587 12846 M 24/28 23
181 COMT-26KD 8102 C16120 A 38 O88587 12846 M 24/28 26
182 p95PKL 8604 P94020 A 38 Q9DG15 417584 Ck 95 98
183 APP-BP1 9401 A11120 A 39 Q13564 8883 H 59 64
184 ASAP1-141KD 9901 A34020 A 39 Q9QWY8 13196 M 130 141
185 Doublecortin 9201 D10020 A 39 O88809 13193 M 41 44
186 HAP1-102KD 9601 H89720 A 39 P54256 29430 R 85/98 102
187 HAP1-88KD 9602 H89720 A 39 P54256 29430 R 85/98 88
188 panMunc13 8906 M74420 A 39 Q62768 64829 R 196 179
189 Crk 301 C12620 B 1 P46108 1398 H 40 36
190 Hsp90 702 H38220 B 1 P07900 3320 H 90 88
191 Integrin alpha 5 901 I55220 B 1 P08648 3678 H 150 155
192 PKA RII alpha-44KD? 401 P45320 B 1 P13861 5576 H 51 44
193 PKA RII alpha-51KD 501 P45320 B 1 P13861 5576 H 51 51
194 PKC iota 701 P20520 B 1 P41743 5584 H 74 73
195 Brm-190KD 902 B36320 B 2 P51531 6595 H 180 190
196 eIF-4E 102 E27620 B 2 P29338 100009338 Rb 25 24
197 NCK-43KD/45KD-44.6/53.8 405 N15920 B 2 P16333 4690 H 47 45
198 PKC lambda 703 P22520 B 2 P24723 5583 H 74 73
199 hILP/XIAP-B-61 1601 H59520 B 3 P98170 331 H 57 61
200 p53 1501 P21020 B 3 P13481 7157 H 53 52
201 PKA C 1301 P73420 B 3 P17612 5566 H 40 39
202 RhoGDI 1103 R26320 B 3 P52566 397 H 28 23
203 Acetylcholine Receptor beta 1604 A29220 B 4 P25109 24261 R 55 61
204 ERK2-39KD 1303 E16220 B 4 P63086 116590 R 42 39
205 ERK2-44KD? 1402 E16220 B 4 P63086 116590 R 42 44
206 GST-pi 1104 G59720 B 4 P09211 2950 H 23 23
207 Hsp70 1603 H53220 B 4 P08107 3303 H 70 70
208 beta-Catenin 2801 C19220 B 5 Q02248 12387 M 92 92
209 CLA-1 2701 C68220 B 5 Q8WTV0 949 H 80 82
210 FPTase beta 2401 F23220 B 5 P49356 2342 H 46 43
211 Kip1/p27 2101 K25020 B 5 P46414 12576 M 27 23
212 HIF-1 alpha 2811 H72320 B 6 Q16665 3091 H 120 136
213 Inhibitor 2-36KD/38KD 2301 I58620 B 6 P41236 5504 H 32 35
214 Smac/DIABLO 2001 S11120 B 6 Q9NR28 56616 H 22 19
215 14-3-3 epsilon 2201 F46820 B 7 P62258 7531 H 29 25
216 CDC25B 2601 C45820 B 7 P30305 994 H 63 57
217 Hsp110 2810 H44620 B 7 Q60446 100689462 Ha 110 106
218 TAFII70 2702 T30420 B 7 P49848 6878 H 72 76
219 G beta-28KD? 2202 G29620 B 8 P62871 281201 B 37 28
220 G beta-34KD 2304 G29620 B 8 P62871 281201 B 37 34
221 Nucleoporin p62 2602 N43620 B 8 P37198 23636 H 62 65
222 PAI-1 2402 P30620 B 8 P05121 5054 H 47 44
223 PYK2/CAK beta-112.7 2807 P47120 B 8 P70600 50646 R 116 106
224 UbcH7 2002 U66820 B 8 P68036 7332 H 18 17
225 Caveolin 2 2003 C57820 B 9 P51636 858 H 20 21
226 ALDH 3501 A84320 B 10 P00352 216 H 55 48
227 FBP 3602 F88920 B 11 Q96AE4 8880 H 74 73
228 p21-Arc 3004 A15220 B 11 O15145 10094 H 21 19
229 JBP1/Skb1Hs 3603 S98420 B 12 O14744 10419 H 72 69
230 PAF53 3401 P95220 B 12 Q8K202 64424 M 53 44
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231 RAP30 3205 R37920 B 12 P13984 2963 H 30 25
232 hPrp18 3402 H88820 B 14 Q99633 8559 H 42 43
233 beta-Enolase/ENO-3 3403 E84420 B 15 P13929 2027 H 47 43
234 GBF1 3901 G35720 B 15 Q92538 8729 H 206 195
235 hPrp16 3802 H90720 B 16 Q92620 9785 H 140 139
236 ZFP-37 3701 Z10420 B 16 P17141 22696 M 67 72
237 KNP-1/HES1-24KD 4103 H10520 B 17 P30042 8209 H 28 24
238 Phospho-p38MAPK (T180/Y182) 4401 P21520 B 17 Q16539 1432 H 42 40
239 SRPK1 4801 S78120 B 17 Q96SB4 6732 H 92 98
240 XRCC4-50KD 4505 X96820 B 17 Q13426 7518 H 55 51
241 Selenocysteine Lyase 4402 S34420 B 18 Q9JLI6 50880 M 47 45
242 CHD3 4904 C25020 B 19 Q12873 1107 H 221 221
243 FIP-2-68KD 4602 F11020 B 19 Q96CV9 10133 H 74 68
244 FIP-2-75KD 4701 F11020 B 19 Q96CV9 10133 H 74 75
245 Hsp40 4501 H22420 B 19 P31689 3301 H 40 48
246 Phospho-FAK (Y397) 4902 F25420 B 20 Q05397 5747 H 125 116
247 PI3-Kinase C2 beta 4905 P91720 B 20 O00750 5287 H 165 167
248 Exportin-1/CRM1 4805 E11620 B 21 O14980 7514 H 112 105
249 PKA RII beta 4504 P54720 B 21 P31323 5577 H 53 51
250 Chk1 4604 C82320 B 22 O14757 1111 H 54 61
251 Jun-35KD? 4303 J31920 B 23 P05627 16476 M 39 35
252 Jun-41KD 4404 J31920 B 23 P05627 16476 M 39 42
253 LXR 4503 L85220 B 23 Q13133 10062 H 56 55
254 Fas Ligand-33KD 4304 F37720 B 24 P48023 356 H 37 33
255 Fas Ligand-35KD 4301 F37720 B 24 P48023 356 H 37 35
256 ISGF3 gamma 4403 I29320 B 24 Q00978 10379 H 48 46
257 NSP1 4603 N34920 B 24 Q9BRG2 10045 H 72 68
258 Stat2-90KD/99KD 4802 S21220 B 24 P52630 6773 H 113 103
259 4-Oct-44KD 5401 O84720 B 25 P20263 18999 M 46 44
260 PITP alpha 5301 P75720 B 25 Q00169 5306 H 32 33
261 PKC alpha 5703 P16520 B 25 P17252 5578 H 82 82
262 basic FGF-21KD 5102 F14220 B 26 P09038 2247 H 18_24 21
263 basic FGF-23KD 5101 F14220 B 26 P09038 2247 H 18_24 23
264 basic FGF-27KD? 5201 F14220 B 26 P09038 2247 H 18_24 27
265 Dynamin-91KD 5702 D25520 B 26 P21575 140694 R 100 91
266 Dynamin-99KD 5804 D25520 B 26 P21575 140694 R 100 99
267 Caveolin 1-17 7002 C43420 B 28 Q03135 857 H 22 17
268 NHE-1-84KD 6701 N12520 B 28 P26431 24782 R 92 84
269 NHE-1-95KD 6801 N12520 B 28 P26431 24782 R 92 95
270 Adaptin alpha 6802 A43920 B 29 P17426 11771 M 112 112
271 E2F1 6401 E51120 B 29 Q61501 13555 M 46 46
272 HS1 6702 H46720 B 29 P14317 3059 H 75 83
273 PKB alpha/Akt 6602 P67220 B 29 P31749 207 H 59 61
274 Rap1 6101 R22020 B 29 Q9NYB0 54386 H 21 21
275 AIP1 6803 A12520 B 30 Q9WU78 18571 M 105 99
276 Bad 6102 B36420 B 30 Q61337 12015 M 23 22
277 HDAC3-50.2/60.1 6501 H80920 B 30 O15379 8841 H 50 49
278 5-Lipoxygenase 7601 F58420 B 31 P09917 240 H 79 79
279 Apaf-1-116KD? 7901 A92820 B 31 O14727 317 H 130 116
280 Phospho-Akt 7502 550747 B 31 P31749 207 H 59 54
281 TRP32-29KD 7202 T87920 B 31 O43396 9352 H 32 29
282 TRP32-33KD 7303 T87920 B 31 O43396 9352 H 32 33
283 TRP32-35KD 7302 T87920 B 31 O43396 9352 H 32 35
284 TRP32-37KD 7301 T87920 B 31 O43396 9352 H 32 37
285 EBP50 7501 E83020 B 32 O14745 9368 H 50-53 54
286 SII/TFIIS-35KD 8301 S84820 B 32 P23193 6917 H 38 35
287 SII/TFIIS-39KD 7403 S84820 B 32 P23193 6917 H 38 39
288 Ubc9 7001 U61320 B 32 P63279 7329 H 18 18
289 hRAD9-54KD 8503 R90820 B 33 Q99638 5883 H 60 54
290 p116Rip 8804 R79520 B 33 P97434 26936 M 125 114
291 Vti1b 7203 V94820 B 33 O88384 53612 M 27 26
292 Bcl-x-27 7204 B61220 B 34 Q07817 598 H 26 27
293 RCC1 8302 R35420 B 34 P18754 1104 H 45 40
294 Tyrosine Hydroxylase 8504 T20720 B 34 P04177 25085 R 58 61
295 MEK5-21.7/40.7/45.1/52.6 7402 M72220 B 35 Q13163 5607 H 50 45
296 Endothelin 1 Receptor 8401 E87220 B 36 P26684 24326 R 50 46
297 FXR2 8801 F91120 B 36 P51116 9513 H 95 94
298 Phospholipase C beta 4 8803 P98520 B 36 Q15147 5332 H 130 130
299 AKAP82 8701 A99120 B 37 Q60662 11643 M 82 87
300 Calreticulin 8502 C41720 B 38 P14211 12317 M 60 57
301 Hip1R 8901 H35920 B 38 Q9JKY5 29816 M 120 120
302 NMDAR2A 8902 N17320 B 38 P35436 14811 M 180 180
303 VAP33 8201 V39420 B 38 Q9WV55 30960 M 33 29
304 CoRest-66KD 601 C39520 C 1 Q9UKL0 23186 H 66 66
305 CoRest-69KD 602 C39520 C 1 Q9UKL0 23186 H 66 69
306 PRK1 803 P57920 C 1 Q16512 5585 H 120 144
307 Rab8-22KD 201 R66320 C 1 P61006 4218 H 24 28
308 RACK1 302 R20620 C 1 P63245 83427 R 36 38
309 ROCK-II/ROK alpha 904 R54520 C 1 Q62868 25537 R 180 180
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310 SRP54 502 S71420 C 1 P61011 6729 H 54 58
311 Stat3 802 S21320 C 1 P52631 25125 R 92 108
312 PCNA 303 P56720 C 2 P12004 5111 H 36 38
313 PTP1D/SHP2 702 P54420 C 2 Q06124 5781 H 72 85
314 Lamp-1-108KD/95KD 804 L76620 C 3 P11279 3916 H 110 141
315 Rho 101 R73920 C 3 P61586 387 H 21 24
316 RPTP beta 905 R20720 C 3 Q16827 5800 H 250 250
317 CAS 1801 C42920 C 4 P55060 1434 H 100 116
318 DHFR 1101 D58520 C 4 P00376 508809 B 21 22
319 Flotillin-2/ESA-50KD 1508 E35820 C 4 Q14254 2319 H 42 50
320 Flotillin-2/ESA-57KD 1501 E35820 C 4 Q14254 2319 H 42 57
321 fyn 1601 F19720 C 4 P06241 2534 H 59 71
322 Moesin 1701 M36820 C 4 P26038 4478 H 78 100
323 Adaptin beta 1802 A35620 C 5 P63010 163 H 106 122
324 Cyclin B-66KD 1603 C23420 C 5 P14635 891 H 62 66
325 Cyclin B-71KD 1602 C23420 C 5 P14635 891 H 62 71
326 MAD2 1105 H57520 C 5 Q13257 4085 H 24 23
327 Nek2 1507 N52120 C 5 P51955 4751 H 46 50
328 PKC theta-80KD 1702 P15120 C 5 Q04759 5588 H 79 80
329 PKC theta-89KD 1703 P15120 C 5 Q04759 5588 H 79 89
330 Rb2 1804 R27020 C 5 Q08999 5934 H 130 146
331 CART1 1604 C67520 C 6 Q9BUZ4 9618 H 53 65
332 GS15 1001 G72420 C 6 O35152 54400 R 15 19
333 Rb 1805 R68320 C 6 P13405 19645 M 110 122
334 TAP 1704 T10120 C 6 Q9UBU9 10482 H 70 85
335 ALG-2 2101 A50620 C 7 P12815 18570 M 22 24
336 Caspase-2/ICH-1L-48KD 2405 I75620 C 7 P42575 835 H 48 48
337 Caspase-2/ICH-1L-54KD 2501 I75620 C 7 P42575 835 H 48 54
338 KRIP-1 2801 K57620 C 7 Q62318 21849 M 105 129
339 Syntaxin 6 2207 S55420 C 7 Q63635 60562 R 31 38
340 GRB2 3206 G16720 C 8 P62994 81504 R 24 29
341 Phospho-GSK-3 beta (Y216) 2502 G15420 C 8 P18266 84027 R 46 54
342 p55Cdc 2602 C86720 C 8 Q12834 991 H 55 63
343 PARP 3803 P76420 C 8 P09874 142 H 113 130
344 Symplekin 2807 S55820 C 8 Q92797 8189 H 150 159
345 c-Cbl-130KD 2803 C40320 C 9 P22681 867 H 120 130
346 c-Cbl-135KD 2802 C40320 C 9 P22681 867 H 120 136
347 CDC42 2102 C70820 C 9 P60953 998 H 22 24
348 Cdk2 2302 C18520 C 9 P24941 1017 H 33 41
349 CUL-2-97 2703 C62920 C 9 Q13617 8453 H 76 97
350 CUL-2-75 2603 C62920 C 9 Q13617 8453 H 76 75
351 IAK1/Aurora-A Kinase-39KD/41KD/45KD 2403 I71320 C 9 P97477 20878 M 46 47
352 Annexin VI 2701 A30120 C 10 P08133 309 H 70 89
353 DSIF 2805 D80020 C 10 O00267 6829 H 160 160
354 HAX-1 2303 H65220 C 10 O00165 10456 H 35 40
355 PDI 3604 P71720 C 10 P05307 281373 B 55 63
356 Sec8 2809 R56420 C 10 Q62824 116654 R 110 120
357 ERAB 2103 E78920 C 11 Q99714 3028 H 27 26
358 ZAP70 Kinase 2702 Z24820 C 11 P43403 7535 H 70 93
359 CaM Kinase IV 3601 C28420 C 12 Q16566 814 H 60 72
360 p38 alpha/SAPK2a-46KD 3402 P98120 C 12 Q16539 1432 H 42 46
361 p38 alpha/SAPK2a-48KD 3401 P98120 C 12 Q16539 1432 H 42 48
362 Ral A 3202 R23520 C 12 P11233 5898 H 24 28
363 Adaptin gamma 3801 A36120 C 13 P22892 11765 M 104 111
364 Flotillin-1-50KD 3502 F65020 C 13 O08917 14251 M 48 50
365 Flotillin-1-54KD 3501 F65020 C 13 O08917 14251 M 48 54
366 G3BP 3703 G81020 C 13 Q13283 10146 H 68 78
367 PMF-1 3203 P24620 C 13 Q6P1K2 11243 H 23 27
368 FACTp140 4803 F39620 C 15 Q9Y5B9 11198 H 140 142
369 GCIP-42KD? 3301 G20620 C 15 O95273 23582 H 46 42
370 GCIP-49KD 3503 G20620 C 15 O95273 23582 H 46 49
371 hPrp17 3602 H86320 C 15 O60508 51362 H 66 62
372 RNase HI 3204 R92420 C 15 O75792 10535 H 36 32
373 Stathmin/Metablastin 3001 M82020 C 15 P16949 3925 H 19 21
374 Zyxin 3704 Z45420 C 15 Q04584 418300 Ck 83 80
375 eIF-6 3205 E80720 C 16 P56537 3692 H 27 29
376 p38 alpha/SAPK2a 3403 P39520 C 16 Q16539 1432 H 42 45
377 SATB1 3802 S83720 C 16 Q01826 6304 H 106 113
378 Exportin-t 4805 E95720 C 17 O43592 11260 H 110 128
379 IGTP 4504 I68120 C 17 Q9DCE9 16145 M 48 50
380 Arp3 4501 A37720 C 18 P61158 10096 H 50 54
381 Ataxin-2 4804 A93520 C 18 Q99700 6311 H 150 150
382 JAB1 4301 J12420 C 18 Q92905 10987 H 38 40
383 Phospho-p38MAPK (T180/Y182)-45KD 4402 P19820 C 19 Q16539 1432 H 42 45
384 Phospho-p38MAPK (T180/Y182)-51KD 4502 P19820 C 19 Q16539 1432 H 42 51
385 PI3-Kinase p110 alpha 4801 P94520 C 19 P42336 5290 H 110 118
386 TLS 4702 T93820 C 19 P35637 2521 H 65 80
387 BAF60a-59KD? 4503 B11020 C 20 Q61466 83797 M 60 59
388 BAF60a-67KD 4601 B11020 C 20 Q61466 83797 M 60 67
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389 Btf 5805 B10520 C 20 Q9NYF8 9774 H 150 155
390 Headpin-45KD 4403 H11320 C 20 Q9UIV8 5275 H 44 45
391 Headpin-48KD 4404 H11320 C 20 Q9UIV8 5275 H 44 48
392 PI4-Kinase beta 4802 P14420 C 20 Q9UBF8 5298 H 110 111
393 PI4-Kinase beta-100KD 5706 P14420 C 20 Q9UBF8 5298 H 110 100
394 alpha-/beta-SNAP-33KD/37KD 4201 S13120 C 21 P54920 8775 H 35/36 37
395 Annexin XI 4602 A61220 C 21 P97384 11744 M 56 60
396 eIF-5a-20KD 4001 E15920 C 21 P63241 1984 H 18 20
397 eIF-5a-21KD 5004 E15920 C 21 P63241 1984 H 18 21
398 mEPHX 5507 E93220 C 21 P07099 2052 H 46 52
399 TopBP1 5901 T10620 C 21 Q92547 11073 H 161 160
400 YAP 4703 Y24420 C 21 P46937 10413 H 74 79
401 Caveolin 3 5002 C38320 C 22 P51638 29161 R 18 20
402 Cdk4 5202 C18720 C 22 P35426 94201 R 33 36
403 pan ERK-44KD 5301 E17120 C 22 P63085 26413 M 42_85 44
404 pan ERK-47KD 5401 E17120 C 22 P63085 26413 M 42_85 47
405 pan ERK-51KD 5508 E17120 C 22 P63085 26413 M 42_85 51
406 pan ERK-60KD 5502 E17120 C 22 P63085 26413 M 42_85 60
407 pan ERK-69KD 5601 E17120 C 22 P63085 26413 M 42_85 69
408 pan ERK-80KD 5701 E17120 C 22 P63085 26413 M 42_85 80
409 Sos1 5803 S15520 C 22 Q62245 20662 M 170 159
410 Striatin-115KD 5801 S66020 C 22 P70483 29149 R 110 115
411 StriatinS66020 5707 S66020 C 22 P70483 29149 R 110 105
412 B56 alpha-57KD 5504 B54120 C 23 Q15172 5525 H 56 57
413 B56 alpha-62KD 6603 B54120 C 23 Q15172 5525 H 56 63
414 MSH6 6802 G70220 C 23 P52701 2956 H 160 157
415 RBP 5003 R24720 C 23 P09455 5947 H 21 19
416 Caveolin 1-19 6002 C37120 C 24 Q03135 857 H 22 19
417 FIN13 5703 F69620 C 24 Q61074 14208 M 75 84
418 GSK-3 beta-46KD 6407 G22320 C 24 P18266 84027 R 46 46
419 GSK-3 beta-50KD 5505 G22320 C 24 P18266 84027 R 46 50
420 MSH2 6806 M34520 C 24 P43246 4436 H 102 107
421 p140mDia-155KD? 6803 P66520 C 24 O08808 13367 M 140 155
422 Cox-2 6602 C22420 C 25 P35355 29527 R 70 72
423 Gephyrin-100KD 5704 G51620 C 25 Q03555 64845 R 93 101
424 Gephyrin-109KD 6807 G51620 C 25 Q03555 64845 R 93 109
425 mSin3A 5804 M68420 C 25 Q60520 20466 M 150 148
426 BMPR-II 6804 B19720 C 26 O35607 12168 M 130 136
427 Tim23 6101 T85720 C 26 O35093 54312 R 23 23
428 Cab45 6402 C77720 C 27 Q61112 20318 M 45 47
429 ERK3 6501 E16320 C 27 P27704 58840 R 62 59
430 XPD-100KD? 6701 X98220 C 27 O08811 13871 M 87 100
431 FLAP 6709 F82720 C 28 Q3UZ39 16978 M 85 77
432 GS28 6203 G83820 C 28 Q62931 94189 R 28 29
433 Nedd4 6801 N95520 C 28 O08758 17999 M 110 120
434 HspBP1 7403 H98620 C 29 Q9NZL4 23640 H 40 45
435 PEX5 6704 P10420 C 29 O09012 19305 M 90 90
436 Bog 7111 B12520 C 30 O88350 29459 R 19 22
437 KIF3B-102KD 7702 K98220 C 30 Q61771 16569 M 95 102
438 KIF3B-90KD 6706 K98220 C 30 Q61771 16569 M 95 90
439 KIF3B-96KD 6705 K98220 C 30 Q61771 16569 M 95 96
440 RanBP1 7204 R61720 C 31 P43487 5902 H 29 30
441 SHC-58KD 7504 S68020 C 31 P29353 6464 H 66/52/46 58
442 Dok1/p62dok 7505 P61520 C 32 Q99704 1796 H 62 58
443 NUDT5-36KD 7202 N13920 C 32 Q9JKX6 53893 M 40 36
444 NUDT5-38KD 7201 N13920 C 32 Q9JKX6 53893 M 40 38
445 Ras-GRF2 7803 R66120 C 32 P70392 19418 M 135 129
446 eIF-5 7501 E77020 C 33 P55010 1983 H 49 57
447 AKAP95 7703 A74220 C 34 O43823 10270 H 95 105
448 Dematin-38KD? 7203 D77620 C 34 Q08495 2039 H 48-52 38
449 Dematin-42KD 7303 D77620 C 34 Q08495 2039 H 48-52 43
450 Dematin-47KD 7401 D77620 C 34 Q08495 2039 H 48-52 47
451 Dematin-53KD 7503 D77620 C 34 Q08495 2039 H 48-52 53
452 Dematin-60KD? 7502 D77620 C 34 Q08495 2039 H 48-52 60
453 MnSOD 7105 M99920 C 34 P09671 20656 M 25 23
454 NDP52 8505 N77920 C 35 Q13137 10241 H 52 59
455 p67phox-69KD? 7605 P69820 C 35 P19878 4688 H 67 69
456 p67phox-75KD 7604 P69820 C 35 P19878 4688 H 67 75
457 PI3-K p110 delta 7801 P75220 C 35 O35904 18707 M 110 115
458 SCP3 8202 S86120 C 35 Q63520 25561 R 34/37 32
459 p45/SUG1 7402 P77820 C 36 P62195 5705 H 45 47
460 Itch 8704 I84520 C 37 Q8C863 16396 M 113 110
461 p70s6k 8601 S87620 C 37 P67999 83840 R 70 67
462 Selenoprotein P-43KD 8301 S59220 C 37 P49908 6414 H 57/45 43
463 UbcH6-19KD 8001 U85520 C 37 P51965 7324 H 21 19
464 UbcH6-20KD 8002 U85520 C 37 P51965 7324 H 21 20
465 BPntase-39KD 8302 B10020 C 38 Q9Z0S1 23827 M 43 39
466 BPntase-43KD 8303 B10020 C 38 Q9Z0S1 23827 M 43 43
467 Lysophospholipase 8501 L86020 C 38 O88202 246266 R 60 57
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468 MCM-71KD? 8602 M17520 C 38 P22033 4594 H 83 71
469 MCM-79KD 8702 M17520 C 38 P22033 4594 H 83 79
470 NABC1-103KD 8701 N91220 C 38 O75363 8537 H 110 103
471 TNIK-122KD? 8801 T31820 C 38 Q9UKE5 23043 H 150 122
472 TNIK-163KD 8903 T31820 C 38 Q9UKE5 23043 H 150 163
473 Adaptin epsilon 8802 A30320 C 39 Q9UPM8 23431 H 127 131
474 GRASP55 8502 G34320 C 39 Q9R064 113961 R 55 52
475 MEK2-46.4/51.4 301 M24520 D 1 P36506 58960 R 46 47
476 Rabaptin-5 804 R78620 D 1 Q15276 9135 H 117 115
477 Ran 101 R32620 D 1 P62826 5901 H 25 26
478 STI1 501 S65720 D 1 P31948 10963 H 62 66
479 ASS 1301 A10020 D 2 P00966 445 H 46 46
480 Bax 1001 B73520 D 2 Q07812 581 H 21 24
481 PKR 1601 P62220 D 2 P19525 5610 H 68 80
482 PP2A Catalytic alpha 1202 P47720 D 2 P67775 5515 H 36 38
483 c-erb-B2-168KD? 1901 15811A D 3 P04626 2064 H 185 168
484 IKK gamma-42KD? 1302 I89920 D 3 O88522 16151 M 48 42
485 IKK gamma-49KD 1303 I89920 D 3 O88522 16151 M 48 49
486 Mxi-1 1101 M51920 D 3 P50539 4601 H 26 26
487 Ras-GAP-121KD 1803 G12920 D 3 P20936 5921 H 120 121
488 Ras-GAP-130KD 1802 G12920 D 3 P20936 5921 H 120 131
489 Rsk 1602 R23820 D 3 Q15418 6195 H 90 81
490 TFIIB 1203 T41520 D 3 Q00403 2959 H 33 35
491 Cyclin D3 2104 C28620 D 4 P30281 896 H 33 32
492 MEK1 2303 M17020 D 4 Q02750 5604 H 45 46
493 PI3-Kinase-82KD? 2701 P13020 D 4 P27986 5295 H 85 82
494 PI3-Kinase-92KD 2702 P13020 D 4 P27986 5295 H 85 92
495 PNUTS 2801 P77520 D 4 O55000 65045 R 110 115
496 Ras-21KD 2002 R02120 D 4 P20936 5921 H 21 22
497 Ras-23KD? 2001 R02120 D 4 P20936 5921 H 21 23
498 TEF-1 2403 T70420 D 4 P28347 7003 H 53 55
499 p38 delta/SAPK4 2304 P72020 D 5 O15264 5603 H 42 46
500 Rab5 2101 R60020 D 5 P20339 5868 H 25 25
501 Lyn-54KD 2402 L05620 D 6 P07948 4067 H 56 54
502 Lyn-59KD 2501 L05620 D 6 P07948 4067 H 56 59
503 Phospholipase C gamma 1-148KD 2902 P12220 D 6 P08487 281987 B 148 148
504 Phospholipase C gamma 1-169KD? 2901 P12220 D 6 P08487 281987 B 148 169
505 Rap2 2006 R23020 D 6 P10114 5911 H 21 21
506 SMN 2202 S55920 D 6 Q16637 6606 H 40 39
507 Stat1 (C-terminus)-79KD? 2601 S21120 D 6 P42224 6772 H 91/84 79
508 Stat1 (C-terminus)-94KD 2703 S21120 D 6 P42224 6772 H 91/84 94
509 DAP3 3201 D56620 D 7 P51398 7818 H 46 42
510 hILP/XIAP-D-61 3501 H62120 D 7 P98170 331 H 57 61
511 Katanin p80 3701 K95120 D 7 Q9BVA0 10300 H 80 93
512 DEK 3301 D71820 D 8 P35659 7913 H 43 43
513 HRF 3002 H42020 D 8 P13693 7178 H 23 24
514 AKAP79 3704 A31320 D 9 P24588 9495 H 79 99
515 LSP-1 3504 L60620 D 9 P33241 4046 H 52 60
516 GS27-32KD 3202 G76220 D 10 O14653 9570 H 27 32
517 p130 -119KD? 3801 P27820 D 10 Q63767 25414 R 130 119
518 Sam68-66KD 3503 P20120 D 10 Q07666 10657 H 68 66
519 Sam68-74KD 3605 P20120 D 10 Q07666 10657 H 68 74
520 MST1 4504 M77120 D 11 Q13043 6789 H 56 61
521 Syntaxin 8 4101 S92220 D 11 O88983 55943 M 27 26
522 4.1N-116KD? 4802 F20120 D 12 Q9Z2H5 13821 M 135/100 116
523 MST3 4401 M77320 D 12 Q9Y6E0 8428 H 52 55
524 DBP2 4804 D90420 D 13 O60231 8449 H 119 129
525 pICln-34KD/42KD 4201 P88320 D 13 P54105 1207 H 37/42 39
526 MKP2 4301 M66720 D 15 Q62767 60587 R 43 46
527 CDC37 4402 C50820 D 16 Q16543 11140 H 50 51
528 CENP-H 4204 C38920 D 17 Q9QYM8 26886 M 33 38
529 FKBP65-75KD 4502 F56020 D 17 Q61576 14230 M 72/68 75
530 FKBP65-85KD? 4706 F56020 D 17 Q61576 14230 M 72/68 85
531 Integrin beta 3 4803 I81720 D 17 P05106 3690 H 104 109
532 Cdk5 4103 554090 D 18 Q00535 1020 H 31 32
533 EGF Receptor (activated form) 4901 E12120 D 18 P00533 1956 H 180 214
534 hCNK1-77KD 4602 C13020 D 18 Q969H4 10256 H 100/79 77
535 Hsp60-61KD 4503 H99020 D 18 P10809 3329 H 60 61
536 I kappa B epsilon-47KD 4305 I95020 D 18 O00221 4794 H 45 47
537 PKB Kinase 5502 P78020 D 19 O55173 81745 R 63 65
538 EB1 5201 E46420 D 20 Q15691 22919 H 30 34
539 ERK1-42KD 5306 M37520 D 20 P21708 50689 R 44/42 42
540 ERK1-46KD 5303 M37520 D 20 P21708 50689 R 44/42 46
541 TIP120 5803 T36120 D 20 P97536 117152 R 120 128
542 Bcl-x-32 5105 B22620 D 21 P53563 24888 R 26 32
543 PKB alpha/Akt 5501 P65920 D 21 P31749 207 H 59 61
544 beta-Arrestin1-53KD 5405 A47520 D 22 P29066 25387 R 55 54
545 beta-Arrestin1-56KD 5404 A47520 D 22 P29066 25387 R 55 56
546 Csk 6401 C14520 D 23 P32577 315707 R 50 51
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547 PRK2 6901 P63720 D 23 Q16513 5586 H 140 134
548 Ufd1L 6201 U15420 D 24 P70362 22230 M 40 42
549 alpha-Catenin 6801 C21620 D 25 P26231 12385 M 102 111
550 p160-166KD/180KD 6904 P79320 D 25 Q7TPV4 18432 M 160 158
551 CAPS-143KD 6905 C45220 D 26 Q62717 26989 R 145 143
552 CAPS-155KD 6902 C45220 D 26 Q62717 26989 R 145 155
553 CD40 6302 C92720 D 26 P25942 958 H 44 43
554 Chk2 6402 C99420 D 26 Q9Z265 50883 M 60 56
555 TIEG2 6702 T94720 D 26 O14901 8462 H 72 82
556 UBE3A 6701 U95420 D 26 O08759 22215 M 100 102
557 Rab11 6102 R56320 D 27 P62491 8766 H 24 24
558 Ron alpha-39KD 6204 R61120 D 27 Q04912 4486 H 40 39
559 DMPK-83KD? 6703 D99320 D 28 Q09013 1760 H 88 83
560 DMPK-90KD 6704 D99320 D 28 Q09013 1760 H 88 90
561 p190-B 6906 G11420 D 28 Q13017 394 H 195 195
562 Nurr-72KD 7501 N83220 D 29 Q06219 18227 M 72 72
563 Golgin-84-91KD 7702 G93720 D 30 Q8TBA6 9950 H 84 91
564 drp1 7201 D10520 D 31 O43583 8562 H 27 32
565 V-1/myotrophin 7001 V11220 D 31 P62775 79215 R 11 11
566 BERP 7704 B13020 D 32 O70277 83616 R 82 83
567 GAD67 7502 G10920 D 32 Q99259 2571 H 67 66
568 p43/EMAP II precursor-40KD 7203 E14720 D 32 P31230 13722 M 43/21 41
569 pp120-113KD 7802 P17920 D 32 P30999 12388 M 120 113
570 Coilin 7602 C28020 D 33 P38432 8161 H 80 80
571 Nek3 7404 N10020 D 33 Q9R0A5 23954 M 56 53
572 C-Raf 7503 R19120 D 34 P04049 5894 H 74 74
573 Phospho-FAK (Y397) 7803 F25020 D 34 Q05397 5747 H 125 126
574 Syntaxin 11 7205 S88720 D 34 O75558 8676 H 40 36
575 FHIT 8001 F10520 D 35 O89106 14198 M 17 17
576 Kanadaptin 8401 K82520 D 35 O54716 20534 M 53 54
577 Neurexin IV/Caspr1 8902 N15720 D 35 P97846 84008 R 190 201
578 ZBP-89 8501 Z91420 D 35 Q62806 58820 R 74 74
579 Phosphatase Methylesterase-1 8301 P35820 D 36 Q9Y570 51400 H 44 47
580 Chromogranin B 8701 C15720 D 38 O35314 24259 R 105 103
581 Guanylate Kinase-23KD 8002 G22020 D 38 Q64520 14923 M 22 23
582 Guanylate Kinase-24KD 8101 G22020 D 38 Q64520 14923 M 22 24
583 SCAMP1-35KD 8201 S34220 D 38 O15126 9522 H 36 35
584 SCAMP1-29KD 9101 S34220 D 38 O15126 9522 H 29 29
585 Synapsin I 8603 S94220 D 38 P09951 24949 R 80 74
586 Syndapin I-44KD? 8305 S10320 D 38 Q61644 23969 M 52 44
587 Syndapin I-47KD 8304 S10320 D 38 Q61644 23969 M 52 47
588 Syndapin I-53KD 9402 S10320 D 38 Q61644 23969 M 52 53
589 Nicastrin 9801 N16420 D 39 Q92542 23385 H 110 118
590 JNK1 301 554286 E 1 P45983 5599 H 54/46 45
591 JAK1 703 J24320 E 3 P23458 3716 H 130 130
592 Clathrin Heavy Chain-117KD? 1702 C43820 E 5 P11442 54241 R 180 118
593 Clathrin Heavy Chain-131KD? 1701 C43820 E 5 P11442 54241 R 180 131
594 Clathrin Heavy Chain-145KD? 1802 C43820 E 5 P11442 54241 R 180 145
595 Clathrin Heavy Chain-158KD? 1804 C43820 E 5 P11442 54241 R 180 158
596 Clathrin Heavy Chain-16KD? 1002 C43820 E 5 P11442 54241 R 180 16
597 Clathrin Heavy Chain-178KD 1903 C43820 E 5 P11442 54241 R 180 178
598 Clathrin Heavy Chain-26KD? 1001 C43820 E 5 P11442 54241 R 180 26
599 Clathrin Heavy Chain-30KD? 1102 C43820 E 5 P11442 54241 R 180 30
600 Clathrin Heavy Chain-32KD? 1101 C43820 E 5 P11442 54241 R 180 32
601 Clathrin Heavy Chain-43KD? 1201 C43820 E 5 P11442 54241 R 180 43
602 Clathrin Heavy Chain-50KD? 1301 C43820 E 5 P11442 54241 R 180 50
603 Clathrin Heavy Chain-56KD? 1401 C43820 E 5 P11442 54241 R 180 56
604 Clathrin Heavy Chain-63KD? 1404 C43820 E 5 P11442 54241 R 180 63
605 Clathrin Heavy Chain-77KD? 1501 C43820 E 5 P11442 54241 R 180 77
606 Clathrin Heavy Chain-89KD? 1601 C43820 E 5 P11442 54241 R 180 89
607 Clathrin Heavy Chain-99KD? 1602 C43820 E 5 P11442 54241 R 180 99
608 iNOS/NOS Type II-100KD? 1604 N39120 E 8 P29477 18126 M 130 100
609 Rin1-51KD? 1402 R32820 E 9 Q13671 9610 H 90 51
610 Rin1-63KD? 1405 R32820 E 9 Q13671 9610 H 90 63
611 Serine Racemase 1202 S33820 E 12 Q9QZX7 27364 M 38 40
612 Serine Racemase-132KD? 1703 S33820 E 12 Q9QZX7 27364 M 38 132
613 SCAR-1/WAVE-1-38KD? 1204 S13820 E 13 Q92558 8936 H 80 38
614 SCAR-1/WAVE-1-45KD? 1203 S13820 E 13 Q92558 8936 H 80 45
615 SCAR-1/WAVE-1-47KD? 1303 S13820 E 13 Q92558 8936 H 80 47
616 SCAR-1/WAVE-1-51KD? 1403 S13820 E 13 Q92558 8936 H 80 51
617 SCAR-1/WAVE-1-81KD 1603 S13820 E 13 Q92558 8936 H 80 81
618 Paxillin-27KD? 3105 P49620 E 18 P49024 395832 Ck 68 27
619 Paxillin-36KD? 3201 P49620 E 18 P49024 395832 Ck 68 36
620 Paxillin-67KD 3504 P49620 E 18 P49024 395832 Ck 68 67
621 Caveolin 1-23KD 3005 C13620 E 19 Q03135 857 H 22 23
622 Caveolin 1-30KD 3106 C13620 E 19 Q03135 857 H 22 30
623 IRF1-56KD 3403 I33220 E 20 P10914 3659 H 48 56
624 KAP 3102 K32120 E 20 Q16667 1033 H 34 32
625 Metaxin-36KD 3103 M16020 E 21 P47802 17827 M 35 35
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626 Collybistin 3505 C34120 E 22 Q9QX73 66013 R 62 67
627 Neurotensin Receptor 3 4601 N41320 E 24 Q99523 6272 H 95 101
628 KIF1A 4903 K34220 E 25 P33173 16560 M 200 218
629 HIP1 4702 H22520 E 26 O00291 3092 H 116 125
630 Synaptotagmin V 4301 S17420 E 26 P47861 54309 R 48 46
631 CtBP2 5301 C33020 E 27 P56546 13017 M 48 50
632 Tat-SF1 5702 T27720 E 28 O43719 27336 H 140 140
633 LAP2 5402 L74520 E 29 Q62733 25359 R 53 51
634 Bub3 5202 B11520 E 31 O43684 9184 H 40 44
635 JIP-1-130KD? 5703 J11720 E 31 Q9WVI9 19099 M 112 130
636 HDJ-2-42KD? 6203 H31020 E 32 P31689 3301 H 45 42
637 HDJ-2-50KD 6401 H31020 E 32 P31689 3301 H 45 51
638 NSF-71KD 6501 N14920 E 32 P46459 4905 H 82 71
639 NSF-82KD 6604 N14920 E 32 P46459 4905 H 82 82
640 ZRP-1/TRIP6-99KD? 6602 Z61220 E 33 Q15654 7205 H 51 99
641 LCB1 6403 L89820 E 35 O35704 268656 M 53 55
642 LCB1-19KD? 6001 L89820 E 35 O35704 268656 M 53 19
643 Beclin-37KD? 6202 B35220 E 36 Q14457 8678 H 61 37
644 Beclin-59KD 7401 B35220 E 36 Q14457 8678 H 61 59
645 Beclin-65KD 7501 B35220 E 36 Q14457 8678 H 61 65
646 CtBP1-31KD? 7101 C32820 E 37 O88712 13016 M 48 31
647 CtBP1-39KD? 7201 C32820 E 37 O88712 13016 M 48 39
648 CtBP1-51KD 7403 C32820 E 37 O88712 13016 M 48 51
649 CtBP1-64KD? 7502 C32820 E 37 O88712 13016 M 48 64
650 Cdk7-117KD? 9701 C29920 E 39 P50613 1022 H 42/44 117
651 Cdk7-84KD? 9501 C29920 E 39 P50613 1022 H 42/44 84
652 ERK1-36KD? 9201 M12320 E 40 P21708 50689 R 44/42 36
653 ERK1-44KD 9202 M12320 E 40 P21708 50689 R 44/42 44
654 ERK1-50KD 9301 M12320 E 40 P21708 50689 R 44/42 50
655 Phosphotyrosine-PY20-208KD 1904 P11120 E 14 180 207
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Supplementary Information 2

List of the precursor inclusion with fragment ions used for quantification

Protein Name Peptide Sequence Precursor Mz
Precursor 

Charge Collision Energy (V) Product Mz Fragment Ion
sp|P03995|GFAP_MOUSE ALAAELNQLR 549.82 2 29.2 185.13 b2
sp|P03995|GFAP_MOUSE ALAAELNQLR 549.82 2 29.2 643.39 y5
sp|P03995|GFAP_MOUSE ALAAELNQLR 549.82 2 29.2 772.43 y6
sp|P03995|GFAP_MOUSE ALAAELNQLR 549.82 2 29.2 843.47 y7
sp|P03995|GFAP_MOUSE ALAAELNQLR 549.82 2 29.2 914.51 y8
sp|P03995|GFAP_MOUSE ESASYQEALAR 612.80 2 32 430.28 y4
sp|P03995|GFAP_MOUSE ESASYQEALAR 612.80 2 32 559.32 y5
sp|P03995|GFAP_MOUSE ESASYQEALAR 612.80 2 32 687.38 y6
sp|P03995|GFAP_MOUSE ESASYQEALAR 612.80 2 32 850.44 y7
sp|P03995|GFAP_MOUSE ESASYQEALAR 612.80 2 32 937.47 y8
sp|P03995|GFAP_MOUSE HLQEYQDLLNVK 500.60 3 33 147.11 y1
sp|P03995|GFAP_MOUSE HLQEYQDLLNVK 500.60 3 33 251.15 b2
sp|P03995|GFAP_MOUSE HLQEYQDLLNVK 500.60 3 33 360.22 y3
sp|P03995|GFAP_MOUSE HLQEYQDLLNVK 500.60 3 33 473.31 y4
sp|P03995|GFAP_MOUSE HLQEYQDLLNVK 500.60 3 33 508.25 b4
sp|P03995|GFAP_MOUSE ITIPVQTFSNLQIR 815.47 2 40.9 730.42 y6
sp|P03995|GFAP_MOUSE ITIPVQTFSNLQIR 815.47 2 40.9 877.49 y7
sp|P03995|GFAP_MOUSE ITIPVQTFSNLQIR 815.47 2 40.9 978.54 y8
sp|P03995|GFAP_MOUSE ITIPVQTFSNLQIR 815.47 2 40.9 1106.60 y9
sp|P03995|GFAP_MOUSE ITIPVQTFSNLQIR 815.47 2 40.9 1302.72 y11
sp|P03995|GFAP_MOUSE LADVYQAELR 589.31 2 30.9 175.12 y1
sp|P03995|GFAP_MOUSE LADVYQAELR 589.31 2 30.9 300.16 b3
sp|P03995|GFAP_MOUSE LADVYQAELR 589.31 2 30.9 779.40 y6
sp|P03995|GFAP_MOUSE LADVYQAELR 589.31 2 30.9 878.47 y7
sp|P03995|GFAP_MOUSE LADVYQAELR 589.31 2 30.9 993.50 y8
sp|P03995|GFAP_MOUSE LEAENNLAAYR 632.32 2 32.8 175.12 y1
sp|P03995|GFAP_MOUSE LEAENNLAAYR 632.32 2 32.8 243.13 b2
sp|P03995|GFAP_MOUSE LEAENNLAAYR 632.32 2 32.8 480.26 y4
sp|P03995|GFAP_MOUSE LEAENNLAAYR 632.32 2 32.8 821.43 y7
sp|P03995|GFAP_MOUSE LEAENNLAAYR 632.32 2 32.8 1021.51 y9
sp|P35700|PRDX1_MOUSE ADEGISFR 447.72 2 24.7 175.12 y1
sp|P35700|PRDX1_MOUSE ADEGISFR 447.72 2 24.7 187.07 b2
sp|P35700|PRDX1_MOUSE ADEGISFR 447.72 2 24.7 409.22 y3
sp|P35700|PRDX1_MOUSE ADEGISFR 447.72 2 24.7 579.32 y5
sp|P35700|PRDX1_MOUSE ADEGISFR 447.72 2 24.7 708.37 y6
sp|P35700|PRDX1_MOUSE HGEVCPAGWKPGSDTIKPDVNK 598.80 4 38.7 195.09 b2
sp|P35700|PRDX1_MOUSE HGEVCPAGWKPGSDTIKPDVNK 598.80 4 38.7 324.13 b3
sp|P35700|PRDX1_MOUSE HGEVCPAGWKPGSDTIKPDVNK 598.80 4 38.7 423.20 b4
sp|P35700|PRDX1_MOUSE HGEVCPAGWKPGSDTIKPDVNK 598.80 4 38.7 572.30 y5
sp|P35700|PRDX1_MOUSE HGEVCPAGWKPGSDTIKPDVNK 598.80 4 38.7 583.23 b5
sp|P35700|PRDX1_MOUSE QITINDLPVGR 613.35 2 32 214.63 y4
sp|P35700|PRDX1_MOUSE QITINDLPVGR 613.35 2 32 428.26 y4
sp|P35700|PRDX1_MOUSE QITINDLPVGR 613.35 2 32 541.35 y5
sp|P35700|PRDX1_MOUSE QITINDLPVGR 613.35 2 32 770.42 y7
sp|P35700|PRDX1_MOUSE QITINDLPVGR 613.35 2 32 984.55 y9
sp|P35700|PRDX1_MOUSE TIAQDYGVLK 554.31 2 29.4 143.59 b3
sp|P35700|PRDX1_MOUSE TIAQDYGVLK 554.31 2 29.4 147.11 y1
sp|P35700|PRDX1_MOUSE TIAQDYGVLK 554.31 2 29.4 215.14 b2
sp|P35700|PRDX1_MOUSE TIAQDYGVLK 554.31 2 29.4 579.35 y5
sp|P35700|PRDX1_MOUSE TIAQDYGVLK 554.31 2 29.4 893.47 y8
sp|P60879|SNP25_MOUSE AWGNNQDGVVASQPAR 835.41 2 41.8 558.30 y5
sp|P60879|SNP25_MOUSE AWGNNQDGVVASQPAR 835.41 2 41.8 629.34 y6
sp|P60879|SNP25_MOUSE AWGNNQDGVVASQPAR 835.41 2 41.8 728.40 y7
sp|P60879|SNP25_MOUSE AWGNNQDGVVASQPAR 835.41 2 41.8 884.49 y9
sp|P60879|SNP25_MOUSE AWGNNQDGVVASQPAR 835.41 2 41.8 999.52 y10
sp|P60879|SNP25_MOUSE FCGLCVCPCNK 707.79 2 36.1 261.16 y2
sp|P60879|SNP25_MOUSE FCGLCVCPCNK 707.79 2 36.1 365.13 b3
sp|P60879|SNP25_MOUSE FCGLCVCPCNK 707.79 2 36.1 421.19 y3
sp|P60879|SNP25_MOUSE FCGLCVCPCNK 707.79 2 36.1 518.24 y4
sp|P60879|SNP25_MOUSE FCGLCVCPCNK 707.79 2 36.1 678.27 y5
sp|Q8K0U4|HS12A_MOUSE GAVLFGLDPAVIK 650.39 2 33.6 228.13 b3
sp|Q8K0U4|HS12A_MOUSE GAVLFGLDPAVIK 650.39 2 33.6 260.20 y2
sp|Q8K0U4|HS12A_MOUSE GAVLFGLDPAVIK 650.39 2 33.6 527.36 y5
sp|Q8K0U4|HS12A_MOUSE GAVLFGLDPAVIK 650.39 2 33.6 812.49 y8
sp|Q8K0U4|HS12A_MOUSE GAVLFGLDPAVIK 650.39 2 33.6 959.56 y9
sp|Q8K0U4|HS12A_MOUSE IFGEDFIEQFK 686.84 2 35.2 147.11 y1
sp|Q8K0U4|HS12A_MOUSE IFGEDFIEQFK 686.84 2 35.2 261.16 b2
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sp|Q8K0U4|HS12A_MOUSE IFGEDFIEQFK 686.84 2 35.2 294.18 y2
sp|Q8K0U4|HS12A_MOUSE IFGEDFIEQFK 686.84 2 35.2 551.28 y4
sp|Q8K0U4|HS12A_MOUSE IFGEDFIEQFK 686.84 2 35.2 1112.53 y9
sp|Q8K0U4|HS12A_MOUSE LDLTGSGGTAVPAR 657.85 2 33.9 175.12 y1
sp|Q8K0U4|HS12A_MOUSE LDLTGSGGTAVPAR 657.85 2 33.9 343.21 y3
sp|Q8K0U4|HS12A_MOUSE LDLTGSGGTAVPAR 657.85 2 33.9 728.40 y8
sp|Q8K0U4|HS12A_MOUSE LDLTGSGGTAVPAR 657.85 2 33.9 872.46 y10
sp|Q8K0U4|HS12A_MOUSE LDLTGSGGTAVPAR 657.85 2 33.9 973.51 y11
sp|Q8K0U4|HS12A_MOUSE TPTTILLTPER 621.36 2 32.3 615.35 y5
sp|Q8K0U4|HS12A_MOUSE TPTTILLTPER 621.36 2 32.3 728.43 y6
sp|Q8K0U4|HS12A_MOUSE TPTTILLTPER 621.36 2 32.3 841.51 y7
sp|Q8K0U4|HS12A_MOUSE TPTTILLTPER 621.36 2 32.3 942.56 y8
sp|Q8K0U4|HS12A_MOUSE TPTTILLTPER 621.36 2 32.3 1043.61 y9
sp|Q9D051|ODPB_MOUSE DFLIPIGK 451.77 2 24.9 204.13 y2
sp|Q9D051|ODPB_MOUSE DFLIPIGK 451.77 2 24.9 263.10 b2
sp|Q9D051|ODPB_MOUSE DFLIPIGK 451.77 2 24.9 317.22 y3
sp|Q9D051|ODPB_MOUSE DFLIPIGK 451.77 2 24.9 414.27 y4
sp|Q9D051|ODPB_MOUSE DFLIPIGK 451.77 2 24.9 527.36 y5
sp|Q9D051|ODPB_MOUSE EGIECEVINLR 666.33 2 34.3 175.12 y1
sp|Q9D051|ODPB_MOUSE EGIECEVINLR 666.33 2 34.3 614.40 y5
sp|Q9D051|ODPB_MOUSE EGIECEVINLR 666.33 2 34.3 743.44 y6
sp|Q9D051|ODPB_MOUSE EGIECEVINLR 666.33 2 34.3 903.47 y7
sp|Q9D051|ODPB_MOUSE EGIECEVINLR 666.33 2 34.3 1032.51 y8
sp|Q9D051|ODPB_MOUSE VLEDNSVPQVK 614.33 2 32 213.16 b2
sp|Q9D051|ODPB_MOUSE VLEDNSVPQVK 614.33 2 32 246.18 y2
sp|Q9D051|ODPB_MOUSE VLEDNSVPQVK 614.33 2 32 471.29 y4
sp|Q9D051|ODPB_MOUSE VLEDNSVPQVK 614.33 2 32 886.46 y8
sp|Q9D051|ODPB_MOUSE VLEDNSVPQVK 614.33 2 32 1015.51 y9
sp|Q9D051|ODPB_MOUSE VVSPWNSEDAK 616.30 2 32.1 199.14 b2
sp|Q9D051|ODPB_MOUSE VVSPWNSEDAK 616.30 2 32.1 218.15 y2
sp|Q9D051|ODPB_MOUSE VVSPWNSEDAK 616.30 2 32.1 663.29 y6
sp|Q9D051|ODPB_MOUSE VVSPWNSEDAK 616.30 2 32.1 849.37 y7
sp|Q9D051|ODPB_MOUSE VVSPWNSEDAK 616.30 2 32.1 946.43 y8
sp|Q9WV34|MPP2_MOUSE GYGHYFDLSLVNSNLER 661.99 3 42.4 175.12 y1
sp|Q9WV34|MPP2_MOUSE GYGHYFDLSLVNSNLER 661.99 3 42.4 618.32 y5
sp|Q9WV34|MPP2_MOUSE GYGHYFDLSLVNSNLER 661.99 3 42.4 732.36 y6
sp|Q9WV34|MPP2_MOUSE GYGHYFDLSLVNSNLER 661.99 3 42.4 831.43 y7
sp|Q9WV34|MPP2_MOUSE GYGHYFDLSLVNSNLER 661.99 3 42.4 1040.45 b9
sp|Q9WV34|MPP2_MOUSE TLVLIGAQGVGR 592.36 2 31.1 215.14 b2
sp|Q9WV34|MPP2_MOUSE TLVLIGAQGVGR 592.36 2 31.1 314.21 b3
sp|Q9WV34|MPP2_MOUSE TLVLIGAQGVGR 592.36 2 31.1 644.35 y7
sp|Q9WV34|MPP2_MOUSE TLVLIGAQGVGR 592.36 2 31.1 757.43 y8
sp|Q9WV34|MPP2_MOUSE TLVLIGAQGVGR 592.36 2 31.1 870.52 y9
sp|Q9WV34|MPP2_MOUSE VCVLDVNPQAVK 671.36 2 34.5 147.11 y1
sp|Q9WV34|MPP2_MOUSE VCVLDVNPQAVK 671.36 2 34.5 260.11 b2
sp|Q9WV34|MPP2_MOUSE VCVLDVNPQAVK 671.36 2 34.5 328.69 y6
sp|Q9WV34|MPP2_MOUSE VCVLDVNPQAVK 671.36 2 34.5 542.33 y5
sp|Q9WV34|MPP2_MOUSE VCVLDVNPQAVK 671.36 2 34.5 983.55 y9
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 279.19 y5
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 367.70 b6
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 557.37 y5
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 656.43 y6
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 734.39 b6
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 819.50 y7
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 831.44 b7
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 944.52 b8
tr|E9PYH2|E9PYH2_MOUSE ATLWYVPLSLK 645.88 2 33.4 1005.58 y8
tr|E9PYH2|E9PYH2_MOUSE TNIVTASVDAINFHDK 582.30 3 37.8 216.10 b2
tr|E9PYH2|E9PYH2_MOUSE TNIVTASVDAINFHDK 582.30 3 37.8 329.18 b3
tr|E9PYH2|E9PYH2_MOUSE TNIVTASVDAINFHDK 582.30 3 37.8 399.20 y3
tr|E9PYH2|E9PYH2_MOUSE TNIVTASVDAINFHDK 582.30 3 37.8 546.27 y4
tr|E9PYH2|E9PYH2_MOUSE TNIVTASVDAINFHDK 582.30 3 37.8 959.46 y8
tr|E9PYH2|E9PYH2_MOUSE VLEVPPIVYLR 649.40 2 33.6 213.16 b2
tr|E9PYH2|E9PYH2_MOUSE VLEVPPIVYLR 649.40 2 33.6 342.20 b3
tr|E9PYH2|E9PYH2_MOUSE VLEVPPIVYLR 649.40 2 33.6 760.47 y6
tr|E9PYH2|E9PYH2_MOUSE VLEVPPIVYLR 649.40 2 33.6 857.52 y7
tr|E9PYH2|E9PYH2_MOUSE VLEVPPIVYLR 649.40 2 33.6 1085.64 y9
tr|Q546G4|Q546G4_MOUSE APQVSTPTLVEAAR 720.40 2 36.7 856.49 y8
tr|Q546G4|Q546G4_MOUSE APQVSTPTLVEAAR 720.40 2 36.7 957.54 y9
tr|Q546G4|Q546G4_MOUSE APQVSTPTLVEAAR 720.40 2 36.7 1044.57 y10
tr|Q546G4|Q546G4_MOUSE APQVSTPTLVEAAR 720.40 2 36.7 1143.64 y11
tr|Q546G4|Q546G4_MOUSE APQVSTPTLVEAAR 720.40 2 36.7 1271.70 y12
tr|Q546G4|Q546G4_MOUSE CCSGSLVER 534.23 2 28.5 175.12 y1
tr|Q546G4|Q546G4_MOUSE CCSGSLVER 534.23 2 28.5 516.31 y4
tr|Q546G4|Q546G4_MOUSE CCSGSLVER 534.23 2 28.5 660.37 y6
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tr|Q546G4|Q546G4_MOUSE CCSGSLVER 534.23 2 28.5 747.40 y7
tr|Q546G4|Q546G4_MOUSE CCSGSLVER 534.23 2 28.5 907.43 y8
tr|Q546G4|Q546G4_MOUSE CCTLPEDQR 589.75 2 30.9 175.12 y1
tr|Q546G4|Q546G4_MOUSE CCTLPEDQR 589.75 2 30.9 303.18 y2
tr|Q546G4|Q546G4_MOUSE CCTLPEDQR 589.75 2 30.9 644.30 y5
tr|Q546G4|Q546G4_MOUSE CCTLPEDQR 589.75 2 30.9 858.43 y7
tr|Q546G4|Q546G4_MOUSE ENYGELADCCTK 730.30 2 37.1 244.09 b2
tr|Q546G4|Q546G4_MOUSE ENYGELADCCTK 730.30 2 37.1 568.22 y4
tr|Q546G4|Q546G4_MOUSE ENYGELADCCTK 730.30 2 37.1 683.25 y5
tr|Q546G4|Q546G4_MOUSE ENYGELADCCTK 730.30 2 37.1 754.29 y6
tr|Q546G4|Q546G4_MOUSE LGEYGFQNAILVR 740.40 2 37.6 685.44 y6
tr|Q546G4|Q546G4_MOUSE LGEYGFQNAILVR 740.40 2 37.6 813.49 y7
tr|Q546G4|Q546G4_MOUSE LGEYGFQNAILVR 740.40 2 37.6 960.56 y8
tr|Q546G4|Q546G4_MOUSE LGEYGFQNAILVR 740.40 2 37.6 1017.58 y9
tr|Q546G4|Q546G4_MOUSE LGEYGFQNAILVR 740.40 2 37.6 1180.65 y10
tr|Q546G4|Q546G4_MOUSE QTALAELVK 486.79 2 26.4 129.07 b1
tr|Q546G4|Q546G4_MOUSE QTALAELVK 486.79 2 26.4 147.11 y1
tr|Q546G4|Q546G4_MOUSE QTALAELVK 486.79 2 26.4 246.18 y2
tr|Q546G4|Q546G4_MOUSE QTALAELVK 486.79 2 26.4 559.34 y5
tr|Q546G4|Q546G4_MOUSE QTALAELVK 486.79 2 26.4 672.43 y6
tr|Q546G4|Q546G4_MOUSE RPCFSALTVDETYVPK 628.32 3 40.4 244.17 y2
tr|Q546G4|Q546G4_MOUSE RPCFSALTVDETYVPK 628.32 3 40.4 648.29 b5
tr|Q546G4|Q546G4_MOUSE RPCFSALTVDETYVPK 628.32 3 40.4 719.33 b6
tr|Q546G4|Q546G4_MOUSE RPCFSALTVDETYVPK 628.32 3 40.4 832.41 b7
tr|Q546G4|Q546G4_MOUSE RPCFSALTVDETYVPK 628.32 3 40.4 933.46 b8
tr|Q546G4|Q546G4_MOUSE TCVADESAANCDK 720.79 2 36.7 102.05 b1
tr|Q546G4|Q546G4_MOUSE TCVADESAANCDK 720.79 2 36.7 262.14 y2
tr|Q546G4|Q546G4_MOUSE TCVADESAANCDK 720.79 2 36.7 422.17 y3
tr|Q546G4|Q546G4_MOUSE TCVADESAANCDK 720.79 2 36.7 536.21 y4
tr|Q546G4|Q546G4_MOUSE TCVADESAANCDK 720.79 2 36.7 765.32 y7
tr|Q5FWJ3|Q5FWJ3_MOUSE FADLSEAANR 547.27 2 29.1 175.12 y1
tr|Q5FWJ3|Q5FWJ3_MOUSE FADLSEAANR 547.27 2 29.1 334.14 b3
tr|Q5FWJ3|Q5FWJ3_MOUSE FADLSEAANR 547.27 2 29.1 431.24 y4
tr|Q5FWJ3|Q5FWJ3_MOUSE FADLSEAANR 547.27 2 29.1 647.31 y6
tr|Q5FWJ3|Q5FWJ3_MOUSE FADLSEAANR 547.27 2 29.1 875.42 y8
tr|Q5FWJ3|Q5FWJ3_MOUSE ISLPLPTFSSLNLR 779.45 2 39.3 175.12 y1
tr|Q5FWJ3|Q5FWJ3_MOUSE ISLPLPTFSSLNLR 779.45 2 39.3 836.46 y7
tr|Q5FWJ3|Q5FWJ3_MOUSE ISLPLPTFSSLNLR 779.45 2 39.3 937.51 y8
tr|Q5FWJ3|Q5FWJ3_MOUSE ISLPLPTFSSLNLR 779.45 2 39.3 1034.56 y9
tr|Q5FWJ3|Q5FWJ3_MOUSE ISLPLPTFSSLNLR 779.45 2 39.3 1244.70 y11
tr|Q5FWJ3|Q5FWJ3_MOUSE QDVDNASLAR 544.77 2 29 175.12 y1
tr|Q5FWJ3|Q5FWJ3_MOUSE QDVDNASLAR 544.77 2 29 244.09 b2
tr|Q5FWJ3|Q5FWJ3_MOUSE QDVDNASLAR 544.77 2 29 631.35 y6
tr|Q5FWJ3|Q5FWJ3_MOUSE QDVDNASLAR 544.77 2 29 746.38 y7
tr|Q5FWJ3|Q5FWJ3_MOUSE QDVDNASLAR 544.77 2 29 845.45 y8
tr|Q5FWJ3|Q5FWJ3_MOUSE SLYSSSPGGAYVTR 722.86 2 36.8 820.43 y8
tr|Q5FWJ3|Q5FWJ3_MOUSE SLYSSSPGGAYVTR 722.86 2 36.8 907.46 y9
tr|Q5FWJ3|Q5FWJ3_MOUSE SLYSSSPGGAYVTR 722.86 2 36.8 994.50 y10
tr|Q5FWJ3|Q5FWJ3_MOUSE SLYSSSPGGAYVTR 722.86 2 36.8 1081.53 y11
tr|Q6GT24|Q6GT24_MOUSE DFTPVCTTELGR 698.33 2 35.7 263.10 b2
tr|Q6GT24|Q6GT24_MOUSE DFTPVCTTELGR 698.33 2 35.7 676.36 y6
tr|Q6GT24|Q6GT24_MOUSE DFTPVCTTELGR 698.33 2 35.7 836.39 y7
tr|Q6GT24|Q6GT24_MOUSE DFTPVCTTELGR 698.33 2 35.7 935.46 y8
tr|Q6GT24|Q6GT24_MOUSE DFTPVCTTELGR 698.33 2 35.7 1032.51 y9
tr|Q6GT24|Q6GT24_MOUSE DINAYNGETPTEK 726.34 2 37 229.12 b2
tr|Q6GT24|Q6GT24_MOUSE DINAYNGETPTEK 726.34 2 37 276.16 y2
tr|Q6GT24|Q6GT24_MOUSE DINAYNGETPTEK 726.34 2 37 343.16 b3
tr|Q6GT24|Q6GT24_MOUSE DINAYNGETPTEK 726.34 2 37 377.20 y3
tr|Q6GT24|Q6GT24_MOUSE DINAYNGETPTEK 726.34 2 37 474.26 y4
tr|Q6GT24|Q6GT24_MOUSE LIALSIDSVEDHLAWSK 633.01 3 40.7 227.18 b2
tr|Q6GT24|Q6GT24_MOUSE LIALSIDSVEDHLAWSK 633.01 3 40.7 234.14 y2
tr|Q6GT24|Q6GT24_MOUSE LIALSIDSVEDHLAWSK 633.01 3 40.7 741.40 y6
tr|Q6GT24|Q6GT24_MOUSE LIALSIDSVEDHLAWSK 633.01 3 40.7 985.47 y8
tr|Q6GT24|Q6GT24_MOUSE LIALSIDSVEDHLAWSK 633.01 3 40.7 1286.60 y11
tr|Q6GT24|Q6GT24_MOUSE LPFPIIDDK 529.30 2 28.3 211.14 b2
tr|Q6GT24|Q6GT24_MOUSE LPFPIIDDK 529.30 2 28.3 262.14 y2
tr|Q6GT24|Q6GT24_MOUSE LPFPIIDDK 529.30 2 28.3 377.17 y3
tr|Q6GT24|Q6GT24_MOUSE LPFPIIDDK 529.30 2 28.3 490.25 y4
tr|Q6GT24|Q6GT24_MOUSE LPFPIIDDK 529.30 2 28.3 700.39 y6
tr|Q6GT24|Q6GT24_MOUSE VVDSLQLTGTKPVATPVDWK 718.73 3 45.7 333.19 y2
tr|Q6GT24|Q6GT24_MOUSE VVDSLQLTGTKPVATPVDWK 718.73 3 45.7 448.22 y3
tr|Q6GT24|Q6GT24_MOUSE VVDSLQLTGTKPVATPVDWK 718.73 3 45.7 644.34 y5
tr|Q6GT24|Q6GT24_MOUSE VVDSLQLTGTKPVATPVDWK 718.73 3 45.7 816.43 y7
tr|Q6GT24|Q6GT24_MOUSE VVDSLQLTGTKPVATPVDWK 718.73 3 45.7 1012.55 y9
tr|Q6GT24|Q6GT24_MOUSE VVFIFGPDK 511.29 2 27.5 147.11 y1

180



tr|Q6GT24|Q6GT24_MOUSE VVFIFGPDK 511.29 2 27.5 359.19 y3
tr|Q6GT24|Q6GT24_MOUSE VVFIFGPDK 511.29 2 27.5 416.21 y4
tr|Q6GT24|Q6GT24_MOUSE VVFIFGPDK 511.29 2 27.5 563.28 y5
tr|Q6GT24|Q6GT24_MOUSE VVFIFGPDK 511.29 2 27.5 676.37 y6
tr|Q78ZJ8|Q78ZJ8_MOUSE AITSAYYR 472.75 2 25.8 175.12 y1
tr|Q78ZJ8|Q78ZJ8_MOUSE AITSAYYR 472.75 2 25.8 185.13 b2
tr|Q78ZJ8|Q78ZJ8_MOUSE AITSAYYR 472.75 2 25.8 572.28 y4
tr|Q78ZJ8|Q78ZJ8_MOUSE AITSAYYR 472.75 2 25.8 659.31 y5
tr|Q78ZJ8|Q78ZJ8_MOUSE AITSAYYR 472.75 2 25.8 760.36 y6
tr|Q78ZJ8|Q78ZJ8_MOUSE NILTEIYR 511.29 2 27.5 571.31 b5
tr|Q78ZJ8|Q78ZJ8_MOUSE NILTEIYR 511.29 2 27.5 580.31 y4
tr|Q78ZJ8|Q78ZJ8_MOUSE NILTEIYR 511.29 2 27.5 681.36 y5
tr|Q78ZJ8|Q78ZJ8_MOUSE NILTEIYR 511.29 2 27.5 684.39 b6
tr|Q78ZJ8|Q78ZJ8_MOUSE NILTEIYR 511.29 2 27.5 794.44 y6
tr|Q78ZJ8|Q78ZJ8_MOUSE NILTEIYR 511.29 2 27.5 847.46 b7
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Supplementary Information 3 

 

 

 

 

 

1) Photomicrographs show EGFP expression in the striatum of 3-day post MCAo slices following validation 

of RNAi reagents. Red squares indicate the locations of the images were taken and where the 

measurements were collected. The images were taken under 100x magnification (150ms exposure, 7.6x 

gain). NC= negative control, TA: transfection agent, Sc: scramble siRNA, PC: positive control siRNA 

(GAPDH).  

  

  

250μm 
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2) Photomicrographs show EGFP expression in the cortex of 3-day post MCAo slices following validation of 

RNAi reagents. The images were taken under 100x magnification (150ms exposure, 7.6x gain). 

  

  

250μm 
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3) Photomicrographs show EGFP expression in the striatum of 3-day post MCAo slices following cathepsin B siRNA #1 (Ctsb1) treatment. Red squares indicate the locations 
of the images were taken and where the measurements were collected. The images were taken under 100x magnification (150ms exposure, 7.6x gain). NC= negative control. 

  
   

250μm 
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4) Photomicrographs show EGFP expression in the cortex of 3-day post MCAo slices following cathepsin B siRNA #1 (Ctsb1) treatment. The images were taken under 100x 
magnification (150ms exposure, 7.6x gain). 

  

250μm 
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5) Photomicrographs show EGFP expression in the striatum of 3-day post MCAo slices following cathepsin B siRNA #2 (Ctsb2) treatment. The images were taken under 
100x magnification (150ms exposure, 7.6x gain). 

  

250μm 
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6) Photomicrographs show EGFP expression in the cortex of 3-day post MCAo slices following cathepsin B siRNA #2 (Ctsb2) treatment. The images were taken under 100x 
magnification (150ms exposure, 7.6x gain). 
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7) Photomicrographs show EGFP expression in the striatum of 3-day post MCAo slices following MAL2 siRNA #1 (Mal2-1) treatment. The images were taken under 100x 
magnification (150ms exposure, 7.6x gain). 
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8) Photomicrographs show EGFP expression in the cortex of 3-day post MCAo slices following MAL2 siRNA #1 (Mal2-1) treatment. The images were taken under 100x 
magnification (150ms exposure, 7.6x gain). 
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9) Photomicrographs show EGFP expression in the striatum of 3-day post MCAo slices following MAL2 siRNA #2 (Mal2-2) treatment. The images were taken under 100x 
magnification (150ms exposure, 7.6x gain). 

  

250μm 
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10) Photomicrographs show EGFP expression in the cortex of 3-day post MCAo slices following MAL2 siRNA #2 (Mal2-2) treatment. The images were taken under 100x 
magnification (150ms exposure, 7.6x gain). 
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11) Photomicrographs show EGFP expression in the striatum of 7-day post MCAo slices following cathepsin B siRNA #1 (Ctsb1) treatment. The images were taken under 
100x magnification (80ms exposure, 7.6x gain). 

  

250μm 
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12) Photomicrographs show EGFP expression in the cortex of 7-day post MCAo slices following cathepsin B siRNA #1 (Ctsb1) treatment. The images were taken under 100x 
magnification (80ms exposure, 7.6x gain). 

  

250μm 
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13) Photomicrographs show EGFP expression in the striatum of 7-day post MCAo slices following cathepsin B siRNA #2 (Ctsb2) treatment. The images were taken under 
100x magnification (80ms exposure, 7.6x gain). 
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14) Photomicrographs show EGFP expression in the cortex of 7-day post MCAo slices following cathepsin B siRNA #2 (Ctsb2) treatment. The images were taken under 100x 
magnification (80ms exposure, 7.6x gain). 
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15) Photomicrographs show EGFP expression in the striatum of 7-day post MCAo slices following MAL2 siRNA #1 (Mal2-1) treatment. The images were taken under 100x 
magnification (80ms exposure, 7.6x gain). 
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16) Photomicrographs show EGFP expression in the cortex of 7-day post MCAo slices following MAL2 siRNA #1 (Mal2-1) treatment. The images were taken under 100x 
magnification (80ms exposure, 7.6x gain). 
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17) Photomicrographs show EGFP expression in the striatum of 7-day post MCAo slices following MAL2 siRNA #2 (Mal2-2) treatment. The images were taken under 100x 
magnification (80ms exposure, 7.6x gain). 
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18) Photomicrographs show EGFP expression in the cortex of 7-day post MCAo slices following MAL2 siRNA #2 (Mal2-2) treatment. The images were taken under 100x 
magnification (80ms exposure, 7.6x gain). 

  

250μm 
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