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Abstract 

 

Stroke is the third most common cause of death in most Western countries and the major 

cause of disability. The distinction between stroke subtypes and knowledge of the time of 

stroke onset is critical in clinical practice. The most specific and biologically powerful 

treatment for acute ischaemic stroke is thrombolysis with recombinant tissue plasminogen 

activator (rt-PA) given within the first 4.5 hours of ischaemic stroke onset but this therapy 

is disappointingly underused. This mainly because of unknown symptoms onset time and 

uncertainty about stroke diagnostic.  Neuroimaging can help decide who and how to treat. 

Nevertheless, neuroimaging is expensive, has contra-indications and is not always readily 

available. Cheap and easily measured blood biomarkers serve similar roles for other 

diseases.   

 

The traditional approach to stroke biomarker discovery has been to select candidate 

markers based on their known involvement in the stroke pathophysiology. This “pick your 

best candidate” approach inevitably means selection from only a small pool of what is 

theoretically available. High throughput technologies such as whole genome microarrays 

and proteomics permit unbiased selection of molecular markers by examining all of genes 

and proteins expressed in a tissue. In this thesis, these agnostic approaches were used to 

identify characteristic blood RNA and protein expression profiles occurring after stroke. 

 

In the first chapters, we show that most acute stroke patients do not have the indicated 

imaging done in an appropriate time window, therefore blood biomarkers would have a 

useful niche. We also show that, to date, most candidate blood biomarkers have not found 

use in the clinic because they have been selected from experiments that do not address the 

rapidly changing nature of stroke and have been identified by an ad hoc process that only 

scratches the surface of the potential candidates available. 

A pilot gene array experiment performed in rats to specifically look for hyper-acute 

changes that might be clinically informative in a way not easily realizable in humans, 

identified gene expression changes of great amplitude which changed markedly with time.  

This indicated that it should be possible to generate a stroke clock for use in the clinic. A 
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larger follow up confirmation experiment designed also to examine the influence of 

experimental comorbidities demonstrated that many of the changes could be attributed to 

the surgical intervention needed to induce stroke in rats. This has important implications 

for our understanding of stroke inflammatory biology and also suggests the need for a 

different approach to stroke biomarker discovery. 

Examination of protein expression in bloods from a clinical trial of hypothermia identified 

new candidate biomarkers. A clinical trial to examine blood RNA expression, ultimately 

performed as a pilot because of recruitment difficulties, was designed to examine temporal 

change. It confirmed that collection of sequential blood samples in a clinically relevant time 

frame is possible and identified time dependent gene expression with overlap with the rat 

data. This indicates that generation of a clinically useful stroke clock should indeed be 

possible. 
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Chapter 1: Introduction and literature review. 

1.1. Stroke 

1.1.1 Definition  

Stroke is the third most common cause of death in most Western countries and the major 

cause of disability (Roger, Go et al. 2012, World Health Organization 2014). The incidence 

of acute stroke events is greater than that of acute coronary events although the resources 

and acute interventions available do not match this state of affairs (Rothwell, Coull et al. 

2005).  Each year, stroke affects 33 million individuals worldwide (Mozaffarian, Benjamin 

et al. 2015). In Europe, 1000 people are dying from stroke everyday (Watson 2012). 

Despite recent therapeutic advances, stroke continues to represent a leading cause of long-

term disability and death affecting over 700,000 people annually in the United States 

(Rosamond, Flegal et al. 2007) where it accounts for 1 in 20 deaths (Yoon, Bastian et al. 

2014). According to the Center for Disease Control and Prevention, stroke accounted for 

33% of potentially preventable deaths in the United States between 2008 and 2010 (Yoon, 

Bastian et al. 2014). In Australia stroke is the second most common cause of death after 

coronary heart disease (Wadas 2009, National Stroke Foundation 2010). Including 

recurrent stroke, 60,000 Australians are affected annually with one stroke occurring every 

10 minutes in Australia (National Stroke Foundation 2015).  

Stroke is characterized by the sudden loss of cerebral blood circulation, resulting in a 

corresponding loss of neurological function. Two principal subtypes exist, namely 

ischaemic stroke, representing over 80-85% of all strokes, and haemorrhagic stroke (Lloyd-

Jones, Adams et al. 2009, Mozaffarian, Benjamin et al. 2015). 

Ischaemic stroke (IS) is primarily caused by either intracranial vessel occlusion or embolism 

from an extracranial source. Intracranial thrombosis is largely due to atherosclerosis, 

whereas extracranial embolisms commonly arise from the extracranial arteries or from the 

heart due to concurrent myocardial infarction, mitral stenosis, endocarditis, atrial 

fibrillation, dilated cardiomyopathy, or congestive heart failure (Adams, Bendixen et al. 

1993). Haemorrhagic stroke originates from weakened cerebral vessels, which rupture and 
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form a localized hematoma within the parenchymal cerebral space. Its common causes 

include hypertension, drug use, or vascular malformations (Saenger and Christenson 2010). 

A reliable differentiation between haemorrhage and ischaemic stroke is not possible on the 

basis of clinical examination alone (Hawkins, Bonita et al. 1995) and their treatment is 

totally different. Moreover, despite the two subtypes sharing similar risk profiles (Michel 

and Bogousslavsky 2006), they exhibit distinct molecular mechanisms in the acute phase 

(Wang and Dore 2007, Wang, Tang et al. 2007). 

1.1.2 Stroke treatment 

Only four interventions have been demonstrated to improve outcome in patients with 

ischaemic stroke: thrombolysis with recombinant tissue plasminogen activator (rt-PA) 

given within 4.5h of stroke onset (Hacke, Donnan et al. 2004), aspirin given within 48h 

(Chen, Sandercock et al. 2000), management of the patients within a dedicated stroke unit 

(Langhorne, Williams et al. 1993) and recently endovascular clot retrieval (Goyal, Menon et 

al. 2016). 

Thrombolysis with rt-PA represents therefore the only proven pharmacological 

intervention for acute ischaemic stroke.  

Approved by the Food and Drug Administration in 1996, the treatment is absolutely 

contraindicated in intracerebral haemorrhage (ICH) and must be administered within 4.5 

hours from the onset of symptoms (Lees, Bluhmki et al. 2010).  

1.1.2.1 The thrombolysis time window evolution 

In 1995, the National Institute of Neurological Disorders and Stroke (NINDS) study group 

reported that patients with acute ischaemic stroke who received alteplase (0.9 mg per 

kilogram of body weight) within 3 hours after the onset of symptoms were at least 30% 

more likely to have minimal or no disability at 3 months than those who received placebo 

(The National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 

1995). 

Since this first proof of efficacy, many groups have tried to find ways of increasing the rt-

PA therapeutic time window. 
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The European Cooperative Acute Stroke Study (ECASS) and ECASS II trials investigated 

a time window of up to 6 hours but failed to show the efficacy beyond the 3 hour window 

in use at the time (Hacke, Kaste et al. 1995, Hacke, Kaste et al. 1998).  

The ATLANTIS (Alteplase Thrombolysis for Acute Noninterventional Therapy in 

Ischaemic Stroke) study found rt-PA to provide an “an excellent functional and 

neurological recovery” measured at 90 days in patients treated between 3 and 5 hours after 

stroke (Clark, Wissman et al. 1999). 

A subsequent re-analysis of the NINDS study data and the combined analysis of data from 

newer randomized trials, which investigated thrombolysis treatment for ischaemic stroke in 

a total of 2775 patients, showed a clear association between treatment efficacy and the 

interval between the onset of symptoms and administration of the thrombolytic agent. In 

the pooled analysis, a favourable outcome was observed even if treatment was initiated 

between 3 and 4.5 hours, with an odds ratio of 1.4 for a favourable outcome with alteplase 

treatment as compared with placebo. This analysis also suggested that delayed treatment 

was not associated with higher rates of symptomatic intracranial haemorrhage or death 

(Hacke, Donnan et al. 2004).   

Published in 2008, ECASS III was the second stand-alone randomized trial (after the 

NINDS trial in 1995) to show a significant treatment effect with intravenous alteplase. 

Moreover, ECASSIII showed that the efficacy of alteplase administered in patients with 

acute ischaemic stroke can be safely extended to a time window of 3 to 4.5 hours after the 

onset of stroke symptoms. The overall rate of symptomatic intracranial haemorrhage was 

increased with alteplase as compared with placebo, but mortality was not affected (Hacke, 

Kaste et al. 2008). 

Ended in 2012, the third International Stroke Trial (IST-3) evaluated the efficacy and safety 

of rt-PA in the 0–6 h time window and in patients who were not eligible for thrombolysis 

according to the licence. IST-3 remains the largest study of thrombolysis to date (recruiting 

3035 patients and including 1617 patients aged over 80 years) but failed to show any 

significant benefit from rt-PA given between 3 and 6 h after stroke onset on the proportion 

of people alive and independent at six months after stroke compared to placebo. 
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Nevertheless, a trend towards benefit with rt-PA was observed for patients treated between 

4.5-6 hours (The IST-3 collaborative group, Sandercock et al. 2012). 

Following the publication of the IST-3 results, a meta-analysis conducted on 12 trials and 

7012 patients showed that rt-PA administered within 6 h of symptom onset significantly 

increased the odds of being alive and independent at the end of the follow-up compared 

with controls. This meta-analysis also strengthened the evidence that treating patients as 

soon as possible was more effective, and that in this setting time was probably more 

important than any other factor (Wardlaw, Murray et al. 2012).  

By combining clinical scores and magnetic resonance imaging (MRI) parameters as their 

primary outcome measures, the Echoplanar Imaging Thrombolytic Evaluation Trial 

(EPITHET) group took another approach to the problem. The investigators showed that, 

in patients treated between 3 and 6 hours, reperfusion was significantly increased in those 

with mismatch on diffusion- and perfusion-weighted imaging and reperfusion was 

associated with improved clinical outcomes (Davis, Donnan et al. 2008). 

Advanced imaging is therefore now used to select patients in clinical trials testing the 

efficacy of thrombolysis beyond 4.5 hours. 

Initiated in 2010, the Extending the Time for Thrombolysis in Emergency Neurological 

Deficits (EXTEND) trial is currently recruiting and combines clinical and imaging criteria 

in order to select a population more likely to benefit from rt-PA when given after the 

traditional 4.5 hour time window (Ma, Parsons et al. 2012). EXTEND not only includes 

patients presenting up to 9 hours after stroke onset but also allows treatment of patient 

that wake up with strokes. 

1.1.2.2 Thrombolysis use 

Time to stroke diagnosis is critical because effective thrombolytic therapy must be initiated 

as soon as possible to salvage as much cerebral tissue as possible. Indeed, it is estimated 

that a patient suffering from stroke loses 1.9 million neurons each minute in which stroke 

is untreated (Saver 2006). The formula “Time is brain” is therefore largely used to 

emphasize that human nervous tissue is rapidly and irretrievably lost as stroke progresses 

and that therapeutic interventions should be pursued as matter of urgency. 
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While myocardial infarction can be thrombolysed by ambulance personnel, the need to 

differentiate between ischaemic stroke and intracerebral haemorrhage makes brain imaging 

a mandatory step before the use of rt-PA, produces significant delays, and often prevents 

treatment altogether. 

The vast majority of ischaemic stroke patients do not receive rt-PA and this is because of 

uncertainty about diagnosis, time of onset and the perceived risks of cerebral bleeding 

these entail (Barber, Zhang et al. 2001, Fink, Kumar et al. 2002, Albers, Amarenco et al. 

2008, Howells and Donnan 2010, Faiz, Sundseth et al. 2014). 

Indeed, thrombolysis is disappointingly underused. No more than a third of ischaemic 

stroke patients can be treated with rt-PA at specialized centres, and reported treatment 

rates for populations have been low even in countries with an active approach to stroke 

care. Reported rates of thrombolysis use vary between and within countries. Such 

disparities have been attributed to different factors such as the size of the treating hospital, 

its cultural identity, the degree of involvement of the neurological team, the availability of 

specific neurological amenities and staff and their level of expertise or even the distance 

from the nearest acute stroke unit (van Wijngaarden, Dirks et al. 2009, Fang, Cutler et al. 

2010, Adeoye, Hornung et al. 2011, Leyden, Chong et al. 2011, Moradiya and Levine 2013, 

Moey, Hamilton-Bruce et al. 2015) 

In the Netherlands, 5.7 to 21.7% of patients with ischaemic strokes receive rt-PA (van 

Wijngaarden, Dirks et al. 2009) while rates ranging from 1.4 to 9.1% are described for the 

United Kingdom (Rudd, Hoffman et al. 2011, Bray, Campbell et al. 2013). Between 10 to 

12% of patients with ischaemic strokes receive the therapy in Germany (Minnerup, 

Wersching et al. 2011, Krogias, Bartig et al. 2014). This represents an increase of more than 

80% of the German nationwide use of rt-PA between 2008 and 2012 (Krogias, Bartig et al. 

2014). In the United States, the overall reported thrombolysis rates vary from 2.5 to 5% 

(Fang, Cutler et al. 2010, Adeoye, Hornung et al. 2011, Moradiya and Levine 2013). Leyden 

et al. estimated thrombolysis rates in South Australia to be less than 2% in the period 

2007–2009 but rates have since significantly increased in the same area with 5.3% of 

ischaemic stroke patients treated in 2010 (Leyden, Chong et al. 2011, Moey, Hamilton-

Bruce et al. 2015). Similar rates (consistently less than 6%) are reported in South Africa 

(Bryer and Wasserman 2013). 
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1.1.2.3 Thrombectomy 

Endovascular therapy with stent retrievers (thrombectomy) has recently been proven as an 

efficient treatment for acute IS (Berkhemer, Fransen et al. 2015, Campbell, Mitchell et al. 

2015, Goyal, Demchuk et al. 2015, Jovin, Chamorro et al. 2015, Saver, Goyal et al. 2015). 

Thrombectomy is currently recommended in IS patients (after or independently from rt-

PA) with evidence of proximal anterior circulation brain proximal large occlusion and 

within 6 hours of symptoms onset (Powers, Derdeyn et al. 2015, Goyal, Menon et al. 

2016). 

The Diffusion-weighted imaging or computerized tomography perfusion assessment with 

clinical mismatch in the triage of wake up and late presenting strokes undergoing 

neurointervention with Trevo (DAWN) trial is currently testing the efficacy of 

thrombectomy within an extended time window (up to 24hours and in patients that wake 

up with stroke) in an imaging-based selected cohort of patients (Jovin, Saver et al. 2017). 

The preliminary results of the study, which included patients where brain imaging 

demonstrated a significant area of potentially salvageable brain tissue, have been presented 

in recent conferences and are promising. 

Thrombectomy remains a procedure for a selected subset of IS patients and is only 

performed in specialized centres by neurointervention experts. 

1.1.3 Stroke diagnosis 

The diagnosis of stroke is currently based on an experienced clinician’s examination of the 

patient supplemented by the results of brain imaging.  

1.1.3.1 Clinical diagnosis 

Clinical diagnosis is predicated on obtaining an accurate medical history and a thorough 

physical assessment of the patient. The diagnostic accuracy of stroke has been shown to 

have a sensitivity of 92% for primary care physicians routinely exposed to suspected stroke 

victims (Morgenstern, Lisabeth et al. 2004), but is less reliable in physicians with less 

experience or confidence (Hand, Kwan et al. 2006). Regarding treatment opportunities, it is 

crucial to differentiate the stroke subtypes but clinical presentation of haemorrhagic and 

ischaemic stroke can show substantial overlap. From a clinical point of view, it is also not 
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always easy to distinguish stroke from stroke mimics (a variety of abnormalities that imitate 

the signs and symptoms of stroke), such as migraine, focal epilepsy or structural brain 

lesions, which can account for up to a third of patients with stroke-like symptoms (Hand, 

Kwan et al. 2006, Adams, del Zoppo et al. 2007). 

1.1.1.1. Imaging 

Modern neuroimaging is widely used to aid in the diagnosis of stroke, to characterise its 

type, to assist in determining a likely aetiology for the event, to estimate the severity, and to 

predict functional outcome and risk of recurrence (Kane, Carpenter et al. 2007, Kane, 

Sandercock et al. 2007, Davis, Donnan et al. 2008, Saenger and Christenson 2010). 

The reliance on imaging is currently crucial as it is the only way to differentiate ischaemic 

from haemorrhagic stroke. As thrombolysis and endovascular treatment are associated with 

an increased risk of haemorrhage, imaging also helps to confirm the diagnosis while 

excluding stroke mimics.   

Owing to its widespread immediate availability and the timely manner in which the scan 

can be performed, computed tomography (CT) has been the mainstay of stroke imaging 

(Adams, del Zoppo et al. 2007, Jauch, Saver et al. 2013). On brain non-contrast CT 

(NCCT), early signs of cerebral ischaemia include loss of grey-white differentiation, mass 

effect and sulcal effacement and the presence of cerebral artery hyperdensity indicating 

artery occlusion by a fresh thrombus (Tomura, Uemura et al. 1988, von Kummer, 

Meyding-Lamadé et al. 1994, Moulin, Cattin et al. 1996).  

NCCT is the technique of choice for exclusion of intracerebral haemorrhage and 

identification of contraindications to intravenous (IV) thrombolysis (The National Institute 

of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995, Hacke, Kaste et al. 

2008, Jauch, Saver et al. 2013, Sanelli, Sykes et al. 2014).   

Early signs of cerebral ischaemia expected to be seen on NCCT are inconsistent and can be 

difficult to interpret. The routine use of brain NCCT imaging as part of fibrinolytic 

treatment evaluation in ischaemic stroke has clarified its limited diagnostic value hyper-

acutely after stroke (<6 hours), where it doesn’t often allow visualization of the ischaemic 

injury (Chalela, Kidwell et al. 2007). Indeed, Patel et al. showed that early signs of ischaemia 
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were only found in 31% of CT images acquired  within 3 hours of symptom onset (Patel, 

Levine et al. 2001). Similar signs were present in 75% of the baseline CT of 156 patients 

treated within 3 h of symptom onset and in 38 to 81% of 53 patients scanned within 5 

hours after stroke onset (von Kummer, Meyding-Lamadé et al. 1994, Barber, Demchuk et 

al. 2000).  

Early CT signs involving more than 1/3 of the middle cerebral artery (MCA) distribution 

have been associated with large strokes, increased risk of haemorrhagic transformation and 

poor outcome (von Kummer, Meyding-Lamadé et al. 1994, Hacke, Kaste et al. 1995, 

Moulin, Cattin et al. 1996, Tomsick, Brott et al. 1996, Larrue, von Kummer et al. 1997, 

Larrue, von Kummer et al. 2001).  

As this so-called MCA rule and the identification of early CT changes were not reliable. 

The Alberta Stroke Program Early CT Score (ASPECTS), a 10-point quantitative 

topographic CT scan score, was developed to help to assess a patient’s suitability to receive 

IV rt-PA (Barber 2000). It only modestly improved the accuracy for predicting functional 

outcome and was similar for predicting symptomatic haemorrhage compared to the MCA 

rule (Barber, Demchuk et al. 2000, Sanelli, Sykes et al. 2014) . It has been shown to 

perform poorly during the first 3 hours after stroke and has become superfluous since the 

development of the advanced imaging sequences (Bivard and Parsons 2012). 

Magnetic resonance imaging (MRI), in particular diffusion-weighted imaging (DWI), is 

highly sensitive to acute ischaemia. DWI can detect ischaemic changes within minutes of 

stroke onset and ischaemic lesions as small as 4mm in diameter with high sensitivity (75-

100%) and specificity (94-100%) (Lövblad, Laubach et al. 1998, Ay, Buonanno et al. 1999, 

Barber, Darby et al. 1999, González, Schaefer et al. 1999, Fiebach, Schellinger et al. 2002). 

MRI is superior to CT for detecting acute posterior fossa infarcts or small acute lesions 

(cortical or deep). MRI also allows differentiation between acute and chronic infarction 

(Jauch, Saver et al. 2013). 

Moreover, perfusion-weighted imaging (PWI) in combination with DWI is thought to 

identify ischaemic, but potentially salvageable tissue in acute ischaemic stroke, the so-called, 

‘ischaemic penumbra’ (Muir, Buchan et al. 2006, Kane, Sandercock et al. 2007). 
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Penumbral imaging by CT and MRI are increasingly used to select patients likely to 

respond well to thrombolysis (Kane, Carpenter et al. 2007, Davis and Donnan 2014, 

Wintermark, Luby et al. 2015).   

Even though MRI is highly sensitive to acute ischaemia, its perfusion parameters, 

processing techniques and mismatch definitions and thresholds still need standardisation 

(Kane, Carpenter et al. 2007, Kane, Sandercock et al. 2007, Davis, Donnan et al. 2008, 

Lees, Bluhmki et al. 2010, Wintermark, Albers et al. 2013). The appearance of PWI lesions 

may be dependent on which of the many methods were used to calculate it. Different 

perfusion parameters (e.g. mean transit time, regional cerebral blood flow,…) give different 

perfusion lesion volumes in the same patient. Infarct growth may occur even in absence of 

mismatch (Kane, Sandercock et al. 2007).  

Moreover, in addition to uncertainty, requirements for advanced facilities and expertise 

produce delays before final imaging interpretation (Laskowitz, Kasner et al. 2009).  

In addition to its cost, MRI use is also limited by some absolute contraindications such as a 

cardiac pacemaker or metal implants or relative contraindications such as claustrophobia or 

patient confusion. Indeed, MRI is also more vulnerable to motion artefact and it is 

estimated that approximately 10% of patients are unable to remain motionless while 

undertaking imaging which degrades the quality of the images (Jauch, Saver et al. 2013). 

CT perfusion (CTp) imaging combines the use of standard iodinated contrast and modern 

helical scanners to image slices of brain tissue. The CT scanner traces the entry and 

washout of a bolus of dye injected into a large arm vein. By tracking the contrast bolus 

through the brain, CTp provides measurement of cerebral blood flow (CBF), cerebral 

blood volume (CBV), and measures of contrast transit (such as mean transit time) (Parsons 

2008). In addition to being able to generate maps of CBF and CBV, CTp has been 

validated as an alternative modality to determine penumbral mismatch. Indeed, studies 

have shown good agreement of CTp findings with DWI and MR perfusion (Wintermark, 

Reichhart et al. 2002, Wintermark, Meuli et al. 2007, Schaefer, Barak et al. 2008, Bivard, 

McElduff et al. 2011, Kamalian, Maas et al. 2011). 

Recently, CTp has been shown to be able to predict cerebral parenchymal haematoma in 

acute ischaemic stroke after rt-PA and to improve the identification of patients likely to 
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respond to thrombolysis (Campbell, Christensen et al. 2010, Yassi, Parsons et al. 2013, 

Bivard, Levi et al. 2015). 

CTp has distinct advantages including availability in the emergency settings, relative cost, 

short acquisition and processing times, fewer contraindications in comparison to MRI and 

the possibility of being performed immediately following NCCT (Wintermark, Reichhart et 

al. 2002, Srinivasan, Goyal et al. 2005, Rai, Carpenter et al. 2008). For all these reasons, the 

use of CTp in the acute stroke setting continues to grow despite widespread use of DWI  

and is already used in clinical trials to assist in selection of patients for acute reperfusion 

therapies (Parsons 2008, Hacke, Furlan et al. 2009, Ma, Parsons et al. 2012, Parsons, Spratt 

et al. 2012, Campbell, Mitchell et al. 2015).  

Although CTp appears very sensitive for the detection of acute large artery hemispheric 

ischaemic stroke, smaller lesions outside the scanning range may be missed unless there is 

whole brain coverage (Parsons 2008). As for the MRI perfusion, lack of methods 

standardisation (especially in terms of deconvolution techniques) is impairing the reliability 

and reproducibility of CTp (Bivard, Levi et al. 2013). Moreover, CTp sensitivity to detect 

brainstem ischaemic stroke is still lower than DWI.   

In addition to the use of radiation, doubts about the safety of CTp use remain in regards to 

its required use of iodinated contrast and its subsequent risk of nephrotoxicity. Ang et al. 

demonstrated the safety of CTp use in acute stroke setting by identifying a low rate of 

secondary nephropathy (<3%) and no recourse to hemodialysis (Ang, Bivard et al. 2015).  

Helical CT angiography (CTA) allows to rapidly evaluate the intracranial and extracranial 

vasculature in the acute stroke setting. In addition to being non-invasive, CTA also has the 

advantage to be performed immediately after NCCT and therefore not to add significant 

delays in acute stroke patient management (Jauch, Saver et al. 2013, Sanelli, Sykes et al. 

2014). CTA has been shown to detect intracranial stenosis and occlusion with a high level 

of confidence (sensitivity between 97 and 100% and specificity between 98 and 100%) 

(Bash, Villablanca et al. 2005, Nguyen-Huynh, Wintermark et al. 2008). CTA has therefore 

supplanted the use of transcranial Doppler ultrasound to detect intracranial vessel 

abnormalities. 
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MR angiography (MRA) is used to examine the extracranial and intracranial circulation, 

assessing vascular flow dynamics and to evaluate the severity of stenosis or occlusion as 

well as collateral flow. It can also help to identify those occluded vessels that may be more 

amenable to successful thrombolytic intervention than other regions of occlusion. MRA 

can be performed in combination with brain MRI in the setting of acute stroke to guide 

therapeutic decision making (Jauch, Saver et al. 2013). 

Angiography remains the gold standard for the detection of many types of cerebrovascular 

lesions and diseases and its resolution, sensitivity and specificity equal or exceed those of 

the non-invasive techniques (Jauch, Saver et al. 2013). Angiography is essential to confirm 

vessel occlusion and recanalization when progressing from pharmacological thrombolysis 

to mechanical clot retrieval (Power, McEvoy et al. 2015). However, angiography is not 

without of risks (including stroke) and its access is limited to a restricted number of 

specialized centers. Moreover, due to the time necessary for performance, angiography 

does not form part of the initial panel of acute stroke imaging examinations.  

1.2 Biomarkers 

1.2.1  Definition and use 

The term ‘biomarker’ has been used to describe measures of biological function for at least 

20 years (the first reference in Medline is 1977) though its use has exploded over the last 

decade (Whiteley, Tian et al. 2012). A working group of the US National Institutes of 

Health defined a biomarker as: a characteristic that is objectively measured and evaluated as 

an indicator of normal biological processes, pathogenic processes, or pharmacologic 

responses to a therapeutic intervention (Biomarkers Definitions Working Group 2001). 

Although a biomarker can be a clinical or imaging measurement, the term ‘biomarker’; is 

most commonly used for molecules found in body fluids (Whiteley, Tian et al. 2012). 

For decades, biological markers have been used with success in different medical 

conditions. Some biomarkers are commonly used as a diagnostic tool for the identification 

of those patients with a disease or specific condition.  

Biomarkers such as cardiac troponin, creatine kinase (CK-Mb) or D-dimer are used in 

practice in the emergency department for the diagnosis and early management of the life-
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threatening conditions that are myocardial infarction or pulmonary embolism. Indeed, D-

dimer concentrations are used for the exclusion of a diagnosis of pulmonary embolism 

with a sensitivity of 96%. A negative D-dimer test will virtually rule out thromboembolism 

(Quinn, Fogel et al. 1999). Concentrations of cardiac troponin (and especially the I 

isoform) are used routinely to diagnose myocardial infarction with a sensitivity of more 

than 90% for a cut off value of 0.04ng/ml (Daubert and Jeremias 2010). 

Other biomarkers are used as tools for staging of disease (e.g. measurements of 

carcinoembryonic antigen-125 for various cancers) or classification of the extent of disease 

(e.g. prostate-specific antigen concentration in blood used to reflect extent of prostate 

tumour growth and metastasis), as an indicator of disease prognosis (e.g. anatomic 

measurement of tumour shrinkage of certain cancers) or to aid in the prediction and 

monitoring of clinical response to an intervention (e.g. blood cholesterol concentrations for 

determination of the risk of heart disease) (Biomarkers Definitions Working Group 2001).  

1.2.2 Need for acute stroke biomarkers 

As mentioned previously, thrombolysis use is disappointingly infrequent in patients with 

acute ischaemic stroke.  

Patients who do not rapidly call for help but rather observe their symptoms for several 

hours cannot be treated. This patient-related delay is one of the main causes of rt-PA 

underutilization (Kane, Carpenter et al. 2007), and can be reduced by public education. 

However, up to 25% of patients with ischaemic stroke awaken with neurological deficits 

(Fink, Kumar et al. 2002, Barreto, Martin-Schild et al. 2009, Kang, Kwon et al. 2012). 

Currently this makes them ineligible for thrombolysis because of the uncertain time of 

stroke onset. It is thought that many such strokes occur around the time of awakening 

(Barreto, Martin-Schild et al. 2009) but there is currently no accurate method for identifying 

these patients. Many additional patients are found with their symptoms, unable to 

communicate, and thus with unknown onset time.  

Specific stroke biomarkers acting as a ‘stroke clock’ would aid in determining the stroke 

onset time and allow more ischaemic stroke patients to benefit from rt-PA treatment. 

Brain imaging is currently playing a crucial role in the management of acute stroke patients. 

Nevertheless, weaknesses of the different imaging types have been presented previously. 
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Imaging cost, availability, contraindications as well as the level of expertise required to 

interpret the images of advanced imaging can restrict the global use of thrombolysis. 

Moreover, penumbral imaging cannot currently be used to pinpoint the time of onset of 

stroke. Specific acute stroke biomarkers could aid in the diagnosis or allow delaying the 

need for advanced imaging. 

If stroke could be diagnosed earlier, or with greater certainty, the therapeutic options could 

be greatly improved. An alternative, rapid diagnostic test for acute stroke based on blood 

borne biomarkers would even allow thrombolysis to be started in the ambulance as it is the 

case for myocardial infarction.  

Improvement in patient outcomes in the setting of acute stroke also necessitates a rapid 

and accurate diagnosis of stroke, and stroke biomarkers have the potential to assist in both 

prediction and diagnosis of stroke. 

Patients with acute minor ischaemic stroke or transient ischaemic attack are also at risk of 

recurrent occlusive vascular events, particularly early stroke recurrence (Rothwell, Giles et 

al. 2007, Ois, Gomis et al. 2008). Prognosis scores based on clinical characteristics detected 

at the time of first assessment, such as the ABCD2 score (Johnston, Rothwell et al. 2007), 

tend to predict the risk of early stroke recurrence, though they do not discriminate perfectly 

between patients who will present a recurrent stroke and those who will not 

(Chandratheva, Geraghty et al. 2011). The addition of specific biomarkers could improve 

the ability of clinical scores to assess the risk of stroke recurrence.  

Another potential use for stroke biomarkers would be to target specific therapeutic 

interventions to selected patients. In the acute stroke condition, information about risk of 

haemorrhagic transformation after stroke or after rt-PA treatment would help to identify 

more rigorously patients that could benefit from the clot busting therapy. Information 

about risk of neurological deterioration provided through specific biomarkers would also 

account in the risk-benefit balance of such treatment.  

The accurate prediction of poor outcome after stroke would be of great interest to patients 

and their families and might aid early and informed decision-making about palliative care or 

rehabilitation. At least two scales have been developed to predict poor outcome 

(dependence on others for activities of daily living, or death), which are based upon age and 
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stroke severity and other easily measured clinical variables (Counsell 2004, Konig, Ziegler 

et al. 2008). Blood biomarkers of plausible pathophysiological processes might improve on 

the predictions of poor outcome after stroke over clinical information alone (Whiteley, 

Tian et al. 2012).  

Finally, specific stroke biomarkers would provide a better understanding of the complex 

and numerous pathophysiological pathways of stroke and the intricacy and role of the 

diverse brain tissue types. Biomarkers would also help to explain empirical results of 

clinical trials by relating the effects of interventions on molecular and cellular pathways to 

clinical responses and improve the comprehension of the effects of pharmacological agents 

(Biomarkers Definitions Working Group 2001).  

1.2.3 Issues finding good acute biomarkers  

The ideal stroke biomarkers should be able, with high specificity and sensitivity, to 

diagnose infarcts (and clearly distinguish them from stroke mimics), to differentiate 

haemorrhagic and ischaemic stroke, to predict prognosis after stroke and to facilitate 

patient stratification for therapeutic intervention. Such biomarkers should also be released 

early after infarction, be easy to collect, be quantitatively and rapidly measured by cost-

effective methodologies and have consistent results within and between laboratories. 

The ideal biomarker test for acute ischaemic stroke would act as a prehospital screening 

tool, allowing rapid diagnosis without the necessity for neuroimaging. 

Until now, no blood biomarker has been demonstrated to be clinically useful in acute 

stroke (Foerch, Montaner et al. 2009, Saenger and Christenson 2010, Stamova, Xu et al. 

2010, Hasan, McColgan et al. 2012, Turck, Robin et al. 2012, Whiteley, Tian et al. 2012, 

Rothstein and Jickling 2013, Sharp and Jickling 2013).  

Difficulties in specific stroke biomarkers discovery can be explained by the lack of 

specificity of cerebral ischaemia markers. Indeed, it is not easy to determine which 

processes or cellular compartments are uniquely involved in the ischaemic stroke condition 

and not in intracranial haemorrhage or stroke mimics. The heterogeneity of stroke 

presentation in terms of vascular territories associated with the complexity of the ischaemic 

cascade, the intricacy and the diversity of brain tissue types also contribute to the current 
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paucity of specific stroke biomarkers. Moreover, the slow release of glial and neuronal 

proteins across the blood brain barrier after stroke may cause a major hindrance to the 

detection of markers capable of identifying patients suffering from stroke in an acute 

setting.    

The traditional approach to identify stroke biomarkers has been to select candidate markers 

based on their known involvement in the stroke pathophysiology. This “pick your best 

candidate” approach where researchers selected their candidate from a small pool of 

favourite molecules has often been unsuccessful.  

In addition, most measurements have been performed later than the clinically relevant 

thrombolysis time window (Whiteley, Chong et al. 2009, Hasan, McColgan et al. 2012, 

Sharp and Jickling 2013). Studies have focused on candidates which change only slowly 

after stroke, providing information unhelpful for Emergency Department decision making.  

1.2.4 An inventory of studied biomarkers 

Recent literature reviews and meta-analyses report more than 150 different biomarkers 

investigated in relation to various aspects of the stroke condition, from diagnosis to long 

term prognosis (Whiteley, Tseng et al. 2008, Whiteley, Chong et al. 2009, Hasan, McColgan 

et al. 2012, Glushakova, Glushakov et al. 2016, Simats, Garcia-Berrocoso et al. 2016, Misra, 

Kumar et al. 2017, Monbailliu, Goossens et al. 2017).  

The following literature review reports biomarkers with the potential to have an impact in 

the acute clinical setting, especially with regard to reperfusion therapy. Previously published 

results of biomarkers of stroke diagnosis, early neurological deterioration or haemorrhagic 

transformation are described. Moreover, in this acute context, the review has been focused 

on studies using blood as a substrate for biomarker research because of ease with which 

this biological fluid can be accessed.    

1.2.4.1 Candidate biomarkers 

S100B, a glial protein, highly specific to nervous tissue, was shown to be a good candidate 

biomarker for IS diagnosis with a specificity of more than 95% but a low level of sensitivity 

(Hill, Jackowski et al. 2000). However, in addition to prolonged and delayed release into the 

blood after stroke, S100B levels are also increased in other neurological pathologies such as 
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traumatic brain injuries and extracranial malignancies (Ishiguro, Kato et al. 1983, Raabe, 

Grolms et al. 1998). S100B concentrations have also been correlated with stroke severity 

and size of infarction (Wunderlich, Wallesch et al. 2004, Foerch, Singer et al. 2005, Jauch, 

Lindsell et al. 2006).  

In 2014, serum levels of S100B at 24 hours after symptoms onset were reported to be 

significantly higher in stroke patients (posterior circulation IS or infratentorial ICH) than in 

patients with vertigo from nonvascular causes or controls but the authors did not mention 

a difference between the IS and ICH groups (Purrucker, Herrmann et al. 2014). 

More recently, Zhou et al. confirmed the role of S100B within the first 6 hours of stroke in 

differentiating IS from ICH with a sensitivity of 95.7% and a specificity of 70.4% at a cut-

off value of 67 pg/ml cases (Zhou, Bao et al. 2016).  

Unfortunately, these results were not in line with Gonzalez-García’s study published in 

2012 where the levels of S100B (measured between 8 and 48 hours of symptom onset) 

were significantly higher in stroke patients than in controls but not different between the 

two types of stroke and not correlated with stroke severity on admission (Gonzalez-Garcia, 

Gonzalez-Quevedo et al. 2012). 

Levels of S100B were also associated with the risk of developing a haemorrhage after rt-PA 

treatment. A S100B level >0.23g/l was shown to have a specificity of 82% to predict 

haemorrhage transformation but a sensitivity of only 46% (Foerch, Wunderlich et al. 2007).  

GFAP (glial fibrillary acidic protein), a monomeric filament protein specific to the brain 

astrocytes (Eng, Ghirnikar et al. 2000), is to date the best  biomarker candidate to 

differentiate haemorrhage from ischaemic stroke. Based on the fact that GFAP was shown 

to be released in patients with ischaemic stroke with a delay (maximum concentration 

reached 2 to 4 days after ischaemic stroke onset), C. Foerch and his team studied this 

molecule in different clinical studies and showed promising results (Herrmann, Vos et al. 

2000, Foerch, Curdt et al. 2006, Dvorak, Haberer et al. 2009). They reported the results of 

a multicentre clinical study including 205 patients (163 with IS, 39 with ICH and 3 stroke 

mimics). In this cohort, they showed that diagnostic accuracy of GFAP (measured using a 

research automated enzyme immunoassay on a single blood sample collected within 4.5 

hours of symptom onset) for differentiating intracerebral haemorrhage from ischaemic 
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stroke was high. A GFAP cut-off of 2.9ng/l provided diagnostic sensitivity of 84.2% and 

diagnostic specificity of 96.3% for differentiating ICH from ischaemic stroke and stroke 

mimics (Foerch, Niessner et al. 2012). In addition, the levels of GFAP were shown to be 

correlated with the haemorrhage volume (Foerch, Curdt et al. 2006, Dvorak, Haberer et al. 

2009, Foerch, Niessner et al. 2012). 

More recently, several studies confirmed the potential role of serum GFAP in 

distinguishing IS and ICH. Xiong et al. showed that concentration of GFAP in blood 

collected within 2–6 h after onset of symptoms was significantly higher in ICH (n=43) than 

in IS (n=65) patients and able to differentiate the two groups with a sensitivity and 

specificity of 86 and 76.9% respectively (cut off point of 0.7 ng/ml) (Xiong, Yang et al. 

2015)(26). Ren at al. replicated these results with a GFAP cut off value of 0.34 ng/ml and 

61% sensitivity and 96% specificity in a 4.5 hours’ time window from symptoms onset 

(Ren, Kobeissy et al. 2016). A later study performed in 146 IS and 46 ICH patients 

reported a sensitivity of 77.8% and a specificity of 94.2% for serum GFAP in 

distinguishing the two stroke subtypes under 6 hours at a cut-off value of 0.03 g/l (Luger, 

Witsch et al. 2017).  

Nevertheless, GFAP is still far from reaching the clinical practice world. Firstly, the 

interesting preliminary results still need to be replicated in larger studies (especially with 

regards to the differentiation of stroke mimics) and by different groups. Indeed, GFAP was 

also detected in the serum of patients with high-grade gliomas (Jung, Foerch et al. 2007) 

and considered as a biomarker for diagnosis of traumatic brain injuries (Schiff, Hadker et 

al. 2012) which are both considered as potential stroke mimics. Secondly, within 1 h of 

stroke onset, serum GFAP levels did not differ between haemorrhagic and ischaemic 

stroke patients. Therefore the sensitivity of GFAP for detecting intracerebral haemorrhage 

in the very early phase (<2 h) of stroke is low (Dvorak, Haberer et al. 2009) and constitutes 

a major barrier for patients triaged or admitted to the hospital within this timeframe or for 

diagnosis in a prehospital setting. The techniques used for the measurement or detection of 

GFAP also require some technical improvement to be largely available and applicable in a 

prehospital setting. Finally, time of sampling and cut off values need to be uniformalised 

between groups and studies to further validate the overall promise of GFAP.  
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Serum concentration of neuron-specific enolase (NSE) have been described as significantly 

higher in stroke patients than in controls but its discrimination power has the same profile 

as S100B (high specificity and low sensitivity) (Hill, Jackowski et al. 2000, Jauch, Lindsell et 

al. 2006, Gonzalez-Garcia, Gonzalez-Quevedo et al. 2012, Singh, Pandey et al. 2013). In 

addition, NSE is not an ideal diagnostic tool due to its kinetic concentration kinetics as it 

has been shown to be variable and even to peak 24 hours after stroke (Anand and Stead 

2005, Kim, Kim et al. 2014). NSE is therefore not recommended for the diagnosis of acute 

stroke in clinical use.  

Nevertheless, NSE levels have been correlated with stroke severity and infarct size (Missler, 

Wiesmann et al. 1997, Wunderlich, Wallesch et al. 2004, Wunderlich, Lins et al. 2006, 

Singh, Pandey et al. 2013). 

More recently, Lu et al. identified that serum NSE levels prospectively assessed within 4.5 

hours of symptoms onset in IS patients (n = 67) was correlated with neurological outcomes 

assessed using NIHSS at 24 hours after rt-PA therapy (R=0.342), and the patients with 

favourable neurological outcomes after 90 days had lower serum NSE levels and NIHSS 

scores(Lu, Xu et al. 2015).  

Interestingly, Kim et al. showed that IS patients identified with having a second peak of 

serum NSE (20% of the studied population) were more at risk of developing a 

haemorrhagic transformation (OR=6.8)(Kim, Kim et al. 2014).   

On the other hand, some biomarkers such as PARK7 and NDKA (nucleoside diphosphate 

kinase A) have shown to be highly sensitive to the acute ischaemic stroke condition 

(Whiteley, Tseng et al. 2008). PARK7 and NDKA plasma concentrations increase early 

after symptom onset but their specificity and sensitivity as markers are dependent on the 

diagnostic cut-off values used (Allard, Burkhard et al. 2005) and the results still need to be 

replicated.   

Expectations have been high for MMP-9 (matrix metalloproteinase-9) as a diagnostic 

biomarker for stroke because of its implication in the brain response to injury via its 

involvement in extracellular matrix degradation. Acute MMP-9 concentrations have been 

related to infarct size, poor neurological outcome, and haemorrhagic transformation 

complications (Montaner, Alvarez-Sabín et al. 2001, Montaner, Alvarez-Sabin et al. 2001, 
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Montaner, Molina et al. 2003, Alvarez-Sabin, Delgado et al. 2004, Rosell, Alvarez-Sabin et 

al. 2005, Castellanos, Sobrino et al. 2007, Ramos-Fernandez, Bellolio et al. 2011). Serum 

MMP-9 levels ≥140 ng/ml were shown to predict haemorrhagic transformation in rt-PA 

treated ischaemic stroke patients with a sensitivity of 92% and specificity of 74% 

(Castellanos, Sobrino et al. 2007). Six other studies confirmed the correlation between 

MMP-9 level and increased risk of bleeding after rt-PA (Ramos-Fernandez, Bellolio et al. 

2011). Similarly, Barr et al. identified an association between elevated serum concentrations 

of MMP-9 and evidence of the disruption of the blood brain barrier which is a key feature 

of haemorrhagic transformation (Barr, Latour et al. 2010). However, the rise of MMP-9 is 

not specific to ischaemic stroke, its peak has been described beyond the window for 

decision making (at 24 hours post stroke) and MMP-9 measurements and experimental 

replication conditions represent technical difficulties (non standardized immune-

assays)(Ramos-Fernandez, Bellolio et al. 2011).  

Antibodies to the glutamate NMDA-R (N-methyl-D aspartate receptors; NR2A/NR2B 

subunits) have been shown to distinguish ischaemic stroke (n=31) from controls at 3h after 

symptoms onset with 97% sensitivity and 98% specificity. NMDA-R autoantibodies are 

associated with neurotoxicity and their blood concentration was higher in stroke patients 

than in healthy controls (Dambinova, Khounteev et al. 2003). In a different cohort, plasma 

levels of NMDA-R NR2A were also shown to be elevated in ischaemic strokes when there 

was no difference observed in patients with cerebral haemorrhage in comparison to 

controls (Dambinova, Khounteev et al. 2002). Criticism for the potential use of NMDA-R 

antibodies for the diagnosis of ischaemic stroke were raised as  NMDA-R antibodies have 

also been associated with hypertension, atherosclerosis, prior stroke, epilepsy, systemic 

lupus erythematous and encephalitis (Dambinova, Khounteev et al. 2002, Dambinova, 

Khounteev et al. 2003, Ganor, Goldberg-Stern et al. 2005, Husebye, Sthoeger et al. 2005). 

Nevertheless, more recently, NR2 peptide (a product of degradation of NMDA-R) in 

blood has been reported to distinguish ischaemic stroke from controls, stroke mimics and 

patients with vascular risk factors with 92% sensitivity and 96% specificity (Dambinova, 

Bettermann et al. 2012). On the negative side, NR2 levels might not be increased in lacunar 

and small cortical strokes (Dambinova, Bettermann et al. 2012). Interestingly, NMDA-R 

NR2A antibodies and NR2 concentrations might have a temporal profile after ischaemic 
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stroke (with a peak after 12 hours) but these results need to be validated in specifically 

designed studies (Dambinova, Khounteev et al. 2002, Dambinova, Bettermann et al. 2012).  

Some members of the apo-lipoprotein family have also been tested as potential biomarker 

for IS diagnosis. The levels of both Apo C-I and Apo C-III were found to be raised in IS 

compared to HS within 6 h of symptom onset and both were reported to have the 

potential to discriminate IS from ICH (with a sensitivity of 94% and a specificity of 87% 

for Apo C-III (Allard, Lescuyer et al. 2004). Furthermore, a panel of nine apo-lipoproteins 

was tested as a tool to distinguish IS and ICH patients within the first week after symptom 

onset using a mass spectrometry assay.  Apo C-I and Apo C-III were shown the have the 

best classification power as single apolipoproteins. After applying a multiple marker 

algorithm approach, a combination of Apo C-III and Apo A-I was identified as the best 

differentiating association with an area under the curve (AUC) of 0.92 (Lopez, Sarracino et 

al. 2012). 

These results were disappointingly not confirmed by a more recently study by Walsh et al. 

where paraoxonase-1, matrix metalloproteinase (MMP-) 3, MMP-9, Apo A-I, Apo C-I and 

Apo C-III were tested as diagnosis tool in IS, ICH patients and controls on blood samples 

obtained within 12 hours of symptom onset. In this cohort, the levels of paraoxonase-1, 

Apo A-I and Apo C-I were shown to be lower in IS than in ICH patients while the other 

tested biomarkers were not significantly different between groups (Walsh, Hart et al. 2016). 

Sa et al. reported that levels of Apo B and Apo B/Apo A-I ratio were significantly 

increased while levels of Apo A-I was significantly decreased in IS patients compared to 

controls. All three-potential biomarker tests were reported to have a high specificity and 

sensitivity to discriminate stroke patients (between 86 and 98%) (As, Sahukar et al. 2013). 

Finally, the Apo B/Apo A-I  ratio was identified to be associated with early neurological 

deterioration in large artery atherosclerosis stroke (but not in other stroke subtypes) (Ryu, 

Schellingerhout et al. 2016). 

In a meta-analysis interrogating over 130 biomarkers undertaken by Hasan et al., C-reactive 

protein (CRP), P-selectin and homocysteine were the only 3 biomarkers able to 

significantly differentiate ischaemic stroke from healthy patients (Hasan, McColgan et al. 

2012). Nevertheless, once more, these three molecules have a low specificity for the 
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ischaemic stroke condition and therefore preclude their diagnostic use in acute stroke 

situations. 

A recent systematic review performed by Misra et al. identified ten single biomarkers and 

seven panels of different biomarkers with a potential for differentiating IS and ICH. Once 

more, GFAP appeared to be short-listed as a single marker or in association either with the 

Activated Protein C- Protein C Inhibitor Complex (APC-PCI) or with the Retinol Binding 

Protein 4 (RBP4). Nevertheless, their use in clinical practice was still not yet recommended 

for differentiating the two stroke types mainly because of the time of sampling was outside 

of the time window of acute stroke intervention. (Misra, Kumar et al. 2017).  

As identified by Misra et al., B-type natriuretic protein (BNP) and S100 were the only two 

blood-based proteins biomarkers that could significantly differentiate IS patients from 

healthy controls, stroke mimics and haemorrhagic stroke patients in Monbailliu’s systematic 

review, also published in 2017 (Monbailliu, Goossens et al. 2017).   

The quest of the ideal stroke diagnostic biomarker is complicated by the difficulty of the 

need to replicate the findings in different populations, the limited number of validation 

studies, their small samples sizes and the different time windows of sampling. 

In addition to MMP9 and S100B, other molecules have been associated with an increased 

risk of developing a haemorrhagic transformation.  

The plasma levels of cellular-fibronectin (c-Fn), which reflect vascular damage, were 

identified as independently associated with the development of haemorrhagic 

transformation following rt-PA use (Castellanos, Leira et al. 2004). When evaluated in a 

second cohort of 27 subjects, serum c-Fn ≥ 3.6µg/ml identified haemorrhagic 

transformation with a sensitivity of 100% and specificity of 60% (Castellanos, Sobrino et al. 

2007). Moreover, the association of c-Fn and MMP-9 level was shown to be able to detect 

haemorrhagic transformation with 92% sensitivity, 87% specificity and a positive predictive 

value of 41% (Castellanos, Sobrino et al. 2007). 

Baseline lower levels of fibrinolysis plasminogen activator inhibitor (PAI-1) and higher 

levels of thrombin-activated fibrinolysis inhibitor (TAFI), two endogenous fibrinolysis 

inhibitors, have been associated with symptomatic intracranial haemorrhage after 

thrombolysis therapy. When combined, PAI-1 level <21.4ng/ml and a TAFI level >180% 
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predicted symptomatic intracranial haemorrhage after rt-PA with a sensitivity of 75% and a 

specificity of 97.6% (Ribo, Montaner et al. 2004).  

Several biomarkers have been associated with early neurological deterioration (END), 

defined as worsening of neurological status at 48–72 h after admission which occurs in one 

third of the patients with ischaemic stroke (Davalos, Toni et al. 1999). Cytotoxic 

mechanisms mediated by glutamate release, nitric oxide generation, and the activation of 

cytokines and endothelial-leukocyte adhesion molecules in the ischaemic brain have been 

suggested as being responsible for the progression of tissue damage (Castellanos, Sobrino 

et al. 2008).  

High plasma glutamate concentrations have been correlated with neurological worsening 

and infarct growth at 72 hours after stroke onset (Serena, Leira et al. 2001, Castellanos, 

Sobrino et al. 2008). Plasma glutamate level >200μmol/l on admission was shown to have 

a positive predictive value for neurological deterioration at 48 hours after lacunar infarction 

of 67% (Serena, Leira et al. 2001). 

Plasma gamma-aminobutyric acid (GABA) levels < 240nmol/l on admission also had a 

positive predictive value for neurological deterioration  at 48 hours after lacunar infarction 

of 84% (Serena, Leira et al. 2001). 

Higher levels of inflammatory markers such as ferritin, IL-6 (interleukine-6), TNF-α 

(tumour necrosis factor-α) and ICAM-1 (intercellular adhesion molecule-1) were also 

shown to be associated with early neurological worsening (Dávalos, Castillo et al. 2000, 

Castellanos, Castillo et al. 2002, Castellanos, Sobrino et al. 2008). 

Space-occupying brain oedema (also called malignant oedema), an early life-threatening 

complication in patients with large hemispheric stroke, has been shown to be predicted by 

an elevated plasma S100B level (>0.35 g/l) with a 75% sensitivity and a 80% specificity at 

12 hours after stroke and even more at 24 hours (94% sensitivity and 83% specificity) 

(Foerch, Otto et al. 2004). In another study, cellular-fibronectin (c-Fn) and MMP-9 levels 

were significantly higher in patients with m-MCA than in controls. c-Fn levels (>16.6 

μg/ml) had a 90% sensitivity and 100% specificity, and negative and positive predictive 

values (89% and 100%, respectively) for the prediction of m-MCA infarction (Serena, 

Blanco et al. 2005).  
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1.2.4.2 Biomarkers panels     

Numerous biomarkers have been investigated as diagnostic tools to differentiate patients 

suffering from ischaemic stroke from healthy controls (Whiteley, Tseng et al. 2008, Saenger 

and Christenson 2010, Hasan, McColgan et al. 2012). Unfortunately, all the individual 

molecules were shown to fail to provide either an appropriate level of sensitivity or 

specificity for the diagnosis of acute ischaemic stroke (Whiteley, Tseng et al. 2008, Misra, 

Kumar et al. 2017).  

To better account for the molecular complexity of the ischaemic cascade and increase the 

sensitivity and specificity of diagnosis tools, researchers have also investigated biomarker 

panels, evaluating multiple molecules simultaneously instead of looking for a single 

biomarker.  

Reynolds et al. screened plasma samples from 223 stroke patients (including ischaemic 

stroke, intracerebral haemorrhage and subarachnoid haemorrhage) for more than 50 serum 

biomarkers using ELISAs (enzyme-linked immunosorbent assay). Results were compared 

to 214 healthy controls. The combination of S100B, B-type neurotrophic growth factor 

(BNGF), von Willebrand factor (vWF), MMP-9 and monocyte chemotactic protein-1 was 

shown to be associated with the diagnosis of stroke within 12 hours after symptom onset 

with a sensitivity of 91% and a specificity of 97% (Reynolds, Kirchick et al. 2003). The 

panel S100B, MMP-9, vWF and vascular cell adhesion molecule was identified to be a 

predictor of ischaemic stroke in a subsequent study undertaken by the same group 

comparing 65 patients with suspected ischaemic stroke within 24 hours of symptoms and 

157 controls with a sensitivity and specificity of 90% (Lynch, Blessing et al. 2004). 

Based on 130 patients admitted with acute focal neurologic deficits within 6 hours of 

symptom onset, the panel including D-dimer, CRP, BNP, MMP-9 and S100B was reported 

to be predictive of ischaemic stroke with a sensitivity of 81% and a specificity of 70% 

(Laskowitz, Blessing et al. 2005). Even if this biomarker combination presented by 

Laskowitz et al. provides a diagnostic tool with lower specificity and sensitivity, its time 

window of application is more appropriate to the actual acute stroke setting (6 hours versus 

24 hours).  

The same panel of markers, excluding CRP, was tested in a prospective multicentre trial 

using fluorescence immunoassays. More than 1,100 patients presenting with symptoms 
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suspicious for stroke were enrolled within 24 hours of symptom onset. Setting the 

threshold of the model to the 25th percentile revealed a sensitivity of 86% and a specificity 

of 37% for discriminating stroke patients from mimics (Laskowitz, Kasner et al. 2009). 

In a systematic review, Whiteley et al. identified in total seven panels of biomarkers tested 

as ischaemic stroke diagnosis tools. The main critisism was that none of the multimarker 

panel studies provided regression equations to determine stroke probability, and various 

cut-off values were used for the same biomarker. Moreover, the collection time points were 

often outside the window of treatment opportunity (Whiteley, Tseng et al. 2008).  

In a study published in 2011, Montaner et al. tested, in an ED setting, a panel of blood 

biomarkers including CRP, S100B, MMP-9, a soluble receptor for advanced glycation end 

products (sRAGE), D-Dimer, BNP, caspase-3, neurotrophin-3, chimerin and secretagogin. 

They identified levels of caspase-3, D-dimer, sRAGE, chimerin, secretagogin and MMP-9 

as independent predictors of stroke versus mimics. Moreover, they reported a predictive 

probability of stroke of 99.01% by combining set cut-off values of these 6 biomarkers 

(Montaner, Mendioroz et al. 2011).  

The same team demonstrated, in a cohort of 915 stroke patients, that using a panel 

comprising S100B and sRAGE, allowed differentiation between ischemic stroke and ICH 

with an area under the curve (AUC) of 0.76 for blood samples obtained within 3 hours 

after symptoms onset and confirmed in a subset of blood samples obtained within 6 hours 

from symptoms onset where S100B and sRAGE where shown to be independently 

associated with ICH (Montaner, Mendioroz et al. 2012). 

More recently, tested in a cohort of 38 IS and 28 ICH samples, the association of the 

retinol binding protein 4 (RBP4) (with a cut off value >61 g/ml) and GFAP (<0.07 ng/ml) 

was shown to differentiate IS from ICH with a specificity of 100% (Llombart, Garcia-

Berrocoso et al. 2016).    

1.2.4.3 The microarray revolution 

The development of oligonucleotide microarray techniques opened new perspectives in the 

quest for specific acute stroke biomarkers. Indeed, such microarrays can study between 

22,000 and 54,000 oligonucleotide probes on a unique sample, exploring the vast range in 

the entire genome instead of guessing beforehand which molecules would be of interest. 
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Thereby, whole genome microarrays offer an opportunity to allow an unbiased selection of 

molecular markers and new insight into molecular studies of human stroke. In addition, 

ribonucleic acid (RNA) expression is induced extremely rapidly (within minutes) well 

before events can usually be detected using protein markers (Sharp, Jickling et al. 2011). 

This particular feature suits perfectly the acute ischaemic stroke setting and potential effect 

of the microarray discoveries on the reperfusion therapies.   

The rationale for using the peripheral blood in gene expression profiling studies of stroke is 

that  there is a well-characterized inflammatory response occurring after stroke which 

consists in a selective migration of blood-borne leukocytes into the ischaemic focus (Baird 

2006, Baird 2007).  

White blood cell and inflammatory mediators have a major role in the physiopathology of 

stroke. Leukocytes interact with blood clots, platelets, atherosclerotic plaque, and injured 

brain endothelial cells via adhesion molecules. In addition, leukocytes detect circulating 

cytokines, chemokines, and hormones. Each has the potential to modulate RNA 

expression in leukocytes (Figure 1) (Denes, Thornton et al. 2010, Sharp, Jickling et al. 2011, 

Sharp and Jickling 2013). 
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Figure 1 Leukocytes interaction in the stroke context 

Leukocyte interactions with intravascular elements relevant for stroke 
(Sharp, Jickling et al. 2011).  

The main RNA microarrays studies performed on whole blood or isolated white blood 

cells after stroke are reported below.   

In 2001, Tang et al. used microarrays techniques to study the gene expression fingerprint of 

different neurological conditions and reported a blood genomic response specific to 

ischaemic stroke. Blood of rats was collected 24 hours after ischaemic stroke by MCA 

occlusion (MCAo) and in sham animals and naïve controls. They identified genes 

significantly (more than two fold) over or under expressed in the ischaemic stroke and 

sham groups after 24 hours compared to untouched controls. Twenty five genes were 

shown to be significantly over expressed in the animal blood at 24 hours after ischaemic 

stroke while 98 had significantly decreased expression in comparison to controls (Tang, Lu 

et al. 2001). 

A microarray study in stroke patients was undertaken by Moore et al. and the results 

published in 2005. Blood samples were collected in 20 patients with ischaemic stroke and 

in 20 controls. Sampling was done at various time points (<24h (n=7), 24-48h (n=10) and 

>48h (n=3)). After correction for multiple comparisons, 190 genes were shown to be 
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significantly different between the stroke and the control groups. Moreover, a panel of 22 

genes from peripheral mononuclear cells was shown to be able to distinguish ischaemic 

stroke from controls with 78% sensitivity and 80% specificity (Moore, Li et al. 2005). 

Analyses were then refined by Tang et al. for different timings of blood sampling. Blood 

samples were sequentially collected within 3 hours, at 5 hours and at 24 hours after 

ischaemic stroke in 15 patients (initially enrolled in the Combination approach to Lysis 

utilizing Eptifibatide And Recombinant tissue-type plasminogen Activator (CLEAR) trial) 

and in eight controls. One hundred and four genes were identified to have a 1.5 fold 

change between ischaemic stroke and controls at 3h, 1106 at 5h and 906 at 24h. An 18-

gene panel was shown to be able to distinguish ischaemic stroke from controls with 

accuracy in 75% of the cases or more at all 3 different time points. Genes composing this 

panel reflected the involvement of inflammation in the ischaemic pathway but were 

different from the ones previously identified by Moore (Tang, Xu et al. 2006). 

Grond-Ginsbach et al. analysed RNA from isolated peripheral blood mononuclear cells of 

acute ischaemic stroke patients, stroke survivors and patients with acute traumatic brain 

injury (n=15-20, sampling time: 24-27 hours after event onset) and did not identify any 

significant difference in single genes expression between these groups. Nevertheless, 

expression level of phosphodiesterase 4 D (PDE4D), the predominant enzyme that 

metabolizes cyclic adenosine monophosphate in inflammatory cells, was significantly 

different between acute ischaemic stroke patients and healthy controls with cardiovascular 

risk factors (Grond-Ginsbach, Hummel et al. 2008). 

In a retrospective case-control study including 39 ischaemic stroke patients and 25 controls 

(sampling time 10±6.5h), Barr et al. identified 9 genes whose expression was significantly 

different in stroke patients and in controls. Five of these 9 genes (MMP9, ARG1, CA4, 

LY96 and S100A12) had been previously identified as specific for stroke by Tang et al. 

(Tang, Xu et al. 2006). Moreover, Barr et al. demonstrated by pathway analysis the 

involvement of toll-like receptor signalling in the ischaemic cascade (Barr, Conley et al. 

2010).  

In 2008, Xu et al. evaluated RNA expression differences due to stroke pathogenesis. Gene 

expression profiles of strokes caused by large vessel occlusion was compared with those 
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from cardioembolic strokes in a study involving 33 patients (initially enrolled in the 

CLEAR trial and with sampling times within 3 hours, at 5 and 24 hours after stroke onset). 

A total of 77 genes were identified to differ at least 1.5-fold between the two stroke 

aetiologies and 23 genes could distinguish them with >95% sensitivity and specificity (Xu, 

Tang et al. 2008).  

Jickling et al. replicated Xu’s results in a larger cohort. A total of 194 blood samples were 

collected at 3 different time points (3, 5, and 24 hours after stroke) from 76 patients with 

acute ischaemic stroke. A 40-gene profile differentiated cardio-embolic strokes from large 

vessel strokes with >95% sensitivity and specificity. In addition, a separate 37-gene profile 

was identified to be able to distinguish cardioembolic stroke attributable to atrial fibrillation 

from nonatrial fibrillation causes with >90% sensitivity and specificity (Jickling, Xu et al. 

2010).  

Zhan et al. studied gene expression after transient ischaemic attack (TIA) initially in an 

animal model. They showed that gene expression was modified after brief focal ischaemia 

and that a majority of the genes significantly changing in the TIA condition were also 

shown to vary in ischaemic stroke rats (Zhan, Ander et al. 2010). Then, they analysed RNA 

expression in blood of patients with TIA (n=26) and compared with vascular risk factor 

control subjects without symptomatic cardiovascular disease (n=26). They identified 449 

genes differentially expressed between the two groups and a panel of 34 genes able of 

separate TIAs from controls with a 100% sensitivity and specificity. In addition, two 

different patterns of gene expression were identified by cluster analysis for the TIA patients 

suggesting a heterogeneous response to the event between patients and a possible relation 

with a highest risk of stroke (Zhan, Jickling et al. 2011). 

These findings were soon tested in a bigger cohort by Jickling et al. A total of 164 blood 

samples collected from TIA, stroke and controlled patients (collected within 72 hours of 

stroke onset) were compared. They identified 145 genes significantly different between TIA 

and control subjects and 413 genes significantly different between ischaemic stroke and 

controls. More importantly, 74 genes of the 145 genes expressed in the TIA group were 

found to be common to those in ischaemic strokes. Twenty six of these 74 common genes 

were used as a panel to distinguish TIA and stroke subjects from controls with 89% 

sensitivity and specificity success. Functional pathways analysis revealed that TIA and 
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stroke common genes were related to activation of innate and adaptive immune systems, 

involving granulocytes and B-cells (Jickling, Zhan et al. 2012). Unfortunately, Jickling et al. 

did not report the composition of their 26-gene panel. Therefore, the comparison with the 

34-genes panel identified earlier by Zhan et al. was not possible. 

Jickling et al. also evaluated the gene expression profile of lacunar strokes. In a cohort of 

30 lacunar and 86 non- lacunar strokes (with blood sampling within 72 hours of stroke 

onset), they identified a 41 gene profile discriminating lacunar from non-lacunar stroke 

with >90% sensibility and specificity (Jickling, Stamova et al. 2011).  

In 2012, Oh et al. performed microarrays on blood samples collected from 12 ischaemic 

stroke patients and 12 controls (sampling time 12.7±5.3h after stroke onset). They 

identified 88 transcripts with a 1.5 fold change in ischaemic stroke compared to controls 

and 11 transcripts with two-fold difference (including MMP9, Il1R2). Then, they validated 

the expression of the three most differently expressed genes (MMP9, Il18RAP and GNLY) 

by quantitative polymerase chain reaction (qPCR). In another cohort of 120 ischaemic 

stroke patients and 82 controls (sampling time 10.4±9.7h), they measured the MMP9 

concentrations using ELISA. MMP9 concentrations were shown to be significantly higher 

in ischaemic stroke patients than in controls but were not correlated with infarct volume 

(Oh, Kim et al. 2012). 

In 2014, Adamski et al. studied the gene expression of 40 candidate biomarkers selected 

based on previous studies (Moore, Li et al. 2005, Tang, Xu et al. 2006, Barr, Conley et al. 

2010) in 18 ischaemic stroke patients and 15 controls (median time of blood sampling 36h). 

If the 40 candidate biomarkers were initially identified using microarrays processing, 

Adamski et al. attempted a replication using high throughput qPCR. They identified 16 

genes significantly upregulated in ischaemic stroke patients in comparison to controls. They 

also identified 6 clusters able to discriminate between stroke and controls and one of them, 

containing 7 transcripts, showed high accuracy for stroke classification (Adamski, Li et al. 

2014). 

1.2.4.4 Biomarkers of a stroke clock 

Candidate biomarkers have rarely been selected in the context of looking for a stroke clock, 

a pattern of change that can predict stroke evolution. 
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The temporal profile of MMP-9 has been examined by Montaner et al. in blood samples 

collected at 12, 24 and 48 hours after symptoms onset in 39 patients with ischaemic stroke. 

While MMP-9 plasma concentrations were shown to be higher in stroke patients than the 

reference interval for healthy controls, no significant changes were reported over time 

(Montaner, Alvarez-Sabín et al. 2001). 

Serial blood samples were collected in 66 ischaemic stroke patients by Wunderlich et al. in 

2005. Samples were taken at 3, 6, 12, 18, 24, 48, 72, 96 and 120 hours after stroke onset 

and NSE and Tau protein concentrations were analysed by immuno-assays. After a first 

rise 2–3 h after onset of first stroke symptoms, NSE decreased until 12 h, followed by a 

significant secondary increase until last measurement on day 5. Tau protein concentration 

showed a continuous increase from admission onward (Wunderlich, Lins et al. 2006). 

In 2006, Tang et al. collected sequential human blood samples in the same individual early 

after stroke but their attention focused on elaboration of a diagnostic tool capable of 

differentiating ischaemic stroke patients from controls and the earliest blood samples were 

collected 3 hours after the ischaemic event (results presented previously) (Tang, Xu et al. 

2006). 

More recently, Turck et al. assessed the clinical performance of 29 pre-selected molecules 

at detecting very early stroke patients within the therapeutic window for thrombolysis. 

They analyzed blood samples taken at two different time points (within 3 hours and within 

36 hours) after stroke but had to combine two separate cohorts of patients to achieve their 

aim.  

Nevertheless, in a first “late strokes” cohort of 103 stroke and 132 control patients, they 

demonstrated that the glutathione S-transferase-π (GST-π) concentration (measured by 

ELISA) was the most significantly elevated marker in the blood of stroke patients 

compared to controls. GST-π, a multifunctional enzyme involved in the detoxification 

processes and providing protection to cells exposed to oxidative stress or chemical 

reagents, was shown to be able to discriminate early (<3h after stroke onset) and late (>3h) 

patients within this cohort (in 90% of the cases with a cut-off value of 17.7ug/l). 

Significant elevation of GST-π concentrations were already observed in the blood of early 

stroke patients (blood collected within the first 3 h after stroke onset) compared to patients 

sampled between 3 and 6h. Indeed, GST-π concentration was increased in the blood of 
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stroke patients almost immediately after the stroke event. Its elevation occurred within the 

first 3h after symptom onset – even within less than 1h in some patients and more 

importantly it decreased quickly after 3h reaching a concentration close to its normal level 

by 6h after stroke symptoms onset. A similar although less consistent pattern was observed 

for NDKA and PARK7. 

GST-π performances were also tested in a second cohort of early stroke patients (blood 

sample collected within 3h after stroke onset) who were also treated with thrombolysis 

(n=100). GST-π was elevated above the threshold of 17.7ug/l in 98% of the cases (Turck, 

Robin et al. 2012).    

To date, these are the only investigations identifying blood born biomarkers with a 

potential to act as a stroke clock and a potential ability discriminating eligible versus 

ineligible patients for thrombolysis therapy. 

1.3 Conclusion 

Thrombolysis given within 4.5 hours of symptoms onset is a very effective treatment for 

ischaemic stroke but only a small proportion of patients with ischaemic stroke actually 

benefit from it. Neuroimaging can help decide who and how to treat but is expensive, has 

contra-indications and is not always readily available, contributing to the disappointing 

under use of this therapy. 

Specific blood biomarkers capable of predicting stroke onset time may expedite diagnosis, 

increasing the number of patients eligible for thrombolysis.   

To date, despite the desire to find specific ischaemic stroke biomarkers and the evolution 

of the techniques used in their evaluation, no individual candidate or multimarker panel has 

proven to have adequate performance in an acute clinical setting.   

The aim of this thesis is to comprehensively explore the changes of expression profiles of 

specific ischaemic stroke biomarkers occurring over time in the early acute phase of stroke. 

In order to achieve this, three specific aims have been set: 

1. To review the changes of gene expression occurring over time in the blood after 

ischaemic stroke in an animal model of stroke measured by mRNA gene array and to 

assess the specificity of these genes for the ischaemic stroke condition. 
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2. To assess the possibilities of appropriate translation of our findings by comparing the 

gene expression changes observed in the animal model in a population of patients with 

ischaemic stroke. 

3. To evaluate the reproducibility of our biomarker measurements and the possibilities of 

use of different techniques in the clinic.   

Chapter 2 will illustrate the impact of the need for imaging on the possible use of 

thrombolysis after the traditional 4.5 hours window. In chapter 3, as a prelude, proof of 

principle of acute changes of gene expression occurring early after stroke will be assessed 

using microarrays. Confirmation and stroke specificity of the identified biomarkers will be 

refined in chapter 4. In chapter 5, the findings from a study of blood sequentially sampled 

with high frequency from patients presenting with early acute ischaemic stroke will be 

presented. Finally, a study of biomarkers will be studied in a different patient cohort 

assessed by mass spectrometry-based proteomics will be cultured in chapter 6.  

Ultimately, the aim of this thesis is to provide a clinical tool to allow more ischaemic stroke 

patients to be treated with thrombolysis. 
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Chapter 2: Access and availability of  cerebral imaging:                    

limitations in acute stroke care. 

2.1 Introduction 

This chapter examines the practical limitations to stroke therapy imposed by reliance on 

imaging as the primary stroke biomarker. In the first part, admission’s data for 12 months 

(March 2010-Feb 2011) from a major public hospital (Austin Health) with a long-standing 

interest in stroke research and management are examined to determine the limits to 

eligibility for the EXTEND clinical trial of late (>4.5hrs) thrombolysis with Alteplase. This 

is presented as published in the Journal of Clinical Neuroscience. In the second part, the 

discussion is expanded to examine in more detail the role played by availability of imaging 

in access to therapy. 

2.2 Recruitment to trials of late thrombolysis: Lessons from the 

EXTEND study.       
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2.3 Extended Discussion  

Emergency imaging of the brain is required before initiating any specific therapy to treat 

acute ischemic stroke (Jauch, Saver et al. 2013). In most cases, non-contrast computed 

tomography (NCCT) will provide the information necessary to make decisions about 

emergency management. Indeed, NCCT is sufficient to rule out the presence of 

intracerebral haemorrhage. In addition, computed tomography angiography (CTA) as well 

as a brain perfusion study either by CT perfusion (CTp) or magnetic resonance imaging 

(MRI) can be used to help clinicians determine whether a patient is a candidate for 

intravenous thrombolysis or endovascular recanalization. As in EXTEND, penumbral 

imaging by CT perfusion or MRI is indeed increasingly used to select patients likely to 

respond well to thrombolysis, even beyond the current 4.5 hours thrombolysis time 

window (Kane, Carpenter et al. 2007, Davis, Donnan et al. 2008, Davis and Donnan 2014, 

Wintermark, Luby et al. 2015).   

If the utility of brain imaging is indisputable, some of its limitations are also well known. 

Because of interactions with the magnetic field, MRI is absolutely contra-indicated in 

patients with implanted devices such as a pacemaker or defibrillator – which are not 

unusual in stroke patients. Other ferromagnetic objects such as some orthopaedic implants 

impose the same limitations. Claustrophobic patients might be unwilling to undertake an 

MRI because of the enclosed nature of the magnet which may also prevent access for very 

large patients. Perfusion and angiography imaging using CT requires the injection of a 

contrast agent which is contra-indicated in case of renal dysfunction.  

Agitated patients or patients not able to remain still during the CT or MRI acquisition will 

induce movement artefact and thus poor quality images which makes any decision based 

on these images difficult.  

CT also exposes patients to ionising radiation. It has been reported that approximately 2% 

of all cancer diagnoses in the United States may be attributable to CT use (Brenner and 

Hall 2007, Smith-Bindman, Lipson et al. 2009). More specifically, at the radiation dose 

required for a multimodal stroke protocol CT, approximately one in every 2000 patients 

over 60 years old might be expected to develop a radiation induced cancer (Smith-

Bindman, Lipson et al. 2009). 



 

59 

 

Cerebral imaging has also a cost. According to Medicare, Australia's comprehensive health 

care system, a NCCT costs AU$195 and the adjunction of a contrast product will add 

AU$55 to the bill. A MRI will be billed at AU$400 and an angiography MRI at AU$492 

(Australian Government 2015). In comparison, the cost of one regular blood test varies 

between 4.5AU$ (for a leukocytes count) to 30-35AU$ (for the quantitation of a hormone) 

(Australian Government 2015). 

Access to imaging equipment and the highly trained staff needed for its operation also 

impose problems. The risk of cerebrovascular disease is disproportionately higher in low to 

middle income (LMI) countries (Lindsay, Furie et al. 2014). Indeed, more than 85% of all 

stroke-related deaths are estimated to occur in LMI countries (Sajjad, Chowdhury et al. 

2013). Even in developed countries, acute stroke is not only managed by specialized 

academic medical centres. The majority of stroke patients are still seen by local general 

hospitals and smaller community hospitals which have limited technical and human 

resources and a lower capacity to provide the best care for acute stroke patients. 

Unfortunately, published research about the quality of diagnosis, care, therapy and overall 

stroke management and care delivery focusses either on major academic centres or on 

mixtures of institutions with variable size, resources, and equipment. Only a few studies 

have focused on smaller hospitals in rural or urban communities and specific stroke data 

are even rarer from resource-poor countries.  

In 2001, Handschu et al. studied the stroke management in 4 regional German hospitals 

located 40 km away from academic teaching hospitals with in-house access to CT or MRI 

scanners. They reported that only 37% of the 95 stroke patients followed had at least one 

CT performed while MRI was performed only in one patient. Precise timing of imaging 

was not specified but it was established that the delay to first scan was over 24 hours for 

43% of the patients even though a large proportion (59%) reached the hospital within 6 

hours of symptom onset (Handschu, Garling et al. 2001). 

In Australia, where someone suffers a stroke every ten minutes, the National Stroke 

Guidelines recommend that all patients with suspected stroke have a brain CT or MRI 

immediately where facilities are available or within 24 hours of their admission to hospital. 

Patients eligible for thrombolysis should undergo brain imaging immediately (National 
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Stroke Foundation 2010). In 2004, Cadhillac et al. studied the access to diagnostic 

equipment and found that CT scanners were available on-site in 51% of the hospitals 

investigated with a further 38% having access to CT scanners at another site (Cadilhac, 

Ibrahim et al. 2004). In 2009–2010, 71% of the patients admitted to hospitals had at least 

one imaging procedure performed with CT being the most common (65% of the stroke 

patients hospitalised). Between 2000–01 and 2009–10, the proportion of stroke 

hospitalisations with at least a brain MRI more than doubled, increasing from 8% to 20% 

(Australian Institute of Health and Welfare 2013). 

While there has been a definite increase of access to brain imaging for stroke patients the 

figure is still low. Detailed data concerning LMI countries are even more limited. 

While evaluating stroke surveillance studies in LMI countries, Sajjad et al. reported some 

data on the brain imaging access of stroke patients. They identified that the majority of 

studies (7 studies performed in 10 LMI countries) reported that care was generally limited 

by resources or availability of neuroimaging to adequately classify and validate stroke 

subtypes (Sajjad, Chowdhury et al. 2013). Dewberry et al. described that only one of the 

seven hospital investigated while studying the Haitian trauma capacity was equipped with a 

scanner (Dewberry, McCullough et al. 2014). 

It is also clearly established that there are disparities not only between countries but also 

within countries, being even more restricted in rural or poorest areas (Sajjad, Chowdhury et 

al. 2013). 

It is also important to consider that availability to imaging devices might not always be the 

only issue. Interpretation of advanced cerebral imaging is complex and requires expertise. 

Medical practitioners can find it difficult to keep up with the rapid advances in imaging 

technology in practice despite the multiple trainings and reviews on the topic (Lui, Tang et 

al. 2010, Essig, Shiroishi et al. 2013, Lin, Bivard et al. 2013, Vachha and Schaefer 2015). 

For these reasons, there is a trend to reorganise care by type of pathology creating referent 

hospitals, as in Finland. The aim is to have centralised centres that contain the most 

advanced medical equipment and clinical teams in the country which excel in the 

management of a specific disease such as stroke. However, such organisation does not suit 
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all countries, even first world countries. This is especially true when the distances are large, 

where urbanisation makes transport difficult or the quality of transportation is not to the 

standard of some developed countries. 

The benefits of the thrombolysis treatment are highly time dependent and the efficacy of 

the treatment diminishes significantly with time (Marler, Tilley et al. 2000, Lees, Bluhmki et 

al. 2010, Wardlaw, Murray et al. 2012). Early stroke treatment is associated with a better 

functional outcome and a lower risk of complications such as symptomatic intracranial 

haemorrhage (Lansberg, Schrooten et al. 2009, Fonarow, Smith et al. 2011). It is estimated 

that a patient suffering from stroke loses 1.9 million neurons each minute in which stroke 

is untreated (Saver 2006). In this context, the formula “Time is brain” is widely use to 

emphasize that therapeutic interventions should be pursued as matter of urgency in 

patients presenting with acute stroke. Therefore, even when access to advanced imaging is 

possible, it should not extend the delay to treatment of acute stroke patients (Jauch, Saver 

et al. 2013). 

The efficacy of a given centre in treating acute ischemic stroke by rt-PA is often evaluated 

using the door to needle time. In 1996, the National Institutes of Neurological Disorders 

and Stroke recommended that rt-PA should be administered within 60 minutes of the 

stroke patient arriving in hospital (National Institute of Neurological Disorders and Stroke 

1996). Leading stroke centres have specialised in reducing this door to needle time and 

some can now give rt-PA as soon as within 20 minutes of arrival (Meretoja, Strbian et al. 

2012, Meretoja, Weir et al. 2013, Fonarow, Zhao et al. 2014, Chakraborty, Ross et al. 2015). 

Such achievement still constitutes an exception. Indeed, recent studies reported that less 

than 30% of the stroke patients are treated within this time window in the United States 

and in Europe (Fonarow, Smith et al. 2011, Mikulik, Kadlecova et al. 2012). 

There is therefore a dilemma between the value of additional information provided by 

perfusion imaging and the increased time needed to acquire such imaging sequences. 

Very little data exist to accurately quantify the exact time that is required for additional 

advanced imaging in a clinical setting of acute stroke. In theory, the acquisition time for 

NCCT with a multidetector scanner is 1 to 2 minutes. The addition of angiography 
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sequences or CTp has been shown to increase the examination time to 10-20 minutes and 

similar times have been reported for the use of MRI (Sunshine, Tarr et al. 1999, Latchaw, 

Alberts et al. 2009, Love, Siemund et al. 2011). In practice, Chakraborty et al. and Salottolo 

et al. reported that the use of multimodal imaging has been shown not to cause any 

significant treatment delay (Salottolo, Fanale et al. 2011, Chakraborty, Ross et al. 2015). 

Chakraborty et al. emphasised the fact that this result was possible with an experienced 

team and that the path taken by stroke patients undertaking multimodal imaging was 

sometimes more streamlined than for patients undertaking NCCT (Chakraborty, Ross et al. 

2015). Sheth et al. reported that, in 10 stroke centres, acute stroke patients evaluated with 

just NCCT had a lower door to endovascular treatment time in comparison to those who 

were subjected to advanced imaging modalities (using CTp or MRI). Nevertheless, they 

were no differences in clinical outcomes, haemorrhage rates, or final infarct volumes 

among the groups (Sheth, Terry et al. 2013). 

Availability and interpretation expertise appear to be the main limitations of cerebral 

imaging in the context of thrombolysis but, in the quest to save brain, the gain of precious 

minutes is critical. 

Non-imaging biomarkers that relieved some of these limitations because of increased 

availability and lower cost would help make acute stroke care more widely available and not 

restricted to academic stroke centres where advanced imaging and specialised expertise is 

offered. 

It is unlikely that, in the near future, a biomarker blood test would replace the initial 

imaging studies used to rule out haemorrhage prior to initiating fibrinolytic therapy, or 

vascular imaging when an endovascular approach is contemplated. Nevertheless, blood 

borne biomarkers might be crucial in secondary and tertiary centres where advanced 

imaging and stroke expertise are not always available. Information acquired through simple 

blood testing could aid in the decision making for transfer of a patient to a specialised 

centre or enhance the certainty of stroke diagnosis and increase the likelihood of rt-PA 

administration in the shortest time frame. 
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2.4 Conclusion 

Our study provides evidence of the adverse impact of the availability of brain imaging in IS 

stroke care. It highlights the need of an alternative point of care biomarker-based 

diagnostic test. 
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Chapter 3: Proof of changes in blood mRNA expression profiles of rats 

after middle cerebral artery occlusion. 

3.1 Introduction 

This chapter, acting as proof of principle of acute changes of gene expression occurring 

early after stroke, examines sequential blood samples from rats after MCA occlusion 

(MCAo) and processed through microarrays. This is presented as accepted for publication 

in PLOS ONE (in press, accepted 11th October 2018).  

3.2 Hyperacute changes in blood mRNA expression profiles of rats 

after middle cerebral artery occlusion: Towards a stroke time 

signature. 

ABSTRACT    

Stroke evolution is a highly dynamic but variable disease which makes clinical decision 

making difficult. Biomarker discovery programs intended to aid clinical decision making 

have however largely ignored the rapidity of stroke evolution. We have used gene array 

technology to determine blood mRNA expression changes over the first day after stroke in 

rats. 

Blood samples were collected from 8 male spontaneously hypertensive rats at 0, 1, 2, 3, 6 

and 24h post stroke induction by middle cerebral artery occlusion. RNA was extracted 

from whole blood stabilized in PAXgene tubes and mRNA expression was detected by 

oligonucleotide Affymetrix microarray.  

Using a pairwise comparison model, 1932 genes were identified to vary significantly over 

time (p≤0.5x10-7) within 24h after stroke. Some of the top20 most changed genes are 

already known to be relevant to the ischemic stroke physiopathology (e.g. Il-1R, Nos2, 

Prok2). Cluster analysis showed multiple stereotyped and time dependent profiles of gene 

expression. Direction and rate of change of expression for some profiles varied 

dramatically during these 24h. Profiles with potential clinical utility including hyper acute or 
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acute transient upregulation (with expression peaking from 2 to 6h after stroke and 

normalisation by 24h) were identified.  

We found that blood gene expression varies rapidly and stereotypically after stroke in rats. 

Previous researchers have often missed the optimum time for biomarker measurement. 

Temporally overlapping profiles have the potential to provide a biological “stroke clock” 

able to tell the clinician how far an individual stroke has evolved.  

INTRODUCION      

Stroke is one of the leading causes of death and of disability (Roger, Go et al. 2012). The 

most specific and biologically powerful treatment for acute ischemic stroke (IS) is 

thrombolysis with recombinant tissue plasminogen activator (rt-PA) given within the first 

4.5 hours of onset (Hacke, Kaste et al. 2008, Jauch, Saver et al. 2013). Unfortunately, 

thrombolysis is disappointingly underused. This is mainly because of uncertainty about 

diagnosis, time of onset and the perceived risks of cerebral bleeding these entail (Barber, 

Zhang et al. 2001, Fink, Kumar et al. 2002, Albers, Amarenco et al. 2008, Faiz, Sundseth et 

al. 2014). Even in specialized centers, these limitations mean that fewer than 15% of 

ischaemic stroke patients can generally be treated with thrombolysis (Minnerup, Wersching 

et al. 2011, Faiz, Sundseth et al. 2014, Krogias, Bartig et al. 2014).  

We already use imaging biomarkers to assist in the clinical decision making process. Indeed, 

computerized tomography (CT) detection of bleeds is critical for rt-PA use (The National 

Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995, Hacke, 

Kaste et al. 2008). Penumbral imaging by CT and magnetic resonance imaging (MRI) are 

increasingly used to select patients likely to respond well to thrombolysis (Davis and 

Donnan 2014, Wintermark, Luby et al. 2015).  To date biochemical biomarker studies have 

focused on confirmation of stroke diagnosis and particularly on differentiation between 

ischemic and hemorrhagic strokes (Moore, Li et al. 2005, Tang, Xu et al. 2006, Dvorak, 

Haberer et al. 2009, Barr, Conley et al. 2010, Stamova, Xu et al. 2010). Whilst some leads 

are promising none has yet provided a clinically useful biomarker. Lack of specificity and 

sensitivity limit safe clinical utility and rather surprisingly most measurements have been 



 

69 

 

performed later than the clinically relevant thrombolysis time window (Whiteley, Chong et 

al. 2009, Hasan, McColgan et al. 2012, Sharp and Jickling 2013).  

Some measurements have been made early in the evolution of a stroke. Cytokine and 

chemokine expression change rapidly after a range of injuries including stroke (Clark and 

Lutsep 2001, Nilupul Perera, Ma et al. 2006, Wang, Tang et al. 2007). Similarly, a number 

of general and ischemia specific stress response markers such as cortisol, hypoxia-inducible 

factors (HIFs) and oxidative stress markers such as glutathione S-transferase have been 

found to change rapidly after stroke (El Kossi and Zakhary 2000, Akhtar, Pillai et al. 2008, 

Turck, Robin et al. 2012, Zi and Shuai 2013, Barugh, Gray et al. 2014). However, little 

attention has been given to the possibility that the pattern of hyperacute changes in gene 

and protein expression in the blood might provide clinically useful information. This is 

surprising given the highly dynamic nature of stroke when speed of intervention is known 

to be critical for good outcome (Marler, Tilley et al. 2000, Hacke, Donnan et al. 2004, 

Jauch, Saver et al. 2013). 

Systematic reviews have identified over 130 candidate stroke biomarkers selected for 

investigation primarily because of a known role for the molecule in stroke pathophysiology 

(Whiteley, Tseng et al. 2008, Hasan, McColgan et al. 2012). However, recent estimates for 

the human genome have placed the number of genes we possess to be around 19,000 for 

protein-coding, and 1,500 for non-protein coding (Ezkurdia, Juan et al. 2014). Therefore, 

stroke researchers have barely scratched the surface of the candidates available.  

Because stroke is a highly dynamic but variable process and because previous researchers 

have largely ignored the rapidity with which changes might take place, we examined the 

hyperacute responses to stroke through the lens of blood gene-expression over the first 24 

hours after stroke in rats. Our explicit goal was to identify profiles of change that could aid 

clinical decision making. We employed whole genome microarrays to permit an unbiased 

identification of blood-based RNA expression profiles occurring after stroke. Others have 

used this technology before (Tang, Xu et al. 2006, Turck, Robin et al. 2012) but have not 

focused on the early changes after stroke. Specific acute stroke biomarkers acting as a 
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stroke clock would be valuable in clinical practice to help identify increased numbers of 

stroke patients who could benefit from thrombolysis.  

METHODS 

Ethical approval 

This experiment was conducted in accordance with national guidelines (Australian code of 

practice for the care and use of animals for scientific purposes, 8th edition, 2013). The use 

of animals (surgical and behavioural procedures) was prospectively approved by the Austin 

Health Animal Ethics Committee (Austin Health, Heidelberg, Victoria, Australia). 

Animals and induction of stroke  

Transient stroke was induced by middle cerebral artery occlusion (MCAo) in eight male 16 

week old spontaneously hypertensive rats (SHR). Anesthesia was induced by 5%, and 

maintained with 2%, isoflurane in a 50:50 O2:air mixture through a nose cone. Body 

temperature was maintained at 37.4°C throughout surgery via a rectal thermocouple and 

temperature control unit. Laser Doppler flowmetry (moorVMS-LDF, right-angled laser 

optic probe 0.8mm, MP5b, MoorLab, Devon, UK, coupled to iWORX, 308T, Dover NH, 

USA) was used to monitor cerebral blood flow (CBF) in the area 5mm lateral and 1mm 

posterior to bregma, within the MCA perfused cortex. MCAo was achieved using a silicon-

coated thread (coating diameter 0.35mm and 2mm length), which was maneuvered through 

the internal carotid artery approximately 18mm until resistance was felt and a drop in CBF 

noted on Laser Doppler (Longa, Weinstein et al. 1989, Spratt, Fernandez et al. 2006). All 

incisions were closed using silk sutures and the animals allowed to recover from anesthesia. 

Reperfusion under anesthesia was carried out 1.5 hours after vessel occlusion by 

withdrawing the thread into the external carotid stump and sealing it in place.  

Behavioral testing for neurologic deficit was undertaken at 1, 1.5 (immediately prior to 

anesthesia for reperfusion), 2, 3, 6 and 24 hours post stroke induction using a 5-point scale 

modified from that of Petullo et al. (Petullo, Masonic et al. 1999).  

At 24 hours post-occlusion, the rats were killed by isoflurane overdose and additional 

blood (see below) was collected from the heart by syringe. The brain was cut into 2mm 
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slices using a rat brain matrix, and stained with 1% 2,3,5-triphenyltetrazolium chloride 

(TTC) in saline for 20 minutes (10 minutes each side), before fixation in 10% formalin. 

Digital images of the stained brain slices were captured on a flatbed scanner (2400dpi), and 

infarct volume measured using ImageJ. Infarct areas were converted to volumes by finding 

the average area of two sections and multiplying by the distance between the slices.  

Blood sampling 

Animals were warmed briefly under an infrared lamp for approximately 10 minutes to 

facilitate dilation of the tail veins. Rats were firmly wrapped in a towel and blood collected 

from the lateral tail vein. Whole blood (250µl) was drawn from the lateral tail vein (1ml 

syringe, 26G needle) into 500 international units of heparin (500IU, Pfizer) at 0 

(immediately before anesthesia induction), 1, 2, 3, and 6 hours post MCA occlusion. The 

24 hour sample was taken by heart puncture immediately following anesthetic overdose. 

After mixing, the samples were centrifuged at 1100g for 10 minutes to separate the plasma 

and cells. About 150µl plasma was collected onto ice and transferred to -80oC within 15 

minutes. Seven hundred microliters of PAXgene solution (collected from PAXgene blood 

tubes, PreAnalytiX, Qiagen/ BD) was added to the blood cell pellet, the sample mixed and 

left at room temperature for 10-30 minutes before storage at -80oC until RNA extraction.  

RNA and microarray processing  

RNA was prepared from the whole blood cell pellets using the PAXgene Blood RNA Kit 

(PreAnalytiX #762174, Qiagen). The samples were randomized between 6 batches for 

workup in groups of 8. The manufacturer’s instructions were followed except in 

accommodating the 10-fold smaller volume of the initial blood samples, which were in 

1.6ml microfuge tubes. The PAXgene pellet was washed in 1 ml of RNase-free water and 

the final RNA samples were eluted in 40 +20 µl buffer BR5. The RNA was quantitated on 

a Nanodrop ND-2000 (mean yield 6.9µg) and quality was assessed by the OD260/280 ratio 

(range 1.9-2.2). RNA was stored at -80oC. 

Standard Affymetrix protocols were followed for cDNA synthesis, fragmentation and 

labelling of samples for the microarrays. Briefly, RNA amplification was undertaken with 

the Nugen Applause WT Amp System (system cat# 5500-24, Millenium Science) using 
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200ng RNA for the first strand synthesis. cDNA was purified with the Qiagen Min-elute 

Reaction Clean-up kit and the Encore Biotine module (NuGen) was used for 

fragmentation and labelling.  

Samples were randomly hybridized to the GeneChip® RatGene 1.0 ST arrays (Affymetrix, 

Santa Clara CA, USA; cat#9011730).  

Identification of existing candidate biomarkers 

For comparison purposes, a systematic review was performed to identify papers claiming 

the utility of individual genes as candidate stroke biomarkers because of statistically 

significant changes reported in the manuscript. Those markers that only showed utility for 

stroke prognosis or when combined with a panel of other markers were not included in 

this list.  

Data analysis 

Infarct volumes are presented as average ± standard deviation.  

For gene expression, pairwise comparisons were made between neighboring time points of 

the experiment using linear models, and the resulting F-statistic was used to identify genes 

whose expression varied the most across the time course of the experiment. Models were 

constructed, and significance testing was performed using the R package limma (Gentleman, 

Varey et al. 2005). The level of significance for gene expression change over time was 

initially set by using the traditional pvalue of <0.05. However to reduce false positive 

discovery this was later set to a p-value of <5x10-7. Cluster analysis was performed using a 

Spearman correlation distance measure followed by a K-means clustering using the R 

function kmeans (Gentleman, Varey et al. 2005). Gene expression data was averaged across 

the samples available for each time point, and mean centered so that similar clusters could 

be identified across different gene expression magnitudes. Heat maps were constructed 

using the R package gplots (Warnes, Bolker et al.) and current gene annotations, including 

homolog identification and array coverage were obtained using the R package biomaRt 

(Durinck, Spellman et al. 2009).  

For comparison of our data with other researchers’ candidate biomarker gene lists, data 

manipulation and analysis has been conducted in R. 
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RESULTS 

Animals 

Stroke surgery was undertaken in 8 SHR rats. All animals were 16 weeks old and weighted 

321±13g (range 305-342g) prior to surgery. Anesthesia duration required to induce MCAo 

was similar across animals (Average 50 minutes; range 41 – 69 minutes). Stroke was 

successfully induced in all animals, as evidenced by the development of behavioral deficits 

and a cerebral infarct at 24 hours post MCAo (Figure 2a, c). Average infarct volume was 

205.76±45.79mm3. Damage consistently involved both the striatum and cortex 

(36.76±8.29mm3, 169.0±41.44mm3 respectively; Figure 2b). 

 

Figure 2 Successful induction of transient MCAo in the SHR.  

A) Total behavioral deficit score at different time points across the 

experiment. B) Total, cortical and striatal infarct volumes. Error bars are ± 

SD. C) TTC stained brain slices showing the extent of ischemic damage at 

24 hours post stroke. Circles represent individual animals (1-8), line 

represents the average measurement 

Blood samples 

In all 8 rats, the 6 blood samples were collected except for one time point in one rat (6 

hours post MCA occlusion in animal 3). A total of 47 samples were therefore collected for 

biomarker analysis.  

Time responsive genes 

Genes with expression varying the most over time were ranked by p-value of the F statistic, 

with a cut-off of 5x10-7. One thousand nine hundred and thirty-two genes reached this 
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level of significance. The 20 most time responsive genes, their functional designation and 

overall expression are listed in Table 1. Their individual gene expression profiles over time 

are shown in Figure 3. 
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Table 1 Time responsive genes.  

Top 20 of the genes with expression varying the most over time 
(ranked by p-value of the F statistic, p<5x10-7). Genes presented 
with their p-value, probe ID, and brief gene description 

p-value Probe ID Gene Name Description 

1.83E-24 10722208 Mrgprx3 MAS-related GPR, member X3 

6.23E-22 10736312 Nos2 nitric oxide synthase 2, inducible 

1.5E-21 10826956 Bank1 B-cell scaffold protein with ankyrin repeats 1 

3.55E-21 10763768 Fcmr Fc fragment of IgM receptor 

4.77E-21 10748273 Cd79b Cd79b molecule, immunoglobulin-associated beta 

9.45E-21 10707142 Ldhc lactate dehydrogenase C 

1.28E-20 10922816 Il1r2 interleukin 1 receptor, type II 

1.39E-20 10909411 Usp2 ubiquitin specific peptidase 2 

1.87E-20 10783880 Tgm1 transglutaminase 1 

2.46E-20 10826703 LOC691931 hypothetical protein LOC691931 

3.08E-20 10828832 Rab44 RAB44, member RAS oncogene family 

3.41E-20 10705065 Cd79a Cd79a molecule-like; Cd79a molecule, 
immunoglobulin-associated alpha 

6.38E-20 10721261 Cd33 CD33 molecule 

7.1E-20 10893918 Sbno2 strawberry notch homolog 2 (Drosophila) 

7.34E-20 10732941 Ebf1 early B-cell factor 1 

7.38E-20 10864433 Prok2 prokineticin 2 

8.69E-20 10728883 Ms4a1 membrane-spanning 4-domains, subfamily A, 
member 1 

1.5E-19 10823363 P2ry13 purinergic receptor P2Y, G-protein coupled, 13 

1.73E-19 10810144 Rrm2 ribonucleotide reductase M2 

1.84E-19 10892472 Igd immunoglobulin delta heavy chain constant region 
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Figure 3 Individual gene expression over time of the 20 most time 

responsive genes 
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Patterns of gene expression after stroke 

The cluster analysis identified 25 different patterns of gene regulation over time. Eight of 

them are illustrated here because of their potential clinical utility (Figure 4).  

These patterns were described as follows: 

- Cluster A (58 genes): hyperacute transient upregulation (with expression peaking at 

2 hours after stroke with a trend to normalisation by 24 hours)  

- Cluster B (231 genes): acute transient upregulation (with expression peaking at 6 

hours after stroke then returning to the basal gene expression level by 24 hours  

- Cluster C (37 genes): delayed transient upregulation (with unchanging expression 

for the first hour after stroke then increasing to 6 hours before a return to the basal 

gene expression level by 24 hours) 

- Cluster D (120 genes): 2 peaks of transient upregulation (with a first peak of 

upregulation by 2 hours after stroke, a decrease of gene expression by 3 hours and 

a second peak at 6 hours then a return to the basal gene expression level by 24 

hours) 

- Cluster E (71 genes): progressive transient downregulation (gene expression slowly 

decreasing up to 6 hours after stroke then starting to return to the basal gene 

expression level by 24 hours)  

- Cluster F (6 genes): progressive downregulation (gene expression slowly decreasing 

up to 24 hours after stroke)  

- Cluster G (83 genes): transient steady downregulation (with expression decreased 

by 2 hours after stroke and staying to a low plateau up to 6 hours after stroke then 

starting to return to the basal gene expression level by 24 hours)   

- Cluster H (40 genes): early change of regulation (with expression first decreased by 

1 hour after stroke then increasing up to 3 or 6 hours after stroke and then 

returning to the basal gene expression level by 24 hours)  
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Figure 4 Gene expression clusters  

Selected based on their clinically interesting profile. Gene expression values 

are scaled to the mean expression of 0 and expressed by color (genes highly 

expressed in red and genes with low expression in blue) 

Comparison with existing candidate biomarkers 

Based on the published literature, a list of 73 candidate biomarkers was generated (Lamers, 

Vos et al. 2003, Lynch, Blessing et al. 2004, Moore, Li et al. 2005, Tang, Xu et al. 2006, 

Grond-Ginsbach, Hummel et al. 2008, Laskowitz, Kasner et al. 2009, Barr, Conley et al. 

2010, Hasan, McColgan et al. 2012, Oh, Kim et al. 2012, Turck, Robin et al. 2012, 

Adamski, Li et al. 2014, Barr, VanGilder et al. 2015) and reported in Table 2 using human 

nomenclature. The majority of this data comprised measurements made far beyond the 

stroke thrombolysis window. Of the 73 biomarkers listed, one was a protein dimer 

(Ddimer) and could not be represented by gene expression, and one was a metabolite 

(homocysteine) which was the result of a metabolic pathway involving several genes. Of 

the remaining molecules, if the name reported in the literature was different to the current 

gene annotation, then this was reported in parenthesis, and used to identify matches in our 
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data. To be able to examine their expression levels in our rat data, the corresponding 

homologous genes were identified in rat if they existed.  

Table 2 List of ischemic stroke candidate biomarkers based on 

published results. 

References: 1 Moore et al. Circulation 2005, 2 Tang et al. JCBFM 
2006, 3 Barr et al. Neurology 2010, 4 Grond-Ginsbach et al. J Neurol 
2008, 5 Lynch et al. Stroke 2004, 6 Adamski et al. Genomics 2014, 7 
Oh et al.  J Neuroimmunol 2012, 8 Barr et al. Biol Res Nurs 2014, 9 
Lamers et al. Brain Res Bull 2003, 10 Hasan et al. Br J Clin 
Pharmacol 2012, 11 Laskowitz et al. Stroke 2009, 12 Turck et al. 
PlosOne 2012 

Molecule (alt name) Ref Molecule (alt 
name) 

Ref Molecule (alt name) Ref 

ACSL1 7 F5-1 (F5) 2 MMP9 2,3,5,7,11 

ADM 1,6 FCGR1A 1 NAIP (Naip6 in Rat) 1 

APLP2 1 FOS 1 NDKA (NME1) 12 

ARG1 2,3 FPR1 2 NKG7 7 

BCL6 2 FPRL1 (FPR2) 4 NPL 1,2 

BNP (NPPB) 11 GFAP 9,10 NSE (ENO2) 9 

BST1 1,6 GNLY* 7 Nt-proBNP (NPPB) 12 

C19orf59 
(MCEMP1) 

7 GST-π (GSTP1) 12 ORM1 3 

C3AR1 4 HIST2H2AA3 2 P selectin (SELP) 10 

CA4 2,3 homocystein† 10 PDE4D 4 

CCR7 3 HOX 1.11  2 PILRA 1 

CD14-1 1 IL13RA1 1 PLBD1 1,6 

CD163 1 IL18R1 7 PYGL 2,6 

CD36 1 IL18RAP* 7 RNASE2 2 

CD93 1,6 IL1R2 7 S100A12 2,3,6 

CKAP4 2,6 IL1RN 4 S100A9* 2,6 

CRP 10,11 IL6 12 S100B 5,9 

CSPG2 3 IL8* 8 S100P 2 

CYBB 1,6 IQGAP1 3 SDPR 8 

Ddimer‡ 11 KIAA0146 (SPIDR) 1 SLC16A6 2 

DJ1 (PARK7) 12 LOC642103∞  7 TLR2 1 

DUSP1 1 LTA4H 1 VCAM (Vcam1 in Rat) 5 

ENTPD1 1 LY96* 2,3,8 VCAN 1 

EOMES* 7 MBP 9 VonWillebrand factor 5 

ETS2 1,2 MGAM* 7   

*Unavailable on Rat array †A metabolism product, no encoding gene. ‡A protein, Fibrin degradation product. 

 ∞ discontinued. 
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We then plotted (as a heat map) the mRNA expression profiles of these published 

biomarker candidates as detected within our experimental results against time post stroke 

in rats. This heat map highlighted that, for genes originally selected because of change at 24 

hours, expression levels often began to change much earlier (1-3 hours) and indeed often 

exhibited greater change within this earlier window (Figure 5). 
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Figure 5 Heat map of the candidate ischemic stroke biomarkers.  

Genes identified based on published results and their expression in 
our time course data. Results presented as average values across the 8 
animals for a given time point.  
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The genes identified as candidate biomarkers from the literature were also identified in our 

data, ordered by level of significance from our analysis, and compared to our top 1932 

time-responsive gene candidates. The ranks showed that 29 of the 59 genes (49%) 

presented in Table 3 were in our list of most significant changing genes over time, with the 

highest ranked gene being Interleukin 1 receptor, type II (Il1r2, rank=8). It should be 

noted however that most candidates from the literature fall much lower in our ranking of 

the most time dependently changed genes.  
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Table 3 List of candidate ischemic stroke biomarkers ranked in our 

data.  

Genes identified based on published results ranked by p-value of the 
F statistic based on their gene expression over time in our data set. 
The red line represents the p<5x10-7 cut-off   

Rank p-value Probe ID Gene Name   Rank p-value Probe ID Gene Name 

8 1.28E-20 10922816 Il1r2   2124 1.23E-06 10850530 Cd93 

141 2.38E-16 10718351 Fpr1   2264 1.96E-06 10866459 Plbd1 

151 4.18E-16 10922882 Il18rap   2358 2.59E-06 10854733 Mgam 

198 2.89E-15 10765195 Selp   2678 0.000007 10812943 Pde4d 

245 8.84E-15 10754983 Il13ra1   2686 0.000007 10927900 Sdpr 

257 1.12E-14 10759604 Mcemp1   3647 0.0000592 10739323 Slc16a6 

258 1.13E-14 10820282 Vcan   3981 0.0001 10765801 Crp 

283 2.92E-14 10824695 S100a9   4508 0.0003 10768726 Npl 

288 3.17E-14 10842239 Mmp9   4834 0.0004 10755890 Spidr 

298 4.35E-14 10750460 Ets2   5928 0.0012 10747948 Gfap 

334 1.4E-13 10823970 Tlr2   6811 0.0027 10826249 Vcam1 

381 3.4E-13 10737047 Car4   7018 0.0032 10858626 Cd163 

406 5.93E-13 10715258 Entpd1   7129 0.0035 10706326 Nkg7 

445 1.24E-12 10890441 Pygl   8997 0.0116 10858886 Vwf 

538 7.39E-12 10825153 Fcgr1a   9093 0.0121 10886031 Fos 

641 4.43E-11 10777242 Bst1   9599 0.0154 10881850 Park7 

652 4.7E-11 10803991 Cd14   9657 0.0158 10832441 S100b 

667 5.67E-11 10751931 Bcl6   10160 0.0201 10765212 F5 

746 1.35E-10 10747024 Ccr7   10969 0.0276 10936899 Cybb 

850 4.08E-10 10894549 Ckap4   ~ NS 10709875 Adm 

998 1.28E-09 10834109 Il1rn   ~ NS 10802980 Mbp 

1140 4.12E-09 10783203 Rnase2   ~ NS 10873895 Nppb 

1337 2.07E-08 10732652 Dusp1   ~ NS 10859799 Il6 

1385 2.79E-08 10723156 Iqgap1   ~ NS 10922871 Il18r1 

1414 3.19E-08 10865369 C3ar1   ~ NS 10921195 Aplp2 

1533 5.96E-08 10703443 Fpr2; Fpr2l   ~ NS 10702214 Arg1 

1767 2.18E-07 10894878 Lta4h   ~ NS 10865502 Eno2 

1799 2.67E-07 10761025 Pilra   ~ NS 10727429 Gstp1 

1925 4.86E-07 10869476 Orm1   ~ NS 10746276 Nme1 

2033 7.88E-07 10791677 Acsl1           
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Effect of surgery and anesthesia 

To explore the difficulty of selecting appropriate controls in animal experiments requiring 

surgery to induce stroke, and which our experiment lacked, we also compared our data set 

with an available list of genes potentially specific for the impact of surgery and anesthesia. 

In 2001, Tang et al. studied the blood gene expression for different neurological conditions 

including stroke. They identified genes significantly (more than two fold) over or under 

expressed in the ischemic stroke and sham groups after 24 hours compared to untouched 

controls (Tang, Lu et al. 2001). Twenty five genes were shown to be significantly over 

expressed in the animal blood at 24 hours after ischemic stroke while 98 had significantly 

decreased expression. In the sham group, 40 genes were upregulated and 126 

downregulated at 24 hours after the intervention. These four lists of up- and 

downregulated genes for ischemic stroke and sham models were obtained from Tang et al. 

supplementary data. Their ‘genes’ were reported as probesets from the Rat U34A array.  

To determine whether the up and downregulated specific stroke genes identified by Tang 

were present in our dataset and exhibited a similar response, gene names were mapped 

between the two datasets. For this, Tang’s probesets were first annotated with current gene 

designations from the rat genome using the R library biomaRt (Durinck, Spellman et al. 

2009). This library was also used for mappings between the Affymetrix GeneChip® Rat 

Gene 1.0st platform used for our data collection, and the older U34A which Tang 

employed. 

The sham and stroke up- and downregulated genes identified by Tang were extracted from 

our stroke data and plotted in 4 different heat maps (Figure 6, Figure 7). These 4 heat maps 

confirmed that expression of these genes varied over time after stroke and that some of 

these changes occurred very early after stroke (as early as after one hour post vessel 

occlusion). In the significantly downregulated genes after stroke, more than a third of the 

genes identified by Tang et al. were actually first upregulated between 2 and 6 hours after 

MCA occlusion and only then downregulated at 24 hours (top half of Figure 8). This 

subset of downregulated genes after stroke contrasts with another subset also represented 

in the same heat map where the genes appeared to be upregulated before the start of the 

surgery then downregulated over a 24 hour period after stroke, with minimal expression 
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observed between 2 and 6 hours after stroke (bottom half of Figure 8). Interestingly, from 

the heat map plot of genes from Tang’s sham downregulated class (Figure 6 separated in A 

and B for better image quality), we can identify a subset of genes whose expression is 

suppressed after the initiation of the anesthesia and start of the surgery and with a 

maximum of downregulation peaking for the samples collected at 2 to 6 hours (after the 

end of the anesthesia period, Figure 6B). 
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Figure 6 Heat maps of the Tang’s A) upregulated ischemic stroke 

genes and B) upregulated Sham genes.  

Genes identified by Tang et al. and their expression in our time 
course data. Results presented as average values across the 8 animals 
for a given time point and colour key is similar to the one used in 
Figure 4. 
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Figure 7 Heat map of the Tang’s downregulated Sham genes.  

Genes identified by Tang et al. and their expression in our time 
course data. Figure separated in A and B for better image quality. 
Results presented as average values across the 8 animals for a given 
time point and colour key is similar to the one used in Figure 4. 
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Figure 8 Heat map of the Tang’s downregulated ischemic stroke 

genes.  

Genes identified by Tang et al. and their expression in our time 
course data. Results presented as average values across the 8 animals 
for a given time point and colour key is similar to the one used in 
Figure 4. 
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Focusing on the 24 hours time point, it appeared that not all the genes identified as up or 

downregulated by Tang showed these characteristics in our dataset. The concordance 

between genes identified as downregulated by Tang et al. and effectively downregulated in 

our dataset was better than for the upregulated genes. 

The gene lists published by Tang et al. were also reanalyzed for condition specificity. We 

performed a direct comparison of the up and downregulated genes for the ischemic stroke 

and the sham groups and generated a Venn diagram of the significantly differently 

expressed specific genes for the two conditions (Figure 9A). We identified 49 genes whose 

expression was significantly changed only in the ischemic stroke group (17 upregulated and 

32 downregulated genes).  

These potential ischemic-specific genes were then ranked in our prioritized list of the top 

1932 genes varying over time after stroke (ordered by the p-value of the F-statistic). From 

the 17 genes upregulated exclusively in the Tang stroke group, 16 were successfully 

matched in our data set and four of them were found to be in our top 1932 gene list (Table 

4). From the downregulated list of 32 genes, 24 were successfully matched and 7 were 

present in our top list (Table 5). The expression levels of these potential specific ischemic 

genes were reanalyzed over time in our rat data set and the corresponding heat maps 

generated (Figure 9 B-C). These heat maps also demonstrated a time evolving pattern of 

expression after stroke which was not as well defined as that for the other candidate 

biomarkers identified from the literature (Table 2). 
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Figure 9 Analysis of the gene lists published by Tang for condition 

specificity.  

A) Direct comparison of the up and downregulated genes for the 
ischemic stroke and the Sham groups and creation of a Venn diagram. B) 
Heat map of the upregulated specific ischemic stroke genes. C) Heat map 
of the downregulated specific ischemic stroke genes. Genes identified by 
the analysis of Tang’s results and their expression in our time course data. 
Results presented as average values across the 8 animals for a given time 
point and colour key is similar to the one used in Figure 4. 
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Table 4 List of upregulated potential specific ischemic stroke genes 

ranked in our data.  

Genes identified by Tang et al. ranked by p-value of the F statistic 
based on their gene expression over time in our data set. The red line 
represents the p<5x10-7 cut-off 

 

Rank p-value Probe ID Gene Name 

182 1.99E-15 10818326 Sort1 

1049 1.99E-09 10809392 Mt1a 

1754 1.96E-07 10841850 Plcg1 

1994 6.67E-07 10724895 Lyve1 

2703 7.25E-06 10730855 Mxi1 

4685 0.0003 10831567 RT1-Bb 

6406 0.0019 10806650 Rad23a 

6787 0.0027 10716436 Slc18a2 

8839 0.0106 10940577 Itgb3 

8997 0.0116 10858886 Vwf 

10727 0.0252 10790948 Jund 

12554 0.0496 10783998 Mcpt1 

~ NS 10742194 Pttg1 

~ NS 10900212 Tbxa2r 

~ NS 10885015 Frmd6 

~ NS 10894108 Vom2r53 
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Table 5 List of downregulated potential specific ischemic stroke 

genes ranked in our data.  

Genes identified by Tang et al. ranked by p-value of the F statistic 
based on their gene expression over time in our data set. The red line 
represents the p<5x10-7 cut-off 

 

Rank p-value Probe ID Gene Name 

291 3.59E-14 10802013 Cd74 

683 6.75E-11 10798027 Ly86 

727 1.11E-10 10718591 Myadm 

869 4.66E-10 10895581 LOC689014 

939 7.82E-10 10899387 Nr4a1 

1277 1.27E-08 10861736 Akr1b1 

1875 4.00E-07 10800760 Bin1 

2110 1.16E-06 10711852 Ptpre 

2664 6.56E-06 10910668 Anp32a 

2899 1.18E-05 10716803 Utrn 

3352 3.25E-05 10828357 Psmb9 

3824 8.22E-05 10799241 Idi1 

5939 0.0013 10890024 Nfkbia 

6069 0.0014 10758705 Erp29 

6248 0.0017 10726758 Irf7 

7758 0.0056 10714106 Fam111a 

9161 0.0125 10907315 Cela1 

9823 0.0173 10790581 LOC290595 

10478 0.0228 10775141 Rpap2 

~ NS 10863045 AABR07051563.1 

~ NS 10864893 Akr1b1-ps2 

~ NS 10929820 Ilkap 

~ NS 10804774 Adrb2 

~ NS 10811739 Chmp1a 
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DISCUSSION  

The use of tPA therapy in ischemic stroke is largely limited by uncertainty about the time 

of stroke onset. The main objective of this study was to provide proof of principle that 

changes in gene expression profiles after stroke might provide a time dependent signature. 

The current study clearly identified significant hyperacute changes in the patterns of 

mRNA expression in the blood of rats over time after MCAo, and that the elaboration of a 

stroke clock based on gene expression patterns from blood is indeed feasible. Such a stroke 

clock would allow clinicians to understand where in the highly dynamic evolution of a 

stroke a patient is when they first present at hospital. Specific blood biomarkers capable of 

predicting stroke onset time may expedite stroke diagnosis in the emergency department 

and help increasing the number of patients eligible for intravenous thrombolysis or other 

beneficial intravascular procedures. 

To identify the most variable genes over time after stroke, we used a pairwise comparison 

model and significance testing. Our initial analysis found 13000 genes significantly changing 

over time with the classical p-value cut off for significance of 0.05. Since this would still 

give 5% false positives (equivalent to more than 1300 genes in our data set), we decided to 

increase the level of significance required to a p-value of 5x10-7 to reduce false discovery. 

Despite the lack of control group in our experiment, the biology of the genes identified by 

this highly selective regime as the most variable over time is consistent with what we 

known of the IS physiopathology. Some of the top 20 most time responsive genes appear 

to be genes that are relevant to the biology of the injury. For example, the interleukin-1 

receptor (Il-1R) has been a target for antagonism in the management of acute stroke. 

Blockage of Il-1 action via its receptors has been shown to reduce brain damage in rodent 

model of cerebral ischemia (Banwell, Sena et al. 2009, Denes, Pinteaux et al. 2011). It is 

also well known that the neuronal nitric-oxide synthase plays a crucial role in the regulation 

of cerebral blood flow against pathogenic factors associated with cerebral ischemia (Toda, 

Ayajiki et al. 2009). Prokineticin 2 (Prok2) has also recently been identified as a deleterious 

mediator for cerebral ischemia (Cheng, Lee et al. 2012).  
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By cluster analysis, we found evidence for more different patterns of gene expression than 

expected. The majority of genes showed first either an upregulation or downregulation 

immediately after the ischemic event and then a progressive trend to return to their basal 

activity at 24 hours. These included gene expression profiles with high potential clinical 

utility including hyperacute or acute transient upregulation/downregulation (with broad or 

very narrow expression peaks (or troughs) at different points within the 2 to 6 hour 

window after stroke (Figure 3A,B). Many genes showed complex expression profiles with 

more than one peak of expression (Figure 3D) or varied in opposite directions (Figure 

3C,H) over time. 

In our experiment, the shape of the profiles for different gene sets identified differs 

dramatically and will allow the construction of a stroke clock where the expression patterns 

of a series of genes would be able to define the evolution of the stroke damage. Indeed, by 

pulling out the gene expression levels of Mrgprx3, Prok2 and Bank1 (all part of the top 20 

most variable genes over time list) and combining them 2 by 2 at 3 different time points 

(expression of Bank1 and Mrgprx3 at 2 hours, expression of Bank1 and Prok2 at 6 hours 

and expression of Bank1 and Mrgprx3 at 24 hours; see striking image), we could create a 

tool capable of determining the stroke onset time.   

The strength of our study is the use of sequential blood drawing in the same animals and 

the high frequency of repeated blood samplings starting hyperacutely after the initiation of 

the ischemic brain injury. Our finding gives a new perspective on most previously 

published stroke biomarker results. By drawing blood samples repetitively in the first 24 

hours after stroke, we have been able to provide new evidence that many candidate 

biomarkers change hyperacutely after stroke and trend back towards their basal value 

within 24 hours.  

Importantly, our study demonstrated that our identified biomarkers profiles are highly 

reproducible across individual animals and that changes in gene expression are of a 

significant magnitude (multiple log change). These observations are consistent with highly 

reproducible induction of stroke and collection of blood at well-defined times after stroke 

highlighting the utility of animal models in the quest for ischemic stroke biomarkers. 
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By analyzing the expression of Tang’s gene lists (based on samples collected at 24 hours 

after stroke induction) within our data set, we found that marked changes of gene 

expression had occurred within the first 24 hours after stroke. We also noted differences in 

the identification of up or downregulated expression of some genes at 24 hours after stroke 

or sham surgery. Finally, we found that only a small proportion of the genes presented by 

Tang as potentially specific for ischemic stroke were part of our list of time responsive 

genes (when ranked by the p-value of the F-statistic and with a p-value cut off of 5x10-7).  

It is not too surprising that our results differed from Tang’s. Firstly, arrays have evolved 

considerably over the last ten years. Tang’s expression data were collected on the 

Affymetrix GeneChip® Rat Genome U34A array which contained probesets for 7,000 full-

length sequences, and about 1,000 EST clusters. The Affymetrix GeneChip® RatGene 1.0 

ST array offers a coverage of more than 27,000 protein coding transcripts and 24,000 

Entrez genes. Our data set is therefore enriched. This also explains why we could not find 

a match in our data set for all the genes presented by Tang. Mapping of older Affymetrix 

UTR-probeset array technology to the current rat genome was not perfect, as the Rat 

genome has been refined and improved since the U34A array was designed. As a result not 

all the genes, or probesets, identified from analysis of the array data had current 

annotations in the rat genome and in some cases U34A probesets matched to multiple 

genes. Differences observed between the two experiments at the 24 hours sampling time 

can also be explained by a difference of collecting methods (Tang et al. did not used 

PAXgene tubes and mixed the blood from two different animals to have sufficient blood 

to conduct the microarrays). The use of a single time point of 24 hours can also account 

for the relative short list of upregulated genes specific to stroke that Tang presented since 

we find that most genes have returned to near normal by this late time. 

The reanalysis of the other genes identified as candidate stroke biomarkers from the human 

literature showed a greater overlap with our data. More than half of these genes were 

present in our most significant time responsive gene list. This argues in favor of the genes 

present in our list being specific to stroke physiopathology and that the changes in gene 

expression observed in our data are unlikely to all be due to the surgery or anesthesia 

required to induce stroke in our model system since this is not a feature of the human 
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studies. This concordance of the rat and human data points to the potential for successful 

translation. It should be noted however that others have cautioned on extrapolating from 

rat to human data (Sharp and Jickling 2013). The heat maps created with the literature gene 

lists presented time patterns similar to those we identified with our cluster analysis. Even if 

these candidate biomarker genes were initially not identified for this use, they have the 

potential to contribute to a time signature for stroke. The more dramatic time signatures 

discovered in our unbiased whole genome experiment suggest that many of these genes 

may have even greater utility for this purpose. 

Candidate biomarkers have rarely been selected in the context of looking for a stroke clock. 

Turck et al. analyzed blood samples taken at 2 different time points (within 3 hours and 

within 36 hours) after stroke but had to combine two separate cohorts of patients to 

achieve their aim (Turck, Robin et al. 2012). The only study collecting sequential human 

blood samples in the same individual early after stroke was conducted by Tang et al. in 

2006 but their attention focused on elaboration of a diagnostic tool capable of 

differentiating ischemic stroke patients from controls and the earliest blood samples were 

collected 3 hours after the ischemic event (Tang, Xu et al. 2006).  Therefore, this study is to 

our knowledge the first to combine whole genome screening and sequential blood 

sampling within a time frame capable of informing clinical decision making.  

All experiments have limitations. Our study will need to be replicated and to include a 

comprehensive series of sham groups to provide information about the specificity of these 

biomarkers to brain ischemia and the potentially cofounding roles of surgery, ischemia in 

other tissues (primarily neck and jaw), anesthesia and stress. The experiment will also have 

to be replicated in female rats to account for sexual dysmorphism in stroke. Finally, the 

data reported here comes from an animal model of stroke. Such data can only be 

hypothesis generating and the changes identified here will need to be replicated in studies 

of humans with stroke. Nevertheless, in mass spectrometry analysis of plasma from 

patients with stroke, we have already found that protein expression in humans displays 

similar temporal profiles (Dagonnier, Cooke et al. 2017).    
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In conclusion, we have demonstrated that gene expression changes over time after 

ischemic stroke and that this change occurs quickly after the event. Gene expression might 

be used to construct a “Stroke Clock” which provides important information on patient 

selection for acute stroke therapy.   
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Chapter 4: The stroke clock and the effect of  sham surgery. 

4.1 Introduction 

Stroke is one of the leading causes of death in industrialized countries and the major cause of 

disability (Roger, Go et al. 2012). The distinction between stroke subtypes and knowledge of the 

time of stroke onset is critical in clinical practice. Thrombolysis is a very effective treatment only 

for ischaemic stroke and if given within 4.5 hours of onset (Lees, Bluhmki et al. 2010). The 

diagnosis of stroke is currently based on an experienced clinician’s examination of the patient 

supplemented by the results of brain imaging. Clinical diagnosis is challenging and not reliable, 

even for well-experienced clinicians (Morgenstern, Lisabeth et al. 2004, Hand, Kwan et al. 2006). 

Moreover, differentiation between haemorrhagic and ischaemic stroke, which determine the 

therapeutic options, cannot be confirmed solely by a clinical examination. Neuroimaging can 

help decide who and how to treat but is expensive, has contra-indications and is not always 

readily available. Moreover, imaging cannot be used to pinpoint the time of onset of stroke. Lack 

of information regarding the timing of the stroke onset is a major contributor to the 

disappointing under use of the thrombolysis therapy (Barber, Zhang et al. 2001, Fink, Kumar et 

al. 2002, Howells and Donnan 2010). Indeed, up to 25% of patients with ischaemic stroke 

awaken with neurological deficits (Fink, Kumar et al. 2002, Barreto, Martin-Schild et al. 2009, 

Kang, Kwon et al. 2012). Currently this makes them ineligible for thrombolysis because of the 

uncertain time of stroke onset. Many additional patients are found with their symptoms, unable 

to communicate and are therefore also ineligible for thrombolysis. As a result, no more than a 

third of ischaemic stroke patients can be treated with thrombolysis at most specialized centres 

(Fonarow, Smith et al. 2011, Minnerup, Wersching et al. 2011, Krogias, Bartig et al. 2014). 

Blood biomarkers confirming an early and significant change after symptoms onset could 

complement the neuroimaging for the diagnosis and management of ischaemic stroke patients. 

They may allow rapid and accurate identification of the time of symptoms onset and 

consequently determine whether patients are within the appropriate therapeutic window. 

Many attempts have been made to identify specific biomarkers for the acute stroke condition but 

to date none of them have proven to be clinically useful (Whiteley, Chong et al. 2009, Hasan, 

McColgan et al. 2012, Sharp and Jickling 2013). This might be explained by the fact that most 

studies have focused on molecules which change slowly after stroke, providing unhelpful 

information for Emergency Department decision making. Also the traditional approach to 

identify stroke biomarkers has been to select candidate markers based on their known 
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implication in stroke physiopathology and therefore guessing which would be the best molecules 

to analyse rather that exploring the entire genome response to a stroke. 

For these reasons, we designed a rat experiment to identify, using microarray techniques, relevant 

biomarkers to timely characterize acute stroke.  

The rat middle cerebral artery thread-occlusion (MCAo) model is widely used in studies of stroke 

pathophysiology and therapeutics (Spratt, Fernandez et al. 2006, Howells, Porritt et al. 2010). It 

also ensures the certainty of stroke onset time and allows access to early and frequent blood 

samples after the vascular event. In this experiment, we aimed to confirm the acute stroke 

biomarkers profiles identified in our previous experiment (chapter 3) and compare them to two 

different groups of sham surgeries. The first sham surgery accounted for the effect of the 

anaesthesia and the surgery itself (Sham1) and the other sham to identify the biomarkers related 

to any level of ischaemia induced during the surgery (Sham2).  

Through this, we aimed to be able to certify the stroke specificity of the biomarkers observed 

and eliminate changes of gene expression due to the surgery itself, the stress of the procedure or 

any extra-cerebral ischaemic processes.   

4.2 Aims and hypothesis 

Aims 

- to confirm acute stroke biomarkers profiles already identified  

- to confirm changes of biomarker expression with time in the acute phase of stroke   

- to identify specific biomarkers for cerebral ischaemia and differentiate them from 

biomarkers related to other tissues ischaemia, stress or surgery  

Hypothesis 

- specific biomarker gene expression will vary over time with the course of the ischaemic 

event and some changes will occur hyper acutely after the start of the brain ischaemia 

- identified biomarkers will be different in the stroke group and in the sham 1 and sham2 

groups 

4.3 Materials and methods 

4.3.1 Experiment design 

The overall experiment time line is represented in Figure 10. 



 

   104 

 

 

Figure 10 Experiment time line  

Schematic experiment timeline (not to scale) with blood sampling time points represented in red. 
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4.3.1.1 Animals 

This experiment was conducted in accordance with national guidelines (Australian code of 

practice for the care and use of animals for scientific purposes, 8th edition, 2013). The use 

of animals (surgical and behavioural procedures) was approved by the Austin Health 

Animal Ethics Committee (Austin Health, Heidelberg, Victoria, Australia). A total of 20 

male spontaneously hypertensive rats (SHR) were purchased from Animal Research Centre 

(Canning Vale, Western Australia, Australia) and transported to the Biological Resource 

Facility (BRF, Heidelberg, Australia) at 11 weeks of age. Animals were housed in pairs with 

ad libitum access to food and water over a two week period of acclimatisation. Surgery was 

performed between 17 and 19 weeks of age in all animals. Following surgery, animals were 

housed individually, firstly on a heating mat (at 35ºC) then with self-regulation of 

temperature. An absorbent pad was placed in a clean cage rather than normal bedding to 

reduce the risk of aspiration. 

4.3.1.2 Randomisation  

Introduction of bias into experimental studies has been thought to be a major contributor 

to the failure of animal stroke studies to translate to a positive clinical treatment (Crossley, 

Sena et al. 2008, Howells, Sena et al. 2014).  To reduce selection, performance, detection 

and attrition biases, care was taken to ensure animals were randomised to experimental 

group, investigators remained blinded to experimental group for induction and assessment 

of stroke, and all animals used in the experiment were reported. Specifically, the animals 

were randomly allocated into 3 different groups (stroke surgery, sham1 surgery or sham2 

surgery; repartition 10-5-5 animals). Allocation to groups was revealed as late as possible 

regarding the experiment conditions using sealed envelopes in a two-step reveal process 

(Figure 11). For this purpose, a first sealed envelope was opened at an early stage of the 

surgery (at visualization of the carotid bifurcation, see detailed surgical procedure below, 

4.3.2) dividing the animals into a Sham1 surgery group and a ‘keep on’ group. The surgery 

was stopped at this stage in the Sham1 group. In the ‘keep on’ group, the surgery was 

pursued (to create a stump form the external carotid artery; see detailed surgical procedures 

below, 4.3.2) until another randomisation into stroke or Sham2 surgery groups by opening 

a second envelope immediately prior to the introduction of the thread.  

All animals received a number that was carried with them through the surgical and 

behavioural analysis. There was no evident link between the number and the allocated 
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group. Moreover, due to the procedures of the 3 experimental groups, all the rats had the 

same external visible signs of surgery (neck suture). Therefore, group allocation was not 

visually identifiable.  

 

 

Figure 11 Randomisation flow chart  

Randomisation into in 3 surgery groups using a two-step process. 

4.3.2 Surgical procedures 

Anaesthesia was initiated with 5% isoflurane (Attane©, Bomac, Auckland, NZ; mixed with 

100% oxygen) in an enclosed induction box. Once anaesthetised, animals were transferred 

to a nose cone where anaesthesia was maintained in freely breathing rats at 2% isoflurane 

in 100% oxygen. Anaesthesia was maintained throughout the surgery period. Atropine 

(0.05mg/kg, Pharmacia, Stockholm, Sweden) was administered intraperitoneally 

immediately following anaesthesia induction to ease respiration through inhibition of 

bronchial secretions and salivation throughout surgery. Buprenorphine (50µg/kg, 

Temgesic©, Reckitt Benckiser, Slough, UK) was also administered intraperitoneally to 

provide analgesia. Temperature was monitored and controlled to 37°C throughout the 

anaesthetised period using a locally manufactured rectal temperature regulated heating pad.  

Animals were prepared for surgery by shaving the throat area with electric clippers. The 

area was cleared of excess fur and antibacterial betadine (Povidine-Iodine, Orion 

Laboratories, Balcatta WA, Australia) was applied liberally to the future incision site. 

https://www.google.com.au/search?biw=1920&bih=943&q=stockholm&stick=H4sIAAAAAAAAAGOovnz8BQMDgy0HnxCHfq6-QXpZSoESmGWWW1GspZqdbKWfX5SemJdZlViSmZ-HwrFKyy_NS0lNiRbXWPckb2eu0rREQZ5ZWhtS18bOAADfAmbiWgAAAA&sa=X&ei=uqKYVOSEM4vZ8gX5jII4&ved=0CIYBEJsTKAEwEw
https://www.google.com.au/search?q=slough&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gVl6nmWWEgeImWyZXK6llZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKr747MPikP2hSak7uf3iHkzb5x97LgoAaiIHAWAAAAA&sa=X&ei=R6GYVMrMFI_d8AXNhYKIBg&ved=0CJABEJsTKAEwEA
https://www.google.com.au/search?q=uk&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gVl6nmWWEgeIaV5cnKyllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKt6l-dW2dlle2ym_KiFdta1P2jsXbgQATe00f2AAAAA&sa=X&ei=R6GYVMrMFI_d8AXNhYKIBg&ved=0CJIBEJsTKAMwEA
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4.3.2.1 Stroke induction 

Transient MCAo was induced using the thread occlusion model first described by Koizumi 

and later Longa, with modifications by Spratt ((Koizumi, Yoshida et al. 1986, Longa, 

Weinstein et al. 1989, Spratt, Fernandez et al. 2006); Figure 12). After opening of the neck 

with a 2cm midline incision between the sternum and the mandible, the digastric and 

sternomastoid muscles were dissected to locate the right common carotid artery (CCA). 

After carefully clearing the surrounding connective tissues and separating it from the vagus 

nerve, the CCA was isolated. A loose tie of 5-0 silk suture (Deknatel, Morrisville NC, USA) 

was placed around it to act as a safety thread in case of any sudden bleeding during the 

procedure. The bifurcation of the CCA into the internal carotid artery (ICA) and the 

external carotid artery (ECA) was exposed. The superior thyroid and occipital arteries 

branching from the ECA were isolated and electrically cauterised (Coherent Life Sciences, 

Hilton SA, Australia). Two sutures were tied around the ECA, on its distal accessible 

portion, as far as possible towards the brain direction. A stump was created of the ECA by 

cauterisation of the artery between the two ligations. The pterygopalatine artery branching 

from the ICA was then isolated and was tied with 5-0 silk close to its origin. In preparation 

for the thread insertion, the tie around the CCA was gently pulled back to restrict blood 

flow. Two micro vascular clips (B-2V, Fine Science Tools, British Columbia, Canada) were 

placed on either side of the ECA stump; one to occlude the CCA, the other to occlude the 

ICA close to the pterygopalatine artery. A single tied loop of 5-0 silk suture was placed 

around the ECA stump. An in house manufactured silicone coated thread (2mm length, 

0.35mm internal diameter; (Spratt, Fernandez et al. 2006)) was introduced through the 

ECA stump via a small incision in the distal part of the stump. Once the tip had reached 

the bifurcation of the CCA, the suture around the ECA stump was tightened to prevent 

bleeding. The micro-clips and CCA suture were removed to restore normal blood flow. 

The thread was carefully pushed through the ICA approximately to 20mm until mild 

resistance was felt at which point MCA occlusion time was recorded. The suture around 

the ECA stump was tightened to prevent thread movement during the occlusion period 

and the neck skin was sewed back with 4-0 silk suture (Dynek, Hendon SA, Australia). The 

anaesthesia was then stopped and the animal allowed to recover. To allow reperfusion after 

90 minutes, the animal was re-anesthetized, stitches on the neck were cut, the muscles 

retracted and the thread was carefully withdrawn until the tip of the silicone could be seen 



 

   108 

 

within the ECA stump, sealed in place and the surplus monofilament trimmed. Five to ten 

minutes after reperfusion, all incisions were closed and animals recovered from anaesthesia.  
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Figure 12 Stroke induction  

A) Anatomy of the rat neck and head in ventral view with the thread (in 
blue with red silicone tip) path; modified from Longa (Longa, Weinstein 
et al. 1989). B) Schematic representation on rat vasculature representing 
the common carotid artery (CCA), its branches and the insertion of the 
thread (in blue) using a stump made from the external carotid artery 
(ECA) in order to occlude the middle cerebral artery (MCA) via the 
internal carotid (ICA) C) Silicone coated thread in situ, viewed from the 
base of the brain. The tip of the silicone coating can be seen to occlude 
the origin of the right MCA (arrow); picture courtesy of S.Rewell. 

4.3.2.2 Sham1 surgery 

In the Sham1 animals, the surgery procedure was stopped after the dissection required to 

reveal the carotid bifurcation, the isolation of the CCA and the identification of the 

branches of the ECA (pharyngeal and occipital arteries). No ligature, cauterization or 
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thread was used during the procedure. For equity between groups in term of surgery 

length, anaesthesia was maintained for 60 minutes before allowing the Sham1 rats to 

recover to account for the time required in the stroke group to insert the thread and block 

the MCA. 

4.3.2.3 Sham2 surgery  

The surgery procedure used in the Sham2 group was similar to the stroke surgery until the 

insertion of the vascular clips on either sides of the stump base. Dissection of tissues, 

ligatures and cauterization were identical but no vascular clips were placed on the CCA and 

ICA and no thread was inserted through the ECA stump. To ensure equivalent durations 

of surgery, the Sham2 rats were maintained under anaesthesia for 15 minutes after 

allocation to group to account for the time required in the stroke group to insert the thread 

and block the MCA.   

4.3.3 Physiological parameters 

Throughout the surgical period, physiological parameters were closely monitored. Body 

temperature, heart rate and oxygen saturation were recorded at different time points during 

anaesthesia. Body temperature was maintained at 37°C via a rectal probe coupled to a 

heating mat (manufactured in house). If required, a halogen lamp provided additional heat. 

Heart rate and oxygen saturation were monitored by a pulse-oximiter (iWORX 308T 

Nellcor, Tyco) placed on the right hind paw. Body weight was measured before surgery and 

at 1, 2, 3, 6 and 24 hours after MCAo or corresponding time point.  

4.3.4 Blood collection 

Ten minutes prior to the scheduled blood sample time, the rat was placed under a heat 

lamp in order to cause vasodilatation of the tail vein. Blood was collected from restrained 

(via towel wrapping) but conscious rats (except for one sample (V0), just immediately 

before thread insertion). Blood samples were collected from the rat lateral tail vein using a 

26 ½ G needle (Terumo, Somerset, NJ, USA; cat# NN*2613R) and a 1 ml syringe 

(Terumo, Somerset, NJ, USA; cat# SS+01T).  

Blood samples were collected immediately prior to anaesthesia (Vpre), immediately before 

thread insertion (V0) - or estimated equivalent time - and at 1, 2, 3, 6 and 24 hours (V1, V2, 

V3, V6 and V24) after MCAo or corresponding time point. A 200µL sample was collected 
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from the lateral tail vein at each time point and combined with 560µl PAX gene stabilizing 

reagent (PAXgene tubes – PreAnalytix, BD/Qiagen, Hombrechtikon, Switzerland; cat# 

762165). Each PAX gene tube was then inverted a couple of times and left to incubate at 

room temperature for at least two hours as per manufacturer suggestions and finally stored 

at -80C.  

Warm saline (3ml) was injected intraperitoneally after blood collection at 1, 3 and 6 hours 

after MCAo to compensate for volume loss and to avoid dehydration.  

4.3.4.1 Towel wrapping 

A towel (45x70 cm) is folded in half and turned so one corner is facing the operator 

making a triangle. The rat is placed lengthways 10 to 15 cm from the closest point to the 

operator. The towel is then folded over the rat body and tucked under. The rat is slowly 

but firmly rolled approximately 2 and ½ times. Next, the towel is folded at the head end 

over the rat and the animal is rolled once more. The slack at the tail end is folded under the 

rat exposing tail or hind limb if required. The remaining towel is wrapped. The rat should 

not be able to wriggle out of the towel. The animal should not be rolled too tightly as this 

will prevent breathing. Wrapping should be not be used for a period of longer than 5 

minutes.  

4.3.4.2 Tail vein collection 

Tail vein sampling is considered as a standard method of blood collection from rodents 

such as rats; it allows for repeated collection and is quick and relatively simple to perform, 

even in unanaesthetized animals (Furuhama and Onodera 1983, Omaye, Skala et al. 1987, 

Brown 2006). The rat tail contains a dorsal vein, two lateral veins, and a ventral artery 

(Staszyk, Bohnet et al. 2003, Brown 2006) (Figure 13A). Situated subcutaneously, the lateral 

tail vein is easily accessed and visually identified on the sides of the rat tail. The terminal 

third of the tail is recommended for blood vessel puncturing (Figure 13B). In this segment, 

the arteries and veins are most prominent, since the structures of the musculo-skeletal 

system gradually diminish towards the end of the tail (Staszyk, Bohnet et al. 2003). 

Therefore, the lateral tail vein is usually accessed approximately one-third along the length 

of the tail from the tail tip, moving towards the base of the tail for multiple samples. Both 

lateral tail veins can be used if the number of samples requires it. If required, the tail was 

milked by applying even pressure from the base to the end so that the required volume was 
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collected. Following the blood collection, direct pressure was applied on the puncture site 

for a short time to stop the bleeding. 

 

Figure 13 Tail vein collection 

A) Schematic representation of the anatomy of the rat tail; adapted from 
(Staszyk, Bohnet et al. 2003, Brown 2006). B) Blood sampling from the 
lateral tail vein in practice. 

4.3.4.3 Blood collection randomisation 

To ensure adequate randomisation, maintenance of blinding and to avoid different blood 

samples from the same animal having consecutive sample numbers, all the 160 collection 

tubes (20 animals, 7 samples per animals and an additional 15%) were numbered 

beforehand and filled with PAX gene stabilizing reagent. This single identification number 

was carried throughout the entire experiment until after microarray processing. The 

collection tubes were then stored (in random order) in cardboard boxes in the surgery 

room from where they were individually picked (without taking care of their identifying 

number) when needed at each blood collection time.  

4.3.4.4 Blood volume 

Blood sampling from the tail vein is not always a straight forward procedure. Blood can be 

difficult to draw from the animal tail for various reasons such as potential vasoconstriction 

due to anaesthesia conditions or bruising due to repetitive sampling. Multiple attempts and 

punctures might be required to collect the desired blood volume. Therefore, collection 

blood tubes were weighed before and after collection to accurately measure the blood 

volume collected. At each sampling time point, in addition to the exact time of sampling, 
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an estimate of the volume collected was recorded as well as any comments regarding the 

characteristics of the blood or of the collection (colour of the blood, ease of the collection 

and level of consciousness of the animal or the anaesthesia condition). 

4.3.5 Behaviour assessment  

Behavioural testing was evaluated using a composite score of sensory-motor tests originally 

described by Petullo et al. ((Petullo, Masonic et al. 1999) – Table 6 ). Forelimb flexion, 

torso twisting, lateral push and mobility and the presence of circling were assessed 

immediately prior to anaesthesia, and at 1, 2, 3, 6 and 24 hours post surgery. Behavioural 

assessments were made by an independent investigator unaware of the cohort assignment. 

Table 6 Behaviour score 

 

4.3.5.1 Forelimb flexion 

To perform the forelimb flexion test, the animal is held at the base of the tail and first 

allowed to rest on the examination table. Then, for 5 to 10 seconds, the animal is lifted 

from the table by the base of the tail (closest to body and scrotum as possible) so that the 

entire weight of the animal is supported by the tail. The animal is lifted so that the front 

paws are only 5 cm from the table. During the lift, twisting torso and forelimb flexion are 

examined and scored appropriately. When held gently by the base of the tail, a normal rat 

extends both forelimbs toward the flat surface below. Animals who have experienced brain 

Criteria Score Description 

Forelimb flexion 
0 No Flexion 

0.5 Mild 

1 Moderate to severe 

Torso twisting 
0 No signs of 

0.5 Mild 

1 Moderate to severe 

Lateral push 
0 Equal resistance 

0.5 Weakened resistance 

1 No resistance 

Mobility 

0 Normal 

1 Spontaneous movement 

reduced 1.5 Needs stimulus to move 

2 Unable to walk 
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infarction of the MCA territory consistently fail to reach towards the table surface, leaving 

the paralytic forelimb flexed toward the body. The degree to which the forelimb is flexed 

varies from mild wrist flexion and shoulder abduction through to severe flexion 

encompassing the entire forelimb. In the most severe cases, the affected forelimb is held at 

90° to the body (Figure 14A). The forelimb flexion was scored from 0 to 1 as described in 

Table 7. 

Table 7 Forelimb flexion score 

 

 

Forelimb 

flexion 

  Score Description 

0 
No flexion – Forelimbs extend equally outstretched toward 

the bench. 

0.5 

Mild – Paralytic forelimb at approximately 45º angle 

consistently OR if angle is greater than closer to 90 but is 

not consistent. 

1 
Moderate to severe – Paralytic forelimb at 90 or greater. 

Forelimb flexion is consistent. 

 

4.3.5.2 Torso twisting 

To perform the torso twisting test, the animal is held at the base of the tail and lifted from 

the table by the base of the tail in an identical way as for forelimb flexion examination (see 

4.3.5.1). When held by the tail, a normal rat extends the entire body toward the underneath 

table. Animals who have experienced brain infarction of the MCA territory twist their body 

toward the contralateral paralytic side. Twisting can range from mild twisting of the torso 

to a more severe movement where a rat will bring its forelimbs and head toward the hind 

limbs (Figure 14B). Torso twisting was scored from 0 to 1 as described in Table 8. 

Table 8 Torso twisting score 

Torso 

twisting 

   Score Description 

0 No Signs – Body elongated and extended toward bench. 

0.5 Mild – Half twist of the body. 

1 
Moderate to severe – Consistently strong twisting. Head and 

forelimbs brought toward hind limbs. 
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Figure 14 Forelimb flexion and torso twisting 

A) Forelimb flexion scored as 1 with paralytic forelimb held at 90 degrees 
to the body. B) Torso twisting scored as 1 with head and forelimbs 
brought toward hind limbs; pictures courtesy of S.Rewell. 

4.3.5.3 Lateral push 

To perform the lateral push test, the animal is left resting on the examination bench and 

then gently, using 2-3 fingers, pushed on the side of its torso just below its shoulders, firstly 

to the right then to the left. The lateral push tests the animal’s balance and ability to correct 

its posture when pushed from side to side. When pushed gently laterally, a normal rat 

shows equal resistance on either side. Animals who have experienced brain infarction of 

the MCA territory present either a decreased resistance or no resistance when pushed 

toward the contralateral side. Lateral push was scored from 0 to 1 as described in Table 9. 

Table 9 Lateral push score 

Lateral 

push 

    Score Description 

0 Equal resistance – Animal resists being pushed. 

0.5 
Weakened resistance – Animal shows weakened resistance 

whilst trying to correct. 

1 
No resistance – Animal has severely weakened resistance. 

Tends to roll on its side. 
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4.3.5.4 Mobility and circling 

To perform circling and general mobility testing, the animal is left to walk on the 

examination bench unhindered. When left unrestrained, a normal rat is typically active and 

will move freely in the predefined area without a preferred direction (the normal rat gait 

does not include walking in a circle). Animals who have experienced brain infarction of the 

MCA territory present either a reduction in spontaneous movement, the need for a 

stimulus to move or the inability to walk. Affected rats might also circle toward the 

contralateral side. Mobility is scored from 0 to 2 as described in Table 10. The circling was 

recorded as present or absent but did not form part of the total score. 

Table 10 Mobility score 

Mobility 

Score Description 

0 
Normal mobility – Animal is spontaneously active and able to 

freely walk 

0.5 Spontaneous movement reduced 

1 Needs stimulus to move 

2 Unable to walk 

4.3.6 Histological assessment 

4.3.6.1 TTC staining 

Twenty-four hours post surgery, animals were killed by isoflurane overdose (achieved by 

saturating the air in a ‘knock-out box’ using undiluted isoflurane soaked in cotton wool). 

The rat brain was promptly removed from the skull and placed in ice cold 0.9% saline. A 

rat brain matrix (BSR002.1; Zivic Instruments, Pittsburgh, USA) was used to cut 2mm 

thick coronal sections which were then immersed in a freshly prepared solution of 1% 

2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich Pty Ltd, Castle Hill, NSW, 

Australia) stain in 0.9% saline. The brain slices were then incubated at 37ºC for 10 minutes 

with gentle agitation, flipped over and incubated for a further 10 minutes to ensure even 

staining across both faces of the slice. Once staining had developed to an adequate colour 

depth (deep red in contralateral tissue), the TTC solution was removed and replaced with 

10% neutral buffered formalin (Sigma-Aldrich, St-Louis, MO, USA; cat# HT50-128) 

which stopped any further reaction.  

TTC is one of the most common histochemical stains used to assess cerebral injury (Liu, 

Schafer et al. 2009) and the most frequently used tool for measuring the efficacy of putative 
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neuroprotective compounds (Benedek, Moricz et al. 2006). TTC staining represents a low 

cost and rapid technique that can easily be performed without requiring specialized 

laboratory equipment and is performed on fresh brain slices. In models of ischaemic 

stroke, it allows reliable visualization of hypoxic brain tissue and definition the size of 

cerebral infarction even macroscopically (Hatfield, Mendelow et al. 1991, Benedek, Moricz 

et al. 2006). Moreover, TTC stained tissues can thereafter be used for molecular analysis 

such as quantitative gene and protein expression analyses without restriction (Kramer, 

Dang et al. 2010).  

The colourless TTC is enzymatically reduced to a red formazan product by 

dehydrogenases, which are most abundant in mitochondria. Areas of normal viable tissue 

are stained in red whereas the ischaemic tissue can clearly defined as the area in white due 

to the lack of staining ((Benedek, Moricz et al. 2006), Figure 15). 

 

 

Figure 15 Infarct staining by TTC 

Ischaemic tissue represented in white due to a lack of staining, normal 
tissue stained in red. 

4.3.6.2 Image scanning 

After organisation on a transparent sheet with template boxes to allow adequate 

disposition, digital images of the stained tissue were captured on the same day using a 

flatbed scanner (Epson Perfection 3590 Photo; 2400 dpi; Epson, Suwa, NGN, Japan). 

Once images of TTC stained slices had been acquired, tissue was prepared for further 

paraffin embedding and archival.  

https://www.google.com.au/search?q=suwa+city&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCnfq6-gYlJRrK5EphpWJ5dnqSllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKl68-djR2yLRe2dabrZ9MfH0anWHgGMACCLS82EAAAA&sa=X&ei=zaSXVPyPEcL2mQXO4YDYDg&ved=0CHkQmxMoATAR
https://www.google.com.au/search?q=epson+ngn&stick=H4sIAAAAAAAAAGOovnz8BQMDgzsHnxCnfq6-gYlJRrK5Eo9-ur6hYVF8SpqBcbqWVnaylX5-UXpiXmZVYklmfh4KxyojNTGlsDSxqCS1qPhwGkdfR-TrwIcBm4JbWuO2uietfgQAWbQyOWQAAAA&sa=X&ei=zaSXVPyPEcL2mQXO4YDYDg&ved=0CHoQmxMoAjAR
https://www.google.com.au/search?q=japan&stick=H4sIAAAAAAAAAGOovnz8BQMDgxsHnxCnfq6-gYlJRrK5EjeIaWiYbmZqlKyllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKrbKu2Aq1HJLy_LBnn3aCd5drsvrQgFSdVdGYwAAAA&sa=X&ei=zaSXVPyPEcL2mQXO4YDYDg&ved=0CHsQmxMoAzAR
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4.3.6.3 Infarct volume measurement 

Infarct area together with hemispheric areas were measured blinded to experimental group 

using Image J (National Institute of Health, USA), a downloaded scientific image-analysis 

program. For each slice, the area of contralateral hemisphere, ipsilateral hemisphere, and 

infarct areas were measured by tracing the outside of each area (Figure 16). The contrast 

between areas of infarct from MCAo and unaffected brain tissue was easily distinguishable 

via colour comparison. Infarct volume was calculated by integrating the infarct areas with 

the distance between slices. Infarct volume was later corrected for the effect of oedema. 

For this purpose, the impact of oedema was accounted for by adjusting the infarct area by 

the degree of swelling of the ipsilateral hemisphere relative to the contralateral hemisphere.  

Image J has been used for the last 15 years in image analysis and can perform a full set of 

imaging manipulations. In addition to an ease of use, it has the advantages of being in the 

public domain (license-free use and source code openly available) and to run on any 

operating system. Therefore, Image J has a huge and knowledgeable user community, with 

up to 24,000 downloads per month (Abramoff, Magalhaes et al. 2004 , Schneider, Rasband 

et al. 2012). 

 

Figure 16 Measurement of infarct volume using Image J 

Infarct area in outlined in yellow. 

 

4.3.7 RNA extraction 

All RNA extractions were performed using the PAXgene Blood RNA Kit (PreAnalytix, 

BD/Qiagen, Hombrechtikon, Switzerland; cat#762174). All columns, buffers and enzymes 
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were provided by the manufacturer. The extraction protocol was optimised for 200µl blood 

volume based on the PreAnalytix PAXgene Blood RNA Kit Handbook Version2 April 

2008.  

As all samples were not extracted on the same day under exactly the same environmental 

conditions, blood samples were randomised in 6 groups (corresponding to the 6 days 

required to process all samples) to minimise batch effect in extraction results.  

Firstly the samples were prepared for work-up by thawing at room temperature (15-25oC) 

overnight. Samples were then vortexed, mixed by inversion and centrifuged for 10 minutes 

at 5300G. The supernatant was removed by decanting and 1 ml of RNase-free water was 

added to the pellet. Samples were vortexed until the pellet was visibly dispersed and 

centrifuged a second time for 10 minutes, at 280G. The supernatant was again removed by 

decanting and final traces removed by pipetting. These steps allowed the pellet to be 

collected and washed from the PAXgene solution to enable subsequent proteinase K and 

DNase digestions.  

Next, the pellet was resuspended in 350µl of resuspension buffer (BR1 kit buffer) followed 

by 300µl of binding buffer (BR2 kit buffer). After addition of 40µl of proteinase K, samples 

were incubated for 20 minutes at 65oC and vortexed at least three times during the 

incubation to ensure digestion and complete dissolution of the pellet.  

The lysate was then transferred to a PAXgene Shredder spin column placed in a 2ml 

processing tube and centrifuged at 16000G for 3 minutes. After having checked that the 

lysate had completely flowed through to the collection tube, the spin column was discarded 

and the eluant was carefully transferred to a pre-labelled tube containing 350µl of ethanol 

(100%). The addition of ethanol enables RNA to bind the column in the next step. 

Then, 700µl of the lysate and ethanol solution was transferred to a PAXgene RNA Spin 

column (again inside a 2ml collection tube) and centrifuged at 16000G for 1 min. The 

eluant was discarded and the remaining lysate and ethanol sample was pipetted into the 

column and centrifuged again at the same conditions. Once more, the flowthrough was 

discarded, 350µl of wash buffer 1 (BR3 kit buffer) was added into the spin column which 

was then centrifuged at 16000G for 1 min. After replacing the collection tube, 80µl of 

DNase working solution (187.5 Kunitz units; provided as 1500 Kunitz units stock) was 

added directly onto each PAXgene RNA spin column membrane. Care was taken to ensure 

no DNase was left on the walls of the spin column so as to attain complete DNase 

digestion. The column was left for incubation at 37oC for 45 minutes. 
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Next, the sample was washed by adding 350µl of wash buffer 1 (BR3 kit buffer) followed 

by 500µl of wash buffer 2 (BR4 kit buffer), twice. To ensure a complete wash, the column 

was centrifuged after each addition of wash buffer (1 minute, 16000G) and the collection 

tube was replaced. The column was finally placed in a fresh 2ml collection tube and 

centrifuged without any buffer for one further minute to remove traces of any wash 

buffers.  

The column was then placed into a cooled labelled final 1.5ml collection tube. To allow 

RNA elution, the elution buffer (BR5 kit buffer) was added onto the column membrane in 

two steps, firstly 40µl and then 20µl. After each addition, the sample was incubated at room 

temperature for 3 minutes and centrifuged at 16000G for 1 min. Finally, the column was 

discarded and the sample heated at 65oC for 5 minutes. After incubation, samples were 

immediately chilled on ice before being stored at -80oC.  

Samples of the extracted RNA were quantified using a Nano-drop 2000 analyser 

spectrophotometer (Thermo Scientific, Waltham, MA, USA). After cleaning with a drop of 

RNase free water, 2µl of BR5 was placed on the Nano-drop sensor to provide a blank 

reading. Two microliters of RNA were then placed onto the sensor and the quantity of 

RNA extracted was measured. Quantitation was performed using the relationship 

A260=44µg/ml. 

The quality of the RNA (measured as nucleic acid) was evaluated by the wavelength ratio 

absorbance at 260 (nucleic acid) and 280nm (protein contaminants) A260/280. The 

A260/280 ratio is generally used to determine protein contamination of a nucleic acid 

sample and a ratio of approximately 2 is used as a guideline measure of sufficiently pure 

RNA. A lower ratio indicates the sample is protein contaminated. Similarly, absorbance at 

230 nm represents the presence of other contaminants (such as phenol, trizol or other 

salts). Therefore the ratio of A260/A230 is frequently also calculated and expected values 

should range between 2.0-2.2. Samples with 260/230 ratios below 1.8 are considered to 

have a significant amount of these contaminants that will interfere with downstream 

applications (particularly with reverse transcription) (Glasel 1995, Wilfinger, Mackey et al. 

1997). 

Before cDNA synthesis and to optimize the chances of generating a good cDNA yield, 

samples with RNA concentration of less than 30ng/µl were reconcentrated using a 

SpeedVac concentrator (Savant SPD121P, Thermo Scientific, Waltham, MA, USA). The 

SpeedVac technology achieves concentration by removing the solvent component of the 

samples by centrifugation in a lowered pressure environment. 

https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=waltham+ma&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gVFBiYFJmhIHiJ1RZWyqpZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSpOeVDm9ER_-4wmVYbdcam7J1UVy30CAGpinmJhAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIoBEJsTKAEwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=massachusetts&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBiYFJmhIniG2abV6cpKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q9qnfeleq9_H1E1f-1d6TXRQyMUfnGgCv4IEaYgAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIsBEJsTKAIwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=united+states+of+america&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBiYFJmhIniG2ZbF5uoKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q1jnMy9Krc2G3Tf93hn07PerlnmR7AwCtSSfBYgAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIwBEJsTKAMwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=waltham+ma&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gVFBiYFJmhIHiJ1RZWyqpZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSpOeVDm9ER_-4wmVYbdcam7J1UVy30CAGpinmJhAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIoBEJsTKAEwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=massachusetts&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBiYFJmhIniG2abV6cpKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q9qnfeleq9_H1E1f-1d6TXRQyMUfnGgCv4IEaYgAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIsBEJsTKAIwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=united+states+of+america&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBiYFJmhIniG2ZbF5uoKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q1jnMy9Krc2G3Tf93hn07PerlnmR7AwCtSSfBYgAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIwBEJsTKAMwEA
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4.3.8 cDNA synthesis 

All cDNA synthesis were undertaken using the NuGEN Applause WT-Amp System 

(Millenium Science, San Carlos, CA, USA; cat# 5500-24). cDNA was purified with the 

Qiagen Min-elute Reaction Clean-up kit (Qiagen, Venlo, The Netherlands; cat#28204). All 

columns, enzymes and buffers were provided by the manufacturers. 

As all samples were not processed on the same day under the same conditions, RNA 

samples were randomised in 8 groups (corresponding to the 8 days required to process all 

samples) to minimise batch effects. All buffers were made in master mixes to minimise 

pipetting errors and added to the samples on ice to avoid RNA degradation.   

Firstly the RNA samples were prepared for work-up by thawing on ice (4oC). Two hundred 

nanograms of RNA (in a volume of 5µl) were transferred to 0.2ml tubes for first strand 

synthesis. Two microliters of the first strand primer mix A1 were added to each sample and 

mixed thoroughly by pipetting up and down 5 times and then quickly spun to ensure all 

liquid was at the bottom of the tube. Samples were then loaded into a pre-warmed PCR 

thermal cycler (Eppendorf, Hamburg, Germany) where the pre-set “ANNEAL” program 

(5 minutes at 65ºC then hold at 4ºC) was run. For the first strand cDNA synthesis, a mix of 

2.5µl of 1st strand buffer A2 and 0.5µl of enzyme buffer A3 was added to each sample, 

mixed by pipetting and spun for 2 seconds. The sample, with a total volume at this point of 

10µl was then run through a “1SRSTRND” program (1 minute at 4ºC - 10 minutes at 25ºC 

- 10 minutes at 42ºC - 15 minutes at 70ºC  then hold at 4ºC) in the PCR thermal cycler. 

Then 9.75µl of 2nd strand buffer B1 and 0.25µl of 1st enzyme mix B2 were added to each 

sample as previously described (pipetting up and down and spun) and the “2NDSTRND” 

program (1 minute at 4ºC - 10 minutes at 25ºC - 30 minutes at 50ºC - 5 minutes at 70ºC 

then hold at 4ºC) initiated to complete the second strand cDNA synthesis. The post-

second strand enhancement was done by adding 3.7µl of the 2nd strand buffer B1 and 0.3µl 

of the reaction enhancement mix B3 and running the mixed samples through the 

“PSS_ENH” program (1 minute at 4ºC - 15 minutes at 37ºC - 80 minutes at 20ºC then 

hold at 4ºC). SPIA® (Single Primer Isothermal Amplification) amplification was 

subsequently performed with the following master mix ingredients: 2µl of the SPIA buffer 

mix C2, 2µl of the SPIA primer mix C1 and 4µl of the SPIA enzyme mix C3. Eight 

microlitres of this master mix was added to each sample tube, pipette mixed and spun and 

run through the thermal cycler program “SPIA_AMP” (1 minute at 4ºC - 90 minutes at 

47ºC - 5 minutes at 95ºC then hold at 4ºC). Then, a master mix of 1.85µl of 2nd strand 

https://www.google.com.au/search?q=venlo+netherlands&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gaWxeZaFEgeIWZaVXaCllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKvaomPbkG6cUn_Oq1ER1q6JPa51N5wMAenkjt2AAAAA&sa=X&ei=KZmXVIu_AqLMmwW77oKADQ&ved=0CIMBEJsTKAEwEg
https://www.google.com.au/search?q=limburg+netherlands&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gaWxeZaFEgeIaVJoYqSllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKla4q3NCm_kql1fVTt3_Oyfmx_5ImA8AOKjiQWAAAAA&sa=X&ei=KZmXVIu_AqLMmwW77oKADQ&ved=0CIQBEJsTKAIwEg
https://www.google.com.au/search?q=the+netherlands&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gaWxeZaFEgeIaWqZZaSllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKhYQn99WzHBHLK7fW_HVZtmr1znslQF9MXHmYAAAAA&sa=X&ei=KZmXVIu_AqLMmwW77oKADQ&ved=0CIUBEJsTKAMwEg
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buffer B1, 0.15µl of reaction enhancement mix B3 was prepared and 7µl were added to the 

SPIA reactions. Then a “POSTMOD1” program (1 minute at 4ºC - 15 minutes at 37ºC - 5 

minutes at 95ºC then hold at 4ºC) was started to complete the first post SPIA 

amplification. Following this, a second post SPIA amplification was started by adding 5µl 

of the buffer E2 and 5µl of the enzyme mix E3 to each sample. After mixing by pipetting 

and spinning, a last “POSTMOD2” PCR thermal cycler program (1 minute at 4ºC - 10 

minutes at 30ºC - 60 minutes at 42ºC - 10 minutes at 75ºC then hold at 4ºC) was run. The 

final cDNA product was stored at -20ºC overnight prior to cDNA purification and 

quantification.  

For purification, the cDNA samples were transferred to 1.5ml Eppendorf tubes. Three 

hundred microliters of buffer ERC was added to each sample and the solution gently 

vortexed for 5 seconds and spun for 2 seconds. The mixed sample was then loaded onto a 

MinElute column provided with a 2ml collection tube. The column was then centrifuged at 

maximum speed (16060G) for 1 minute and the flow through was discarded. Twenty four 

microliters of 100% molecular grade ethanol was first added to the provided PE buffer (to 

reduce the chances of low amplification yields) and then 750µl of buffer added to each 

MinElute column. Once more, the column was centrifuged at maximum speed for 1 

minute and the eluant was discarded. The column was then placed in a fresh tube and spun 

again for 2 minutes. Each column was then placed into a clean 1.7ml collection tube and 

15µl of room temperature nuclease-free water was added. Care was taken that the water 

was dispensed directly onto the membrane for complete elution of the cDNA. Samples 

were left at room temperature for one minute and then centrifuged for 1 minute. The 

resulting 12-14µl eluted cDNA samples were then collected and the columns discarded. 

Finally, each sample was gently vortexed and spun briefly to mix. 

Samples of eluted cDNA were quantified using a Nano-drop 2000 analyser 

spectrophotometer (Thermo Scientific, Waltham, MA, USA). After cleaning with a drop of 

RNase free water, 2µl of RNAse free water were placed on the Nano-drop sensor to 

provide a blank reading. Two microliters of cDNA were then placed onto the sensor and 

the quantity of cDNA was analysed. Reading was done using the ssDNA setting (where 

A260=33µg/ml). Final cDNA yield was then determined. A minimum concentration of 

0.2µg/µl was required for fragmentation.  

Quality of the cDNA samples was also evaluated using the A260/280 ratio. For pure 

cDNA, an A260/280 ratio should be of approximately 1.8 (Glasel 1995). 

https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=waltham+ma&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gVFBiYFJmhIHiJ1RZWyqpZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSpOeVDm9ER_-4wmVYbdcam7J1UVy30CAGpinmJhAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIoBEJsTKAEwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=massachusetts&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBiYFJmhIniG2abV6cpKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q9qnfeleq9_H1E1f-1d6TXRQyMUfnGgCv4IEaYgAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIsBEJsTKAIwEA
https://www.google.com.au/search?sa=X&biw=1920&bih=943&q=united+states+of+america&stick=H4sIAAAAAAAAAGOovnz8BQMDgysHnxCXfq6-gVFBiYFJmhIniG2ZbF5uoKWVnWyln1-UnpiXWZVYkpmfh8KxykhNTCksTSwqSS0q1jnMy9Krc2G3Tf93hn07PerlnmR7AwCtSSfBYgAAAA&ei=WY-XVO-jK8XKmAXBlIHgBg&ved=0CIwBEJsTKAMwEA
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Samples were then frozen at -80 ºC and couriered (World Couriers Australia) to our 

collaborators Dr W. Wilson and L. Lockett at the CSIRO laboratories (CSIRO, Macquarie 

University Campus, North Ryde, NSW). 

4.3.9 Microarrays 

The Encore Biotine module (NuGen, San Carlos, CA, USA; cat#4200-12) was used for 

fragmentation and labelling. Gene hybridisation was performed using the Affymetrix 

GeneChip Expression 3’ Amplification Reagent Hybridisation Controls kit (Affymetrix, 

Santa Clara, CA, USA; cat#900454) and the Affymetrix GeneChip Hybridisation, Wash 

and Stain kit (Affymetrix, Santa Clara, CA, USA; cat#900720). All reagents were provided 

by the manufacturers and their protocol was followed. 

After final yield calculation, 2.5µg of cDNA were used for each sample and RNAse free 

water was added to make up a total volume of 12.5µl. A first mix was made combining 

2.5µl of fragmentation buffer FL1 and 1µl of fragmentation enzyme mix FL2. Of this 

fragmentation mix, 3.5µl was added to each sample. The solutions were thoroughly mixed 

by pipetting up and down 8 times and then quickly spun to ensure all liquid was at the 

bottom of the tube. The samples were then placed in a pre-warmed thermal cycler (Bio-

Rad Dyad PTC0220, Bio-Rad, Gladesville NSW, Australia) and a fragmentation program 

(30 minutes at 37ºC – 2 minutes at 95ºC then hold at 4ºC) was run. For cDNA labelling 

purposes, 9µl of a second mix (made from 7.5µl of labelling buffer FL3, 0.75µl of labelling 

reagent FL4 and 0.75µl of labelling enzyme FL5) was added to each sample. The combined 

sample was once more mixed through pipetting and spun. Tubes were then placed a 

second time in the pre-warmed thermal cycler and a label program (60 minutes at 37ºC – 

70 minutes at 10ºC then hold at 4ºC) was run. If not processed the same day for 

hybridisation, samples were stored at -20ºC.     

Genechips (Affymetrix GeneChip RatGene 1.0 ST Array, Affymetrix, Santa Clara, CA, 

USA; cat#9011730, Figure 17A) were equilibrated at room temperature and then put in the 

hybridisation oven (Affymetrix GeneChip© Hybridization oven 645, Affymetrix, Santa 

Clara, CA, USA; cat#00-0331, Figure 17B) previously pre-heated to 45ºC. This oven is 

designed to evenly distribute the cDNA over the GeneChip probes using rotating racks. 

During this time, 85µl of a hybridisation mix (made with the reagents as described in Table 

11 was combined with 25µl of fragmented and labelled DNA in a 0.2ml tube.  
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Table 11 Hybridisation mix composition 

 

 

 

 

 

 

 

 

The solution was mixed by pipetting up and down several times and transferred to a pre-

heated PCR machine where a pre-set hybridisation program (2 minutes at 99 ºC – 5 

minutes at 45 ºC then hold at 45ºC) was run.   

GeneChips were then immediately filled (to a maximum of 90µl) with hybridised cDNA. 

Any remaining cDNA was frozen for long term storage. The loading wells were covered 

with Eppendorf ‘tough spots’ to prevent fluid leakage and the GeneChips placed into 

GeneChip racks. Racks were then secured in the hybridisation oven (pre-set temperature of 

45ºC and rotating speed of 60rpm) and incubated for 18 hours (maximum incubation time 

20 hours).  

 

 

Figure 17 Microarray materials  

A) Affymetrix GeneChip. B) Affymetrix hybridisation oven.  

After hybridisation in the oven for 18 hours, the GeneChips were prepared for washing 

and scanning. To do so, the hybridisation solution was removed from the chips and 

Hybridisation Volume (µl) per sample 

Control oligonucleotide B2 1.8 

20x Hybridisation controls 

(pre-heated to 65ºC 5mins prior to use)  5.5 

2x Hybridisation buffer 55.0 

DMSO (Dimethyl sulfoxide) 11.0 

H20 11.6 
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replaced with a holding buffer carefully ensuring that no bubbles were introduced into the 

chips. The remaining hybridisation solution was stored back in the -80ºC for eventual 

reprocessing. Fifteen brown Eppendorf tubes were subsequently filled with 600µl of stain 

solution 1, 600µl of stain solution 2 and 1ml of holding buffer. All solutions were provided 

as part of the Affymetrix GeneChip Hybridisation, Wash and Stain kit (Affymetrix, 

cat#900720-C) and the brown Eppendorf tubes were used as protection for these light 

sensitive reagents. At the Fluidics control station (Affymetrix GeneChip Fluidics Station 

450, Affymetrix, Santa Clara, CA, USA) the wash buffers were replaced and the waste 

container emptied (Figure 18A,C). The Affymetrix program was launched from the 

attached desktop and the Fluidics control panel selected. The Fluidics station was then 

primed with wash buffers and the temporary white Eppendorf tubes were replaced with 

the brown ones (containing the stains 1 and 2 and holding buffer) such that the station 

numbers 1, 2 and 3 corresponded to stain 1, stain 2 and holding buffer 3 (Figure 18E,F). 

After their barcodes being scanned and registered onto the Affymetrix website (Figure 

18B), ensuring a different sample name was assigned to each chip, the GeneChips were 

inserted into the holders, with the barcode facing outwards (Figure 18D). Then, the 

FS450_0007 protocol was run for each module (2 fluidics stations, 4 set-ups per stations, 

totalling 8 runs per round, 2 rounds). Once the GeneChips were stained and the module 

completed, the buffers were replaced with distilled water and the shutdown protocol run. 

The GeneChips were then removed from the Fluidics station, inspected and any evident 

bubbles removed (to ensure even probe scanning). Holding buffer was also topped up if 

necessary at this point and the GeneChips loading wells were closed once more using 

though spots. The GeneChips were finally loaded into the scanner, warmed beforehand, 

and set to scan, allowing several hours to complete.  
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Figure 18 Microarray set up 

A) Complete microarray set up with the 2 Affymetrix GeneChip fluidics 
stations and the scanning station. B) GeneChip scanning station with 
immediate online registration on the Affymetrix website. C) GeneChip 
fluidics station including 4 set-ups. D) Loaded GeneChips in position. E) 
Stains and holding buffer in position. F) Complete set-ups with 
GeneChips, stains and buffers in position.      
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4.3.10 Data analysis 

Only data for animals who reached the 24h endpoint are presented here.  

For methodology results, statistics were performed using Stata 13IC (Stata Corp).  

Weight loss was compared across the 3 surgery groups using ANOVA followed by post-

hoc t-test to compare groups.  

Due to the nature of the distribution, anaesthesia length was compared using Kruskal-

Wallis test. Correlation between weight loss and infarct volume and between behaviour 

score at different time points and infarct volume were studied using Spearman correlation 

test. 

Estimation of the agreement between the estimated and the actual blood weight collected 

was evaluated by concordance correlation coefficient. 

Due to the repeated measures nature of the data resulting from multiple sampling from the 

same animal, comparison of weight of samples between collection time points and 

association between blood weight and RNA extracted from the same sample were 

performed by random-effects generalized least squares (GLS) regression. 

All data are presented either as percentage or average ± standard deviation unless stated. 

Unless specifically stated otherwise, p-values of <0.05 were considered as indicating a 

statistical significance and represented in the figures as *. 

For biomarker results, statistical test chosen and level of significance will be defined in 

association with each result.  

4.4 Results 

4.4.1 Animals summary 

Twenty SHR rats underwent surgery. Ten were randomised to stroke surgery, 5 to Sham1 

surgery and 5 to Sham2 surgery. In the stroke group, 2 rats died before the 24 hours 

endpoint from unknown causes and were therefore excluded from analysis. Final animal 

numbers per group were: stroke n=8, Sham1 n=5, Sham2 n=5.    

4.4.2 Physiological parameters 

Body weight was measured in all animals at the 6 pre-defined time points, except for one 

time point in 3 animals. In total, 105 weights were recorded.  

Surgery was performed in animals weighing between 300 and 355g (339.2 ± 14.1g).  
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Based on measurements for 17 rats, weight loss at 24 hours after surgery was 5.92 ± 2.56% 

of the pre-surgery weight. Surgery type was shown to have a significant influence on weight 

loss at 24 hours (p=0.0019). Indeed, weight loss was significantly higher in the stroke and 

Sham2 groups (respectively 7.33 ± 1.88% and 6.89 ± 1.85%) than in the Sham1 group 

(2.96 ± 1.42%; p=0.0014 and 0.0054 respectively; Figure 19).  

 

 

Figure 19 Weight loss at 24 hours after surgery by surgery group  

Oxygen saturation and temperature recorded during surgery were equivalent across all 

animals. 

Anaesthesia time was on average 122 ± 23 min and there was no significant difference of 

anaesthesia length between surgery groups. Animals in the stroke group were under 

anaesthesia for 134 ± 22 min compared to 106 ± 5 min in the Sham1 group and 119 ± 26 

min in the Sham2 group (p=0.19). 

4.4.3 Blood samples summary 

Seven blood samples were collected from each animal: immediately prior to anaesthesia 

(Vpre), immediately before thread insertion (V0) - or estimated equivalent time for Sham - 

and at 1, 2, 3, 6 and 24 hours (V1, V2, V3, V6 and V24) after MCAo or corresponding time 

point. In all 18 rats, the 7 blood samples were collected except for one time point in one rat 

(V3 sample in a Sham2 animal). A total of 125 samples were therefore collected for 

biomarker analysis. 

Difficulties of sampling were noticed for the V0 collection. For this time point, sampling 

from the lateral tail vein was unsuccessful in 9 animals. Blood samples were instead 
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collected via the stump created from the external carotid artery. Four of the samples 

collected through the stump were collected at V0 from animals allocated in the stroke 

group and 5 of them from the animals from the Sham2 group. 

In the animals allocated to the stroke group, V0 was collected 10.63 ± 6.23 min (ranging 

from 6 to 20 min) before MCA occlusion. Actual sampling times for the other scheduled 

collection time points are represented in Table 12. 

Table 12 Actual sampling times 

*V0 sampling times presented only for animals of the stroke group. By 
definition, V0 was taken 15 minutes prior to MCAo in the Sham1 and 
Sham2 groups. 

Sampling time 
Average sampling time to or 

from MCAo (or equivalent time) 

Range of collection time to or 

from MCAo (or equivalent 

time) 

Vpre 115.83 ± 15.67 min 88-141 min 

V0*  10.63 ± 5.26 min 6-20 min 

V1 (60 min) 65.11 ± 5.26 min 58-77 min 

V2 (120 min) 122.72 ± 9.57 min 91-137 min 

V3 (180 min) 186.65 ± 8.29 min 174-203 min 

V6 (360 min) 370.44 ± 9.55 min  353-393 min 

V24 (1440 min) 1447.17 ± 7.94 min 1430-1468 min 

 

To assess the accuracy of our blood collection volume, the estimated volume collected was 

correlated with the actual weight of blood (by comparing the weight of the tube before and 

after blood collection). For this, the estimated volume was first converted to weight (using 

the whole blood density = 1060kg/m3, (Cutnell and Johnson 1998)) to allow direct 

comparison with the collected weights. It appeared that estimated and actual blood weight 

collected were not well correlated (intraclass correlation coefficient of 0.009; Figure 20). In 

addition, a proportional bias was observed with an inflexion point located for an 

approximate weight of 0.15g. Samples with an estimated volume lower than 0.15g were 

mostly overestimated. In contrast, when collecting bigger samples (>0.15g of estimated 

weight), we tend to underestimate of actual collection.   

Based on these results, evaluation of blood collection will from now on be characterised 

using the actual blood weight instead of the estimated volume collected. 
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Figure 20 Correlation between actual and estimated blood weight 

collected (n=125) 

The solid line represents the line of perfect concordance and the dotted 
line the reduced major axis. 

Blood weights were studied in correlation to the time of sampling. In addition to being 

difficult to obtain, samples collected at V0 were shown to be smaller than at any other time 

of blood collection (p=0.008; Figure 21).  
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Figure 21 Correlation between blood weight collected and sampling 

time 

4.4.4 Behaviour score 

Behaviour score was assessed 6 times in each animal: immediately prior to anaesthesia 

(Vpre) and at 1, 2, 3, 6 and 24 hours (V1, V2, V3, V6 and V24) after MCAo or 

corresponding time point. A total of 104 behaviour scores were recorded. In the stroke 

group (n=8), behaviour was not assessed at 1 hour after MCAo in 3 animals because the 

rats had not completely recovered from anaesthesia. Before surgery, all animals had a total 

behaviour score of 0. In the Sham1 and Sham2 groups, none of the animal showed any 

behavioural deficit at any assessment time after surgery. All the total behaviour scores for 

these animals remained equal to zero. In contrast, all stroke animals had some degree of 

deficit at all post stroke time points assessed. Behaviour scores by time point for the 

animals in the stroke group are represented in Figure 22.  
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Figure 22 Behaviour score at different time point after stroke  

Circles represent individual animals. The central box lines represent the 
median score, the upper and lower parts of the boxes represent the upper 
and lower quartile respectively and the top and bottom error bars 
represent the maximum and minimum values respectively. 

Circling (in an anticlockwise direction) was recorded for at least one assessment time point 

in 7 of the 8 stroke rats (87.5%). Circling was observed more frequently in the acute period 

(V1-3) with only one animal continuing to show circling behaviour at 24 hours. Circling 

was observed at 12 different time points: in 4 animals at V1 (80% of the 5 assessments 

available), in 4 and 3 animals at V2 and V3 respectively and in only one animal 24 hours 

after vessel occlusion.  

In the Sham1 and Sham2 groups, no animals presented a circling movement at any time of 

assessment. 
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4.4.5 Brain infarct  

4.4.5.1 Macroscopic infarction 

On TTC staining, all 8 animals reaching the 24 hour time point in the stroke group showed 

evidence of brain infarction in the right hemisphere (Figure 23). Damage was seen in the 

MCA supplied striatum and cortex. In contrast, none of the animals allocated to the Sham1 

or Sham2 groups presented with brain infarct (Figure 24). 

 

Figure 23 TTC staining in the stroke group (n=8) 

 

Figure 24 TTC staining in the Sham groups  

A) Sham1 group (n=5) B) Sham 2 group (n=5) 
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4.4.5.2 Infarction volume  

Infarct volume was measured in all 18 animals that reached the 24 hours end point. Infarct 

volume in the stroke group was 144.96 ± 54.57mm3. As described previously, no infarcts 

were observed in the Sham1 and Sham2 groups (Figure 25). 

 

Figure 25 Infarct volume by surgery group 

Infarct volume was also correlated with weight loss for the 17 animals reaching the 24 

hours end point and for whom a 24 hours weight was available (Figure 26). When including 

all 17 animals, there was a significant correlation between weight loss at 24 hours and 

infarct volume (rho=0.52, p=0.03; Figure 26A). When the analysis was focused on the 

animals that presented evidence of brain infarction, the correlation became not significant 

(r=0.46, p=0.46; Figure 26B). 
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Figure 26 Correlation between infarct volume and weight loss at 

24h  

A) In all surgery groups (n=17). Stroke rats are represented in red, Sham1 
is green and Sham2 in blue; B) After successful MCAo surgery in the 
stroke group (n=7) 

Infarct volume was also analysed in correlation to the total behaviour score at different 

time points after stroke (Figure 27). As described earlier, 5 behaviour scores were available 

for the 1 hours post stroke assessment and 8 for the 2, 3, 6 and 24 hours ones (see 4.4.4). 

From the 5 time points investigated, the total behaviour score observed at 2 hours after 

stroke was the only one to have a significant correlation with the infarct volume measured 

(r= -0.7; p=0.027; Figure 27B).  
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Figure 27 Correlation between total behaviour score at different 

time points after stroke and infarct volume 

A) At 1h after MCAo (n=5) B) At 2h after MCAo (n=8) C) At 3h after 
MCAo (n=8) D) At 6h after MCAo (n=8) E) At 24h after MCAo (n=8). 

4.4.6 RNA extraction 

A significant correlation between blood weight and RNA concentration extracted was 

observed between each sample (p<0.001, Figure 28). An increase of blood weight by 0.01g 

was shown to be correlated to an increase of concentration of RNA equals to 3ng/µl. 



 

   137 

 

 

Figure 28 Correlation between blood weight collected and 

concentration of RNA extracted (n=125) 

Even if the overall correlation between blood weight collected and RNA concentration 

extracted was strong, some samples with a blood weight over 0.2g gave unexpected low 

concentration of RNA.  

The different steps of the extraction process were carefully observed in order to identify 

potential similarities between samples leading to a low RNA yield.  

During the RNA extraction process, 16 blood samples were described as having a big pellet 

(Figure 29A) from the first decanting step and this pellet would not completely dissolve 

after protein kinase digestion. Such samples identified in red on Figure 29B had either a big 

or small blood weight and were not correlated to a lower RNA yield. 
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Figure 29 Correlation between blood weight collected and 

concentration of RNA extracted for samples identified as behaving 

in a different way during RNA extraction process 

A) Samples described as having a big pellet B) Correlation between blood 
weight collected and concentration of RNA extracted with samples with 
a big pellet represented in red. 

Of the 125 samples processed for RNA extraction, 66 provided a RNA concentration 

lower than 30ng/µl and were therefore reconcentrated through Speedvac. For 14 samples, 

RNA concentration after Speedvac use was still ≤ 30ng/µl and these samples were 

concentrated a second time. When the final the RNA concentration failed to reach 30ng/µl 

(2 samples), samples were used as is for cDNA synthesis.  

Overall, the quality of RNA was good, with 74 of the 125 samples (58.7%) resulting in an 

A260/280 ratio between 1.8 and 2.2. Thirty seven of the samples resulted in <1.8 

A260/280 ratio and 14 in >2.2 A260/280 ratio. The RNA extracted was of sufficient 

quantity and quality to not negatively impact the subsequent microarray analysis.  

4.4.7 cDNA synthesis 

One hundred and twenty five samples of rat blood RNA were used to synthesise cDNA 

for GeneChip hybridisation and microarray analysis. A minimum of 2.5µg/12µl was 

required for fragmentation and hybridisation. For 31 samples, the initial total cDNA yield 

was below the minimum amount required. Therefore, cDNA synthesis was repeated 
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adding two extra days of processing. After reprocessing, 3 samples still had a cDNA yield 

too low to be processed for hybridisation.  

Overall, the quality of the remaining 122 cDNA samples was good with the A260/280 of 

our samples ranging from 1.82 to 2.04. 

4.4.8 Exon microarray and hybridization 

There were 122 samples with cDNA yield judged sufficient to go through fragmentation, 

labelling and hybridization.  

4.4.8.1 Quality control 

Initial quality control (QC) analysis revealed some potential problems with the dataset. Like 

the discovery Pilot (presented in chapter 3), all arrays failed the bacterial spike labelling 

controls threshold for the bacterial spikes with the "polyA spike-AFFX-Bs-dap s" 

appearing to be the culprit. They were not showing a significantly higher detection level 

that the other spikes (the automated QC checks for increasing detection across the series 

lys, phe, thr, dap but the software used has no ability to disregard just one of the spikes). 

Since this experiment and the pilot arrays were run a considerable time apart (4 years), this 

clearly indicates that this is a consistent "platform" based problem at the CSIRO facility in 

Sydney. We therefore did not consider it as an issue in other arrays run at this facility. 

However, the signal box plot of the detection values across each entire array showed much 

greater detection heterogeneity than seen in the pilot experiment (Figure 30). Overall, the 

signal strength was lower than in the pilot and the variability in range of detected signal 

between the data on individual chips was much greater. This led to major concerns about 

the utility of the experimental data. 
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Figure 30 Signal box plot of the detection values across each entire array 

in the Pilot experiment (A) and this experiment (B). 

4.4.8.2 Excluding samples 

Since this had been an expensive experiment to perform, it was important to try to 

understand why things had gone wrong to prevent similar problems in the future and, if 

possible, salvage some useful data from the experiment.  
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Examination of the different AFFY labelling controls revealed that even within this noisy 

data set, four clear outliers (MD1-70, MD1-12, MD1-53 and MD1-91, Figure 31) could be 

identified. Therefore, they were excluded from further analysis. 

 

Figure 31 AFFY labelling controls identifying four outliners 

samples (in reducing order of signal strength, represented in pink) 

These 4 chips were even different from those that were clearly outliers amongst the 3' and 

5' hybridisation controls where MD1-107 and MD1-126 followed very different labelling 

trends to the rest of the samples (Figure 32A and B). Therefore, these 2 additional samples 

were also excluded from further analysis.  

Importantly, it appeared that fewer than half of the 3' hybridisation controls passed the 

AFFY internal QC although most of the 5' hybridisation controls did pass.  
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The 3' and 5' Hybridisation control plots from the Pilot experiment are shown in Figure 32 

for comparison with the current experiment. It is clear that this experiment showed a much 

wider range of raw signal strengths.  

 

Figure 32 AFFY internal QC comparison between Sham and Pilot 

experiments.  

Passed QC are represented in green and failed in red. Excluded samples 
are represented in pink. A) 3’ hybridisation controls B) 5’ hybridisation 
controls C) Pilot 3’ hybridisation controls D) Pilot 5’ hybridisation 
controls 

It also appeared that the reason for "failure" of the 3' hybridisation control test was that the 

signal intensity of the second bacterial spike (bac spike-AFFX-BioC-3 at) was below the 

signal of the first spike (bac spike-AFFX-BioB-3 at). Raw signal intensity and variability did 
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not appear to be considered by these controls but just the progression of increasing signal 

(no matter how small) from spike to spike. 

Therefore, the probe intensities for the different arrays were examined. To do so, we 

selected the "show probe intensities" option of the "show graph" drop down box of the 

initial "New Analysis" page. Whilst there were marked differences in overall intensity 

(Autoscale and Log2 Transformation selected, Max (13) Coloured red, Middle (8.5) 

coloured yellow, Min (4) coloured blue - Windows primaries), most chips had a similar 

distribution of signal and none had marked abnormalities suggesting scratches or mixing 

errors (Figure 33). 
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Figure 33 Intensity distribution for each individual chip 
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The CEL files MD1-26, MD1-79 and MD1-104 had abnormal overall signal distribution patterns 

that led us to exclude them from further analysis (Figure 34).   

 

Figure 34 Excluded samples for abnormal overall signal distribution 

patterns  

A) MD1-26 B) MD1-79 C) MD1-104 

In summary, 9 samples were excluded for the pre-cited reasons after extended arrays QC. 

4.4.9 Gene expression 

Finally, a total of 113 samples were available for gene expression analysis 

4.4.9.1 Analysis of samples collected before surgery 

Firstly, samples collected before initiation of surgery (Vpre) for all three cohorts of animals were 

examined since these should all have experienced identical handling (including towel wrapping to 

immobilise them for the blood sampling from the tail vein). Vpre samples should have identical 

gene expression profiles except for possible stress-induced genes (the effect of the towel 

wrapping) and for genes that might be indicative of individual animal effects outside the remit of 

this experiment and any systematic effects of the experimental noise not so far identified.  

A total of 18 samples were therefore analysed (8 for animals assigned in the Stroke group and 5 

in each of the Sham groups).  

Despite the low significance threshold (p<0.05; ANOVA), just 96 genes appeared to be 

differentially expressed across the experiment consistent with false discovery due to chance 

(Figure 35). They were distributed across group comparisons as shown in Figure 36.   
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Figure 35 Genes differentially expressed across the 3 treatment groups in 

Vpre samples. 

 

 

Figure 36 Distribution across groups of the 96 differentially expressed 

genes in Vpre samples. 

Most of the observed heterogeneity was explained by individual animals and batch effects as it 

would be expected if there were no biologically relevant differences present (Figure 37). 
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Interestingly, there was a bias towards detecting downregulated rather than upregulated genes 

which is probably consistent with the diminished dynamic range of the data in this experiment. 

 

Figure 37 Contribution to heterogeneity  

The principal component analysis (PCA) plot did not give any indication of clustering of the data 

(Figure 38). 



 

   150 

 

 

Figure 38 PCA of Vpre samples  

Sham1 samples are represented in blue, Stroke sample in red and Sham2 
samples in purple. 

4.4.9.2 Confirmation of the presence of a time signature after MCAo 

The entire sample cohort was examined to determine whether a time-dependent expression 

signature could be detected and therefore confirm the primary result of the Pilot experiment.  

Firstly, the effect of analysis batch, treatment group or individual animals on excess 

heterogeneity was examined. The analysis revealed that the results clustered into 4 clear groups 

which aligned well with the experimental time points such that the pre-, 0hr, 1hr and 24hr 

groups made up clusters 1 and 3 and the 2hr, 3hr and 6hr time groups made up clusters 2 and 4 

(Figure 39). This appeared to indicate that a strong time-dependent signal could be identified 

within the data despite its heterogeneity. 
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Figure 39 PCA of all analysed samples  

A) of the whole data set, clustering in 4 groups represented in red, purple, 
green and blue B) by time point with Vpre samples represented in light blue, 
Vo in yellow, V1 in purple, V2 in red, V3 in blue, V6 in light green and V24 in 
green. 

The treatment groups, analysis batch, and individual rat data did not seem to group with these 

clusters suggesting they had little systematic effect (Figure 40). The data could therefore be 

analysed as a whole if the noise could be reduced in an unbiased way to improve the results 

obtained. 
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Figure 40 PCA of all analysed samples  

A) by treatment group with Sham1 samples represented in purple, Stroke sample in blue and Sham2 samples in red B) by batch of 
microarray processing C) by animal 
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4.4.9.2.1 Examination of genes differentially expressed in the whole experiment data set  

To perform this "time series" pairwise analysis as performed for the Pilot dataset, samples 

collected pre-surgery (Vpre, MD1-17, 18, 33, 34, 35, 36, 39, 44, 48, 56, 61, 63, 76, 98, 99, 118, 

131, 134) were excluded as equivalents were not present in the pilot and they therefore seemed 

likely to contribute unnecessary additional noise.  

Numbers of samples used for each time point (all treatment groups included) and comparison 

are reported in Table 13. 

Table 13 Number of samples analysed by time point for pairwise 

comparison in the whole data set 

Comparison Group 1 Group 2 Count 1 Count 2 

0 vs 1 0 1 16 16 

0 vs 2 0 2 16 18 

0 vs 3 0 3 16 14 

0 vs 6 0 6 16 16 

0 vs 24 0 24 16 15 

1 vs 2 1 2 16 18 

1 vs 3 1 3 16 14 

1 vs 6 1 6 16 16 

1 vs 24 1 24 16 15 

2 vs 3 2 3 18 14 

2 vs 6 2 6 18 16 

2 vs 24 2 24 18 15 

3 vs 6 3 6 14 16 

3 vs 24 3 24 14 15 

 

As it was shown that this Sham experiment was more varied overall than the Pilot (paragraph 

4.4.8.1), the baseline settings in the TAC software (Gene-Level Fold Change <2 or >2, Gene-

Level P-Value <0.05, Gene-Level USE FDR: False, Gene-Level FDR <0.05, LIMMA, ANOVA, 

Summarization Gene-Level -RMA) was used with the intention to compare gene membership of 

the top 2060 most changed genes with the equivalent list provided from the Pilot, i.e. comparing 

the rank order.  
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The PCA plot of this data clearly confirms the presence of a strong temporal expression profile, 

with t=0 and t=24 closely associated as in the Pilot and with t=1, t=2, t=3 and t=6 each further 

separated in the "PCA space" from t=0 and t=24 (Figure 41).  

 

Figure 41 PCA of the samples used for pairwise comparison by time 

points. 

V0 are represented in yellow, V1 in purple, V2 in red, V3 in blue, V6 in light 
green and V24 in green. 

Pair wise comparison identified up and down regulated genes differentially expressed between 

time points as represented in Figure 42. 
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Figure 42 Genes identified as differentially expressed in the different 

pairwise comparison between sampling times.  

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green. 

Hierarchical clustering revealed that, unlike the Pilot (where time of sampling accounted for all 

of the clusters), the time dependent clusters were broken up into sub-clusters in this data (Figure 

43). 
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Figure 43 Hierarchical clustering of the whole data set 

V0 are represented in yellow, V1 in purple, V2 in red, V3 in blue, V6 in light 
green and V24 in green; highly expressed genes in red and lower expressed 
genes in blue 

Sixty-five genes changed in the first hour after treatment as illustrated by the volcano plot of p-

value vs fold change (Figure 44,A). Unlike the data from the Pilot, these were skewed towards 

downregulated genes at each time point. By 2 hours, 221 genes were changed while 373 and 419 

genes did respectively by 3 and 6 hours. Finally, by 24hrs, just 23 genes changed (Figure 44). 
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Figure 44 Volcano plots of p-value vs fold change of gene expression. 

Significantly upregulated genes are represented in red and down regulated genes in green A) at V1 B) at V2 C) at V3 D) at V6         
E) at V12  
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When the top ranked 2060 genes from the Pilot and this Sham experiment (all treatment groups; 

MD1 top 2060 list) were compared, there were only 687 (20%) overlap with 1373 genes (40%) 

unique to each experiment suggesting that the three experimental conditions (Stroke, Sham1, 

Sham2) were not identical in terms of regulation of gene expression (Figure 45). 

 

Figure 45 Diagram of the unique and common genes identified in the 

top 2060 differentially expressed genes in the Sham experiment (A) and 

in the Pilot (B).  

To examine this, a gene list of the top 2060 genes differentially regulated for each condition was 

generated and the genes that were unique and common to each condition identified. To ensure 

compatibility with the Pilot dataset, the -1hr samples were again excluded from this analysis. 

4.4.9.2.2 In Stroke group only 

Pair wise comparison was conducted in the stroke group only, with exclusion of the Vpre 

samples. Samples number used for this analysis is reported in Table 14. 
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Table 14 Number of samples analysed by time point for pairwise 

comparison in the Stroke group. 

Comparison Group 1 Group 2 Count 1 Count 2 

0 vs 1 0 1 8 8 

0 vs 2 0 2 8 8 

0 vs 3 0 3 8 5 

0 vs 6 0 6 8 7 

0 vs 24 0 24 8 6 

1 vs 2 1 2 8 8 

1 vs 3 1 3 8 5 

1 vs 6 1 6 8 7 

1 vs 24 1 24 8 6 

2 vs 3 2 3 8 5 

2 vs 6 2 6 8 7 

2 vs 24 2 24 8 6 

3 vs 6 3 6 5 7 

3 vs 24 3 24 5 6 

6 vs 24 6 24 7 6 

 

In the stroke group, pair wise comparison identified up and down regulated genes differentially 

expressed between time points as represented in Figure 46. 
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Figure 46 Differential expressed genes identified by pairwise 

comparison between time points in the Stroke group. 

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green. 

Volcano plots were constructed by time point using the samples of the stroke group only and the 

geometry of the data distribution seen in these volcano plots suggested abnormalities in 

processing of the AFFY chips (Figure 47). 
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Figure 47 Volcano plots of p-value vs fold change of gene expression in the stroke group 

Significantly upregulated genes are represented in red and down regulated genes in green A) at V1 B) at V2 C) at V3 D) at V6        
E) at V12  
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4.4.9.3 Examination of differentially expressed genes in the cleaned dataset 

Because of the unusual distribution in the Stroke only sub-analysis, it was decided that the risks 

of being led astray were high if the totality of the CEL files were used as originally. 

The decision was made instead to analyse only those arrays having a good distribution of data as 

determined by the Transcriptome Analysis Console (TAC, Applied Biosystems, 4.1.0.36) in the 

Signal Box Plots. This option was associated with accepting the fact that there might be gaps in 

the data and possibly losing power in the comparison between the Stroke, Sham1 and Sham2 

cohorts. Nevertheless, real differences between groups might still be identifiable in the overall 

pattern of data. Moreover, the analysis would at a minimum confirm the temporal response after 

MCAo surgeries in general.  

First, the Pilot signal box plots was examined to determine the characteristics to select (Figure 

48).  

 

Figure 48 Pilot signal box plot with raw data represented in blue and 

normalized data represented in red CHP columns 
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It was decided that an overall distribution of Log2 signal within the range of approximately 5.4 -

9.0 would be used as a starting inclusion and that data outside of this range was likely to be 

abnormal. 

Distribution of data in the overall Sham experiment signal box plots was then screened (Figure 

49). 

 

Figure 49 Sham experiment signal box plot 

It was decided to exclude the large number of samples which fell below the lower of the Pilot 

limits and also to exclude those with particularly narrow distributions of data of less than 1 Log2 

unit. This gave a cleaned dataset with an overall data distribution comparable to that of the pilot 

and for which Robust Multiarray Averaging (RMA) normalisation appeared to be effective 

(Figure 50). 
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Figure 50 Signal box plot of the cleaned data set 

Raw data are represented in blue and normalized data represented in red CHP 
columns 

The existence of a temporal profile was re-examined in this cleaned data set by pair wise 

comparison as defined before. Updated number of samples by time point used for these 

comparisons is reported in Table 15. 
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Table 15 Number of samples analysed by time point for pairwise 

comparison in the whole cleaned data set. 

Comparison Group 1 Group 2 Count 1 Count 2 

Pre vs 0 Pre 0 11 8 

Pre vs 1 Pre 1 11 9 

Pre vs 2 Pre 2 11 8 

Pre vs 3 Pre 3 11 5 

Pre vs 6 Pre 6 11 7 

Pre vs 24 Pre 24 11 9 

0 vs 1 0 1 8 9 

0 vs 2 0 2 8 8 

0 vs 3 0 3 8 5 

0 vs 6 0 6 8 7 

0 vs 24 0 24 8 9 

1 vs 2 1 2 9 8 

1 vs 3 1 3 9 5 

1 vs 6 1 6 9 7 

1 vs 24 1 24 9 9 

2 vs 3 2 3 8 5 

2 vs 6 2 6 8 7 

2 vs 24 2 24 8 9 

3 vs 6 3 6 5 7 

3 vs 24 3 24 5 9 

6 vs 24 6 24 7 9 

 

In this cleaned data set, pair wise comparison identified up and down regulated genes 

differentially expressed between time points as represented in Figure 51. 
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Figure 51 Differential expressed genes identified by pairwise comparison 

between time points in the cleaned data set. 

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green. 

PCA mapping revealed that, in this cleaned dataset, there was a clear temporal profile with the 

Vpre samples separated from T0, which were separated from T1, which were separated from T2 
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with T3 and T6 overlapping but separate from T24 which was closer to the PCA space of the T0 

samples. This provided confidence that this was the correct analysis approach to take (Figure 

52). 

 

Figure 52 PCA of the samples in the cleaned data set 

Vpre samples are represented in yellow, V0 in green, V1 in red, V2 in dark 
blue, V3 in purple, V6 in french blue, V24 in pale blue 

Importantly, the data was no longer as badly skewed in favour of detection of just down-

regulated expression at any of the time-point comparisons and the V24 data showed the 

expected normalisation as illustrated in Figure 53.  
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Figure 53 Volcano plots of p-value vs fold change of gene expression in the cleaned data set 

Significantly upregulated genes are represented in red and down regulated genes in green A) at V1 B) at V2 C) at V3 D) at V6 E) at 
V12.   
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4.4.9.3.1 Lack of differential expression at Vpre 

Since the Vpre time point sample was collected using towel-wrap restraint before induction of 

anaesthesia or any surgery, there should be no differential gene expression between these 

samples other than chance changes. Therefore, these samples were examined at the P<5x10-7 

cut-off used in the Pilot. 

No differential expression at this cut-off was found and the "best" raw P value achieved was 

only P<0.0001. This did not pass the base FDR. The 12 top genes at this level are listed below 

for illustration (Table 16). 
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Table 16 List of genes differentially expressed between treatment groups at Vpre 

ID 
Sham-
1 Avg 
(log2) 

Sham-
2 Avg 
(log2) 

Stroke 
Avg 
(log2) 

Sham-1 
Standard 
Deviation 

Sham-2 
Standard 
Deviation 

Stroke 
Standard 
Deviation 

Overall 
F-Test 

Overall 
FDR 
F-Test 

Treat 
F-Test 

Treat 
FDR 
F-Test 

Gene Symbol Description 

10840657 5.71 6.16 5.97 0.08 0.1 0.04 0.0001 0.8186 0.0001 0.8186 LOC102554315 zinc finger protein 596-like 

10886896 3.58 4.64 3.95 0.29 0.11 0.16 0.0002 0.8186 0.0002 0.8186 
  

10849307 7.01 7.71 7.34 0.13 0.11 0.09 0.0003 0.8186 0.0003 0.8186 Myef2 myelin expression factor 2 

10828021 6.56 6.06 6.08 0.04 0.14 0.08 0.0003 0.8186 0.0003 0.8186 Tnf tumor necrosis factor 

10830369 5.53 5.4 5.3 0.06 0.02 0.04 0.0004 0.8186 0.0004 0.8186 Tube1 tubulin, epsilon 1 

10934378 4.44 4.15 4.69 0.04 0.08 0.12 0.0005 0.8186 0.0005 0.8186 Gjb1 gap junction protein, beta 1 

10939793 3.35 3.15 3.08 0.01 0.08 0.06 0.0005 0.8186 0.0005 0.8186 Mir542 microRNA 542 

10748361 5.51 5.72 6.32 0.03 0.06 0.25 0.0006 0.8186 0.0006 0.8186 Smurf2 
SMAD specific E3 ubiquitin protein 
ligase 2 

10869541 3.51 3.3 3.51 0 0.07 0.06 0.0006 0.8186 0.0006 0.8186 
  

10863662 8.27 7.91 8.16 0.11 0.05 0.04 0.0007 0.8186 0.0007 0.8186 Pradc1 
protease-associated domain 
containing 1 

10753067 5.5 6.34 6.04 0.26 0.07 0.11 0.0007 0.8186 0.0007 0.8186 RGD1306954 
similar to RIKEN cDNA 
1110004E09 

10722341 3.93 3.67 3.9 0.08 0.02 0.06 0.0009 0.8186 0.0009 0.8186 
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The PCA of Vpre in the clean data did not show any clustering and the volcano plot had a 

normal distribution (Figure 54). 

 

Figure 54 A) PCA of the Vpre samples in the cleaned data set B) 

Volcano plots of p-value vs fold change of gene expression at Vpre in the 

cleaned data set 

4.4.9.3.2 Differentially expressed between Vpre and V0 

Here again, the aim was to detect, in the cleaned data set, any significant differences between the 

Vpre samples and also between those samples collected at V0 (after anaesthesia and before MCA 

occlusion) in all animals. As this first comparison is performed on samples collected before 

major differences in surgical procedures, it was important to determine whether there were any 

differences between the stroke and sham cohorts. 

The search for differential gene expression in the cleaned dataset was performed initially using 

the same settings that were used in the Pilot (Filter criteria: Fold Change: > 2 or < -2, P< 5E-

07). Distribution of samples by time point and group is reported in Table 17. 
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Table 17 Number of samples analysed by comparison in the cleaned data 

set. 

Comparison Group 1 Group 2 Count 1 Count 2 

Pre vs 0 Pre 0 11 8 

Sham-1 vs Sham-2 Sham-1 Sham-2 6 6 

Sham-1 vs Stroke Sham-1 Stroke 6 7 

Sham-2 vs Stroke Sham-2 Stroke 6 7 

Sham-1: Pre vs 0 Sham-1: Pre Sham-1: 0 3 3 

Sham-2: Pre vs 0 Sham-2: Pre Sham-2: 0 3 3 

Stroke: Pre vs 0 Stroke: Pre Stroke: 0 5 2 

Pre: Sham-1 vs Sham-2 Pre: Sham-1 Pre: Sham-2 3 3 

0: Sham-1 vs Sham-2 0: Sham-1 0: Sham-2 3 3 

Interaction: Sham-1 and Sham-2 
vs Pre and 0 

Pre: Sham-1 vs Sham-2 
0: Sham-1 vs 
Sham-2 

6 6 

Pre: Sham-1 vs Stroke Pre: Sham-1 Pre: Stroke 3 5 

0: Sham-1 vs Stroke 0: Sham-1 0: Stroke 3 2 

Interaction: Sham-1 and Stroke vs 
Pre and 0 

Pre: Sham-1 vs Stroke 
0: Sham-1 vs 
Stroke 

8 5 

Pre: Sham-2 vs Stroke Pre: Sham-2 Pre: Stroke 3 5 

0: Sham-2 vs Stroke 0: Sham-2 0: Stroke 3 2 

Interaction: Sham-2 and Stroke vs 
Pre and 0 

Pre: Sham-2 vs Stroke 
0: Sham-2 vs 
Stroke 

8 5 

 

Only one known gene and 3 apparently related transcripts met these very stringent criteria 

showing differential expression between V-1 and V0 with no genes/transcripts differentiating 

between the treatment cohorts (Figure 55). Gene expressions of the identified gene/transcripts 

between the two time points are represented in Figure 55. 
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Figure 55 Differential expressed genes identified by comparison 

between treatment groups and Vpre and V0 in the cleaned data set. 

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green. 
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Figure 56 Genes expression levels of the 4 differentially expressed 

genes between Vpre and Vo.   

 

Unlike the analysis at Vpre only where no significant changes were detected between the 

treatment groups, in this Vpre-V0 comparison, 82 genes/transcripts were differentially expressed 

with a P value <1x10-4 and FDR p-value <7x10-4 (Figure 57). Names and functions of these 82 

genes/transcripts are reported in Table 18. 

Importantly, the distribution of data in this part of the cleaned data set did not look abnormal 

(Figure 58). 
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Figure 57 Heatmap of the differentially expressed genes between Vpre 

and V0.  
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Table 18 Name and function of the 82 genes differentially expressed between Vpre and V0 in the clean data set. 

ID 
-1 Avg 

(log2) 

0 Avg 

(log2) 

-1 Standard 

Deviation 

0 Standard 

Deviation 
Fold Change P-val FDR P-val Overall F-Test 

Overall FDR 

F-Test 
Gene Symbol Description 

10831940 6.842.317 8.616.117 0.3250701 0.3095408 -3.419.536 5.71E-09 8.98E-05 2.79E-07 0.004020642 Fkbp5 FK506 binding protein 5 

10909360 8.676.971 6.558.141 0.3342548 0.4206787 4.343.416 6.51E-09 8.98E-05 2.91E-07 0.004020642 
 

 

10909358 7.511.669 5.540.491 0.3480092 0.3789905 3.920.884 7.73E-08 0.000710691 2.37E-06 0.02176692 
 

 

10909356 865.758 6.449.599 0.5460656 0.6659915 4.620.285 3.68E-07 0.002540273 4.78E-06 0.03299411 
 

 

10718602 5.860.067 6.529.694 0.2145837 0.2497513 -1.590.661 6.21E-07 0.003396612 1.11E-05 0.05417833 Mir290 microRNA 290 

10755544 7.636.925 6.699.829 0.2112851 0.3234317 191.467 7.89E-07 0.003396612 1.77E-05 0.05417833 B3gnt5 
UDP-GlcNAc:betaGalbeta-1,3-N-

acetylglucosaminyltransferase 5 

10864838 6.893.373 7.872.084 0.3311844 0.2722224 -1.970.704 1.01E-06 0.003396612 2.15E-05 0.05922848 
 

 

10922816 7.372.828 8.578.395 0.3251217 0.3071311 -2.306.278 1.11E-06 0.003396612 4.28E-05 0.09080603 Il1r2 interleukin 1 receptor, type II 

10876586 1.221.734 1.251.355 0.1180711 0.1122834 -1.227.915 1.20E-06 0.003396612 1.25E-05 0.05417833 Hemgn hemogen 

10918392 7.576.541 8.153.001 0.1170981 0.2664451 -1.491.185 1.23E-06 0.003396612 1.77E-05 0.05417833 Tpm1 tropomyosin 1, alpha 

10807452 8.752.476 8.135.456 0.2106596 0.2683499 1.533.703 1.79E-06 0.004480719 1.68E-05 0.05417833 Nfatc3 
nuclear factor of activated T-cells, 
cytoplasmic, calcineurin-dependent 3 

10775761 8.890.751 8.255.395 0.2144086 0.2452557 155.332 2.03E-06 0.004678667 3.46E-05 0.08675671 Ccng2 cyclin G2 

10851263 1.105.478 1.038.596 0.1635814 0.2133109 1.589.768 2.38E-06 0.00478014 5.20E-05 0.0984699 Samhd1 SAM domain and HD domain, 1 

10702768 6.031.975 6.884.713 0.1361959 0.3124011 -1.805.924 2.43E-06 0.00478014 7.95E-05 0.115446 Tiam2 T-cell lymphoma invasion and metastasis 2 

10787841 6.866.812 595.574 0.2090415 0.2826522 1.880.441 2.75E-06 0.005054599 0.000131859 0.1493985 Msmo1 methylsterol monooxygenase 1 

10839320 8.356.483 9.201.072 0.2421877 0.2677913 -1.795.754 3.27E-06 0.005609587 0.000112832 0.143852 Sqrdl sulfide quinone reductase-like (yeast) 

10892472 1.027.249 9.252.392 0.2125576 0.290009 2.028.054 3.46E-06 0.005609587 0.000150332 0.15956 Igd 
immunoglobulin delta heavy chain constant 
region 

10917116 5.708.324 6.596.635 0.2786772 0.3002187 -1.851.008 4.19E-06 0.006416594 0.000171964 0.1694832 Zbtb16 zinc finger and BTB domain containing 16 

10827138 1.181.095 1.206.599 0.1000597 0.09039439 -1.193.369 5.75E-06 0.008220971 7.74E-05 0.115446 Sh3glb1 SH3-domain GRB2-like endophilin B1 

10707386 6.234.692 5.802.414 0.1677039 0.2974966 1.349.363 5.96E-06 0.008220971 4.06E-05 0.09080603 LOC100911716 
rho-related GTP-binding protein RhoQ-

like 

10812184 6.153.093 7.049.296 0.3462945 0.1954782 -1.861.161 6.77E-06 0.008890657 0.000228295 0.1961946 Pcsk1 
proprotein convertase subtilisin/kexin type 

1 

10768346 5.201.632 7.062.812 0.4835057 0.5776315 -3.633.048 8.96E-06 0.01074941 0.000363585 0.1961946 Rgs1 regulator of G-protein signaling 1 

10781960 7.983.258 9.419.659 0.5768186 0.2762307 -2.706.448 9.18E-06 0.01074941 0.000291349 0.1961946 
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10820223 8.057.653 7.063.515 0.2438387 0.3104474 1.991.892 9.44E-06 0.01074941 0.00035615 0.1961946 Mef2c myocyte enhancer factor 2C 

10864713 7.992.424 9.175.989 0.4091951 0.385752 -2.271.373 9.74E-06 0.01074941 0.000245592 0.1961946 
 

 

10716080 710.791 6.698.878 0.1577752 0.1697817 1.327.795 1.07E-05 0.01098923 0.000210034 0.1919392 Dusp5 dual specificity phosphatase 5 

10728883 9.827.336 8.790.906 0.3363662 0.3062746 2.051.146 1.08E-05 0.01098923 0.000360801 0.1961946 Ms4a1 
membrane-spanning 4-domains, subfamily 
A, member 1 

10709844 5.748.343 67.771 0.284288 0.3919303 -2.040.266 1.16E-05 0.01138825 0.000356163 0.1961946 Wee1 WEE1 G2 checkpoint kinase 

10888612 1.112.866 1.149.167 0.1164706 0.09174471 -1.286.108 1.37E-05 0.01265243 0.000356907 0.1961946 Ypel5 yippee-like 5 

10849279 6.975.791 7.912.895 0.2825953 0.3172438 -1.914.681 1.38E-05 0.01265243 0.000552066 0.2343815 Slc28a2 
solute carrier family 28 (concentrative 

nucleoside transporter), member 2 

10935255 6.909.747 6.396.135 0.0875206 0.2022958 142.762 1.56E-05 0.01325591 0.000473959 0.2179897 
LOC681300; 
Cxxc5 

similar to CXXC finger 5; CXXC finger 

protein 5 [Source:RGD 
Symbol;Acc:1359466] 

10763768 8.940.526 7.904.569 0.3077973 0.3679394 2.050.472 1.60E-05 0.01325591 0.000583411 0.2367617 Fcmr Fc fragment of IgM receptor 

10718351 8.221.798 9.411.627 0.2964104 0.4324143 -2.281.257 1.63E-05 0.01325591 0.00052655 0.2270419 Fpr1 formyl peptide receptor 1 

10878219 1.081.204 1.129.444 0.1546658 0.177639 -1.397.066 1.63E-05 0.01325591 0.000306502 0.1961946 
 

 

10828344 1.067.988 9.790.404 0.2952696 0.3096502 1.852.507 1.71E-05 0.01350438 0.000511116 0.2270419 RT1-Da RT1 class II, locus Da 

10876594 6.087.022 5.599.754 0.1975188 0.228278 1.401.787 1.87E-05 0.01435986 0.000135344 0.1493985 Trim14 tripartite motif-containing 14 

10913664 9.577.831 103.994 0.2534866 0.3181598 -1.767.329 1.94E-05 0.0144705 0.000675568 0.2425296 Ngp neutrophilic granule protein 

10769782 5.608.009 6.169.929 0.2204843 0.1710462 -1.476.232 1.99E-05 0.0144705 0.000301266 0.1961946 LOC686035 
similar to heat shock 70kDa protein 6 

(HSP70B) 

10706308 6.911.555 617.257 0.2590694 0.1064841 1.669.002 2.14E-05 0.01507328 0.000629681 0.2392386 Siglec10 sialic acid binding Ig-like lectin 10 

10829694 71.888 6.741.648 0.1187451 0.1644198 1.363.346 2.18E-05 0.01507328 0.00052372 0.2270419 Ube2d1 ubiquitin-conjugating enzyme E2D 1 

10910805 1.019.101 1.069.885 0.1250705 0.167973 -1.421.921 2.33E-05 0.01569845 0.000449729 0.2133195 Dennd4a DENN/MADD domain containing 4A 

10924667 8.157.253 6.984.392 0.3385768 0.7816858 2.254.584 2.43E-05 0.01595044 0.000163174 0.1667757 LOC102551819 

U3 small nucleolar RNA-associated protein 

14 homolog B-like; U3 small nucleolar 
RNA-associated protein 14 homolog B-like 

10703508 745.861 8.184.628 0.256005 0.2351946 -1.654.069 2.50E-05 0.01606462 0.000743416 0.2482153 LOC102557368 uncharacterized LOC102557368 

10800959 9.406.771 979.938 0.09485456 0.1751768 -1.312.766 2.64E-05 0.01613861 0.000434894 0.2133195 Paip2 
poly(A) binding protein interacting protein 

2 

10815317 7.836.029 7.194.798 0.1873691 0.1675794 1.559.659 2.66E-05 0.01613861 0.000745841 0.2482153 Foxo1 forkhead box O1 

10798420 1.005.682 927.305 0.282747 0.3285013 1.721.628 2.81E-05 0.01613861 0.000240053 0.1961946 Cmah 
cytidine monophospho-N-acetylneuraminic 
acid hydroxylase 

10889263 7.011.452 6.389.671 0.2208301 0.2597991 1.538.774 2.82E-05 0.01613861 0.000897799 0.2657596 Trib2 tribbles pseudokinase 2 

10870342 666.152 6.179.986 0.1665868 0.102474 1.396.228 2.85E-05 0.01613861 0.000755547 0.2482153 Pde4b phosphodiesterase 4B, cAMP specific 
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10831620 7.905.468 7.273.364 0.2323729 0.3366799 1.549.825 2.98E-05 0.01613861 0.001102756 0.3039245 RT1-DMb RT1 class II, locus DMb 

10853471 6.949.425 6.234.955 0.3007029 0.4198813 1.640.881 2.99E-05 0.01613861 0.000281942 0.1961946 Cyp51 cytochrome P450, family 51 

10725684 7.775.218 6.779.196 0.3487416 0.1854902 1.994.493 3.04E-05 0.01613861 0.000914885 0.2657596 Cd19 CD19 molecule 

10839197 494.917 4.256.059 0.2815878 0.2148201 1.616.766 3.04E-05 0.01613861 0.000382113 0.1989582 Casc4 cancer susceptibility candidate 4 

10922882 6.442.687 7.259.399 0.2388127 0.2848739 -1.761.388 3.12E-05 0.01624972 0.00071781 0.2482153 Il18rap interleukin 18 receptor accessory protein 

10838331 697.649 7.525.908 0.3249684 0.187321 -1.463.494 3.46E-05 0.01769843 0.000753151 0.2482153 Kif18a kinesin family member 18A 

10797811 6.608.999 6.012.334 0.1517584 0.3517724 1.512.217 3.54E-05 0.01774878 0.000126844 0.1493985 Cd83 CD83 molecule 

10828351 8.644.423 8.060.592 0.1898793 0.1642743 1.498.825 3.76E-05 0.01853646 0.001258917 0.3184871 RT1-Ba RT1 class II, locus Ba 

10938439 722.992 6.980.695 0.1425347 0.1770798 1.188.569 3.97E-05 0.01918169 0.000312095 0.1961946 
 

 

10714106 7.131.081 7.777.447 0.3117556 0.2777106 -156.522 4.03E-05 0.01918169 0.000456075 0.2133195 Fam111a 
family with sequence similarity 111, 

member A 

10777182 5.654.779 6.081.255 0.3041309 0.1937359 -1.343.947 4.22E-05 0.01937821 0.000347381 0.1961946 Ncapg non-SMC condensin I complex, subunit G 

10880056 7.460.686 6.954.085 0.2523416 0.1652051 1.420.699 4.23E-05 0.01937821 0.000179283 0.1706032 Khdrbs1 
KH domain containing, RNA binding, 

signal transduction associated 1 

10839674 397.672 4.227.617 0.05303676 0.126454 -1.189.947 4.28E-05 0.01937821 0.000646274 0.2392386 Mertk MER proto-oncogene, tyrosine kinase 

10807473 6.537.281 5.973.769 0.1601771 0.2083473 1.477.862 5.00E-05 0.02226781 0.000562188 0.2350629 Slc7a6 
solute carrier family 7 (amino acid 
transporter light chain, y+L system), 

member 6 

10909948 7.256.202 6.602.428 0.2935616 0.2398556 1.573.278 5.21E-05 0.02280343 0.00154918 0.3444327 Pou2af1 POU class 2 associating factor 1 

10766998 8.791.703 9.563.283 0.3820389 0.214736 -1.707.137 5.70E-05 0.02426781 0.001152087 0.30867 
 

 

10752603 7.334.645 684.878 0.2503454 0.1842982 1.400.426 5.72E-05 0.02426781 0.000697302 0.2467017 Mcm4 
minichromosome maintenance complex 

component 4 

10912051 4.676.711 5.069.448 0.1143521 0.3868618 -1.312.882 5.98E-05 0.0249862 0.00032615 0.1961946 Prss35 protease, serine, 35 

10733849 8.479.982 9.518.946 0.3345228 0.3036232 -2.054.751 6.30E-05 0.0259307 0.001268147 0.3184871 LOC24906 RoBo-1 

10843959 6.105.252 5.598.982 0.156493 0.1939235 1.420.373 6.47E-05 0.02623964 0.001512635 0.3444327 Vav2 vav 2 guanine nucleotide exchange factor 

10754939 6.861.345 6.437.194 0.1530077 0.2908067 1.341.783 7.03E-05 0.02812789 0.000280853 0.1961946 Fam43a 
family with sequence similarity 43, member 

A 

10812201 1.061.887 1.109.542 0.172785 0.2292705 -1.391.409 7.20E-05 0.02822706 0.000631499 0.2392386 Ell2 elongation factor RNA polymerase II 2 

10732941 838.938 7.129.604 0.4755656 0.3185805 2.394.586 7.32E-05 0.02822706 0.001960851 0.3745958 Ebf1 early B-cell factor 1 

10709860 7.538.815 670.212 0.3387538 0.1973453 1.785.954 7.44E-05 0.02822706 0.001107451 0.3039245 Swap70 SWAP switching B-cell complex 70 

10703662 6.929.502 7.675.148 0.2680505 0.2833322 -1.676.725 7.52E-05 0.02822706 0.002558369 0.4137875 
 

 

10730131 6.965.484 6.242.832 0.2719225 0.1977299 1.650.213 7.57E-05 0.02822706 0.002305993 0.4057092 Blnk B-cell linker 



 

   179 

 

10866120 7.811.082 9.032.599 0.4444994 0.465094 -2.331.918 7.68E-05 0.02826934 0.001731265 0.352175 
Ly49si1; 
LOC690045 

immunoreceptor Ly49si1; similar to 

immunoreceptor Ly49si1 [Source:RGD 
Symbol;Acc:1585167] 

10721676 1.126.655 1.103.943 0.191135 0.2783719 1.170.492 7.80E-05 0.02833081 5.35E-05 0.0984699 Rps11 ribosomal protein S11 

10777407 6.318.175 5.932.374 0.3712296 0.2588435 1.306.584 8.28E-05 0.02966041 6.72E-05 0.1090135 Jakmip1 
janus kinase and microtubule interacting 

protein 1 

10813152 1.029.266 1.082.443 0.2086488 0.2001628 -1.445.702 8.64E-05 0.03058416 0.001558024 0.3444327 Emb embigin 

10848740 5.091.489 5.265.711 0.1242467 0.1047466 -1.128.356 9.41E-05 0.0327285 0.000786733 0.2516072 Pla2g4e phospholipase A2, group IVE 

10748273 1.019.855 8.695.876 0.4540734 0.4629844 283.368 9.58E-05 0.0327285 0.003045199 0.4376839 Cd79b 
Cd79b molecule, immunoglobulin-
associated beta 

10714136 6.870.731 6.325.733 0.2774432 0.2943775 1.459.019 9.61E-05 0.0327285 0.000834488 0.2587475 Lpxn leupaxin 

10714413 59.679 6.554.235 0.2977146 0.2901338 -1.501.428 9.92E-05 0.03337249 0.000650199 0.2392386 Klf9 Kruppel-like factor 9 
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Figure 58 Volcano plots of p-value vs fold change of gene expression 

between Vpre and V0 in the cleaned data set 

Significantly upregulated genes are represented in red and down regulated 
genes in green 

Level of gene expression between the two time point for the two highest ranked of these genes, 

FK506 binding protein 5 and miR-290, are represented in Figure 59. 
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Figure 59 Level of expression of A) FK506 binding protein 5 and B) miR-

290 between Vpre an V0 in the cleaned data set. 

The WikiPathway analysis capability built into the TAC software also identified 6 pathways that 

were significantly differently represented between Vpre and V0 (Table 19). 
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Table 19 Identified pathways associated with the list of genes differentially expressed Vpre and V0 in the cleaned data set. 

Pathway #Total #Up Up List #Down Down List Significance p-value 

B Cell Receptor Signaling 
Pathway 

6 6 Cd79b,Blnk,Cd19,Vav2,Foxo1,Nfatc3 0   4.74 0.000018 

G1 to S cell cycle control 3 2 Ccng2,Mcm4 1 Wee1 2.78 0.001653 

MAPK Signaling Pathway 4 2 Mef2c,Nfatc3 2 Il1r2,Pla2g4e 1.98 0.010359 

Adipogenesis 3 3 Mef2c,Foxo1,Ebf1 0   1.96 0.011004 

TGF-beta Receptor 
Signaling Pathway 

3 3 Mef2c,Foxo1,Ube2d1 0   1.82 0.015015 

Cell cycle 2 1 Mcm4 1 Wee1 1.41 0.038808 
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4.4.9.3.3 Confirmation of time dependent gene expression 

In order to confirm that the Pilot and this Sham experiment were equivalent with respect to 

detection of marked temporal changes of gene expression, the cleaned Sham data set was 

analysed using the same TAC parameters as the Pilot (as defined previously). Number of samples 

investigated for this analysis is reported in Table 20. 

Table 20 Number of samples analysed by pairwise comparison between 

time points in the clean data set. 

Comparison Group 1 Group 2 Count 1 Count 2 

Pre vs 0 -1 0 11 8 

Pre vs 1 -1 1 11 9 

Pre vs 2 -1 2 11 8 

Pre vs 3 -1 3 11 5 

Pre vs 6 -1 6 11 7 

Pre vs 24 -1 24 11 9 

0 vs 1 0 1 8 9 

0 vs 2 0 2 8 8 

0 vs 3 0 3 8 5 

0 vs 6 0 6 8 7 

0 vs 24 0 24 8 9 

1 vs 2 1 2 9 8 

1 vs 3 1 3 9 5 

1 vs 6 1 6 9 7 

1 vs 24 1 24 9 9 

2 vs 3 2 3 8 5 

2 vs 6 2 6 8 7 

2 vs 24 2 24 8 9 

3 vs 6 3 6 5 7 

3 vs 24 3 24 5 9 

6 vs 24 6 24 7 9 

 

A total of 1723 genes were identified as differentially expressed between time points by pairwise 

comparison. The distribution across group comparisons is shown in Figure 60.   
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Figure 60 Distribution of genes differentially express across the time point 

comparison, in the clean data set.  

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green. 

 

Of the 1723 genes identified as different in the pairwise comparison, many were common to 

multiple comparisons. Consolidation of this list left 563 genes differentially expressed at the 

P<5x10-7 level and a strong time dependent effect on gene expression was clearly identified. 
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Graphs of expression against time for the 10 top ranked genes (secretory leukocyte peptidase 

inhibitor (Slpi), prokineticin 2 (Prok2), interleukin 1 receptor, type II(Il1r2), F-box and leucine-

rich repeat protein 5 (Fbxl5), interleukin 22 receptor, alpha 2 (Il22ra2), STEAP family member 4 

(Steap4), PML-RARA regulated adaptor molecule 1 (Pram1), interleukin 18 receptor accessory 

protein (Il8rap), maltase-glucoamylase (LOC103690059;Mgam), S100 calcium binding protein 

A9 (S100a9)) are shown below (Figure 61). 
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Figure 61 Temporal expression profile of the top 10 genes differentially expressed across time in the cleaned data set. 

Each single dot represents each sample analysed. 
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4.4.9.3.3.1 Excluding Vpre 

To permit direct comparison of the range of genes changed in the Pilot and this Sham 

experiment, the analysis was re-run to exclude the influence of the Vpre time point which was 

not collected in the Pilot.  

Numbers of samples used for each time point and comparison are reported in Table 21. 

Table 21 Numbers of samples analysed by pairwise comparison between 

the time points, in the cleaned data set, excluding Vpre 

Comparison Group 1 Group 2 Count 1 Count 2 

0 vs 1 0 1 8 9 

0 vs 2 0 2 8 8 

0 vs 3 0 3 8 5 

0 vs 6 0 6 8 7 

0 vs 24 0 24 8 9 

1 vs 2 1 2 9 8 

1 vs 3 1 3 9 5 

1 vs 6 1 6 9 7 

1 vs 24 1 24 9 9 

2 vs 3 2 3 8 5 

2 vs 6 2 6 8 7 

2 vs 24 2 24 8 9 

3 vs 6 3 6 5 7 

3 vs 24 3 24 5 9 

6 vs 24 6 24 7 9 

 

A total of 436 genes were identified as differentially expressed between time points by pairwise 

comparison. The distribution across group comparisons is shown in Figure 62.   
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Figure 62 Distribution of genes differentially express across time point 

comparison, in the clean data set after exclusion of the Vpre samplings. 

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green. 

As expected, and already evident by visual examination of the list of top ranked genes, the 

number of genes showing significant change at the P<5x10-7 level was reduced by exclusion of 

the Vpre data. Total number dropped from 1723 to 436 genes. The composition of the gene lists 
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also appeared to be different. To examine this point in details, the Top1000 time-dependent 

genes ranked by F-test P-value from the Pilot, the clean data set of the Sham experiment (cMD1 

Total) and the clean data set of the Sham experiment without Vpre (cMD1 not Vpre) were 

selected. No P-value cut off was applied but all genes were significantly altered at the P<0.004 

and FDR P<0.01 level for cMD1 not Vpre, P<1.1x10-5 and FDR P<0.003 for cMD1_Total and 

P<1.33x10-9 and FDR P<3.67x10-8 for the Pilot. 

Comparing cMD1 Total and Not Vpre in this way revealed that 1242 changed genes were 

present. Seven hundred and fifty-eight were common to both and 242 genes were present in only 

the Total and 242 genes were present only in the Vpre subsets of the data, as represented in 

Figure 63. 

 

Figure 63 Diagram of unique and common genes to the top 1000 time 

dependant gene list from the cleaned data set (cMD1 total) and the 

cleaned data set without Vpre (cMD1 not Vpre) 
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The cMD1 unique to Not Vpre (A in Figure 63) list appeared to have captured less significantly 

changed genes/transcripts that did not change between Vpre and V0 (no response to stress 

anaesthesia or beginnings of surgical procedure) and which also showed relatively little 

subsequent temporal change (the top 5 from the list are illustrated below, Figure 64) and can be 

discounted from further analysis. 

 

Figure 64 Temporal expression profile of the top 5 of the most time 

dependent genes in the cMD1 unique to Not Vpre list.  

Each single dot represents a sample analysed. 
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The cMD1 unique to total list (B in Figure 63) appeared to have captured genes/transcripts 

which changed between Vpre and V0 but which subsequently have only modest temporal 

change and which therefore also have limited further use. The top 5 of these are illustrated below 

(Figure 65). 

 

Figure 65 Temporal expression profile of the top 5 of the most time 

dependent genes in the cMD1 unique to total list.  

Each single dot represents a sample analysed. 

These observations suggested the possibility that within the 758 genes common to both subsets 

of the data there will be genes/transcripts which changed significantly between Vpre and V0 and 

which can be used to identify highly labile genes/transcripts. These might subsequently be used 

as markers of stress, anaesthesia or minor surgery (this experiment does not allow a clear 

identification of these sub-components of the procedure) which could be used in animal 

management as markers to help refine procedures to minimise experimental comorbidity. 
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Examples of these profiles include Tiam2, Slc28a2, Il19rap, Il1r2, Fkbp5 and are presented in 

Figure 66. 

 

Figure 66 Temporal expression profile of the top 5 of the most time 

dependent genes common to the cMD1_total and cMD1_not VPre list. 

Each single dot represents a sample analysed. 
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Conversely, those genes/transcripts that do not change between Vpre and V0 but which go on 

to show marked temporal change will be useful markers specific to the MCAo procedure and 

likely to include the expected subset of markers specific to stroke. Steap4, Siglec8, Rnasel, 

Ppp1r3b, and Tcf7l2 are examples of such profiles (Figure 67). 

 

Figure 67 Temporal expression profile of genes identified as not 

changing between Vpre and Vo but with a marked temporal change 

afterwards.  

Each single dot represents a sample analysed. 
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Genes/transcripts with these interesting characteristics were identified by generating a gene list 

of genes/transcripts not changed between Vpre and V0 in cMD1 (P>0.05, Genes NOT changed 

Vpre vs V0 gene list) and plotting the overlap with temporally changed genes/transcripts in 

cMD1 (cMD1 Total Top1000) and the Pilot (Pilot Top1000), as represented in Figure 68. This 

identified 319 genes transcripts with these characteristics. The complete gene list is appended in 

Table 22. 

 

Figure 68 Diagram of number of unique and common genes identified 

in the top 1000 of most time dependent genes from the pilot (C), the 

Sham experiment cleaned data set (B) and the list of gene not changing 

between Vpre and V0 but with a marked temporal pattern afterwards 

(A). 
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Table 22 List of the 319 genes/transcripts whose expression is not changing between Vpre and V0 but with a marked 

temporal change afterwards and common to the Pilot and the Sham cleaned data set top 1000 of most time dependent 

genes. 

ID 
-1 Avg 
(log2) 

0 Avg 
(log2) 

1 Avg 
(log2) 

2 Avg 
(log2) 

3 Avg 
(log2) 

6 Avg 
(log2) 

24 Avg 
(log2) 

Timepoint 
F-Test 

Timepoint 

FDR F-
Test 

Gene Symbol Description 

10701934 6.045455 6.260446 6.58139 7.157786 8.162872 8.769363 7.002039 2.36E-16 1.30E-12 Il22ra2 interleukin 22 receptor, alpha 2 

10860597 8.070195 8.033664 8.690732 9.811296 10.01786 10.48427 8.672344 4.64E-16 2.13E-12 Steap4 STEAP family member 4 

10924245 9.726486 10.0633 11.13818 11.94163 11.94115 11.81809 10.61975 4.69E-15 8.63E-12 Cxcr2 chemokine (C-X-C motif) receptor 2 

10792028 6.614754 6.586329 7.552953 8.678705 8.38851 8.560479 6.807179 1.25E-14 2.03E-11 Ppp1r3b protein phosphatase 1, regulatory subunit 3B 

10703757 7.814387 8.389273 9.31123 10.35116 10.6131 10.82176 8.75383 1.91E-14 2.64E-11 Tarm1 T cell-interacting, activating receptor on myeloid cells 1 

10755013 6.813173 7.109584 7.712176 8.307459 9.67004 9.600572 7.789828 6.66E-14 6.60E-11 Il1rap interleukin 1 receptor accessory protein 

10716746 5.886823 6.119252 6.770672 7.798378 8.664545 8.888823 6.884697 6.94E-14 6.60E-11 Adgb Androglobin 

10922826 5.390238 5.692674 5.670204 6.566115 7.247096 6.611018 6.016822 8.27E-14 7.47E-11 Il1r1 interleukin 1 receptor, type I 

10738071 9.333703 9.504642 10.19046 10.7852 11.22979 11.0127 9.971801 1.25E-13 1.02E-10 Msl1 male-specific lethal 1 homolog (Drosophila) 

10762254 8.668127 9.052682 10.65939 11.22054 11.154 10.86369 9.545397 1.73E-13 1.22E-10 Oas1k 

2  -5  oligoadenylate synthetase 1K; 2 ' -5 ' 

oligoadenylate synthetase 1K [Source:RGD 
Symbol;Acc:1359279] 

10931034 7.388448 7.644836 8.600965 8.833052 9.118209 9.437935 7.933162 1.96E-13 1.35E-10 Lrg1 leucine-rich alpha-2-glycoprotein 1 

10854847 6.967617 7.298224 8.620941 9.226781 8.986627 8.995492 7.905708 2.74E-13 1.76E-10 LOC679818 similar to Maltase-glucoamylase, intestinal 

10721268 8.277023 8.262144 9.397441 10.14352 10.31273 10.63569 9.386234 3.05E-13 1.91E-10 Siglec8 sialic acid binding Ig-like lectin 8 

10764781 7.249429 7.194729 7.623047 8.738978 9.567248 9.196028 7.771131 4.25E-13 2.45E-10 Rnasel 
ribonuclease L (2,5-oligoisoadenylate synthetase-
dependent) 

10720215 9.840522 9.908418 10.26724 10.98844 10.8953 10.89733 10.14115 4.34E-13 2.45E-10 Zfp36 zinc finger protein 36 

10933912 5.55342 5.920249 6.380001 7.492432 7.464242 6.828516 6.145276 5.53E-13 2.94E-10 LOC100363193 LRRGT00076-like 

10787960 8.481429 8.763353 9.185933 9.959986 10.03175 9.913675 9.169792 6.05E-13 3.15E-10 Hmgn2 high mobility group nucleosome binding domain 2 

10718934 6.318396 6.806929 7.676775 8.319589 8.712358 8.67416 6.952883 7.05E-13 3.54E-10 Fcar Fc fragment of IgA receptor 

10903977 7.005927 7.149322 8.023689 9.222077 9.206798 8.953963 7.446694 8.54E-13 4.10E-10 Fam84b family with sequence similarity 84, member B 

10777242 7.194598 7.405999 8.157204 8.731396 9.04952 9.128368 8.579408 8.61E-13 4.10E-10 Bst1 bone marrow stromal cell antigen 1 

10729269 9.409317 9.599826 9.991797 10.65147 11.06298 11.22237 10.29945 1.12E-12 5.13E-10 Anxa1 annexin A1 

10880408 8.344296 8.577542 9.005483 9.835614 9.861944 9.780508 9.042655 2.42E-12 9.80E-10 Hmgn2 high mobility group nucleosome binding domain 2 

10764722 7.663144 7.721546 8.336923 8.64194 8.712167 8.811247 7.834719 2.50E-12 1.00E-09 Ncf2 neutrophil cytosolic factor 2 

10810144 6.232111 6.084095 6.434766 7.938583 9.240717 9.060572 6.041133 3.49E-12 1.30E-09 Rrm2 ribonucleotide reductase M2 

10751437 9.234359 9.457126 10.11521 10.91146 10.69957 10.67244 8.854065 3.79E-12 1.40E-09 LOC100911790 stefin-3-like 

10845814 5.895745 6.181513 6.670818 7.185957 7.786701 7.645073 6.564146 4.41E-12 1.58E-09 Galnt3 polypeptide N-acetylgalactosaminyltransferase 3 
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10751431 5.683284 6.015022 7.076099 8.256668 7.860604 7.952621 5.1543 4.81E-12 1.68E-09 Stfa2l2 stefin A2-like 2 

10774171 7.292197 7.068578 8.351248 9.005539 8.824085 9.183348 7.52002 4.92E-12 1.70E-09 Upp1 uridine phosphorylase 1 

10764069 8.19986 8.274557 9.692411 10.05378 9.702415 10.4726 9.044431 5.93E-12 1.95E-09 Chi3l1 chitinase 3-like 1 (cartilage glycoprotein-39) 

10771535 9.149953 9.479124 10.09419 10.61637 10.87195 10.97843 10.15867 6.03E-12 1.95E-09 Antxr2 anthrax toxin receptor 2 

10744545 10.12375 10.46061 10.38271 11.03392 11.78889 11.9386 11.03585 6.07E-12 1.95E-09 Scimp SLP adaptor and CSK interacting membrane protein 

10821383 4.693797 4.578559 4.841805 5.667567 5.350256 5.619985 4.944203 7.01E-12 2.20E-09 Snx18 sorting nexin 18 

10862082 7.871118 8.164612 8.942578 9.432087 9.119047 8.960021 8.308041 8.28E-12 2.54E-09 Braf B-Raf proto-oncogene, serine/threonine kinase 

10759999 7.801329 8.048573 9.420501 9.926507 9.783646 10.04279 8.886378 9.51E-12 2.81E-09 Alox5ap arachidonate 5-lipoxygenase activating protein 

10903971 4.353395 4.585345 5.227331 6.208478 6.663406 6.103237 4.71916 9.69E-12 2.81E-09 Fam84b family with sequence similarity 84, member B 

10782668 7.630899 7.858336 8.266831 8.673061 9.067875 8.96019 8.002011 1.14E-11 3.25E-09 Pxk PX domain containing serine/threonine kinase 

10750282 4.534757 4.35695 4.703667 6.400639 6.793479 6.335758 5.204383 1.14E-11 3.25E-09 Slc5a3 
solute carrier family 5 (sodium/myo-inositol 
cotransporter), member 3 

10871957 8.680967 8.60826 9.643908 9.993391 10.22654 10.84679 9.491038 1.15E-11 3.25E-09 Csf3r colony stimulating factor 3 receptor (granulocyte) 

10842239 6.596022 7.139291 8.556163 8.831766 8.518357 9.292221 6.975692 1.37E-11 3.82E-09 Mmp9 matrix metallopeptidase 9 

10841693 8.961315 9.339089 10.05683 10.71026 10.85976 10.99851 9.583006 1.44E-11 3.96E-09 Lbp lipopolysaccharide binding protein 

10869249 7.870503 8.080505 8.432468 9.048666 9.096025 9.118689 8.416345 1.64E-11 4.39E-09 Gng10 
guanine nucleotide binding protein (G protein), gamma 

10 

10768412 7.641013 7.6791 7.32962 7.973775 8.645128 9.676555 9.133189 1.79E-11 4.75E-09 Prg4 proteoglycan 4 

10737047 5.926976 6.012721 5.989495 6.016851 6.608518 7.366938 6.225709 2.24E-11 5.68E-09 Car4 carbonic anhydrase 4 

10859392 8.548012 8.7051 9.05524 9.52245 10.00766 10.08999 9.364523 2.44E-11 6.03E-09 Mgst1 microsomal glutathione S-transferase 1 

10737663 9.243552 9.019691 8.489656 7.304454 7.531518 7.356607 9.010553 2.45E-11 6.03E-09 Gngt2 
guanine nucleotide binding protein (G protein), gamma 

transducing activity polypeptide 2 

10938384 8.009437 8.3473 8.986277 9.743697 9.563549 9.442716 8.733449 2.53E-11 6.14E-09 Pdk3 pyruvate dehydrogenase kinase, isozyme 3 

10883903 6.381596 6.400278 6.79797 7.981676 9.086593 9.163305 6.203057 2.62E-11 6.29E-09 Rrm2 ribonucleotide reductase M2 

10765186 11.15017 10.99431 11.23706 11.79741 11.84649 12.01251 11.4199 2.67E-11 6.35E-09 Sell selectin L 

10788374 6.339097 6.637499 7.239042 7.802804 7.673521 7.750536 6.922409 2.91E-11 6.80E-09 Mtus1 microtubule associated tumor suppressor 1 

10746968 7.160164 7.118968 7.508043 8.196404 8.340944 8.286526 7.33872 3.45E-11 7.91E-09     

10772768 6.88518 7.074358 7.352894 8.565027 8.809865 8.431057 7.597785 3.47E-11 7.91E-09 Tlr6 toll-like receptor 6 

10837621 6.022222 6.494384 6.229765 7.295794 9.146576 9.479656 6.998969 3.54E-11 8.00E-09     

10733982 6.742767 6.757162 7.648285 7.908862 8.306759 8.648202 7.384437 3.65E-11 8.20E-09 Nlrp3 NLR family, pyrin domain containing 3 

10836588 6.899593 7.199297 8.28669 9.031539 8.903739 8.854806 7.121178 3.72E-11 8.27E-09 Dhrs9 dehydrogenase/reductase (SDR family) member 9 

10726679 7.689059 7.602644 8.085594 8.62753 8.921098 8.951363 7.858883 4.58E-11 9.96E-09 Ifitm2 interferon induced transmembrane protein 2 

10708521 8.041181 8.367957 9.281276 10.0395 9.667199 9.41979 8.456414 4.67E-11 1.01E-08 Ctsc cathepsin C 

10828827 5.861921 6.123349 6.579475 7.266731 7.215576 6.911353 5.966528 4.74E-11 1.01E-08 Cdkn1a cyclin-dependent kinase inhibitor 1A 

10722317 6.336538 6.173262 6.34613 8.128805 8.357043 7.864908 7.090327 4.81E-11 1.02E-08 Nipa2 non imprinted in Prader-Willi/Angelman syndrome 2 

10703751 7.065124 7.641814 8.515612 9.14004 9.489823 9.955168 8.556734 5.35E-11 1.12E-08 Oscar osteoclast associated, immunoglobulin-like receptor 

10919637 9.226117 9.54117 10.52651 10.73742 10.78022 10.66829 9.617423 6.84E-11 1.40E-08 Tf Transferrin 

10940661 7.392788 7.417458 7.668012 8.286643 8.276613 8.893174 8.151693 7.16E-11 1.45E-08     
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10776026 7.290462 7.343748 8.177263 8.636824 9.064139 8.902263 7.781393 7.33E-11 1.48E-08 Dck deoxycytidine kinase 

10878617 7.313128 7.525597 7.891464 8.478752 8.672765 8.60446 7.511064 7.43E-11 1.48E-08 Zyg11b zyg-11 family member B, cell cycle regulator 

10926252 7.597649 7.640075 8.571042 9.327136 9.592509 9.796505 7.867174 8.48E-11 1.63E-08 RGD1307182 similar to RIKEN cDNA B430306N03 gene 

10708587 8.016378 8.095156 8.704207 9.410293 9.636528 9.714637 8.385135 8.53E-11 1.63E-08 LOC103691190 uncharacterized LOC103691190 

10906608 8.656878 8.298656 8.931133 9.546488 9.698376 9.701066 8.697626 9.23E-11 1.73E-08 Slc38a2 solute carrier family 38, member 2 

10795646 6.550932 6.388253 7.147744 7.639125 7.95015 7.914069 6.904503 9.62E-11 1.77E-08 Rab18 RAB18, member RAS oncogene family 

10901962 7.123133 7.392513 7.944938 8.269894 8.366679 8.944224 7.612294 1.12E-10 2.03E-08 Plxnc1 plexin C1 

10823057 4.742679 4.796427 5.363195 5.549991 5.784054 6.4393 5.206583 1.25E-10 2.19E-08 Slc7a11 
solute carrier family 7 (anionic amino acid transporter 
light chain, xc- system), member 11 

10739353 6.345085 6.554923 7.236358 8.267462 7.976377 7.906417 6.78287 1.31E-10 2.28E-08 Kcnj2 
potassium channel, inwardly rectifying subfamily J, 
member 2 

10909761 6.416278 6.370827 6.116866 5.624204 5.63321 5.432146 5.658258 1.43E-10 2.42E-08 Cadm1 cell adhesion molecule 1 

10783880 5.257671 5.169385 5.520299 6.670202 7.415182 8.445912 5.563039 1.59E-10 2.61E-08 Tgm1 transglutaminase 1 

10740843 6.096974 6.182493 7.536652 8.118773 7.956763 8.21083 6.485131 1.69E-10 2.76E-08 Mmp25 matrix metallopeptidase 25 

10862031 6.711557 6.905613 7.610625 8.305917 8.530161 8.966239 7.620133 1.77E-10 2.88E-08 Slc37a3 solute carrier family 37, member 3 

10875680 9.917654 10.03407 10.2691 10.71287 10.90352 11.18277 10.17847 2.03E-10 3.18E-08 Cpne3 copine III 

10912218 5.544716 5.522097 5.771935 7.223912 7.67123 7.152101 5.85929 2.16E-10 3.34E-08 Plscr1 phospholipid scramblase 1 

10817686 5.80312 5.767591 6.18985 6.774897 6.835237 7.219538 6.304935 2.43E-10 3.73E-08 Fmo5 flavin containing monooxygenase 5 

10775519 5.98439 6.026562 6.76883 7.390151 7.812638 7.801095 6.416342 2.54E-10 3.82E-08 Gpat3 glycerol-3-phosphate acyltransferase 3 

10920556 6.68065 6.450205 7.038458 7.506443 7.800906 8.232513 6.827999 2.56E-10 3.83E-08 Rtp3 receptor (chemosensory) transporter protein 3 

10718600 5.838884 6.162 7.246219 7.557329 7.711967 7.774739 6.591757 2.66E-10 3.97E-08 Mir291a microRNA 291a 

10816153 9.286659 9.018583 9.873075 10.29718 10.296 10.56464 9.730744 2.69E-10 3.98E-08 Tmem154 transmembrane protein 154 

10712171 9.09676 8.941917 9.399323 10.00401 10.18487 10.48504 9.263085 3.03E-10 4.42E-08 Ifitm1 interferon induced transmembrane protein 1 

10868923 6.917061 7.069829 7.727524 8.201136 8.563643 8.504414 7.845883 3.06E-10 4.45E-08 Tgfbr1 transforming growth factor, beta receptor 1 

10919494 7.064019 6.915372 6.888915 5.994734 5.718679 5.715027 6.452022 3.19E-10 4.61E-08 Mras muscle RAS oncogene homolog 

10892143 6.650805 6.690719 7.573577 8.099125 8.358219 8.340816 6.790111 3.23E-10 4.65E-08 Degs2 delta(4)-desaturase, sphingolipid 2 

10709880 6.655567 7.231317 8.204602 8.595354 8.529647 9.547957 7.533875 3.34E-10 4.76E-08 Ampd3 adenosine monophosphate deaminase 3 

10772770 5.361011 5.506828 5.824584 6.548217 6.867021 6.198784 5.866326 3.36E-10 4.76E-08 Tlr10; Tlr1 toll-like receptor 10; toll-like receptor 1 

10831077 5.475116 5.42876 5.918619 6.576613 6.735694 6.813215 5.68809 3.54E-10 4.95E-08 Ier3 immediate early response 3 

10855075 6.430328 6.662527 7.663275 8.052781 8.967729 9.358051 7.384452 3.55E-10 4.95E-08 Tas2r143 taste receptor, type 2, member 143 

10826607 5.185796 5.565474 5.772849 6.535809 6.972764 6.893587 5.506673 3.59E-10 4.98E-08 Ugt8 UDP glycosyltransferase 8 

10871103 10.10145 10.10823 10.58648 11.01331 10.82955 10.90234 10.39075 5.17E-10 7.06E-08 Efcab14 EF-hand calcium binding domain 14 

10765497 8.91512 8.706374 8.545468 7.747176 6.736771 6.844241 8.151083 5.82E-10 7.81E-08 Fcgr3a Fc fragment of IgG, low affinity IIIa, receptor 

10770396 8.078869 7.872376 8.364646 8.828653 8.956306 9.384188 8.405403 6.13E-10 8.14E-08 Lbr 
lamin B receptor [Source:MGI 

Symbol;Acc:MGI:2138281] 

10897428 7.317395 7.210669 8.211906 8.776848 9.12096 9.31179 7.746659 7.26E-10 9.40E-08 Csf2rb 
colony stimulating factor 2 receptor, beta, low-affinity 

(granulocyte-macrophage) 

10736163 6.681139 6.468114 7.015054 7.123989 7.636397 8.027344 6.747857 8.35E-10 1.07E-07 Flot2 flotillin 2 
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10781829 5.244188 5.380533 5.90932 6.42476 7.091382 6.63342 5.509089 9.96E-10 1.25E-07 Klf5 Kruppel-like factor 5 

10940529 6.831214 6.943614 7.33165 7.823113 7.849957 7.697301 7.124184 1.11E-09 1.38E-07     

10940615 6.626848 6.80249 7.182831 7.418306 7.725669 8.127522 6.942649 1.13E-09 1.39E-07     

10922492 6.203537 6.252659 6.740763 7.426866 7.555534 7.575663 6.577146 1.19E-09 1.46E-07 Arid5a AT rich interactive domain 5A (Mrf1 like) 

10895589 5.370139 5.681907 6.296476 6.911033 7.104178 6.991898 5.876358 1.20E-09 1.46E-07 Cpm carboxypeptidase M 

10772657 5.084911 5.273956 6.046555 6.674233 6.571977 6.758701 5.690758 1.23E-09 1.48E-07 Rbm47 RNA binding motif protein 47 

10929319 6.179235 6.19875 7.028897 7.65555 8.29897 7.761467 6.846611 1.34E-09 1.60E-07 RGD1563713 ras-related protein Rab-18-like 

10914799 7.639735 7.077733 7.260382 8.439617 8.938678 8.143395 7.587172 1.58E-09 1.84E-07 Birc3 baculoviral IAP repeat-containing 3 

10879446 7.76003 7.824029 8.440024 9.092851 9.485674 9.23105 8.634561 1.61E-09 1.86E-07 Exo5 exonuclease 5 

10718942 5.422302 5.948476 6.241019 6.771047 7.06563 6.663421 5.754324 1.72E-09 1.96E-07     

10924230 6.398707 6.61978 7.005995 7.46963 7.620938 7.612145 6.677457 1.76E-09 1.99E-07 Rufy4 RUN and FYVE domain containing 4 

10940620 6.623109 6.719443 6.996334 7.357774 7.498619 7.451493 6.846963 2.04E-09 2.28E-07     

10758351 7.128929 6.798756 8.699108 9.352132 8.945815 8.85437 7.077258 2.24E-09 2.47E-07 Niacr1 niacin receptor 1 

10907924 5.217828 5.433627 5.699683 6.383548 6.513738 6.364447 5.303921 2.35E-09 2.57E-07 Mmp27 matrix metallopeptidase 27 

10829993 7.886763 7.796327 8.419382 8.561476 8.722426 9.080661 8.222098 2.49E-09 2.69E-07 MGC112715 hypothetical protein LOC690899 

10836446 6.62178 6.928483 7.738983 8.394918 8.535588 8.501442 6.892955 2.51E-09 2.71E-07 Gca grancalcin 

10818920 8.048648 7.765215 7.528731 6.76015 6.590056 6.523701 7.66417 2.55E-09 2.74E-07 Camk2d calcium/calmodulin-dependent protein kinase II delta 

10916804 7.132075 7.301846 7.833767 8.716851 8.962434 8.730988 7.824481 2.58E-09 2.76E-07     

10809204 6.189177 6.390143 7.220447 7.484821 7.621633 7.679187 6.519797 2.66E-09 2.84E-07 Adgrg3 adhesion G protein-coupled receptor G3 

10918569 6.727331 6.993328 7.58183 8.404232 8.223482 8.658637 7.492205 3.33E-09 3.51E-07 Aqp9 aquaporin 9 

10863639 6.596421 6.700409 7.206788 7.430058 7.24344 7.766291 6.836417 3.47E-09 3.64E-07 Sfxn5 sideroflexin 5 

10800546 6.103556 6.199069 6.786237 7.51058 7.96347 8.120584 6.524976 3.83E-09 3.99E-07 Mocos molybdenum cofactor sulfurase 

10717170 7.539316 7.081836 7.007782 6.364869 6.626558 6.529394 7.195128 4.65E-09 4.70E-07 Epb41l2 erythrocyte membrane protein band 4.1-like 2 

10782493 5.623233 5.375002 5.326938 5.455602 6.453144 6.95486 6.128111 4.80E-09 4.84E-07 Nek10 NIMA-related kinase 10 

10794084 8.245634 8.163234 8.814887 9.051771 9.600616 9.685918 8.822843 5.18E-09 5.16E-07 Rab24 RAB24, member RAS oncogene family 

10732966 6.635105 6.562777 7.125554 7.408761 7.320257 7.542099 6.737486 5.32E-09 5.22E-07 Adam19; Sox30 
ADAM metallopeptidase domain 19; SRY (sex 

determining region Y)-box 30 

10778028 7.297167 7.633142 8.748712 9.051787 8.886709 9.259371 7.741621 5.46E-09 5.33E-07 Tcn2 transcobalamin 2 

10865349 5.778358 5.838799 6.978605 8.08611 7.745552 7.944665 6.713886 5.65E-09 5.49E-07 Slc2a3 
solute carrier family 2 (facilitated glucose transporter), 
member 3 

10891039 8.227259 8.199064 8.555336 8.769341 9.047274 9.266951 8.419179 6.67E-09 6.31E-07 Numb numb homolog (Drosophila) 

10824305 6.350357 6.117855 6.44793 7.340039 7.3852 7.538332 6.415368 8.34E-09 7.65E-07 Sema4a 

sema domain, immunoglobulin domain (Ig), 

transmembrane domain (TM) and short cytoplasmic 
domain, (semaphorin) 4A 

10782511 6.343452 5.992332 5.648549 6.461515 7.023578 7.912891 7.254509 8.44E-09 7.71E-07 Nek10 NIMA-related kinase 10 

10798199 6.750978 7.195099 7.163646 7.701356 8.291677 8.403397 7.659168 8.49E-09 7.73E-07 Mboat1 
membrane bound O-acyltransferase domain containing 

1 

10858390 7.318284 6.952272 6.678158 6.326237 6.495772 6.190628 6.698741 9.13E-09 8.13E-07 Slc6a12 
solute carrier family 6 (neurotransmitter transporter), 

member 12 
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10909411 5.323005 5.496873 5.775939 6.487183 6.325961 6.136062 5.528406 9.25E-09 8.15E-07 Usp2 ubiquitin specific peptidase 2 

10707142 5.658735 6.2164 7.372209 7.362129 7.023925 6.552166 6.139123 9.87E-09 8.64E-07 Ldhc lactate dehydrogenase C 

10858967 7.114226 6.880469 7.519588 7.787628 7.824505 8.259552 7.169268 1.08E-08 9.39E-07 Tnfrsf1a tumor necrosis factor receptor superfamily, member 1a 

10715258 9.106043 9.24046 9.967886 10.28112 10.37147 10.72853 9.705345 1.11E-08 9.54E-07 Entpd1 ectonucleoside triphosphate diphosphohydrolase 1 

10865585 8.405913 8.016948 8.413067 7.216182 6.946069 6.968882 7.93501 1.17E-08 9.99E-07 Cd4 Cd4 molecule 

10845508 7.86977 7.999672 7.7431 8.853122 9.337311 9.087296 8.835851 1.18E-08 1.01E-06 Cd302 CD302 molecule 

10729460 6.309155 6.284452 6.552827 6.976483 7.085878 7.434646 6.6191 1.28E-08 1.08E-06 Fam122a family with sequence similarity 122A 

10801884 7.661633 7.673254 7.720132 8.210299 9.252367 9.301686 9.042053 1.38E-08 1.15E-06 Slc12a2 
solute carrier family 12 (sodium/potassium/chloride 
transporter), member 2 

10735436 7.470292 7.375238 7.971179 8.332864 7.854055 7.694777 6.880959 1.54E-08 1.27E-06 XAF1 XIAP associated factor-1 

10931222 8.29136 8.071947 7.859293 6.677701 6.204602 5.915552 8.223329 1.66E-08 1.36E-06 Adgre1 adhesion G protein-coupled receptor E1 

10832680 7.363272 7.455378 7.778348 8.129897 8.140039 8.088842 7.585343 1.75E-08 1.43E-06 Ipmk inositol polyphosphate multikinase 

10726550 7.05344 7.227578 8.067462 8.278166 8.070837 8.399668 7.433771 2.00E-08 1.59E-06 Adam8 ADAM metallopeptidase domain 8 

10787828 6.923898 6.947206 7.607622 7.966427 8.385033 8.196589 7.541813 2.20E-08 1.71E-06 Klhl2 kelch-like family member 2 

10924177 6.647226 6.061325 6.74469 7.014723 7.819225 7.523973 6.870927 2.26E-08 1.74E-06 Xrcc5 
X-ray repair complementing defective repair in Chinese 
hamster cells 5 

10753075 8.236591 8.162287 8.299196 8.879894 9.175939 9.109715 8.555997 2.30E-08 1.77E-06 Synj1 synaptojanin 1 

10926277 9.019394 9.267444 9.772079 10.30276 10.28761 10.38361 9.607955 2.58E-08 1.98E-06 Trem1 triggering receptor expressed on myeloid cells 1 

10837138 10.49891 10.23703 9.893998 9.297787 9.395162 9.126831 10.47038 2.66E-08 2.01E-06 Itga4 integrin, alpha 4 

10779002 6.010507 6.154718 6.500811 6.805985 6.564792 6.767312 6.304597 2.74E-08 2.07E-06 
LOC100909469; 
Dusp13 

dual specificity protein phosphatase 13-like; dual 
specificity phosphatase 13 

10826846 7.232175 7.100406 7.371614 8.196383 8.493141 8.791152 7.851873 2.82E-08 2.11E-06 Sgms2 sphingomyelin synthase 2 

10911811 4.041103 4.470955 5.004109 6.125323 5.389667 5.420013 4.231522 3.17E-08 2.33E-06     

10866850 8.406395 7.995754 8.276424 9.164166 9.790968 9.805755 8.893707 3.19E-08 2.34E-06 Kras Kirsten rat sarcoma viral oncogene 

10776835 5.0941 5.160734 5.269384 5.607517 5.986799 6.244524 5.514134 3.50E-08 2.53E-06 Wdr19 WD repeat domain 19 

10839974 7.21444 7.347343 7.881257 8.362892 8.472279 8.570979 7.732625 3.68E-08 2.64E-06 Atrn attractin 

10731922 6.661156 6.618917 7.315886 7.380098 7.265042 7.463925 7.039706 3.78E-08 2.70E-06 Mefv Mediterranean fever 

10929211 5.192814 5.189668 4.959227 5.662768 5.934178 6.237395 5.6158 3.80E-08 2.70E-06 Epha4 Eph receptor A4 

10786174 6.68807 6.658728 7.198401 7.414175 7.514208 7.61519 6.833555 3.97E-08 2.80E-06 Anxa11 annexin A11 

10770497 5.50153 5.579188 5.882452 6.336266 5.927118 5.987447 5.648196 4.32E-08 3.01E-06 Hlx H2.0-like homeobox 

10820098 6.078024 6.398479 6.461401 7.120375 6.955002 6.97231 6.110126 4.81E-08 3.32E-06     

10817074 5.55081 6.086273 6.877973 7.008893 6.898365 7.243296 6.044608 4.92E-08 3.38E-06 Pglyrp4 peptidoglycan recognition protein 4 

10820548 7.460677 7.626858 7.768785 8.146284 8.454782 8.288034 7.66586 5.19E-08 3.54E-06 Aggf1 angiogenic factor with G patch and FHA domains 1 

10904593 3.610385 3.580482 3.71217 4.061251 4.149128 4.690227 3.885863 5.19E-08 3.54E-06 RGD1565410 similar to Ly6-C antigen gene 

10793708 10.28093 10.32015 10.6463 10.9431 11.04508 11.05557 10.57793 5.24E-08 3.56E-06 Zcchc6 zinc finger, CCHC domain containing 6 

10704665 8.762717 8.826281 9.662835 9.843385 9.460274 10.30245 9.403099 5.31E-08 3.60E-06 Pglyrp1 peptidoglycan recognition protein 1 

10762247 5.666397 5.685527 5.984604 5.819197 5.490284 5.02299 4.891777 5.93E-08 3.94E-06 Oas1b 2-5 oligoadenylate synthetase 1B 

10881293 5.964354 6.098567 6.251006 6.651021 6.801888 7.471533 6.240447 6.41E-08 4.21E-06 Pdpn podoplanin 
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10719847 9.119929 9.037532 8.950173 8.724106 8.581075 7.891751 8.708794 7.50E-08 4.84E-06 Ceacam1 
carcinoembryonic antigen-related cell adhesion 

molecule 1 (biliary glycoprotein) 

10739992 9.530624 9.544619 9.307073 8.646708 8.423002 8.083179 8.451203 7.95E-08 5.11E-06 Rnf213 ring finger protein 213 

10716785 5.53678 5.615651 5.963183 6.271227 6.609473 6.174685 5.767005 8.11E-08 5.19E-06 Rab32 RAB32, member RAS oncogene family 

10715301 5.903269 6.010355 6.605772 6.920291 6.695072 6.483095 6.088328 8.13E-08 5.20E-06 Ccnj cyclin J 

10736486 8.182507 8.48151 9.021521 9.413453 9.407196 9.128473 8.816232 8.59E-08 5.45E-06 Cpd carboxypeptidase D 

10766953 9.003211 9.211347 8.700541 7.706917 7.664115 7.808562 8.914058 8.69E-08 5.49E-06 Bcl2 B-cell CLL/lymphoma 2 

10848450 6.316052 6.405293 7.1344 7.358504 7.195705 7.163076 6.543617 8.69E-08 5.49E-06 Plcb2; Ankrd63 phospholipase C, beta 2; ankyrin repeat domain 63 

10934071 8.421702 9.052952 9.569013 10.55277 10.81561 10.64181 10.19752 9.16E-08 5.74E-06 Mir223 microRNA 223 

10898192 6.725101 6.556024 7.276135 7.85651 7.814229 8.425966 7.142199 9.43E-08 5.89E-06 Tspo translocator protein 

10751434 10.54098 10.92068 11.24593 11.97082 11.48373 11.4811 9.851352 9.60E-08 5.98E-06 Stfa2l2 stefin A2-like 2 

10750460 7.193257 6.586114 7.899929 8.188509 8.104063 8.441161 7.062578 9.81E-08 6.08E-06 Ets2 
v-ets avian erythroblastosis virus E26 oncogene 
homolog 2 

10820145 6.370708 5.946754 5.471391 5.533093 5.743832 5.841918 6.365996 9.84E-08 6.08E-06 Adgrv1 adhesion G protein-coupled receptor V1 

10783933 6.322057 6.347139 6.539259 6.786227 6.982274 7.19255 6.231315 1.07E-07 6.57E-06 Adcy4 adenylate cyclase 4 

10763149 7.354185 7.312456 7.468317 7.183116 6.957986 6.783176 6.183481 1.15E-07 7.01E-06 Oas2 2-5 oligoadenylate synthetase 2 

10826672 5.815699 6.057458 6.559945 6.959946 7.373155 7.495376 6.306 1.17E-07 7.14E-06 Alpk1 alpha-kinase 1 

10894549 6.126333 6.338893 6.420718 6.980785 6.687922 6.896743 6.377831 1.21E-07 7.31E-06 Ckap4 cytoskeleton-associated protein 4 

10914011 7.714157 7.450016 7.726235 8.306497 8.763172 8.711474 7.952499 1.25E-07 7.53E-06 Cmtm6 
CKLF-like MARVEL transmembrane domain 
containing 6 

10864512 5.983174 6.269673 5.170192 4.814946 4.63514 4.801852 5.609612 1.26E-07 7.55E-06 Il5ra interleukin 5 receptor, alpha 

10826703 7.144209 7.295499 7.472985 8.608485 9.249638 8.418838 7.896928 1.27E-07 7.58E-06 LOC691931 hypothetical protein LOC691931 

10916016 7.210021 6.757404 7.118571 7.953937 8.257946 8.623071 7.20105 1.47E-07 8.65E-06 St3gal4 ST3 beta-galactoside alpha-2,3-sialyltransferase 4 

10832833 9.740283 9.896153 9.689928 10.30073 10.85623 10.68184 10.23328 1.51E-07 8.88E-06 Jmjd1c jumonji domain containing 1C 

10930428 7.229501 7.230358 7.208846 7.488262 7.976684 8.265651 7.531423 1.63E-07 9.45E-06 Emilin2 elastin microfibril interfacer 2 

10716335 6.188831 6.162739 6.802265 7.124182 7.259392 7.070383 6.836485 1.71E-07 9.82E-06 Atrnl1 attractin like 1 

10828778 5.804398 5.888405 6.506773 6.669427 6.518744 6.404867 5.848542 1.80E-07 1.02E-05 Mapk13 mitogen activated protein kinase 13 

10730636 6.833198 6.3928 6.184855 5.945171 5.867388 5.832054 6.611485 1.94E-07 1.10E-05 Calhm2 calcium homeostasis modulator 2 

10925753 7.318373 7.256581 7.329516 7.946549 8.154521 8.133279 7.651081 1.96E-07 1.10E-05 RGD1562136 similar to D1Ertd622e protein 

10932164 4.284116 4.418007 4.588445 5.587807 5.733202 5.882646 4.694285 2.00E-07 1.12E-05 Mir221 microRNA 221 

10727084 5.705056 5.768685 5.835549 6.086528 6.155303 6.238613 5.774812 2.09E-07 1.16E-05 Cars cysteinyl-tRNA synthetase 

10717620 7.0859 7.238397 7.984818 8.150197 8.15566 7.940468 7.253934 2.11E-07 1.17E-05 
Syne1; 
LOC103690962; 

LOC103690963 

spectrin repeat containing, nuclear envelope 1; nesprin-
1-like; spectrin repeat containing, nuclear envelope 1 

[Source:RGD Symbol;Acc:620546] 

10893918 6.571116 6.499096 7.018019 7.547668 7.747957 7.754711 6.843403 2.13E-07 1.18E-05 Sbno2 strawberry notch homolog 2 (Drosophila) 

10825443 7.787937 8.062027 8.920389 8.852065 8.51405 8.912434 8.030065 2.47E-07 1.34E-05 Cd101 CD101 molecule 

10722992 8.668594 8.68745 9.555098 9.796512 9.578296 9.701336 9.252614 2.48E-07 1.34E-05 Anpep alanyl (membrane) aminopeptidase 

10889339 8.345536 8.030733 8.095424 8.238573 8.984079 9.334742 8.651968 2.54E-07 1.37E-05 Adam17 ADAM metallopeptidase domain 17 
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10940647 7.144593 7.26398 7.807347 8.033616 7.652255 8.161415 7.17448 2.62E-07 1.41E-05     

10788899 6.621373 6.842931 7.160986 7.486924 7.752538 7.619118 6.93221 2.71E-07 1.44E-05 Adam9 ADAM metallopeptidase domain 9 

10830624 7.277412 7.307007 6.69235 6.277328 6.00104 6.002487 6.966215 2.91E-07 1.55E-05 Cd24 CD24 molecule 

10863430 5.115931 5.29849 5.586609 6.448809 7.186668 6.426978 5.200638 3.18E-07 1.66E-05 Hk2 hexokinase 2 

10801308 9.790164 9.848244 10.28129 10.55723 10.77207 11.08617 10.22421 3.19E-07 1.66E-05 Arhgap26 Rho GTPase activating protein 26 

10799461 5.817828 5.971541 6.100604 6.560805 6.695099 6.245996 6.019848 3.39E-07 1.76E-05 Sfmbt2 Scm-like with four mbt domains 2 

10879483 7.83777 8.012173 8.304817 8.433569 8.704254 8.672108 8.181866 3.61E-07 1.86E-05 
Rlf; 

RGD1560700 

rearranged L-myc fusion; similar to palmitoyl-protein 

thioesterase 

10889965 8.093339 7.822511 8.075533 8.576526 9.339763 8.706508 8.218305 3.79E-07 1.94E-05 Baz1a bromodomain adjacent to zinc finger domain, 1A 

10919010 7.971761 7.594512 7.037604 6.317639 6.396448 6.334577 7.618986 4.08E-07 2.06E-05 Hmgn3 high mobility group nucleosomal binding domain 3 

10833180 10.26309 10.49435 10.64146 10.98689 11.06792 11.13202 10.66345 4.10E-07 2.07E-05 Srgn serglycin 

10840890 5.105844 5.45419 5.762136 6.111388 6.356931 6.09156 5.381607 4.16E-07 2.09E-05 Id1 inhibitor of DNA binding 1 

10782704 7.045567 6.847454 7.015912 6.185469 6.088395 6.233167 6.536561 4.58E-07 2.27E-05 Flnb filamin B, beta 

10862131 7.107256 7.543633 8.235521 8.738397 8.983807 9.007217 7.255777 4.63E-07 2.29E-05 Clec5a C-type lectin domain family 5, member A 

10817370 7.423145 7.430064 8.12721 8.140437 8.010379 8.219899 7.446229 5.04E-07 2.47E-05 Fam63a family with sequence similarity 63, member A 

10920770 5.876604 6.017107 6.704949 7.083149 6.749892 6.75136 6.107751 5.26E-07 2.56E-05 Ano10 anoctamin 10 

10855079 6.273137 6.666404 7.425736 7.886674 8.506811 9.168126 7.078105 5.27E-07 2.56E-05 Tas2r126 taste receptor, type 2, member 126 

10743357 7.967218 7.605932 7.375528 6.771519 6.655622 7.028788 7.688493 5.39E-07 2.61E-05     

10747506 7.751802 7.393039 8.039563 8.50465 8.502984 8.387735 7.483341 5.42E-07 2.62E-05 Stat3 
signal transducer and activator of transcription 3 (acute-

phase response factor) 

10869483 10.33049 10.5213 10.74868 11.0397 11.48758 11.24999 10.76027 5.43E-07 2.62E-05 Atp6v1g1 ATPase, H transporting, lysosomal V1 subunit G1 

10885740 7.669757 7.249084 7.238836 6.445388 6.492402 6.616286 7.066974 5.59E-07 2.68E-05 Sipa1l1 signal-induced proliferation-associated 1 like 1 

10928855 5.572432 5.680372 5.956602 6.117508 6.360898 6.839639 5.916064 5.81E-07 2.76E-05 Tns1 tensin 1 

10782509 4.712761 4.713955 4.733019 4.689017 5.418884 5.591767 5.568223 5.83E-07 2.76E-05 Nek10 NIMA-related kinase 10 

10878674 9.415557 9.490878 10.12012 10.35208 10.4803 10.44944 9.811632 6.04E-07 2.85E-05 Osbpl9 oxysterol binding protein-like 9 

10830253 7.846062 7.761727 7.34976 6.746679 6.92713 6.746687 7.672933 6.33E-07 2.96E-05 Dse dermatan sulfate epimerase 

10753279 5.401335 5.536122 5.501885 5.889229 6.104862 5.855056 5.557665 6.40E-07 2.97E-05 Erg v-ets avian erythroblastosis virus E26 oncogene 

10729780 8.736638 8.495405 8.152555 7.637963 7.59437 7.945464 8.562593 6.90E-07 3.17E-05 Lipa lipase A, lysosomal acid, cholesterol esterase 

10832831 9.795334 9.755177 9.878448 10.21912 10.50112 10.60305 9.894681 7.04E-07 3.22E-05 Jmjd1c jumonji domain containing 1C 

10885235 7.650466 7.339755 7.352365 6.794493 6.407976 6.586908 7.225764 7.16E-07 3.27E-05 Prkch protein kinase C, eta 

10837366 9.364339 9.532459 10.17901 10.30529 10.28269 11.19405 9.834176 7.22E-07 3.28E-05 Slc43a3 solute carrier family 43, member 3 

10910619 4.441266 4.466444 5.523488 5.629729 5.115766 4.952007 4.646656 7.36E-07 3.33E-05 Uaca 
uveal autoantigen with coiled-coil domains and ankyrin 

repeats 

10822583 6.519252 6.591923 7.539331 7.538463 7.740666 8.403615 6.950421 7.46E-07 3.36E-05 Fndc3b fibronectin type III domain containing 3B 

10857314 8.325877 8.217847 8.955523 9.269996 9.177782 9.400846 8.558773 7.67E-07 3.44E-05 Slc6a6 
solute carrier family 6 (neurotransmitter transporter), 
member 6 

10826682 4.388021 4.569996 4.563654 5.169218 5.317392 5.352969 4.724224 8.10E-07 3.59E-05 Alpk1 alpha-kinase 1 

10777770 8.395684 8.536504 9.087629 8.995653 9.146087 9.115411 8.621018 8.13E-07 3.59E-05 Tacc3 transforming, acidic coiled-coil containing protein 3 
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10811956 4.879553 4.918222 5.253508 5.721256 5.519893 5.558701 4.946987 8.76E-07 3.83E-05 Sipa1l2 signal-induced proliferation-associated 1 like 2 

10840448 5.959237 6.085755 6.553184 6.556108 6.63995 6.789023 6.131427 9.59E-07 4.13E-05 Rin2 Ras and Rab interactor 2 

10811751 5.912106 6.103486 6.223397 6.439782 6.500442 6.613193 6.258595 9.66E-07 4.16E-05 Vps9d1 VPS9 domain containing 1 

10749797 7.778484 7.85745 7.947747 8.21374 9.074056 8.924574 7.897296 1.03E-06 4.43E-05 Wdr45b WD repeat domain 45B 

10940628 7.442949 7.508875 8.125598 8.335807 7.929832 8.48442 7.448841 1.13E-06 4.80E-05     

10739988 8.247638 7.991852 8.135926 7.666328 7.436138 7.358671 7.460319 1.30E-06 5.36E-05 Rnf213 ring finger protein 213 

10922428 6.42789 6.286097 6.926546 7.087797 7.104142 7.042772 6.517714 1.46E-06 5.86E-05 Ptpn18 protein tyrosine phosphatase, non-receptor type 18 

10857950 7.176299 7.414 8.232572 8.191559 8.072993 8.456223 7.552615 1.50E-06 6.01E-05 Atg7 autophagy related 7 

10825472 9.270456 8.731361 9.061721 7.921719 7.738494 8.035972 8.721456 1.51E-06 6.01E-05 Atp1a1 ATPase, Na+/K+ transporting, alpha 1 polypeptide 

10940575 6.389121 6.253746 6.211578 5.81264 5.697937 5.560077 6.273989 1.51E-06 6.01E-05     

10837794 7.328567 7.098208 7.032963 7.293385 7.775558 8.079449 7.129346 1.54E-06 6.14E-05 Spi1 Spi-1 proto-oncogene 

10758156 7.025882 6.686295 6.628112 6.318298 6.261304 6.391211 6.473864 1.59E-06 6.30E-05 Ncor2 nuclear receptor co-repressor 2 

10940619 6.999841 6.934243 7.721501 7.713679 7.678626 7.957379 6.780325 1.59E-06 6.30E-05     

10907689 6.06349 5.930843 6.140963 6.08571 6.402947 7.062922 6.068506 1.61E-06 6.36E-05 Itga5 
integrin, alpha 5 (fibronectin receptor, alpha 
polypeptide) 

10769797 9.021001 9.141818 9.594231 9.709211 9.607047 9.750237 9.233656 1.72E-06 6.71E-05 Fcgr2b; Fcgr2a 
Fc fragment of IgG, low affinity IIb, receptor; Fc 

fragment of IgG, low affinity IIa, receptor 

10723092 6.777728 6.528027 7.253126 7.440982 7.078548 7.60745 6.839411 1.83E-06 7.07E-05 Fes FES proto-oncogene, tyrosine kinase 

10759717 4.71732 4.87454 5.025594 5.496802 5.455825 5.154257 4.9264 1.85E-06 7.12E-05 RGD1563425 similar to FLJ35784 protein 

10796149 6.714833 6.513881 7.191897 7.336861 7.425694 7.708491 6.826762 1.87E-06 7.15E-05 Pfkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

10832808 8.254117 8.491193 8.62235 8.939949 9.401102 9.336207 8.971344 1.93E-06 7.35E-05 Jmjd1c jumonji domain containing 1C 

10880960 6.009031 6.136208 6.619379 6.806574 6.466606 7.055802 6.339518 2.01E-06 7.58E-05 Padi4 peptidyl arginine deiminase, type IV 

10801973 9.698261 9.306217 8.731843 8.175439 8.243909 8.163472 8.823804 2.02E-06 7.61E-05 RGD1309362 similar to interferon-inducible GTPase 

10812216 9.992628 10.05835 10.17504 10.71155 10.62908 10.9172 10.41082 2.07E-06 7.80E-05 Glrx glutaredoxin (thioltransferase) 

10862867 6.514709 7.031301 7.513291 7.896343 7.750282 7.796 6.796376 2.11E-06 7.92E-05 Gadd45a growth arrest and DNA-damage-inducible, alpha 

10828229 5.045204 5.13177 5.269385 5.421999 5.51975 5.508336 5.017986 2.21E-06 8.25E-05 
C4b; C4a; 
LOC103689965 

complement component 4B (Chido blood group); 

complement component 4A (Rodgers blood group); 
complement C4-like 

10753861 10.84722 11.2814 11.53838 11.81141 11.37269 10.97024 10.88613 2.21E-06 8.25E-05 Retnlg resistin-like gamma 

10728240 7.635907 7.839133 7.87758 8.31505 8.579787 9.085273 8.293283 2.32E-06 8.59E-05 Prdx5 peroxiredoxin 5 

10832829 10.82821 10.82674 10.95864 11.20863 11.37172 11.4639 10.92299 2.41E-06 8.82E-05 Jmjd1c jumonji domain containing 1C 

10765195 5.314362 5.433257 5.660058 6.082773 6.29079 6.483471 5.494329 2.42E-06 8.84E-05 Selp selectin P 

10853819 3.774908 3.893893 3.816426 4.358294 4.495693 4.485271 3.961585 2.46E-06 8.97E-05 Met MET proto-oncogene, receptor tyrosine kinase 

10891352 8.914411 8.893532 9.368407 9.758947 9.964348 9.799432 9.333818 2.54E-06 9.21E-05 Sptlc2 serine palmitoyltransferase, long chain base subunit 2 

10927612 7.33595 6.772545 6.995107 6.253594 6.378101 6.241049 6.740041 2.62E-06 9.46E-05 Tbc1d8 TBC1 domain family, member 8 

10794242 7.40491 7.060791 8.014809 7.891988 7.817636 8.41538 7.243376 2.64E-06 9.46E-05 Sema4d 

sema domain, immunoglobulin domain (Ig), 

transmembrane domain (TM) and short cytoplasmic 
domain, (semaphorin) 4D 

10901409 6.748385 6.601619 6.616055 7.136774 7.569607 8.112523 6.834543 2.65E-06 9.46E-05 Chst11 carbohydrate (chondroitin 4) sulfotransferase 11 
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10800814 7.614834 7.55687 7.578395 7.034618 7.12141 6.928413 7.322069 2.65E-06 9.46E-05 Camk4 calcium/calmodulin-dependent protein kinase IV 

10835355 5.639981 6.015014 7.051853 7.417062 6.901283 6.827078 6.287507 2.69E-06 9.54E-05 Ass1 argininosuccinate synthase 1 

10818594 7.66808 7.242687 7.97655 7.965632 8.491707 8.784019 7.84132 2.95E-06 0.000104 Dbt dihydrolipoamide branched chain transacylase E2 

10756154 6.654536 5.948464 5.128645 4.940776 4.823954 5.564361 6.390927 2.99E-06 0.000105 Cd209e CD209e molecule 

10701830 7.999074 7.732726 7.563629 6.747508 7.169477 7.116982 7.666943 3.11E-06 0.000109 Hivep2 
human immunodeficiency virus type I enhancer binding 
protein 2 

10802621 6.666259 6.716984 7.077712 7.069435 7.190565 7.097133 6.517342 3.19E-06 0.00011 Mbd1 methyl-CpG binding domain protein 1 

10855062 7.93448 8.111549 8.671465 8.727518 8.451984 8.63711 7.897642 3.29E-06 0.000113 Zyx zyxin 

10763547 7.68574 7.319076 7.956523 8.131697 8.280079 8.562877 7.806325 3.30E-06 0.000114 Tmem185b transmembrane protein 185B 

10871521 6.403233 6.324007 6.711316 7.036944 7.145777 7.48461 6.709537 3.31E-06 0.000114 Slc2a1 
solute carrier family 2 (facilitated glucose transporter), 
member 1 

10707418 6.677406 6.577211 6.432983 7.057084 7.384952 6.870836 6.870234 3.32E-06 0.000114 Cyfip1 cytoplasmic FMR1 interacting protein 1 

10784412 4.24112 4.429238 4.654959 5.022814 4.849238 4.586127 4.346963 3.35E-06 0.000115 LOC102554746 uncharacterized LOC102554746 

10809524 7.457704 7.525905 8.087852 8.783475 8.699998 8.617869 7.836843 3.43E-06 0.000117 Lpcat2 lysophosphatidylcholine acyltransferase 2 

10825153 9.76766 9.800086 10.16448 10.55838 10.63233 10.66902 10.15889 3.50E-06 0.000119 Fcgr1a Fc fragment of IgG, high affinity Ia, receptor (CD64) 

10858702 6.163104 6.096121 6.291012 6.720403 6.745475 7.112922 6.316302 3.53E-06 0.00012 Spsb2 
splA/ryanodine receptor domain and SOCS box 

containing 2 

10862283 5.30222 5.371722 5.388272 5.744063 6.015714 6.478316 5.406807 3.54E-06 0.00012 Olr802 olfactory receptor 802 

10804486 7.659378 7.565787 8.228745 8.463606 8.740072 8.626568 7.875423 3.72E-06 0.000125 Cep120 centrosomal protein 120 

10862262 5.530112 5.594463 5.967298 6.167198 6.12402 6.297135 5.624874 3.73E-06 0.000125 Epha1 Eph receptor A1 

10727067 8.40574 8.205246 8.050823 7.457947 7.460478 7.335798 8.1242 3.89E-06 0.000129 Nap1l4 nucleosome assembly protein 1-like 4 

10802603 7.321021 7.276006 7.913298 7.867972 7.846088 7.953759 7.100703 3.91E-06 0.000129 Cxxc1 CXXC finger protein 1 

10716303 7.276488 7.318148 8.165285 8.017558 7.883187 8.355239 7.386277 3.92E-06 0.000129 Fam160b1 family with sequence similarity 160, member B1 

10740018 8.670506 8.379707 8.421838 8.025102 7.818812 7.703546 7.673148 3.92E-06 0.000129 Rnf213 ring finger protein 213 

10906169 7.715911 7.078772 7.045313 6.142875 6.330378 6.947774 6.987439 4.07E-06 0.000134 Plxnb2; Mir349 plexin B2; microRNA 349 

10739913 6.126585 6.192782 6.45978 6.998116 6.926015 6.831423 6.099247 4.08E-06 0.000134     

10815636 10.90817 10.81625 10.59524 10.36596 10.40188 10.3776 10.83601 4.25E-06 0.000139 Mbnl1 muscleblind-like splicing regulator 1 

10787889 7.685194 7.366578 6.768943 6.580103 6.603673 6.077764 6.908192 4.34E-06 0.000141 Ddx60 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 

10762747 8.31267 8.241575 8.673928 8.796615 8.60924 8.327829 7.460519 4.36E-06 0.000142 Oasl2 2-5 oligoadenylate synthetase-like 2 

10897419 7.63794 7.57721 8.461782 8.498939 8.262545 9.184786 8.017031 4.61E-06 0.000149 Ncf4 neutrophil cytosolic factor 4 

10773961 7.383616 7.534192 7.558332 8.069622 8.510473 8.049431 7.573365 4.63E-06 0.000149 Xbp1 X-box binding protein 1 

10892409 9.192098 9.04825 9.149768 8.526954 8.647496 8.648026 8.959636 4.69E-06 0.000151 
Lrp3; 
LOC314492; 

Ighg 

low density lipoprotein receptor-related protein 3; 
immunoglobulin heavy chain variable region; 

Immunoglobulin heavy chain (gamma polypeptide) 

10773973 5.170465 5.166071 5.478522 5.796981 5.867665 5.687187 5.31969 4.87E-06 0.000155 Ankrd36 ankyrin repeat domain 36 

10923595 8.877985 8.505587 8.956973 9.184652 9.481093 9.36723 8.890788 4.94E-06 0.000157 Casp8 caspase 8 

10791579 8.815169 8.768397 8.440558 7.625237 7.928057 7.794643 8.718524 5.00E-06 0.000158 Aga aspartylglucosaminidase 

10894616 6.277298 6.367702 6.660384 7.53057 8.31672 8.172514 6.575168 5.11E-06 0.000161     
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10764079 6.182273 6.264203 6.430224 6.757496 6.851948 6.697367 6.34386 5.12E-06 0.000161 Mybph myosin binding protein H 

10909918 6.94724 6.561137 6.60191 6.08245 5.898161 6.029585 6.508377 5.66E-06 0.000175 Ppp2r1b protein phosphatase 2, regulatory subunit A, beta 

10778327 8.355693 7.779981 8.016227 7.182943 7.061584 7.125036 7.807764 5.68E-06 0.000175 Myo1g myosin IG 

10845470 7.548474 7.483766 8.195648 8.363242 8.549576 8.544785 7.98029 6.36E-06 0.000193 Baz2b bromodomain adjacent to zinc finger domain, 2B 

10791987 5.464905 5.450793 5.66357 5.830739 5.855761 5.927557 5.417282 6.48E-06 0.000196     

10768814 6.700082 6.796277 6.70654 7.141197 7.490892 7.277486 7.137006 6.65E-06 0.0002 Ier5 immediate early response 5 

10912640 6.898242 6.844825 6.561019 6.437355 6.067365 6.330585 6.755922 7.23E-06 0.000214 Topbp1 topoisomerase (DNA) II binding protein 1 

10854239 4.374515 4.573865 4.677432 5.369483 5.324277 5.292514 5.012589 7.28E-06 0.000215 Strip2 striatin interacting protein 2 

10710051 9.153703 9.188616 9.350955 10.30768 10.1865 9.940831 9.727881 7.48E-06 0.00022 Far1 fatty acyl CoA reductase 1 

10903400 8.461167 8.283313 8.606149 8.771955 9.099178 9.123137 8.749237 7.56E-06 0.000221 Ubr5 ubiquitin protein ligase E3 component n-recognin 5 

10801734 9.441251 9.157409 8.708357 8.30164 8.587764 8.612258 9.196145 7.80E-06 0.000228 Snx2 sorting nexin 2 

10751931 8.356146 8.11106 8.830076 8.64669 8.819649 9.704874 8.426473 7.89E-06 0.000229 Bcl6 B-cell CLL/lymphoma 6 

10934635 9.937864 9.599105 8.654147 8.087837 8.234883 8.05814 9.853019 7.91E-06 0.00023 P2ry10 purinergic receptor P2Y, G-protein coupled, 10 

10798952 7.415208 7.373066 7.513943 7.871132 8.083181 8.208189 7.49117 8.04E-06 0.000233 Ccny cyclin Y 

10842707 5.726408 5.847324 6.136555 6.359302 6.419282 6.394396 5.9186 8.12E-06 0.000235 Fam217b family with sequence similarity 217, member B 

10881671 7.653481 7.744535 8.339623 8.372635 8.23954 8.653938 7.789727 8.51E-06 0.000244 Pgd; Kif1b 
phosphogluconate dehydrogenase; kinesin family 
member 1B 

10768697 9.418309 8.891477 8.608517 8.215439 8.691448 8.569695 9.158349 9.12E-06 0.000259 Dhx9 DEAH (Asp-Glu-Ala-His) box helicase 9 

10815857 5.239798 5.44214 5.486126 5.650652 5.767371 6.020607 5.419149 9.22E-06 0.000262 Schip1 schwannomin interacting protein 1 

10783964 7.147278 6.616202 7.435635 7.613508 7.678566 8.130508 6.832915 9.55E-06 0.00027 Ripk3 receptor-interacting serine-threonine kinase 3 

10767723 7.364275 6.822328 7.09188 6.4476 6.090677 6.110619 6.634708 1.00E-05 0.000281 Atp2b4 ATPase, Ca++ transporting, plasma membrane 4 

10762740 7.55042 7.440189 8.362559 8.211883 8.063825 8.198919 7.017248 1.02E-05 0.000283 Oasl 2-5-oligoadenylate synthetase-like 

10733750 8.57399 8.365188 8.469974 7.834188 8.047708 7.969762 8.038113 1.04E-05 0.00029 Larp1 La ribonucleoprotein domain family, member 1 

10882317 8.682753 8.970205 9.600807 9.311847 9.575284 9.539217 8.150645 1.09E-05 0.000301 Isg15 ISG15 ubiquitin-like modifier 
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4.4.9.4 Differences between Stroke, Sham1 and Sham2 

For this analysis, the aim was to determine whether gene expression within the experimental 

cohorts (Stroke, Sham1 and Sham2) differed from each other at any experimental time point. 

Three approaches were used to evaluate this possibility.  

The first analysis took the global approach of asking whether the groups differed at all across the 

entire experiment, with the exception of the Vpre time point (where all groups have already been 

shown to be identical). Because all 46 arrays (15 Stroke, 12 Sham1 and 19 Sham2) will contribute 

to the analysis, this has the potential to provide the greatest power (Table 23).  

Table 23 Number of samples used for pairwise comparison between 

treatment (including all time points except Vpre) 

Comparison         Group 1 Group 2 Count 1 Count 2 

Sham-1 vs Sham-2 Sham-1         Sham-2 12 19 

Sham-1 vs Stroke Sham-1 Stroke 12 15 

Sham-2 vs Stroke Sham-2 Stroke 19 15 

 

However, since it is possible that gene expression changes might be restricted to specific time 

points within experiment, the different time subsets of the data were also examined. 

Unfortunately, because of the data clean up needed to remove the poorly processed gene arrays, 

power at each time point is necessarily restricted. Therefore, to try to compensate for this lack of 

power at individual time points, the relationships between time époques revealed by the PCA 

plot to "bin" groups of similar data were used. 

At the P<5x10-7 level, despite the strong temporal signal, this analysis found no overall 

differences between the Stroke, Sham1 and Sham2 treatment cohorts. 
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Reducing the statistical threshold to P<0.05 identified a number of candidate genes (1024) with 

small differences of mean expression but none passed the very low FDR F-test threshold of 

P<0.05 set for this analysis. Plotting the signal intensities of the top 5 did not suggest any are 

likely to help distinguish between the shams and stroke (Figure 69). 

 

 

Figure 69 Expression of the 5 most differentially expressed genes 

between Stroke, Sham1 and Sham 2 across the entire experiment 

irrespective of time.  

Each single dot represents a sample analysed. 
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However, the 6th gene, Tryptophan hydroxylase 2 (Tph2), appeared to have a greater variance in 

the stroke group than either of the other cohorts and suggested the possibility that there might 

be genes that are differentially expressed at some but not all time époques. 

 

Figure 70 Variance of Tph2 expression across time points by treatment 

groups.  

Each single dot represents a sample analysed. 

To look for this possibility, the list of the 1000 temporally most changed genes from the Pilot 

experiment was used to independently select genes to examine in this sham experiment. These 

were then checked manually by using the TAC software to highlight (with a pink circle) data 

from Stroke or Sham arrays.  

For none of these 1000 genes was there any evidence that the data for Sham-1 and Sham-2 

combined (circled in pink) showed any expression pattern different from that of the Stroke 

arrays.  
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However, there was evidence that for a number of genes (examples of IL1R2, Il1rap, Il22ra2, 

Prok2 and Steap4 are shown below in Figure 71), expression change in the stroke cohort 

persisted at 24hrs but not in Sham-2 for which data predominated at this time.  

 

 

Figure 71 Expression levels over time of IL1R2, Il1rap, Il22ra2, Prok2 

and Steap4 where Sham-1 and Sham-2 samples are circled in pink.  

Each dot represents a sample analysed. 
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When only the Sham-1 group was examined, there was some suggestion that whilst the overall 

pattern of expression might not have changed, for a proportion of genes, the level of change 

from baseline (V0) was diminished. The best examples were expression of MMP9, 

uncharacterized LOC102557368, and Fkbp5, as represented in Figure 72. While this suggests 

that stroke and Sham-2 might induce a slightly greater response than Sham-1, this was not 

investigated further because there was insufficient data available to determine whether the 

groups might be separated statistically. 

 

 

Figure 72 Expression levels over time of MMP9, uncharacterized 

LOC102557368, and Fkbp5 where Sham-1 samples are circled in pink. 

Each dot represents a sample analysed.   

 
As a final check to determine whether genes which showed temporal change after stroke might 

have counterparts that did not change after either Sham procedure (as suggested above by the 

expression profile of Tryptophan hydroxylase), the data from the experiment was sorted to 

identify those genes where the standard deviation in the Stroke cohort was large and that in the 

two Sham groups was small. For this purpose, the entire experimental expression profile was 

exported to MS Excel where the difference (delta) between the Standard Deviation for each 

gene's expression values from Stroke animals and the equivalent value for Sham animals (Sham 1 

and Sham 2 calculated independently) was calculated. This delta was then used to rank the genes 
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so that Stroke genes with high Standard Deviation (indicating the possibility of changed 

expression with time) but low Standard Deviation for expression in the Shams (indicating no 

change with time) to create a gene list that could be parsed against the entire expression profile. 

Animals from the stroke cohort were then identified by placing a pink ring around their data 

points and the data plotted against time. This analysis did not reveal any genes where the stroke 

animals showed either a consistently higher or lower pattern of expression with time. This 

suggests that the reason for the difference in distribution observed for tryptophan hydroxylase 

reflected analytic noise rather than differences between cohorts. Examples of 4 of the patterns 

obtained for the Stroke-Sham1 and Stroke-Sham2 comparisons are shown below (Figure 73). 

These 4 genes/transcripts were at the top of both lists. 
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Figure 73 Expression levels over time for the top 4 genes selected for 

high variance in the stroke cohort but low variance in the Sham cohorts. 

Stroke samples are circled in pink.  

Each dot represents a sample analysed.   
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The same gene list approach was used to examine the expression profiles of the 319 genes 

identified as not changing between Vpre and V0 but subsequently showing temporal change. 

None had a distinctly different pattern in the stroked animals (circled). Examples of 4 of them 

are illustrated below (Figure 74).  

 

Figure 74 Expression levels over time of Cxcr2, Il22r2a, Ppp1r3b, Steap4 

where Stroke samples are circled in pink.  

Each dot represents a sample analysed.   
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Finally, the Sham-1 and Sham-2 data were grouped and the Vpre data not present in the Pilot 

was excluded and the analysis re-run so that the Top temporally expressed genes from both 

experiments could be compared. Of the 36 genes in the Shams that reached the P=5x10-7 cut 

off used for the original pilot experiment, all were also present in the Pilot Top1000 genes and 

showed very similar expression profiles. Examples of the top 5 from each are shown below in 

pairs (Figure 75). 
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Figure 75 Expression levels over time of the top5 of time responsive genes to the Pilot and the 

combined Sham1 and Sham 2 data.  

Each dot represents a sample analysed.   
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4.5 Discussion  

In addition to randomisation and blinding to eliminate bias (Crossley, Sena et al. 2008), 

translation from preclinical to clinical research also requires careful use of controls to be able to 

isolate the influence of experimental variables not present in the clinical situation.  

When testing an animal model of disease that requires surgical intervention not present in the 

human disease, sham surgery serves as an important control. A sham control is used to mimic a 

procedure or treatment without the actual use of the procedure or test substance (Johnson and 

Besselsen 2002). In surgical studies, sham controls are expected to be treated in the same way as 

the tested animals but without the final surgical treatment (Festing and Altman 2002).  

The aim of the sham surgery is to be able to isolate the specific effects of the treatment as 

opposed to the incidental effects caused by anaesthesia, the surgery related stress and other 

potential pre- and postoperative cares. The sham surgery acts in the same way as a placebo drug 

in a clinical trial. The ideal sham surgery would have exactly the same characteristics as the full 

surgery and would be objectively without specific effect or activity on the condition being 

studied. 

The choice of sham model to control for a specific condition can be difficult. A complete 

blinding or a perfect match is not always possible depending on the characteristics of the 

investigated condition.  

In this experiment, two different types of sham surgery were investigated.  

Sham1 surgery (surgery procedure stopped after the dissection required to reveal the carotid 

bifurcation with no ligature, cauterization or thread used, 4.3.2.2, page 109) was preferred to 

untouched animals to account simultaneously for the effects of the surgery stress and the 

anaesthesia. Sham1 surgery also had the advantage over untouched controls that blinding for 

behaviour assessment remained possible. Indeed, as the animals had the same surgery incision as 

the stroke and Sham2 animals, their appearance (with a neck suture) was not differentiable for 

the animals from the other groups.  

Sham1 surgery as describe previously is a commonly used sham for ischaemic stroke using the 

intraluminal MCA occlusion model (Tang, Lu et al. 2001).  

Sham2 surgery (see description in 4.3.2.3, page 110), a less usual of choice of sham, was used to 

ensure the stroke specificity of the biomarkers identified from the animals in the stroke surgery 

group. Indeed, Sham2 surgery allowed identification of changes associated with ischaemia 

secondary to the surgical steps required for the complete isolation of the ICA and the creation of 

the ECA stump. These steps included cauterisation and ligatures of different ECA and ICA 

https://en.wikipedia.org/wiki/Anesthesia
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branches that are known to be responsible for a certain degree of tissue and muscle ischaemia 

(Dittmar, Spruss et al. 2003, Dittmar, Vatankhah et al. 2005). As blood flow of the CCA and the 

ICA were not interrupted at any time, Sham2 surgery was not supposed to induce any cerebral 

ischaemia.  

In planning this study, our first challenge was to ensure that all animals were exposed to the 

effects of anaesthesia for the same length of time. As the Sham surgeries required fewer surgical 

steps, approximate delays were estimated (based on previous experience) for each Sham surgery 

to account for the time required in the stroke group to insert the thread and block the MCA. 

Our results and the absence of a significant difference of anaesthesia length between groups 

showed that our estimations were appropriate.  

In this experiment, the surgery type was shown to have a significant impact on weight loss at 24 

hours after surgery. Difference of weight loss between groups cannot be attributed to the length 

of the surgery as the anaesthesia length was similar in all 3 groups. A more plausible explanation 

is that the weight loss was due to the ischaemia resulting from cauterisation of the ECA 

branches. Indeed, the surgical steps required to create the ECA stump lead to ischaemia of the 

mastication and neck muscles, as well as the tongue and the salivary glands and therefore 

interfere with the normal oral uptake and feeding habits of the animals (Dittmar, Spruss et al. 

2003, Dittmar, Vatankhah et al. 2005, Trueman, Harrison et al. 2011).   

Animals from the Sham1 were not supposed to experience any degree of ischaemia (either 

cerebral or facial) but still showed a certain degree of weight loss the day after surgery. Weight 

loss after sham surgery is commonly noted in stroke studies (Takamatsu, Tatsumi et al. 2002, 

Trueman, Harrison et al. 2011). The reason for post-surgical weight loss is unclear as it not 

reported to be associated with dehydration or post-operative stress (Virtanen, Jolkkonen et al. 

2003) but might be related to the impact of the anaesthesia on animal health.  

A significant correlation between infarct volume and weight loss was also identified when 

animals from all 3 surgery groups were included in the analysis. This correlation was not more 

evident when only stroke animals were considered. Therefore, while stroke surgery is responsible 

for this weight loss, more experiments are needed to determine whether the degree of brain 

damage, or regions enrolled, determine the extent of weight loss.  

The behaviour assessment analysis revealed a significant correlation between infarct volume and 

behaviour score assessed 2 hours after MCAo. This correlation was not considered as genuine as 

it had a negative value (infarct volume increasing associated with a decreasing total behaviour 
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score). All the other time points did not show any significant correlation. Therefore, total 

behaviour score at any time point after stroke appeared not to be a good indicator of infarct 

volume after MCAo surgery. However, our animal numbers per group are small and probably 

leave this analysis underpowered. In addition to this concern, it has been shown in previous 

experiments including a larger number (n=85-118) of animals (and specifically studying 

behaviour components after MCAo) that the strongest and most significant correlation between 

total behavioural deficit and infarct volume was found at 24 hours (Rewell 2014).  

During this experiment, issues pertaining to collecting tail vein samples just before MCA 

occlusion were identified. Indeed, such collection was not possible in 50% of the cases. In 

addition to the difficulty of drawing this sample, the quality (when expressed in terms of blood 

weight collected) of these samples was impaired in comparison to the other sampling time 

points.  

Drawing blood from the ECA stump cannot be considered as a long term substitute to the tail 

vein collection as to date it has not been demonstrated that biomarker concentrations are similar 

when collected at the same time point from the general or the peripheral circulation. Moreover, 

access to the ECA stump is not possible in all surgery groups.    

As the rat’s body temperature was controlled and maintained at 37ºC throughout the surgery 

phase, anaesthesia was thought to be the responsible factor. This raised a major concern for 

subsequent experiments as anaesthesia time could be prolonged far up to 130 minutes after 

occlusion (and therefore would include 2 additional blood samples). In addition to the extended 

period of anaesthesia, experiments planned for the future will also include hypothermia with 

reduction of body temperature to 33C. As the tail vein is used by the rat as a thermoregulatory 

organ (Raman, Roberts et al. 1983, Vanhoutte, Verhoye et al. 2002) and will be highly constricted 

at a low temperature, hypothermia might also restrict blood collection from the tail vein. 

High throughput experiments such as gene array experiments generate data consisting from 

thousands to millions of variables. This poses many challenges for the investigators who have to 

analyse them. Due to the size of the data matrices, it is virtually impossible to detect most of the 

problems just by visual inspection. Quality control is therefore essential to determine if the 

produced data can be considered as reliable.  

We became aware of issues of quality of the data set generated by this Sham experiment early on 

during the analysis. Comparison with the quality of the data from the Pilot, performed by a 

similar team and using the same facilities, was the first red flag. Evidence of a much wider range 
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of signal strengths than in the Pilot, failure of the bacterial spike labelling control and of the 3’ 

hybridisation controls to pass to AFFY internal quality control forced us to carefully consider 

the reliability of our dataset.   

As this had been a time consuming and expensive experiment to perform, we analysed every step 

of our data analysis, excluding samples when it appeared to be justified to salvage quality data. 

As one of the main steps of quality control, image inspection was performed to detect 

irregularities such as scratches, bubbles or abnormal signal distribution. In this experiment, 3 

CEL files were excluded due to abnormal overall distribution patterns. Signal box plots were 

inspected to detect abnormalities such as excessive heterogeneity as was the case in this data set. 

Another tool for quality control consisted of fitting a linear model to the signal from control 

probes. For arrays with problems, the signal clearly deviated from the majority, this was the case 

for 4 outlier samples, which were excluded (Figure 31). Two other samples were also identified 

to follow very different labelling trends and were therefore also excluded from further analysis 

(Figure 32). 

Soon after the start of the formal analysis, we were confronted with a new issue while creating 

volcano plots for a sub analysis of the stroke group only (Figure 47). 

Volcano plots are commonly used in microarray experiments to allow identification of the most 

promising candidates by combining biological impact (expressed by the size of the fold change) 

and statistical evidence (p-value chosen for the statistical significance level). 

Volcano plots were constructed by time point using the samples of the stroke group only and the 

distribution of data seen in these volcano plots suggested that something was clearly incorrect 

with the running of the AFFY chips. It was therefore decided to redefine inclusion/exclusion 

criteria to select which CEL files to include in the analysis because we decided the chances being 

led astray were high if the totality of the CEL files were used as intended, even if this would 

create gaps in the data by losing samples. Inclusion/exclusion criteria were set by comparing the 

distribution of the data in the Signal Box Plots with the Pilot one. Samples included were those 

with a Log2 signal include in the 5.4 to 9.0 range and samples with a too narrow distribution (less 

than 1Log2) were excluded (Figure 48, Figure 49, Figure 50).  

Normalisation, whose goal is to eliminate differences between samples that originate from 

technical aspects of the microarray handling, was performed on the cleaned data set. 

Normalisation ensures that differences in intensities are indeed due to differential expression and 

not experimental artefacts such as dye absorption bias or spatial heterogeneity in the chip.  
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For these reasons, all discussed results are obtained from the cleaned data set (from 4.4.9.3). 

No differential gene expression was identified between treatment groups in Vpre samples. This 

result was expected as Vpre was collected before initiation of any of the three surgical 

procedures and even before initiation of anaesthesia. While expected, this result is important in 

confirming that all animals started the experiment with the same gene expression pattern.  

Absence of difference at this point of the experiment also allows us to confirm than despite the 

exclusion of some CEL files, the gene array data generated was still of good quality. 

By comparing the gene expression between Vpre and Vo, the aim was the detect any differences 

between the treatment groups before major differences in the surgical procedures. Interventions 

occurring between this time interval included induction of anaesthesia, maintainance of 

anaesthesia (Isoflurane, 5% induction, 1-2% maintenance in the presence of atropine), blunt 

dissection of tissues and, in Sham 2 and stroke groups, vessel ligation to creature the CCE stump 

(as described in 4.3.2).  

The first methods used to analyse the difference between Vpre and Vo (P<5E-07) only 

identified one known gene and 3 transcripts. With a less stringent threshold of significance (P 

value <1x10-4 and FDR p-value <7x10-4), 82 genes/transcripts were identified as differentially 

expressed across treatment groups between the two time points.  

Since the Vpre bloods were collected before initiation of surgery and the T0 samples were 

collected after anaesthesia before major surgery differences, these differentially expressed genes 

could be rapidly induced/suppressed genes and could have been associated with the stresses of 

handling and/or onset of anaesthesia. This hypothesis is unlikely to be correct as first handling 

has been shown to make no difference between groups according to the absence of 

genes/transcripts that distinguished the Stroke, Sham1 or Sham2 treatment groups at Vpre. 

Secondly, duration of anaesthesia has been shown to be similar in the 3 treatments groups (4.4.2) 

and therefore could not be considered as a cause for differential gene expression between Vpre 

and V0 across the groups. 

Alternatively, gene expression might be explained by a degree of non-brain ischemia. Indeed, in 

the Sham2 and Stroke groups, due to the characteristics of the MCAo surgical procedures, in the 

time window between Vpre and Vo, the superior thyroid, occipital and pterygopalatine arteries 

(PPA) were either cauterized or ligated. In animal models, ligation of the PPA is well known to 

induce ischemic damage in the retina. MCAo is a model used to study retina the pathogenesis of 
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retinal cell death in retinal ischemia (Ogishima, Nakamura et al. 2011). MRI and histological signs 

of ischemic tissue damages temporal, lingual, and pharyngeal musculature have also been 

demonstrated in association with the MCAo procedure (Dittmar, Spruss et al. 2003, Dittmar, 

Vatankhah et al. 2005). However, no difference has been identified with the Sham1 group. As 

change of gene expression requires time, markers of local ischemia might not have appeared yet 

at V0.  

The top20 of the list of gene differentially expressed between Vpre and Vo was examined further 

and a link with either stress response or stroke was specifically researched.   

The highest ranked of differentially expressed genes between Vpre and V0, FK506 binding 

protein 5 illustrates the likelihood that some of these are stress responsive genes particularly well, 

with known involvement in mineralocorticoid receptor and glucocorticoid receptor mediated 

early life stress responses, fear conditioning, forced swim stress, response to predator odour and 

responses to exposure to chronic mild stress (Galigniana, Ballmer et al. 2012, Zannas, 

Wiechmann et al. 2016, Wang, Shelton et al. 2018). 

The second gene in the rank order, miR-290, has generally been viewed as regulating 

pluripotency in embryonic stem cells (Luningschror, Stocker et al. 2012) but it has recently been 

reported to also regulate senescence in differentiated cells (Pitto, Rizzo et al. 2009) which might 

be its role here in the circulation. Other stroke researchers have previously suggested it might 

have a role as a stroke biomarker on the basis of elevated blood expression after MCAo in 

Sprague-Dawley rats (Jeyaseelan, Lim et al. 2008) but clearly this cannot be the case since 

expression is detected here before MCAo has been induced. 

Like Fkbp5, the third and fourth genes in the list, B3gnt5 and IL1R2 are also glucocorticoid 

regulated genes while the fifth, Hemgn regulates the stress induced proliferation and 

differentiation of hematopoietic cells (Re, Muzio et al. 1994, Li, Zhan et al. 2004, Jubb, Boyle et 

al. 2017). 

The inflammatory cytokine interleukin-1 (IL-1) is a proinflammatory cytokine implicated in 

multiple neurodegenerative diseases, including stroke. It is known to have profound actions in 

the brain, causing neuronal cell death and exacerbating brain damage. For its type 1 receptor 

(IL1R1), it has been shown that inhibition by administration of recombinant human IL-1Ra 

greatly reduces (up to 60%)  infarct volume and improves functional outcome after MCAO in 

rodents (Lazovic, Basu et al. 2005, Ramiro, Simats et al. 2018). Nevertheless, it appeared that in 



 

   221 

 

mice, IL-1 influences ischemic brain damage independently of the IL1R1 suggesting the 

existence of additional signalling receptor or receptors for IL-1 in the brain (Touzani, Boutin et 

al. 2002). Less studied than IL1R1, IL1R2 which acts as negative regulator of the IL1 system and 

has a plausible mechanism of neuroprotective action through blockage of this pathway (Molgora, 

Supino et al. 2018). Therefore, while most of the information known about IL1R2 is related to 

stroke, in our dataset it appears at a time point when no brain ischemia is involved. 

Progressing down the 82 differentially expressed genes identified in the Vpre-V0 comparison, 

tropomyosin, a protein of the cytoskeleton, has been shown to be down regulated 4h after focal 

photothrombotic ischemia in the rat cerebral cortex, indicating tissue destruction (Demyanenko 

and Uzdensky 2017). The association, in regards to the timing of identifying tropomyosin as a 

differentially expressed gene in our dataset, seems mostly due to tissue destruction from to the 

surgery steps required to visualize the bifurcation from the CCA, CCI and CCE and to any brain 

ischemia 

Nuclear Factor of Activated T Cells 3 (NFATc3) product is a member of the nuclear factors of 

activated T cells DNA-binding transcription complex. It has been shown to regulate vascular 

smooth muscle cell contractility. Specifically, NFATc3 increases vasoconstrictor reactivity in 

aorta and mesenteric arteries and also cerebral artery contractility (Friedman, Nitta et al. 2014). 

The expression of Cyclin G2 (CCNG2) and WEE1, both known as cell cycle inhibitors, were 

reported as downregulated in mesenchymal stem cells in serum obtained from patients after 

stroke (Moon, Cho et al. 2018).  

SAM and HD Domain Containing Deoxynucleoside Triphosphate Triphosphohydrolase 1 

(SAMHD1) is thought to play a role in the regulation of the innate immune response and may 

also be associated with stroke in the general population. Indeed, in addition to the cerebral 

vasculopathy and early onset of stroke commonly found in Aicardi–Goutières syndrome 

associated with SAMHD1 mutations of Old Order Amish ancestry, Li et al. showed that 

heterozygous SAMHD1 gene mutations might cause genetic predispositions that interact with 

other risk factors, resulting in increased vulnerability to stroke (Li, Xin et al. 2015, Schmidt, 

Schenkova et al. 2015). This suggests a particular role for SAMHD1 in blood vessel integrity and 

homeostasis (du Moulin, Nurnberg et al. 2011).  
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T-cell lymphoma invasion and metastasis 2 (Tiam2) is a neuron-specific protein that has been 

found overexpressed in hepatocellular carcinoma (Yen, Ke et al. 2016). No link between Tiam 2 

and stroke nor with stress responses have been reported. 

Regulator of G-protein Signaling (RGS)1 and RGS10 proteins have been identified with 

important roles in inflammatory and neurodegenerative diseases and are reported to have 

therapeutic potential in Parkinson’s disease and multiple sclerosis. It is though that an increase in 

RGS activity, especially RGS10, would be beneficial in Parkinson’s disease associated 

neuroinflammation but detrimental in the treatment of multiple sclerosis (Lee and Bou Dagher 

2016).   

Immunoglobulin heavy constant delta (IGHD), is a component of all immunoglobulins involved 

in the immune response. No specific link with stroke or stress response has been identified but 

IGHD was already present in the top20 of the most time dependent genes of the Pilot 

experiment. 

Endophilin-B1, also known as Bax-interacting factor 1 (Bif-1, and encoded by SH3GLB1), is a 

multifunctional protein involved in apoptosis, autophagy and mitochondrial function. A 

neuroprotective role for neuron-specific alternatively spliced isoforms of endophilin-B1 has 

recently been describe and it has been reported that expression of neuroprotective endophilin-B1 

isoforms (endophilin-B1b/c) was selectively decreased in a mouse model of Alzheimer’s disease, 

and that loss of endophilin-B1 exacerbated amyloid pathology, tau hyperphosphorylation, 

astrogliosis, neuronal vulnerability to stress, cognitive decline and mortality (Wang, Shelton et al. 

2018). 

Myocyte Enhancer Factor 2C (MEF2C), is reported to be involved in inflammatory processes, is 

highly expressed in brain regions related to learning and memory, such as the frontal cortex, 

entorhinal cortex, dentate gyrus, and amygdala and has been reported to be lower in Alzheimer 

patients than in controls (Sao, Yoshino et al. 2018). 

MS4A12, a member of the MS4A (membrane Spanning 4-Domains A) family, including at least 

16 paralogues, is a store operated calcium channel and has been recently identify as a novel 

genetic-associated Alzheimer’s disease risk factors in excitotoxicity (Ong, Tanaka et al. 2013). 

DUSP5, related to the regulation of the cell structure, stress response, and cell proliferationin, is 

upregulated by oxidative stress response caused by triethylene glycol dimethacrylate, a monomer 

of dental resin materials that causes specific stress responses in eukaryotic cells (Schweikl, Hiller 
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et al. 2008). The administration of EPO, considered by some as neuroprotective, has been 

shown to up regulate the expression of DUSP5 (already increased by ischemia) in MCAo rats 

(Mengozzi, Cervellini et al. 2012). 

For the other member of the top20, no published link was found either with stroke or stress 

response. 

This raises possibilities that all we know about the stroke inflammation pathway is indeed 

contaminated by stress and surgery processes and the community will have to revise specifically 

their knowledge about the stroke inflammatory phenomenon. Better models of stroke are 

therefore needed to remove these interactions.  

In each experimental group (Pilot experiment and Sham experiment), it was clear that different 

pathways were recruited at different times during the experiments and that there were common 

themes across the experiments. Firstly, B-cell receptor signalling pathways where amongst the 

most changed in all experiments, with matrix metalloproteases and MAPK signalling pathways 

also amongst the most changed. Many of the other significantly changed pathways related to 

other aspects of immune function. Consistent with the determination made during quality 

control assessment of the Sham experiment, there was a bias towards detection of genes with 

reduced rather than increased expression. 

The first aim of this experiment was to confirm the temporal changes of gene expression 

occurring in the acute phase of stroke identified in the Pilot. 

With a stringent statistical significance criteria (P<5x10-7), 563 genes were identified as changing 

overtime in this data set. A first look at the top 10 of these identified time responsive genes 

already mentioned in the equivalent top 20 list of the Pilot: IL1R2, already discussed here above, 

and Prok2.  

Literature on the role of Prokineticin 2 (Prok2) in stroke or inflammation is not rich. 

Nevertheless, Prok2 has previously been identified as a mediator for cerebral ischemic injury. 

Based on experiments undertaken in primary cortical cultures, it has been shown to be 

upregulated after various pathological insults including ischemia. In an in vivo model of transient 

MCAo, central delivery of Prok2 worsened the infarct volume while Prok2 receptors antagonists 

decreased the infarct volume and improved functional outcome (Cheng, Lee et al. 2012). The 

prokineticin system has also been incriminated as a regulator in inflammation and in pain 

pathophysiology (Franchi, Sacerdote et al. 2017).  



 

   224 

 

When excluding the Vpre samples, to allow direct comparison with the Pilot, only 176 genes 

showed a significant temporal gene expression profile. The number of genes identified as 

significantly differently expressed between time points were greater in the comparisons between 

V0 and V2,3,6 and clearly reduced for the V0-V24 comparison. This indicates, as in the Pilot, a 

trend for gene expression to return to basal levels at 24h after MCAo. 

While comparing the top 1000 most time dependent genes from the Sham experiment with 

(cMD1_total) or without Vpre (cMD1_not Vpre) and the Pilot, two interesting different profile 

of gene expression were identified. The first one involved gene which significantly changed 

between Vpre and Vo and showed a subsequent highly labile profile (genes common to the 

Top1000 cMD1_Total and Top1000 cMD1_not Vpre). These genes, that are already 

experiencing significant changes in expression before any major difference in surgical load, might 

be considered as ‘pollutant’ for the subsequent time point’s comparison. They might be used as 

markers of stress, anaesthesia, local ischemia or minor surgery and be used to aid control and 

refinement of the surgical procedures. Monitoring of such markers could aid in defining the ideal 

Sham model. IL1R2 is, once more, part of this gene list.  

Also in this list, FK506-binding protein 51 (FKBP5), a co-chaperone of the glucocorticoid 

receptor, has been identified as a critical intracellular regulator of the stress response by 

interfering with the glucocorticoid receptor complex (Kronenberg, Schoner et al. 2017). 

Genes identified to not change between Vpre and Vo but with a later marked temporal profile 

constitute a second interesting profile. These might contain a subset of markers specific to stroke 

and which could be used to construct the biomarker stroke clock. Three hundred and nineteen 

genes were identified with such characteristics from the Top1000 list of differentially expressed 

genes. First of the list was Il22ra2 followed by Steap4 and Cxcr2. 

Interleukin 22 Receptor Subunit Alpha 2 (IL22RA2) encodes for a soluble protein which 

specifically binds to and inhibits interleukin 22 activity and may be important in the regulation of 

the inflammatory response. It has been identified as a candidate gene influencing an MS like 

disease in rat and IL22RA2 knock out mice displayed a slightly earlier but considerably less 

severe form of MS both in regards to clinical course and CNS inflammation. IL22RA2 is thought 

to have an initial systemic pro inflammatory role but a beneficial disease down regulatory role in 

the CNS (Laaksonen, Guerreiro-Cacais et al. 2014). 
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The STEAP4 metalloreductase protein encoded by this gene belongs to the STEAP (six 

transmembrane epithelial antigen of prostate) family. It has been associated with inflammatory 

bowel disease and colorectal cancer (Xue, Bredell et al. 2017). In human islets, increased 

STEAP4 mRNA expression is associated with inflammatory stimulus (Gordon, Majithia et al. 

2017). 

The protein encoded by the Cxcr2 (C-X-C Motif Chemokine Receptor 2) gene is a receptor for 

interleukin 8 and is mostly involved in cancers of the digestive tract where its high expression is 

associated with bad prognosis (Sui, Hu et al. 2014, Zhao, Ou et al. 2017). 

Another aim of this experiment was to identify specific biomarkers for cerebral ischaemia and 

differentiate them from biomarkers related to other tissues ischaemia, stress or surgery. 

Unfortunately, with our stringent level of significance of P<5x10-7, no gene were identified as 

significantly different over time between the Sham1, Sham2 and Stroke groups. Reducing the 

level of significance to the classical P<0.05, identified 1024 genes differently expressed in the 3 

treatment groups but the FDR threshold of this analysis was not reached and therefore the 

results could not be certified as not a play of chance.  

Conversely to the trend of most time dependent to return to their basal value at V24 as discussed 

earlier, our analysis highlighted that, for a number of genes, expression change persisted at 24 

hours after MCAo but not in the Sham2 group (Figure 71). This suggests that while the same 

genes are activated by MCAo, when stroke is present, the response may persist for longer. 

IL1R2, IL1RAP, IL22RA2, PROK2 and STEAP4, genes already discussed earlier, are part of this 

subgroup. Unfortunately, there was insufficient data available for comparison of these two 

groups to return statistically significant data that passed the P<0.05 false discovery threshold. 

Similarly, when only the Sham1 group was investigated, there was also a suggestion that, for 

some genes like MMP9, uncharacterized LOC102557368 and Fkbp5, the level of change from 

baseline was diminished compared to the MCAo and Shame2 groups. If substantialised, these 

might also prove useful clinically and in experiments procedures.  

4.6 Conclusion 

The most parsimonious interpretation of all these results is that MCAo surgery induces a marked 

time dependent change in blood gene expression but that a stroke specific signal is difficult 

discerned within this data.  
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While it might be argued that this Sham experiment is compromised by the loss of data due to 

poor array performance, the conclusions above are drawn from the residual dataset of well-run 

arrays that matched the Pilot data set well with respect to overall data distribution on the arrays. 

Since this cleaned dataset still retained 20 Stroke arrays, 15 Sham-1 arrays and 22 Sham-2 arrays, 

this is a large volume of data from which sound conclusions can be drawn. 

The conclusion from these experiments is that at the beginning of the Sham experiment, gene 

expression was identical in all groups of animals. However, handling of the animals and 

preparation for MCAo surgery resulted in induction of marked and very rapid (within 1 hour) 

gene expression change likely due to stress, induction of anaesthesia or non-cerebral ischemia. 

The MCAo procedure then induces an even more dramatic change in gene expression with 

individual genes showing markedly different patterns of expression with time. However, it 

proved impossible to identify anything but minor differences between the Stroke and Sham 

cohorts. These minor changes suggested that induction of expression change might be less 

marked in the Sham than the Stroke cohorts but there was insufficient data to confirm this 

suggestion.  

These issues may only be addressed when much larger and even more expensive studies are 

performed, when better models of stroke are developed or when acute sampling from humans 

with stroke but no surgery are performed. 
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Chapter 5: Time Indicators for Management of  Early Stroke 

(TIMES). 

5.1 Introduction 

Stroke is the third most common cause of death in most Western countries and the major cause 

of disability (Roger, Go et al. 2012, World Health Organization 2014). The incidence of acute 

stroke events is greater than that of acute coronary events although the resources and acute 

interventions available do not match this state of affairs (Rothwell, Coull et al. 2005). Strokes are 

either ischaemic or haemorrhagic. Because the management of these subtypes is so different, 

their clinical distinction is one of the most important and urgent steps in stroke practice 

(Howells and Donnan 2010). The most specific and biologically powerful treatment for acute 

ischaemic stroke is thrombolysis with recombinant tissue plasminogen activator (rt-PA) given 

within the first 4.5 hours of ischaemic stroke onset (Hacke, Kaste et al. 2008) but this therapy is 

disappointingly underused. Indeed, only 2 to 6% of eligible patients receive therapy in most 

centres and approximately 10 to 13 % in the best performing centres (Leyden, Chong et al. 2011, 

Minnerup, Wersching et al. 2011, Moradiya and Levine 2013, Krogias, Bartig et al. 2014). The 

short time window to therapy, the potential side effect of symptomatic brain haemorrhage 

occurring after treatment with tPA and uncertainty about diagnosis are the most important 

reasons for this under use (Barber, Zhang et al. 2001, Lecouturier, Murtagh et al. 2010). 

Neuroimaging is widely used to aid in the diagnosis of stroke, to characterise its type, to assist in 

determining a likely aetiology for the event, to estimate the severity, and to predict functional 

outcome and risk of recurrence. On brain non-contrast CT, early signs of cerebral ischaemia 

include density attenuation, mass effect and the presence of a spontaneous cerebral artery 

hyperdensity indicating artery occlusion by a fresh thrombus. However, these signs are 

inconsistent and difficult to interpret. The routine use of brain CT imaging as part of fibrinolytic 

treatment evaluation in ischaemic stroke has emphasised its diagnostic limits hyper-acutely after 

stroke (<6 hours), where it doesn’t often allow visualization of the ischaemic injury. In contrast, 

magnetic resonance imaging (MRI), in particular diffusion-weighted imaging (DWI), is highly 

sensitive to acute ischaemia. Furthermore, perfusion-weighted imaging (PWI) in combination 

with DWI is thought to identify ischemic, but potentially salvageable tissue in acute ischaemic 

stroke, the so-called, ‘ischaemic penumbra’. However, MRI is not readily accessible for all acute 

stroke patients. It is a costly technology and a significant number of stroke patients have contra-

indications to MRI. Moreover, perfusion parameters, processing techniques and mismatch 
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definitions still need standardisation (Kane, Carpenter et al. 2007, Kane, Sandercock et al. 2007, 

Davis, Donnan et al. 2008, Lees, Bluhmki et al. 2010). The appearance of PWI lesions may be 

dependent on which of the many methods were used to calculate it. Different perfusion 

parameters (e.g. mean transit time, regional cerebral blood flow,…) give different perfusion 

lesion volumes in the same patient. Infarct growth may occur even in absence of mismatch 

(Kane, Sandercock et al. 2007). For these reasons, an alternative, rapid diagnostic test for acute 

stroke would be extremely valuable. 

One alternative strategy would be the evaluation of blood borne biochemical markers of tissue 

injury as in other urgent medical conditions (e.g. troponin, Ddimer, BNP in myocardial 

ischaemia, pulmonary embolism and congestive heart failure) (Quinn, Fogel et al. 1999, Daubert 

and Jeremias 2010). Identification of blood biomarkers for acute ischemic stroke patients could 

potentially differentiate ischaemic from haemorrhage stroke and pinpoint the time of stroke 

onset like a “stroke clock”. This would help particularly for those patients in whom stroke occurs 

during sleep. Indeed, approximately 25% of patients with ischaemic stroke awaken with 

neurological deficits (Fink, Kumar et al. 2002, Barreto, Martin-Schild et al. 2009). Currently this 

makes them ineligible for thrombolysis because of the uncertain time of stroke onset. It is 

thought that many such strokes occur around the time of awakening (Barreto, Martin-Schild et 

al. 2009) but there is currently no accurate method for identifying these patients. 

The capacity to accurately determine type and time of stroke onset would significantly increase 

the number of patients eligible for thrombolysis treatment and associated improved outcomes. 

Likewise identification of patients at risk of stroke recurrence and bleeding post thrombolysis 

treatment through the use of biomarkers would further improve outcomes. However, until now 

no serum biomarkers have been prospectively demonstrated to be clinically useful in acute stroke 

diagnosis (Laskowitz, Kasner et al. 2009, Maas and Furie 2009, Whiteley, Chong et al. 2009). 

This is because many biomarkers of stroke rise slowly after the event. Owing to the delayed 

change, they are not useful in detecting a stroke in an Emergency Department (ED) setting, and 

furthermore, only subacute levels correlate well with other outcome measures (Hill, Jackowski et 

al. 2000). Moreover, nearly all biomarkers research has been of an exploratory nature. Most 

markers have been individually explored because of their association with known mechanism of 

stroke (35,36) and only few studies had been conducted using broader analysis tools such as gene 

microarrays.   
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On the basis of this information and results from our previous experience in a middle cerebral 

artery occlusion model in rats showing an early rise in concentration of some biomarkers within 

the first 3 hours after stroke and then returning to their basal level within the 24 hours after 

stroke (chapter 3) we designed an experiment focusing on repeated blood sampling from patients 

presenting in the hyper acute phase of stroke. We aimed, using a whole genome microarray 

approach, to identify similar early changes in biomarker expression in a patient stroke cohort. 

Through this, we aimed to be able to take the first step for translation of our animal data to the 

human setting. By using repeated blood samples in the same patient, we aimed to identify stroke 

biomarkers profiles capable of constructing a stroke clock and giving us crucial information 

about stroke onset time. In addition, we aimed to identify biomarkers that could differentiate 

ischemic stroke from haemorrhage and therefore help in the diagnosis of ischemic stroke 

without the need of brain imaging. 

5.2 Aims and hypothesis 

Aims 

- to examine the profile of biomarkers in the blood of patients presenting with MCA 

stroke, especially in the early acute phase of stroke 

- to identify a set of biomarkers potentially capable of providing a “stroke clock” that will 

effectively extend the time window for thrombolysis 

- to identify a set of biomarkers potentially allowing differentiation of haemorrhage from 

ischaemic stroke   

Hypothesis 

- it is possible to identify a set of biomarkers capable to provide a “stroke clock” 

- identified biomarkers will be different between haemorrhage and ischemic stroke 

5.3 Materials and methods 

5.3.1 Study design 

The study was a prospective, non-randomised, two centres, observational study. It was 

conducted at the Austin Health (Heidelberg VIC, Australia) and the Royal Melbourne Hospital 

(Melbourne VIC, Australia). 
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5.3.2 Consent and ethical considerations 

This study was carried out according to the Declaration of Helsinki, the NHMRC National 

Statement for Guidance on Good Clinical Practice as adopted by the Australian Therapeutic 

Goods Administration (2000) (CMPM/ICH/135/95) and the IHCC GCP Good Clinical 

Practice Guidelines. Written approvals had been obtained from the appropriate local institutional 

Independent Ethics Committee of both sites (HREC H2011/04390 and HREC/17/Abc/123). 

As there was no significant additional risk or burden to the patient associated with the collection 

of blood samples and as the procedure was considered as minor, the Human Research Ethics 

Committees had authorised a delayed consent for the study. Should the patient or person 

responsible chose to refuse delayed consent, any samples collected were subsequently destroyed 

and no further samples would be collected.  

5.3.3 Patient population 

The study included patients with acute MCA ischemic stroke or haemorrhage involving the 

anterior brain, who were older than 18 years old, of any stroke severity and presenting within 4.5 

hours after onset of the stroke or who awaken with MCA syndrome.   

Inclusion in this study did not change standard stroke care (especially regarding thrombolysis). 

5.3.3.1 Inclusion criteria  

Four criteria were required for inclusion in the study: 

- Patients presenting with clinical acute MCA syndrome, identified with the following 

clinical features: unilateral face and/or limb weakness and at least one of the following: 

visual field defect, neglect or aphasia or isolated neglect or isolated aphasia as the single 

symptoms 

- Patients presenting within the 4.5 hours from symptoms onset, with uncertain time of 

onset or who wake up with stroke 

- Patient aged 18 years or above 

- Patients with MCA ischemic stroke or hemispheric intracerebral haemorrhage confirmed 

using acute or delayed imaging (CT or MRI). 
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5.3.3.1 Exclusion criteria 

Patients with a past medical history of a previous stroke within the last 3 months, patients 

presenting in the ED with a clinically significant hypoglycaemia (defined by neurological 

symptoms resolving immediately after glycaemia correction) and patients in palliative care were 

not eligible for study recruitment. 

5.3.4 Data collection 

5.3.4.1 Demographics 

Patient’s date of birth and gender were recorded on recruitment.  

5.3.4.2 Time of stroke 

Exact time and date of stroke symptoms onset were recorded. In cases where the patient woke 

up with symptoms (wake up stroke – WUS) or when the onset of symptoms was unknow, last 

time seen well and the time the patient was found with symptoms were noted. 

5.3.4.3 Clinical assessment 

Neurological examination was performed upon admission to assess clinical inclusion criteria. 

Neurological impairment and functional scores were measured by a neurologist or health care 

professional trained in their administration. The National Institutes of Health Stroke Scale 

(NIHSS) was performed as soon as possible after arrival in the ED and at 12 to 24 hours after 

arrival.  

5.3.4.3.1 NIHSS score 

The NIHSS was first developed as a clinical tool for research on stroke patients to evaluate in an 

objective way, the efficacy of tested interventions. It is now used internationally as a standard 

instrument to quickly assess the clinical severity of a stroke. It also creates a common language 

for all healthcare providers and can be administered rapidly (<5 minutes). This rating scale is a 

quantitative measure of stroke-related neurological deficits and examines, in 11 specified tasks, 

level of consciousness, language function, neglect, visual fields, eye movements, facial palsy, 

motor strength, sensory function and coordination. Each task is scored from 0 up to 4 (0 being 

normal functioning and 4 being completely impaired, as described in 
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Table 24) and the NIHSS score is calculated by adding each tasks score. The NIHSS varies from 

0 to 42 and the higher the score is, the more impaired the patient is (Brott, Adams et al. 1989).  
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Table 24 NIHSS description 

Category Score Description 

1a. Level of consciousness 

0 Alert 

1 Drowsy 

2 Stuporous 

3 Coma 

1b. Questions 
(month, age) 

0 Answer both correctly 

1 Answer one correctly 

2 Incorrect 

1c. Commands  
(open/close eyes, make fist/let go) 
  

0 Performs both tasks correctly  

1 Performs one task correctly 

2 Performs neither task correctly 

 2. Best gaze 
(eyes open – patient follows examiner 
finger) 

0 Normal 

1 Partial gaze palsy 

2 Forced deviation 

3. Visual fields 
(introduce visual stimulus/threat to 
patient’s visual field quadrants) 

0 No visual loss  

1 Partial hemianopia 

2 Complete hemianopia 

3 Bilateral hemianopia (blind) 

4. Facial paresis 

0 Normal 

1 Minor 

2 Partial 

3 Complete 

5a. Motor arm – left 
5b. Motor arm - right  
(elevated arm to 90°) 

0 No drift 

1 Drift 

2 Some effort against gravity 

3 No effort against gravity 

4 No movement 

X Untestable (joint fusion or amputation) 

6a. Motor leg – left 
6b. Motor leg - right 
(elevated leg 30°) 

0 No drift 

1 Drift 

2 Some effort against gravity 

3 No effort against gravity 
4 No movement 

X Untestable (joint fusion or amputation) 

7. Limb ataxia 
(finger-nose, heel down shin) 

0 No ataxia 

1 Present in one limb 

2 Present in two limbs 

8. Sensory 
0 Normal 

1 Partial loss 

2 Severe loss 

9. Best language 
(name item, describe picture, read 
sentences) 

0 No aphasia 

1 Mild to moderate aphasia 

2 Severe aphasia 

3 Mute 

10. Dysarthria 
(evaluated speech clarity) 

0 Normal articulation 

1 Mild to moderate slurring of words 

2 Near to unintelligible or worse 

X Intubated or other physical barrier 

11. Extinction and inattention 
(double simultaneous stimuli testing) 

0 No neglect 

1 Partial neglect 

2 Complete neglect 
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5.3.4.4 Imaging assessment 

As part of standard care for patients with acute stroke, a whole brain non-contrast CT was 

performed as soon as possible after arrival in the ED. If MCA ischaemia was not clearly 

diagnosed according to clinical presentation and initial imaging, a second CT (or MRI) was 

performed to confirm eligibility before patient discharge, as per usual stroke unit care. 

In selected patients with intracerebral haemorrhage and no contra-indication to contrast medium 

(e.g. renal dysfunction or allergy to iodine), CT angiography was performed when clinically 

requested to rule out aneurysm or arteriovenous malformations as the cause of the haemorrhage, 

as part of routine care. Again, when clinically requested (e.g. clinical worsening), a follow-up CT 

(or MRI) was performed at day 1 to evaluate haematoma expansion, also as part of routine care. 

The imaging was interpreted by neuroradiologists, blinded to blood biomarker levels. Exact date 

and time of acute imaging assessment were recorded. 

5.3.4.5 Past medical history and current medication 

The cardiovascular risk factors hypertension, diabetes, high cholesterol, atrial fibrillation, past 

history of heart disease, peripheral vascular disease and smoking status were assessed. 

Presence of hypertension was defined as repeated systolic blood >140mmHg or diastolic> 90–

99mmHg or the patient already taking any hypertension treatment. 

Anti-diabetes treatment or a fasting plasma glucose concentration ≥7 mmol/L (or 126 mg/dL) 

or ≥11.1mmol/L (or 200mg/dL) 2 hours after a 75g glucose drink, defined diabetes. While anti- 

cholesterol treatment or total cholesterol > 6.2mmol/L defined high cholesterol. 

Patient’s height and weight were also noted. 

5.3.4.6 Use of thrombolysis 

When indicated, treatment with thrombolysis was administered. Exact time and date of rt-PA 

bolus and infusion were recorded. 

5.3.5 Blood samples collection 

In addition to standard clinical bloods for routine patient care, a 2.5 ml venous blood sample was 

collected at baseline from a cubital vein and then each half hour from arrival time until 12 hours 

have elapsed from first sample time using an existing peripheral venous cannula, to avoid 

repeated venepuncture. Intravenous lines were routinely placed in the patient’s arm by an ED 

nurse. 
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Peripheral intravenous catheters are the most commonly used intravenous device in hospitalized 

patients. They provide access to the circulatory system. They are primarily used for therapeutic 

purposes such as administration of medications, fluids or blood products as well as blood 

sampling. Peripheral venous cannulas are usually considered a low risk, however they can be 

associated with complications such as hematoma, phlebitis, pain and infections. 

For patients receiving rt-PA, as per usual, two intravenous lines were placed. There was therefore 

no interaction between thrombolysis administration and blood sampling.  

The venous cannula was first cleaned with an alcohol impregnated wipe. A 5ml syringe was then 

connected to the cannula connector and a first blood sample of 2.5ml drawn. This first sample 

was discarded to avoid potential contamination with stagnant blood or with infusion solution 

administered through a drip connected to this cannula and thus ensure accurate analysis of the 

results. A second syringe was then connected and the 2.5ml specimen collected. Finally, 10 

millilitres of saline solution were injected into the cannula in order to flush the venous line to 

avoid clotting and enhance patency of the line.  

When infusion was occurring through the canula, a 2-minutes wait period was maintained 

between the infusion stop and intravenous tubing disconnection and the sampling. In such 

situations, a waste of 5 mL (instead of 2.5ml) was discarded before blood collection from an 

existing venous line to avoid contamination. The existing drip was reconnected to the cannula 

straight after blood sampling. 

The same procedure was repeated at each collection time point. 

The 2.5ml blood sample was immediately added into a PAXgene tube (PAXgene tubes – 

PreAnalytix, BD/Qiagen, Hombrechtikon, Switzerland; cat# 762165) containing PAXgene 

stabilizing reagent in order to stop any RNA degradation. Each PAXgene tube was then inverted 

a couple of times and left upright in a rack to incubate at room temperature overnight. Tubes 

were then stored at -20C for at least 48 hours and finally transferred for long term storage to a -

80C freezer as per manufacturer recommendations.  

Exact time of blood collection was recorded for each sample. When sampling was not possible, 

the reasons for missing the sample were noted. 
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5.3.6 RNA extraction, cDNA synthesis and microarrays 

For practical reasons, RNA extraction, cDNA synthesis and probing of microarrays were 

performed in the CSIRO laboratories in Sydney. Blood samples were sent and processed in two 

batches. 

RNA extraction, cDNA synthesis and microarrays were performed as described in chapter 4.  

The only variations were that no concentration of RNA samples was required before cDNA 

synthesis and genechips used for microarrays were Affymetrix GeneChip HuGene-2_1-st 

(Affymetrix, Santa Clara, CA, USA) 

5.3.7 Statistical analysis 

Biomarker analysis will be blinded to patient diagnosis, clinical features including age and gender, 

and clinical outcome. For biomarker results, statistical test chosen and level of significance will 

be defined in association with each result.  

5.3.7.1 Sample size 

For prediction/classification studies, power analysis based of effect sizes is inappropriate due to 

the fact that the aim of such studies is not that of hypothesis testing, but of generating robust 

predictions in futures samples. Sample size estimations for such studies are usually done through 

the mixture of heuristics and Precision Power methods. Based on the conservative assumptions 

of expected R2 being between 0.25 and 0.5 (corresponding to low-to-medium predictive 

capacity), using six alternative heuristic methods and six alternative values for shrinkage 

parameter within Precision Power method, the sample size sufficient for building a predictive 

model with up to 8 predictors will vary between 100 and 280 patients (the most conservative 

estimate obtained by Precision Power method with shrinkage factor of 0.05) (Brooks and 

Barcikowski 1995). Therefore, the proposed sample size for this study is up to 300 patients in 

order to compensate for potential data reading failures. 

5.4 Results 

5.4.1 Patients and blood samples 

A total of 15 patients were recruited and 276 blood samples were collected. 
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No patient or relatives refused to participate and there was no drop off during the 12 hours of 

collections time. Stroke characteristics of recruited patient associated with number of blood 

samples collected are reported in Table 25. 

Three patients were recruited at the Royal Melbourne Hospital while 12 were enrolled at Austin 

Health. 

Blood sample collection was started in patients AU001 and AU007, but samples were not 

processed. For patient AU001, delayed consent was not sought due to rapid deterioration of 

patient status and subsequent death. For patient AU007, inclusion criteria were not fulfilled.  
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Table 25 Stroke characteristics of recruited patients and number of samples collected. 

                    HH= haemorrhage, IS= ischemic stroke, WUS= wake-up stroke 

Patient ID Type of stroke Onset 
Time window between 

symptoms onset and first 
sample 

NIHSS H0 NIHSS H24 rt-PA use 
Samples 
collected 

AU003 HH Known 55 minutes 10 4 No 23 

AU013 HH Unknown maximum 1h34 25 37 No 13 

AU002 IS Known 1h49 10 2 Yes  23 

AU008 IS Known 2h25 12 1 Yes  24 

AU010 IS Known 1h45 11 16 Yes  20 

RM102 IS Known 2h05 2 1 Yes  25 

AU012 IS Known 1h51 24 16 Yes  7 

AU014 IS Known 1h40 10 7 Yes  17 

RM103 IS  Known 1h20 31 37 Yes  20 

AU011 IS Unknown maximum 1h46 22 16 Yes  15 

AU006 IS Unknown maximum 2h 25 21 Yes  25 

AU004 IS Unknown maximum 2h50 19 14 Yes  5 

AU009 IS Unknown   7 5 No 14 

RM101 IS WUS   23 19 No 24 

AU005 IS WUS   10 3 No 21 
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The main reasons for inability to collect samples were: 

- no physical access to the patients. Indeed, patients receiving rt-PA were often 

surrounded by treating physicians and stroke nurses. Blood samples during rt-PA infusion were 

only possible in 3 patients. Another reason for no physical access to the patients was cerebral 

imaging been performed.  

- lack of patent intravenous lines (temporally or permanently, with no medical 

requirement to replace it, as in patients AU009 and AU011). 

- agitated patient  

- impossibility for the investigator to continue blood collection (in patients AU013 and 

AU014). 

In patient AU004, blood sampling was prematurely stopped due to respiratory failure requiring 

calling the internal resuscitation team.   

Due to recruitment being not in line with the initial plan (further discussed in the discussion) and 

time constrains, it was decided to perform a proof of principle pilot based on the samples 

collected for the first 10 recruited patients (highlighted in pink in Table 3). A total of 208 blood 

samples were therefore processed using microarrays. 

5.4.2 Microarrays 

5.4.2.1 Quality control  

As for the rat arrays (chapter 4), the first step in analysis of the human arrays was to understand 

the quality of the data available in terms of array performance. Exploratory grouping analysis 

with normalisation at the gene level using RMA (Robust Multi-array Average) was performed. 

Like the rat data from the Pilot (chapter 3) but unlike the rat data from the Sham experiment 

(chapter 4), the raw signal intensities and the distribution of signals across arrays was very 

uniform with the exception of one sample 5503954190426062114422_D10_97.CEL (highlighted 

in pale blue) which was excluded from further analysis (Figure 76, Figure 77). 
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Figure 76 Signal box plot of signal distribution for each array. The excluded 

array is highlighted in pale blue. 

 

Figure 77 Signal box plot of the data distribution after RMA normalisation. 

The excluded array is highlighted in pale blue. 

While all samples met the both the 3' and 5' hybridisation control criteria, the labelling controls 

showed the same problems as seen with the rat arrays run by the Ramaciotti processing centre 

and this is once again considered to reflect a systematic error with the concentration of the spike 
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controls used by this facility. Sample "D10-97" which will be excluded from subsequent analyses 

is highlighted in pink in Figure 78. 

 

Figure 78 AFFY internal QC.  

Passed QC are represented in green and failed in red. The excluded samples 
are represented in pink. A) 3’ hybridisation controls B) 5’ hybridisation 
controls C) 3’ labelling controls D) 5’ labelling controls 

5.4.2.2 Overall data distribution 

The search for differential gene expression between individual patients was performed using the 

same differential expression settings that were used in the Pilot (chapter 3, Gene-Level Fold 

Change <2 or >2, Gene-Level P-Value < 5E-07, Gene-Level USE FDR: False, Gene-Level 

FDR <0.05, LIMMA, ANOVA, Summarization Gene-Level -RMA). Numbers of samples used 
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for each patient and comparison are reported in Table 26. Numbers of identified differentially 

expressed gene for each comparison are reported in Figure 79.  

Table 26 Number of samples analysed by patient for pairwise comparison  

Comparison Group 1 Group 2 Count 1 Count 2 

AUS002 vs AUS003 AUS002 AUS003 22 22 

AUS002 vs AUS004 AUS002 AUS004 22 5 

AUS002 vs AUS005 AUS002 AUS005 22 22 

AUS002 vs AUS006 AUS002 AUS006 22 24 

AUS002 vs AUS008 AUS002 AUS008 22 23 

AUS002 vs AUS009 AUS002 AUS009 22 14 

AUS002 vs AUS010 AUS002 AUS010 22 20 

AUS002 vs AUS011 AUS002 AUS011 22 14 

AUS002 vs RMH102 AUS002 RMH102 22 25 

AUS003 vs AUS004 AUS003 AUS004 22 5 

AUS003 vs AUS005 AUS003 AUS005 22 22 

AUS003 vs AUS006 AUS003 AUS006 22 24 

AUS003 vs AUS008 AUS003 AUS008 22 23 

AUS003 vs AUS009 AUS003 AUS009 22 14 

AUS003 vs AUS010 AUS003 AUS010 22 20 

AUS003 vs AUS011 AUS003 AUS011 22 14 

AUS003 vs RMH102 AUS003 RMH102 22 25 

AUS004 vs AUS005 AUS004 AUS005 5 22 

AUS004 vs AUS006 AUS004 AUS006 5 24 

AUS004 vs AUS008 AUS004 AUS008 5 23 

AUS004 vs AUS009 AUS004 AUS009 5 14 

AUS004 vs AUS010 AUS004 AUS010 5 20 

AUS004 vs AUS011 AUS004 AUS011 5 14 

AUS004 vs RMH102 AUS004 RMH102 5 25 

AUS005 vs AUS006 AUS005 AUS006 22 24 

AUS005 vs AUS008 AUS005 AUS008 22 23 

AUS005 vs AUS009 AUS005 AUS009 22 14 

AUS005 vs AUS010 AUS005 AUS010 22 20 

AUS005 vs AUS011 AUS005 AUS011 22 14 

AUS005 vs RMH102 AUS005 RMH102 22 25 

AUS006 vs AUS008 AUS006 AUS008 24 23 

AUS006 vs AUS009 AUS006 AUS009 24 14 

AUS006 vs AUS010 AUS006 AUS010 24 20 

AUS006 vs AUS011 AUS006 AUS011 24 14 

AUS006 vs RMH102 AUS006 RMH102 24 25 

AUS008 vs AUS009 AUS008 AUS009 23 14 

AUS008 vs AUS010 AUS008 AUS010 23 20 
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AUS008 vs AUS011 AUS008 AUS011 23 14 

AUS008 vs RMH102 AUS008 RMH102 23 25 

AUS009 vs AUS010 AUS009 AUS010 14 20 

AUS009 vs AUS011 AUS009 AUS011 14 14 

AUS009 vs RMH102 AUS009 RMH102 14 25 

AUS010 vs AUS011 AUS010 AUS011 20 14 

AUS010 vs RMH102 AUS010 RMH102 20 25 

AUS011 vs RMH102 AUS011 RMH102 14 25 
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Figure 79 Differentially expressed genes identified by pairwise comparison 

between patients. 

Total number of genes is represented in grey, up regulated genes in red and 
down regulated genes in green 

Because many of the same genes changed in each of these pair-wise comparisons, a total of 5073 

genes were found to have >2-fold differential expression at the P=5x10-7 level across the 10 

individual patients studied.  

PCA showed that unlike the rats used in the Pilot and the Sham experiments, the samples from 

individual stroke patients contained a subset of genes that differentiated the patients from each 
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other (Figure 80). RMH102 stood out as being different, having a much broader data distribution 

than any other patient. This individual was unique in having a particularly small lesion and might 

not have been recruited to thrombolysis by a less aggressive stroke team.  

 

Figure 80 PCA of the samples used for pairwise comparison by patients.  

To rule out the possibility that these differences were artefactual, we examined whether sample 

characteristics other than patient ID might be driving this clustering. While processing batch 

appeared to account for a large proportion of the variation in the data set, overlaying batch data 

on the PCA revealed that data from each batch was distributed across the entire data set and the 

apparent correlation occurred because the batches where (inevitably in such a small study) 

enriched for the presence of a small subset of patients. This is illustrated Figure 81 by the 

overlays (purple crosses) of Batches A01-AA12 and F01-FF12 respectively. 
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Figure 81 PCA of all analysed samples by batch of microarray 

processing. A) Batch A01-AA12 and B) Batch F01-FF12 
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RNA yield also appeared to have no significant effect (overlays for 1.0-4.9 µg/ml and 5.0-13.7 

µg/ml plotted respectively) as illustrated in Figure 82 (where patient is not the same as Figure 

81).  
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Figure 82 PCA of all analysed samples by RNA yield of A) 1.0-4.9 µg/ml 

and B) 5.0-13.7 µg/ml 
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The same was true for RNA quality as assessed by 260/230nm ratio (a secondary measure of 

RNA purity) with the overlays for ratios ranging from 0.4 to 0.997 and 1.1 to 1.606 plotted 

below Figure 83. While these ratios were low, indicating the presence of contaminants absorbing 

at 230nm, this is generally believed to be due to carry over of chaotropic salts from the Paxgene 

reagents through the Qiagen RNA clean-up columns and is not generally considered to present a 

problem. 

The 260/280 ratio (1.89-2.13 vs 2.14-2.67) also did not segregate absolutely with individual 

patients (Figure 84). This suggests it is the within-patient similarities that drive the correlation 

rather than the other way round. It should be noted that only 4/191 samples had a RIN of less 

than 2. Values above this are generally taken to indicate the presence of pure RNA. 
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Figure 83 PCA of all analysed samples by RNA quality as assessed by 

260/230nm ratio for A) from 0.4 to 0.997 and B) 1.1 to 1.606. 

 



  

   257 

 

 

Figure 84 PCA of all analysed samples by RNA quality as assessed by 

260/280 ratio for A) from 1.89 to 2.13 and B) 2.14 to 2.67 

 



  

   258 

 

5.4.2.3 Invariant genes 

The majority of genes detected on all 192 arrays showed no significant differences between 

individuals. Some in particular showed remarkably little variation of expression both within and 

between individuals suggesting their potential for use as housekeeping genes that might be aid 

data normalisation in future studies using techniques such as PCR for expression quantitation. 

Using a standard deviation of >0.1 for individual patients as an initial selection criteria identified 

2894 genes/transcripts with minimal expression variation.  

Manual selection within this cohort identified examples of high (cytochrome c oxidase subunit I 

(COX1), NADH dehydrogenase, subunit 1 (complex I) (ND1), ferritin light polypeptide (FTL), 

integral membrane protein 2B(ITM2B)), medium (TAO kinase 3 (TAOK3), EWS RNA binding 

protein 1 (EWSR1), ring finger protein 34 (E3 ubiquitin protein ligase) (RNF34), dynactin 2 

(p50) (DCTN2), and low (uncharacterized LOC105372558, microRNA 450b (MIR450), dynein 

assembly factor with WDR repeat domains 1 (DAW1), dynein, axonemal, heavy chain 12 

(DNAH12)) "expressers" that appeared well suited to a house keeping gene role. Their 

expression in each patient are represented in Figure 85, Figure 86 and Figure 87. 

 

 



  

   259 

 

 

Figure 85 Genes expression levels by patients of the high "expressers" 

potential housekeeping genes such as COX1, ND1, FTL and ITM2B. 
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Figure 86 Genes expression levels by patients of the medium 

"expressers" potential housekeeping genes such as TAOK3, EWSR1, 

RNF34 and DCTN2. 
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Figure 87 Genes expression levels by patients of the low "expressers" 

potential housekeeping genes such as uncharacterized LOC105372558, 

MIR450, DAW1 and DNAH12. 
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5.4.2.4 Cluster analysis 

5073 genes were found to have >2-fold differential expression at the P=5x10-7 level across the 

10 individual patients studied. To allow hierarchical clustering which has a 5000 gene list limit in 

TAC, the 73 least significantly changed genes were discarded (Figure 88). 

This cluster analysis suggests that the expression data segregates two main groups of patients 

AUS010, AUS011, AUS009, and AUS006 (extreme left of the heatmap) from RMH102, 

AUS002, AUS003, AUS004, AUS008 and AUS005 (Cluster 1). The most obvious of these 

differences are highlighted in green at the side of the image. Within the second large cluster, 

there also appeared to be a sub-cluster in which AUS003 and AUS005 (Cluster 2) behaved very 

similarly (an example is highlighted in yellow). 
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Figure 88 Cluster analysis of the 5000 most differentially expressed genes 

between patients. 

Within Cluster 1 (Figure 89), while the differences were highly statistically significant, most of 

the changes were unlikely to be of clinical value as expression for individual samples from 

patients still showed considerable overlap with the values from other patients as illustrated in 

Figure 90 by the expression profiles of tyrosylprotein sulfotransferase 1 (TPST1, P=1.40E-45) 

and transmembrane and tetratricopeptide repeat containing 3 (TMTC3, P=1.07E-19). 
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Figure 89 Expanded view of cluster 1. 

 



  

   265 

 

 

Figure 90 Gene expression level by patients of TPST1 and TMTC3.  

Each single dot represents an analysed sample. 
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Figure 91 Expanded view of cluster 2. 

For the genes in Cluster 2, the differences between AUS003 and AUS005 and the rest of the 

patients was much more obvious as illustrated, in Figure 92, for long intergenic non-protein 

coding RNA 278 (LINC00278, P=1.40E-45) and testis-specific transcript, Y-linked 15 (non-

protein coding) (TTTY15, P=1.40E-45). 
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Figure 92 Gene expression level by patient for LINC00278 and TTTY15.  

Each single dot represents an analysed sample. 

Of the 14 genes/transcripts found within this cluster, all 14 are Y-chromosome-linked which is 

very unexpected given the female sex of these two patients (Table 27). 

Table 27 List of the 14 genes/transcripts identified in cluster 2.  

ID Gene Symbol Description Chromosome 

17115966 LINC00278 long intergenic non-protein coding RNA 278 chrY 

17115971 LOC105377226 uncharacterized LOC105377226 chrY 

17116050 PRKY protein kinase, Y-linked, pseudogene chrY 

17116059     chrY 

17116194 TTTY15 testis-specific transcript, Y-linked 15 (non-protein 
coding) 

chrY 

17116200 USP9Y ubiquitin specific peptidase 9, Y-linked chrY 

17116251 DDX3Y DEAD (Asp-Glu-Ala-Asp) box helicase 3, Y-
linked 

chrY 

17116384 TXLNGY taxilin gamma pseudogene, Y-linked chrY 

17116410 EIF1AY eukaryotic translation initiation factor 1A, Y-
linked 

chrY 

17116428 LOC105377225 uncharacterized LOC105377225 chrY 

17116977     chrY 

17117126 KDM5D lysine (K)-specific demethylase 5D chrY 

17118451 TXLNGY taxilin gamma pseudogene, Y-linked chrY 

17125748     chrY TCONS_l2_00030942 
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To enhance the filtering in the search for genes that might prove useful clinically, the analysis 

above was repeated using a 4-fold change of expression as the selection criteria. Number of 

samples used for each comparison and identified differentially expressed genes are reported in 

Table 28.  

Table 28 Number of samples analysed by pairwise comparison between time 

patients and number of differentially up and down regulated genes with a 4-

fold change for each comparison. 

Comparison Group 1 Group 2 Count 1 Count 2 Up Down 

AUS002 vs AUS003 AUS002 AUS003 22 22 41 16 

AUS002 vs AUS004 AUS002 AUS004 22 5 21 24 

AUS002 vs AUS005 AUS002 AUS005 22 22 46 16 

AUS002 vs AUS006 AUS002 AUS006 22 24 100 48 

AUS002 vs AUS008 AUS002 AUS008 22 23 69 16 

AUS002 vs AUS009 AUS002 AUS009 22 14 40 37 

AUS002 vs AUS010 AUS002 AUS010 22 20 63 21 

AUS002 vs AUS011 AUS002 AUS011 22 14 45 60 

AUS002 vs RMH102 AUS002 RMH102 22 25 27 26 

AUS003 vs AUS004 AUS003 AUS004 22 5 20 56 

AUS003 vs AUS005 AUS003 AUS005 22 22 26 25 

AUS003 vs AUS006 AUS003 AUS006 22 24 61 48 

AUS003 vs AUS008 AUS003 AUS008 22 23 75 36 

AUS003 vs AUS009 AUS003 AUS009 22 14 37 76 

AUS003 vs AUS010 AUS003 AUS010 22 20 65 47 

AUS003 vs AUS011 AUS003 AUS011 22 14 43 82 

AUS003 vs RMH102 AUS003 RMH102 22 25 23 66 

AUS004 vs AUS005 AUS004 AUS005 5 22 42 12 

AUS004 vs AUS006 AUS004 AUS006 5 24 43 11 

AUS004 vs AUS008 AUS004 AUS008 5 23 71 19 

AUS004 vs AUS009 AUS004 AUS009 5 14 46 14 

AUS004 vs AUS010 AUS004 AUS010 5 20 52 11 

AUS004 vs AUS011 AUS004 AUS011 5 14 53 19 

AUS004 vs RMH102 AUS004 RMH102 5 25 31 17 

AUS005 vs AUS006 AUS005 AUS006 22 24 39 55 

AUS005 vs AUS008 AUS005 AUS008 22 23 31 41 

AUS005 vs AUS009 AUS005 AUS009 22 14 25 38 
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AUS005 vs AUS010 AUS005 AUS010 22 20 22 36 

AUS005 vs AUS011 AUS005 AUS011 22 14 29 51 

AUS005 vs RMH102 AUS005 RMH102 22 25 16 45 

AUS006 vs AUS008 AUS006 AUS008 24 23 25 38 

AUS006 vs AUS009 AUS006 AUS009 24 14 27 40 

AUS006 vs AUS010 AUS006 AUS010 24 20 29 20 

AUS006 vs AUS011 AUS006 AUS011 24 14 23 34 

AUS006 vs RMH102 AUS006 RMH102 24 25 29 57 

AUS008 vs AUS009 AUS008 AUS009 23 14 30 38 

AUS008 vs AUS010 AUS008 AUS010 23 20 41 14 

AUS008 vs AUS011 AUS008 AUS011 23 14 17 42 

AUS008 vs RMH102 AUS008 RMH102 23 25 19 39 

AUS009 vs AUS010 AUS009 AUS010 14 20 27 24 

AUS009 vs AUS011 AUS009 AUS011 14 14 23 22 

AUS009 vs RMH102 AUS009 RMH102 14 25 52 50 

AUS010 vs AUS011 AUS010 AUS011 20 14 24 35 

AUS010 vs RMH102 AUS010 RMH102 20 25 22 42 

AUS011 vs RMH102 AUS011 RMH102 14 25 49 46 

 

Because many of the same genes changed in each of these pair-wise comparisons, after 

consolidation, a total of 697 genes were found to have >4-fold differential expression at the 

P=5x10-7 level across the 10 individual patients studied. 

Hierarchical clustering within this more tightly filtered data again indicated that there were 

potentially interesting groupings of patients (Figure 93). 
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Figure 93 Hierarchical clustering of the 697 genes differentially expressed 

between patients with a >4-fold change. 

With this more selective analysis, it became clear that a larger group of 25 genes/transcripts 

segregated AUS003 and AUS005 from the rest of the patients (Figure 94). The majority (20) 

were Y-chromosome specific, another 3 were X-chromosome specific and two were from 

chromosome 22 and uncharacterised respectively. They are reported in Table 29. 
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Figure 94 Heatmap of the 25 transcripts/genes segregating AUS003 and 

AUS005 from the rest of the patients. 
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Table 29 List of the 25 transcripts/genes segregating AUS003 and AUS005 from 

the rest of the patients. 

ID Gene Symbol Description Chromosome 

16935620 LOC101927372 uncharacterized LOC101927372 chr22 

17100888     chrUn_gl000224 

17104924     chrX 

17105230 LOC102724150 uncharacterized LOC102724150 chrX 

17112149 XIST X inactive specific transcript (non-protein coding) chrX 

17115966 LINC00278 long intergenic non-protein coding RNA 278 chrY 

17115971 LOC105377226 uncharacterized LOC105377226 chrY 

17116050 PRKY protein kinase, Y-linked, pseudogene chrY 

17116059     chrY 

17116194 TTTY15 testis-specific transcript, Y-linked 15 (non-protein 
coding) 

chrY 

17116200 USP9Y ubiquitin specific peptidase 9, Y-linked chrY 

17116251 DDX3Y DEAD (Asp-Glu-Ala-Asp) box helicase 3, Y-
linked 

chrY 

17116289 ANOS2P anosmin 2, pseudogene chrY 

17116384 TXLNGY taxilin gamma pseudogene, Y-linked chrY 

17116410 EIF1AY eukaryotic translation initiation factor 1A, Y-
linked 

chrY 

17116428 LOC105377225 uncharacterized LOC105377225 chrY 

17116977     chrY 

17117114 BCORP1 BCL6 corepressor pseudogene 1 chrY 

17117126 KDM5D lysine (K)-specific demethylase 5D chrY 

17117165 TTTY10 testis-specific transcript, Y-linked 10 (non-protein 
coding) 

chrY 

17117173     chrY 

17118451 TXLNGY taxilin gamma pseudogene, Y-linked chrY 

17125720     chrY 
TCONS_l2_0003
0903 17125722     chrY 
TCONS_l2_0003
0904 17125748     chrY 
TCONS_l2_0003
0942 
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The two genes/transcripts from somatic chromosomes (Uncharacterized LOC101927372 and 

17100888-chrUn_gl000224) displayed a different pattern from the X and Y chromosome 

encoded genes/transcripts with much greater overall variation of expression suggesting they 

might not be true members of the cluster (Figure 95). 

 

Figure 95 Gene expression level by patient for Uncharacterized LOC101927372 

and 17100888-chrUn_gl000224.  

Each single dot represents an analysed sample. 
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By contrast, all of the Y-chromosome members of the cluster showed suppressed expression in 

AUS003 and AUS005. Lysine (K)-specific demethylase 5D (KDM5D, P= 1.40E-45) and protein 

kinase, Y-linked, pseudogene (PRKY, P=1.40E-45) are shown as examples in Figure 96.  

 

 

Figure 96 Gene expression level by patients for KDM5D and PRKY.  

Each single dot represents an analysed sample. 
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Two of the three X-chromosome linked genes/transcripts (17104924, P=1.40E-45 and XIST- X 

inactive specific transcript (non-protein coding), P=1.40E-45) showed the reverse with increased 

expression in AUS003 and AUS005 (illustration in Figure 97). 

 

Figure 97 Gene expression level by patients for transcript 17104924.  

Each single dot represents an analysed sample. 
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For comparison, the expression profile for the transcript 17070803 which had the lowest average 

signal detected across all 192 gene arrays is shown in Figure 98, plotted on the same signal scale. 

 

Figure 98 Gene expression level of transcript 17070803 by patients.  

Each single dot represents an analysed sample. 

For two related genes (HLA-DRB5; HLA-DRB1, P=1.40E-45 and HLA-DRB1; HLA-DRB6, 

P=1.40E-45), AUS004 and AUS008 also displayed a marked similarity to AUS003 (Figure 99). 

Their expression levels by patients are shown in Figure 100. 
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Figure 99 Heatmap illustrating the patient segregation by HLA-DRB5; HLA-

DRB1 and HLA-DRB1; HLA-DRB6. 

 

 

Figure 100 Gene expression level by patient of HLA-DRB5; HLA-DRB1 and 

HLA-DRB1; HLA-DRB6. Each single dot represents an analysed sample. 
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Similarly, examination of the cluster analysis plot also suggested that for some individuals there 

were patterns of gene expression specific to just them (Figure 101). Overall this included 54 

transcripts of which only 15 are currently characterised, with functions ranging from membrane 

channels to RNA binding.  It is not clear whether these might represent past exposure to a 

stimulus relevant to stroke risk or a person-specific response to stroke. Only examination of a 

population of at-risk patients and of non-stroke controls will help clarify this. 

 

Figure 101 Hierarchical clustering illustrating specific gene expression pattern 

to some individual patient. 
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The sub-cluster for genes specific to AUS002 is illustrated in Figure 102. 

 

Figure 102 AUS002 sub-cluster 

Expression of Spidroin-2-like (LOC105374693, P=1.40E-45), ribonucleoprotein, PTB-binding 2 

(RAVER2, P=1.40E-45), and glycine-N-acyltransferase-like 2 (GLYATL2, P=P=1.40E-45) are 

used to illustrate this phenomenon for AUS002, AUS009 and AUS010 respectively (Figure 103). 
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Figure 103 Gene expression level by patient of LOC105374693, RAVER2 and GLYATL2.  

Each single dot represents an analysed sample. 
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For other highly differentially expressed genes, no clear pattern could be discerned for the 

majority though for some the pattern could be classified as either tiered like the HLA response, 

suggesting the possibility of a responder/non-responder type profile, or graded suggesting a gene 

response that might correlate with a graded disease phenomenon. For some, a combination of 

these profiles was evident. Examples of each of these are illustrated in Figure 104. However, 

while the tiered profiles are of interest, none was consistent across more than a few genes, and 

like those described above, their elucidation was not the primary aim of the experiment and they 

will not be followed up further here.  
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Figure 104 Gene expression levels by patient of highly expressed genes with A) tiered, B) tiered/graded combined and C) 

graded profiles. 

Each single dot represents an analysed sample. 
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One example of a consistent graded response that might ultimately prove clinically useful was 

identified for a cluster of 6 genes: 2'-5'-oligoadenylate synthetase 3 (OAS3); 2'-5'-oligoadenylate 

synthetase 2 (OAS2),  interferon gamma inducible protein 16 (IFI6), HECT and RLD domain 

containing E3 ubiquitin protein ligase 5 (HERC5), interferon induced protein 44 (IFI44),  

interferon induced protein 44-like (IFI44L) and radical S-adenosyl methionine domain 

containing 2 (RSAD2). The profile for IFI44L is shown below in Figure 105. 

 

Figure 105 Gene expression levels of IFI44L by patient.  

Each single dot represents an analysed sample.  

5.4.2.5 Highly variable genes 

Highly variable genes might indicate presence of a response to stroke. 

While the majority of genes showed little expression change, a subset of genes (e.g. microRNA 

548t) showed much greater expression variation without clear distinction of individuals. This 

variation might simply indicate that tight expression control is not needed for the gene product. 

Alternately, the variation might reflect systematic change during the period of patient 

monitoring. For other genes, this latter possibility was strongly suggested by the observation of 
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high variation and substantial overlap of data from individuals but with apparent clustering of 

the data within individual (e.g. small nucleolar RNA, H/ACA box 38B, SNORA38). 

 

Figure 106 Genes expression level by patient of MIR548T and SNORA38B 

5.4.2.6 Association with clinical sub groups 

To further to explore the distribution of gene expression data within this cohort of patients, we 

examined whether expression mapped to either of the main clinical phenotypes contained within 

the cohort.  

Comparison of the one patient with ICH (AUS003) against the nine with IS revealed some 

unexpectedly large differences in gene expression with 333 genes differentially regulated overall. 

One profile, noted for 21 genes, showed a marked dichotomy in the IS data set with one cluster 



  

   285 

 

of results aligning closely with expression in the ICH patient and the other cluster having very 

disparate results.   

Some like HLA-DRB1 (major histocompatibility complex, class II, DR beta 1), XIST (X inactive 

specific transcript (non-protein coding), HLA-DRB5 (major histocompatibility complex, class II, 

DR beta 5) showed 343, 178 and 104 fold changes respectively (HLA-DRB1: P-Value = 3.12E-

39, FDR P-Value = 3.12E-39; XIST: P-Value = 1.40E-45,  FDR P-Value = 7.01E-45; HLA-

DRB5: P-Value = 8.83E-44, FDR P-Value = 1.93E-40, Figure 107).  

 

Figure 107 Comparison of gene expression levels of HLA-DRB1, XIST and 

HLA-DRB5 between ICH and IS patient groups.  

Each single dot represents an analysed sample. 

While it is tempting to speculate that this represents a major difference between these two stroke 

classes, the unusual dichotomous clustering pattern within the IS group suggests an alternative 

interpretation, that this simply reflects the homogeneity within individuals.   

However, one IS patient, AUS005, appeared to account for 15/21 of the apparent matches with 

the ICH patient and another, AUS008 and AUS004 accounted for a further 2 of the cluster 

matches. The hierarchical clustering for this data is shown in Figure 108 while the following 

panels (presented in Figure 109) illustrate the distribution of data (circled in red respectively) for 

AUS008 (major histocompatibility complex, class II, DR beta 1; HLA DRB1) and for AUS005 

(DEAD (Asp-Glu-Ala-Asp) box helicase 3, Y-linked; DDX3Y). 
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Figure 108 Sub-clustering showing correlation of expression between AUS003 

(ICH, mustard) and AUS005 (15/21 genes, IS, green) and with AUS008 and 

AUS004 (2/21, IS, red). 
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Figure 109 Gene expression levels between IS and ICH for HLA DRB1 and 

DDX3Y. Each single dot represents an analysed sample.  

Data for AUS008 in HLA DRB1 and for AUS005 in DDX3Y are circled in 
pink.  

Like AUS003, these two patients shared a marked improvement in their NIHSS from the initial 

assessment at presentation to the assessment at 24 hours (ICH AUS003: NIHSS H0 = 10, 

NIHSS H24 = 4; IS AUS008: NIHSS H0 = 12, NIHSS H24 = 1; IS (WUS) AUS005: NIHSS H0 

= 10, NIHSS H24 = 3). This suggests the hypothesis that the clustering within the IS group and 

the alignment of one of these clusters with the ICH patient's data could reflect expression of 

genes that map with good recovery. 

5.4.2.7 Mapping to NIHSS 

Within the data reported above, both the cluster analysis showing a graded response across 

patients for some genes, highly variable expression for some genes, and the dichotomous sub-

clustering of IS data for the genes showing similarities to the ICH patient, suggested the presence 

of broader patterns that might prove clinically useful.   

To explore this possibility, the data was first re-analysed using improvement (or otherwise) 

between NIHSS scores at T0 and T24 to grade clinical course. A greater score relates to a 

reduction in clinical signs (improvement) between the two NIHSS assessments. Genes (410) with 

more than a 2-fold difference between the lowest and highest H0-H24 scores (-5 and 11 
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respectively) were selected and then those with a smooth transition of values between these 

extremes indicative of a biological plausible transition were examined in more details. 

This filtering identified 34 genes where there appeared to be a correlation between gene 

expression and improving H0-H24 score (Table 30), 10 genes that appeared to indicate a 

worsening profile (Table 31) and 1 gene showing a U-shaped curve. 
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Table 30 Genes identified correlated to an improved NIHSS score between H0 and H24 

ID 
-5 Avg 

(log2) 

1 Avg 

(log2) 

2 Avg 

(log2) 

4 Avg 

(log2) 

5 Avg 

(log2) 

6 Avg 

(log2) 

7 Avg 

(log2) 

8 Avg 

(log2) 

11 Avg 

(log2) 

H0-H24 

F-Test 

H0-H24 

FDR F-Test 
Gene Symbol Description 

16779305 7.59 7.73 8.77 8.91 8.74 8.65 9.1 8.9 8.72 1.40E-45 1.40E-45 LINC00282 
long intergenic non-protein coding RNA 
282 

16851230 5.85 5.41 5.96 6.34 5.72 6.82 6.74 7.42 7.02 1.40E-45 1.40E-45 ANKRD20A5P 
ankyrin repeat domain 20 family, member 
A5, pseudogene 

16865522 4.7 5.04 5.23 5.24 4.99 6.25 6.96 7.46 7.28 1.40E-45 1.40E-45 KIR2DS4 
killer cell immunoglobulin-like receptor, 
two domains, short cytoplasmic tail, 4 

16983843 4.92 5.5 7.78 8.15 8.65 6.93 7.72 7.29 7.39 1.40E-45 1.40E-45 LOC646652 integral membrane glycoprotein-like 

16985794 7.67 7.94 8.5 8.68 9.16 8.45 8.5 8.63 9.01 1.40E-45 1.40E-45 
GTF2H2B; 

GTF2H2 

general transcription factor IIH subunit 2B 

(pseudogene); general transcription factor 
IIH subunit 2 

16927819 4.29 4.4 5.1 4.35 6.32 4.67 5.18 5.69 7.23 4.20E-45 4.33E-43 IGLV3-12 immunoglobulin lambda variable 3-12 

16985748 7.94 8.09 9.29 9.43 10.18 8.48 9.43 9.03 8.78 1.54E-44 1.53E-42 
LOC728093; 
LOC643784; 

LOC102725182 

putative POM121-like protein 1-like; NLR 
family, apoptosis inhibitory protein 

pseudogene 

16723998 5.76 5.93 5.79 5.72 6 6.26 5.85 6.69 7.27 7.69E-42 5.85E-40 ACCS 
1-aminocyclopropane-1-carboxylate 

synthase homolog (inactive) 

16851247 4.89 5.1 5.52 5.49 5.4 5.85 5.8 7.05 6.58 1.50E-41 1.10E-39 
  

16665878 3 3.06 2.65 2.91 2.91 3.01 3.48 3.35 4.46 5.63E-41 3.95E-39 IL23R interleukin 23 receptor 

16781941 5.56 5.55 5.47 5.07 5.48 5.96 6.93 6.51 6.65 2.49E-36 1.10E-34 TRAV26-1 T cell receptor alpha variable 26-1 

16997013 4.6 5.22 5.85 6.04 6.66 5.61 5.86 6.06 6.25 7.12E-36 3.01E-34 
GTF2H2; 
GTF2H2C 

general transcription factor IIH subunit 2; 
GTF2H2 family member C 

16997041 2.98 5.72 6.03 6.63 7.51 6.86 7.25 7.84 6.66 1.04E-35 4.32E-34 OCLN occludin 

17117619 3.38 2.81 3.82 4.09 3.97 3.15 4.67 5.08 5.39 3.58E-34 1.27E-32 
LINC01296; 
DUXAP10 

long intergenic non-protein coding RNA 
1296; double homeobox A pseudogene 10 

17094494 6.9 7.98 6.95 7.63 7.6 7.85 7.79 8.28 8.58 5.04E-31 1.30E-29 
  

16851249 4.32 4.19 4.94 5.31 4.74 5.33 5.11 6.12 5.79 2.56E-30 6.14E-29 ANKRD20A5P 
ankyrin repeat domain 20 family, member 

A5, pseudogene 

16882332 6.44 6.78 6.6 7.15 7.51 7.3 7.4 7.88 7.8 1.19E-29 2.69E-28 GNLY granulysin 

16875997 4.91 5.5 4.97 5.37 6.14 5.98 5.64 6.04 6.34 1.29E-29 2.90E-28 ZNF154 zinc finger protein 154 

16775631 4.32 4.87 4.3 4.21 4.61 4.77 4.69 5.18 5.58 1.04E-28 2.15E-27 RBM26-AS1 RBM26 antisense RNA 1 

16997010 2.82 3.21 4.3 5.12 5.19 4.03 4.03 4.68 4.48 1.96E-28 3.94E-27 GTF2H2 general transcription factor IIH subunit 2 

16724029 2.85 3.01 2.86 2.77 3.04 3.51 3.02 3.96 4.34 4.57E-28 8.83E-27 
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17121122 3.58 3.71 4.1 3.86 3.39 3.91 3.99 4.53 5.03 6.45E-27 1.11E-25 
  

17094496 7.33 7.93 7.05 7.65 7.72 7.85 7.82 8.26 8.48 4.11E-24 5.39E-23 MIR1299 microRNA 1299 

16761495 4.04 4.66 4.57 4.1 5.59 4.92 5.33 6.05 5.42 1.22E-22 1.38E-21 TAS2R10 taste receptor, type 2, member 10 

16887358 3.44 2.9 3.42 3.78 4.66 3.85 4.23 4.54 4.88 3.63E-22 3.93E-21 
  

17063973 3.42 3.65 3.69 3.54 4.08 4.07 4.79 4.56 4.81 3.56E-21 3.51E-20 
  

17121124 2.36 2.42 2.99 2.82 2.37 2.83 2.89 3.35 4.21 1.62E-20 1.51E-19 
  

17052857 3.31 3.52 3.69 3.41 3.94 3.85 4.5 4.25 4.57 4.77E-20 4.24E-19 
  

16835538 3.34 3.63 3.39 3.59 3.53 4.55 4.12 4.22 4.4 8.15E-20 7.09E-19 
  

17120960 2.48 2.36 2.73 2.76 2.81 2.93 2.54 3.14 3.72 1.90E-16 1.22E-15 
  

16774612 2.6 2.61 2.42 2.61 2.63 2.56 3.17 2.97 3.61 1.03E-13 5.17E-13 LRRC63 leucine rich repeat containing 63 

16691850 3.86 4.24 3.66 4.36 4.23 4.23 4.4 4.68 5.43 1.63E-12 7.30E-12 
  

16722321 8.42 9.2 9.06 8.96 9.9 9.13 9.36 9.3 9.71 3.38E-07 9.76E-07 PDE3B phosphodiesterase 3B, cGMP-inhibited 

16979944 6.3 6.81 7.03 7.02 7.57 6.92 7.04 7.22 7.4 6.08E-07 1.71E-06 
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Table 31 Genes identified correlated to a worsened NIHSS score between H0 and H24 

ID 
-5 Avg 

(log2) 

1 Avg 

(log2) 

2 Avg 

(log2) 

4 Avg 

(log2) 

5 Avg 

(log2) 

6 Avg 

(log2) 

7 Avg 

(log2) 

8 Avg 

(log2) 

11 Avg 

(log2) 

H0-H24 F-

Test 

H0-H24 FDR 

F-Test 
Gene Symbol Description 

16775083 8.01 8.09 7.68 5.65 6.13 4.88 6.36 5.81 4.9 1.40E-45 1.40E-45 OLFM4 olfactomedin 4 

17021787 4.12 2.87 3.42 2 2.05 2.3 1.76 2.03 2.04 4.20E-45 4.25E-43 LOC105377896 uncharacterized LOC105377896 

16791427 7.16 5.86 5.67 5.34 4.78 5.03 4.97 4.59 5.16 3.46E-42 2.70E-40 CTSG cathepsin G 

16725160 7.8 7.08 6.47 6.02 6.77 5.81 6.45 5.36 6.14 5.76E-39 3.27E-37 MS4A3 
membrane-spanning 4-domains, subfamily 

A, member 3 (hematopoietic cell-specific) 

17021789 4.99 3.58 4.09 3.42 3.03 3.63 3.31 3.43 3.18 2.67E-35 1.06E-33 
 

 

16847034 6.75 6 6.56 5.98 5.6 5.55 5.39 5.11 5.69 5.41E-27 9.39E-26 MPO myeloperoxidase 

16932483 4.62 4.13 3.72 3.71 3.11 3.42 3.51 3.63 3.11 1.25E-24 1.73E-23 LOC105372866 uncharacterized LOC105372866 

17074305 8.99 7.95 8.77 7.24 7.17 5.94 7.33 6.81 7 5.15E-23 6.07E-22 DEFA4 defensin, alpha 4, corticostatin 

17123594 3.74 2.77 2.85 2.88 2.42 2.64 2.36 2.92 2.34 1.40E-22 1.58E-21 
 

 

16743207 3.41 3.37 2.69 2.87 2.56 2.58 3.02 2.27 2.38 1.99E-16 1.27E-15 TRIM51EP tripartite motif-containing 51E, pseudogene 
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Expression levels of killer cell immunoglobulin like receptor, two Ig domains and short 

cytoplasmic tail 4 (KIR2DS4) and cathepsin G (CTSG), third ranked genes on the improved and 

worsened NIHSS lists respectively, and the gene identified with a U-shaped expression curve by 

difference of NIHSS between H0 and H24 are represented in Figure 110. 



  

   293 

 

 

Figure 110 Gene expression level by difference of NIHSS between H0 and H24 of KIR2DS4, CTSG and transcript 

17120938 
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5.4.2.8 Time course  

Initially, the same pairwise analysis as used for the rat Pilot experiment (pairwise, 2-fold change, 

P<5.0E-7) was run using the time of first sampling as t=0. This identified 9 genes which 

changed significantly with time. Nevertheless, the change was gradual and of relatively small size, 

providing a profile unlikely to be of use clinically.  The gene expression profiles over time for 

caspase 5 (CAPS5, P=1.30E-12) and N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 1 

NDST1, P=1.99E-08) illustrate this point in Figure 111. 

 

Figure 111 Gene expression level by sampling time for CASP5 and NDST1. 

Each single dot represents an analysed sample. 
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Others, while less statistically significant such as interleukin 1 receptor-like 1 (IL1RL1, P=4.59E-

06) also confirmed the presence of a time signature within the data (Figure 112). 

 

Figure 112 Gene expression level of ILRL1 by sampling time.  

Each single dot represents an analysed sample. 

To examine whether we might be missing more biologically significant time-dependent changes 

because of the inherent variability of the human samples, those 577 genes for which the between 

patient comparison suggested the data for multiple individuals had large overall variance 

(Standard deviation of values of >0.5) were examined more closely, paying special attention to 

those which also had sub-clustering of the data within that individuals results. The expression 

pattern of small nucleolar RNA, H/ACA box 38B (SNORA38B, between patient P=1.17E-08) 

is shown in Figure 113 to illustrate such a profile. 
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Figure 113 Gene expression level of SNORA38B by patient.  

Each single dot represents an analysed sample. 
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Importantly, an obvious concern with this strategy is that high variance might simply reflect 

unregulated expression of the gene. However, for some genes we noted that while most patients 

had wide variance, some individuals did not. Since we randomised processing of the arrays and 

each data point represents a single array, such differential clustering is not consistent with just 

"noise" but suggests instead differential responses to stroke across individuals. Expression of 

transcript ID 17122218 illustrates well this situation (Figure 114). Seven patients have highly 

variable expression but AUS010, AUS005 and AUS004 all have constrained expression with 

similar means. If this were simply a "noisy" gene then it is highly unlikely that the 46 arrays for 

these patients would yield such similar results. 

 

Figure 114 Gene expression level of the probe ID 17122218 by patient.  

Each single dot represents an analysed sample. 
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Because of limitations of the TAC software with respect to complex temporal modelling, 

AUS002 was chosen as a typical example of our data set, having ischaemic stroke, a moderate 

NIHSS H0-H24 score of 8, and a good sample representation out to 12 hours after the first 

sample. After a visual survey of the 577 genes (with an SD of >0.5 in any individual patient) for 

AUS002, it appeared that the expression profiles for this group of 577 genes could be divided 

into 4 broad classes: 1) Genes with clear evidence of a time dependent change where level of 

expression transitions smoothly from one time point to another; 2) Genes with no evidence of a 

time signature; 3) Genes with abrupt "spikes" of expression in just 1 or 2 adjacent samples; 4) 

Genes with profiles too complex to classify but which nevertheless suggested a temporal profile 

might be embedded in the signal. Expression for Probe ID 17122204, immunoglobulin heavy 

variable 3-48 (IGHV3-48), taste receptor, type 2, member 43 (TAS2R43), and ankyrin repeat 

domain 20 family, member A1 (ANKRD20A1) are shown in Figure 115 to illustrate these 

profiles. 
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Figure 115 Gene expression level by sampling time of Probe ID 17122204,  

IGHV3-48, TAS2R43 and ANKRD20A1 
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The gene list of the 97/577 genes from AUS002 judged to have a potential temporal profile were 

then used to filter the genes expressed in the other patients. For some, the evidence for a marked 

temporal profile was convincing. For example, bone marrow tyrosine kinase on chromosome X 

(BMX) showed variation of expression both within patients and between patients (Figure 116). 

 

Figure 116 Gene expression level of BMX by patient.  

Each single dot represents an analysed sample. 

When the data for each individual was plotted separately it became clear that for some 

individuals, expression of BMX changed markedly with time. For the index patient, AUS002, 

only a small change is seen early after starting sampling. The same was true for AUS008.  

AUS003, AUS004, AUS005, AUS006, AUS008, AUS009, AUS010 and RMH102 all had much 

broader peaks of expression which suggested that for patients AUS003, AUS006 and RMH102 

the whole spectrum of BMX expression had been captured. Conversely it appeared that for 

AUS004 only the early portion of the profile has been captured while for AUS005 and AUS009 

the later portion has been captured. Only for AUS011 was the time sequence uncertain because 

of a major trough in expression at 2.5hrs. A similar spike was seen at 6.5hrs for AUS005. Gene 

expression profiles of BMX by patients are represented in Figure 117. 
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Figure 117 Gene expression level of BMX by time point in AUS002, AUS003, AUS004, AUS005, AUS006, AUS008, AUS009, 

AUS010, AUS011 and RMH102.  
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A nearly identical temporal profile of BMX expression was observed in our rat Pilot experiment 

(Figure 118). 

 

Figure 118 Gene expression level of BMX by time post MCAo in the Pilot data 

set.  

Each single dot represents an analysed sample. 
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Other genes also showed marked variation of expression across patients (Figure 119). Interleukin 

1 receptor-like 1 (IL1RL1) changed over a similar time frame in AUS002 but in the opposite 

direction with very similar profiles for AUS003, AUS006, AUS009, AUS010, AUS011 and 

RMH102. The response in AUS004 moved in the same downward direction but with a much 

shallower trajectory but a IL1RL1 response was hard to discern for AUS005 and AUS008 

(Figure 120). The reasons for this are unclear though AUS005 and AUS008 were distinguished 

by having the smallest change in NIHSS between T0 and T24 consistent with little change in 

their clinical status with time. That the signal profile for IL1RL1 is less obvious than that for 

BMX is consistent with the rat data where the Pilot experiment also showed a shallower profile 

of expression for this gene (Figure 121). 

 

Figure 119 Gene expression level of IL1RL1 by patient.  

Each single dot represents an analysed sample. 
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Figure 120 Gene expression level of IL1RL1 by time point in AUS002, AUS003, AUS004, AUS005, AUS006, AUS008, 

AUS009, AUS010, AUS011 and RMH102. 
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Figure 121 Gene expression level of IL1RL1 by time post MCAo in the Pilot 

data set.  

Each single dot represents an analysed sample. 

For other genes, temporal patterns could be detected in some individuals but not all. For 

example, dishevelled associated activator of morphogenesis 2 (DAAM2) had only the suggestion 

of a peak of expression in AUS002 but a clear and apparently delayed pattern in AUS003, 

AUS004, AUS006, AUS008, AUS010, while in AUS009 the peak appeared to have been missed 

and nothing was clear in AUS005, AUS011 or RMH102 (Figure 122). 
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Figure 122 Gene expression level of DAAM2 by time point in AUS002, AUS003, AUS004, AUS005, AUS006, AUS008, 

AUS009, AUS010, AUS011 and RMH102. 
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C-X-C motif chemokine ligand 10 (CXCL10) showed a more complex wave-like pattern of 

expression where individual peaks and trough were difficult to align (Figure 123). 
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Figure 123 Gene expression level of CXCL10 by time point in AUS002, AUS003, AUS004, AUS005, AUS006, AUS008, 

AUS009, AUS010, AUS011 and RMH102. 
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Interestingly, AUS003, the only ICH patient, had a number of genes with well-defined temporal 

changes which were not represented in the genes selected as changing in the ischaemic stroke 

patients and offer the hope that haemorrhagic and ischaemic stroke might be distinguished. 

These are illustrated below by arachidonate 15-lipoxygenase (ALOX15), interleukin 5 receptor 

subunit alpha (IL5RA), and histone cluster 1 H3 family member G (HIST1H3G) in Figure 124. 
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Figure 124 Gene expression level by time point in patient AUS003 of ALOX15, IL5RA and HISY1H3G 
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Amongst the most highly expressed genes in the rat Pilot experiment (RAB44, member RAS 

oncogene family; MAS-related GPR, member X3 (Mrgprx3); purinergic receptor P2Y, G-protein 

coupled, 13 (P2RY13); Fc fragment of IgM receptor (FCMR); nitric oxide synthase 2, inducible 

(NOS2); interferon induced with helicase C domain 1 (Ifih1); myxovirus (influenza virus) 

resistance 2 (MX2); B-cell scaffold protein with ankyrin repeats 1 (Bank1); interleukin 1 receptor, 

type II (il1r2); membrane-spanning 4-domains, subfamily A, member 1 (Ms4a1)), 7 showed no 

evidence of time dependent expression (illustrated below for a single patient in each case, RAB44 

in AUS004; P2RY13 in AUS003; FCMR in AUS002; NOS2 in RMH102;  in AUS003; MX2 in 

AUS005; BANK1 in AUS003; Figure 125) confirming the hypothesis that most of the 

differential gene expression occurring after MCAo in rats is a procedural confound, not a 

consequence of cerebral ischemia. 
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Figure 125 Gene expression level by sampling time for A) RAB44 in AUS004, B) P2RY13 in AUS003, C) FCMR in 

AUS002, D) NOS2 in RMH102, E) Ifih1 in AUS003, F) MX2 in AUS005 and G) BANK1 in AUS003. 
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No human homologs were found for WAP four-disulfide core domain 15B and hypothetical 

protein LOC691931. 

For Mrgprx3, one of the most differentially expressed genes over a very narrow time frame in 

rats (Figure 126), the human data is less clear. For AUS004, the profile appears similar to the rats 

while there is an acute spike in a single sample at the appropriate time for AUS005, AUS006 and 

AUS009 (Figure 127).  

 

 

Figure 126 Gene expression level of Mrgprx3 by time post MCAo in the Pilot 

data set.  

Each single dot represents an analysed sample. 
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Figure 127 Gene expression level of Mrgprx3 by time point in AUS004, 

AUS005, AUS006 and AUS009. 
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For Il1r2, the interleukin 1 receptor type II, another member of the top 20 time dependant gene 

in the Pilot (Figure 128), no trend was discernible for AUS002, AUS003, or AUS011. However, a 

trend was present in AUS004, AUS005, AUS006, AUS008, AUS009, AUS010 and RMH102 

(Figure 129).  

 

Figure 128 Gene expression level of Il1r2 by time post MCAo in the Pilot data 

set.  

Each single dot represents an analysed sample. 
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Figure 129 Gene expression level of Il1r2 by time point in AUS004, AUS005, AUS006, AUS008, AUS009, AUS010 and 

RMH102. 
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5.5 Discussion 

TIMES is one of the first observational studies in humans analysing all biomarkers capable of 

changing while a stroke occurs by using gene arrays methodology and not looking at pre-

specified and arbitrarily chosen biomarkers. Its half-hourly sampling scheduled, starting as soon 

as the patient arrives in the ED, has never been done before and is of great interest for acute 

stroke management. By its design, TIMES maximizes the probabilities of identifying biomarkers 

capable of informing stroke onset time. The kinetics of biomarker changes could allow 

construction of a stroke clock, applicable in the hyperacute phase of stroke. Differentiating 

haemorrhage from ISs would significantly reduce the time and costs required between stroke 

onset and potential treatment but also broaden the utility of reperfusion therapies.    

TIMES first limitation was recruitment, even if no family or patient refused to consent once 

approached. Nor were there any withdrawals during the whole blood collection duration. 

Patients and relatives said they were reassured to have the presence of a doctor (even if not the 

treating doctor) so often at the bedside. Blood sampling method (through the cannula) was also 

said to be a major reason for consent. The method was totally pain free and allowed blood to be 

collected without waking up a sleeping patient.   

Rigorous sample size calculation estimated that 300 patients had to be recruited. Actual 

recruitment was much less than planned. Length and high frequency of sampling was a major 

obstacle to be integrated into routine stroke nurse activity. In addition, no research nurse was 

permanently allocated to this project. Recruitment and sampling were therefore made only by 

two investigators.  

Recruitment was fully dependent on the two investigators availability which was limited by other 

professional activities. Length of sampling (12hours) made sampling ending at multiple times 

after 12am but was an obstacle only in two cases where patients arrived in the ED after 4pm. 

Other competitive stroke trials were also a limitation for recruitment. 

For these reasons, in addition with processing costs, analysis was limited to 10 patients. The 

study was redefined as an observational hypothesis generating pilot. 

Firstly, because of the rapid changes that noted in the rat data, the sampling regime for humans 

needed to be tested to see whether it has to be sensibly similar to the rat one or whether the 

human profile was completely different from the rat. Examples of BMX and IL1RL1 gene 
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expression profiles after stroke indicate that the time frames are exactly similar for the human 

and the rat data. This guides us towards the appropriate timing of sampling and confirms that 

hourly sampling seems to be appropriate. In the future, sampling might even be restricted to 

specific key times 

With the initial cluster analysis, most of the genes identified as segregating patients from other 

appeared to be linked to the Y-chromosome, which was surprising given their identification in 

either male and female patients. 

The direction of change of the gene expression of the transcript 17104924 and XIST- X inactive 

specific transcript is consistent with both these patients being female and lacking a Y-

chromosome. However, the presence of any signal at all is unexpected as is the magnitude of the 

difference. Others have noted detection of expression of Y-specific genes on Affymetrix Gene 

Chip Human Gene 1.0 ST Arrays as used here with RMA normalisation. In this study of nine 

male and seven female probed arrays (vs the 192 used here), the authors interpreted the 

difference in signal intensity between males (high) and females (low) as a surrogate for baseline 

noise inherent in the Affymetrix array system (Bikel, Jacobo-Albavera et al. 2017). This 

interpretation is however not consistent with the range of expression data in the female stroke 

patients where variation is often greater than in the more highly expressing males. One would 

expect a very narrow range of fluorescence signals, a floor effect, as the detection limits of the 

assay system were reached. 

XIST, an X-specific long non-coding RNA and one of the two X-specific genes showing 

upregulation in the females AUS003 and AUS005, which is known to escape X-inactivation and 

is believed to be one of the regulators of this escape process (Ballabio and Willard 1992) shows 

reversal of the detection pattern for this gene (high in females and low in males) but with a 

similar wider range of detected values in the females. The combination of these two reversed 

patterns of expression for Y-specific and X-specific but inactivated genes suggests an alternate 

explanation, that binding of RNA from the X-linked homologs of the Y-specific genes is 

occurring. That sequence homology is high and miss-binding possible for these genes is 

consistent with the common evolution of the X and Y chromosomes from a pair of homologous 

autosomes approximately 180 million years ago (Wilson Sayres and Makova 2013). Indeed, there 

are data for the presence of an X-specific homologs of the PRKY gene (Rosser, Balaresque et al. 

2009) and for DDX3Y, KDM5D, and USP9Y with the USP9X showing sufficient homology to 

escape female X-inactivation (Colaco and Modi 2018). ANOS2P is the Y-chromosome 
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pseudogene of the X-linked gene ANOS1 which also escapes X-inactivation (de Castro, Seal et 

al. 2017) as do the X-linked genes BCOR, TXLNG which are homologs of BCORP1 and 

TXLNGY respectively (Zhang, Castillo-Morales et al. 2013).  

At this stage it is unclear whether these changes have any significance to stroke biology though it 

has been reported that Y-specific genes, including DDX3Y and EIF1AY, are differentially 

expressed in males 3 and 24hrs after stroke (Tian, Stamova et al. 2012). Moreover, EIF1AX/Y, 

KDM5C/D, DDX3X/Y, and USP9X/Y are four of eight global regulators of gene activity that 

exist as X-encoded and Y-encoded (male-specific) protein isoforms where the X paralogue of 

each pair escapes X inactivation, implying a dose-sensitive relationship that requires both genes 

to be active (Bellott, Hughes et al. 2014). Others have shown that DDX3X (the X paralogue of 

the Y gene DDX3Y) is a nucleo-cytoplasmic shuttling protein that binds CRM1 (chromosome 

region maintenance 1) (Yedavalli, Neuveut et al. 2004) which is implicated in IL-1B mediated 

astrocytosis after stroke (Hayakawa, Arai et al. 2010). 

A cluster of 6 genes showed an interesting graded response that might ultimately be clinically 

useful to segregate patients. All members of this cluster, the OASs, HECT5, IFIs and RSAD2 all 

play a role in interferon signalling with important roles in regulation of inflammatory cell 

proliferation and turnover in health and disease (Critchley-Thorne, Yan et al. 2007, Sadler and 

Williams 2008, Choubey, Duan et al. 2010, Jang, Lee et al. 2018). In animals, interferon signalling 

is reported to have both deleterious (Seifert, Collier et al. 2014, Zhang, Downes et al. 2017) and 

beneficial effects (Kuo, Scofield et al. 2014) after stroke. In humans the role is similarly unclear 

with reports that β-interferons used to treat multiple sclerosis both increase stroke risk in these 

patients (de Jong, Kingwell et al. 2017)or are safe (Sabidó, Venkatesh et al. 2018). Regardless of 

whether they cause harm or not, further work seems warranted to determine whether the profile 

of expression of these and related genes might prove useful for grading the extent of damage and 

thus inflammatory response after stroke. 

Identifying biomarkers allowing differentiation of haemorrhage from ischaemic stroke would 

drastically change the management of acute stroke. Indeed, if cerebral haemorrhage could be 

ruled out with a simple blood test, reperfusion therapies could be initiated as soon as in the 

ambulance. This will reduce the time to needle and consequently improve the probability of 

good functional outcome.  
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Even if samples from only one ICH patient were analysed in this experiment against nine IS, a 

marked dichotomy in the IS data set with one cluster of results aligning closely with expression 

in the ICH patient and the other cluster having very disparate results was identified. Genes such 

as HLA-DRB1, HLA-DRB5 and XIST were shown to have major fold changes of expression 

between the two subgroups.     

The extended haplotype of the HLA class II region encompassing HLA-DRB5; HLA-DRB1 has 

a strong association with rheumatoid arthritis (Scally, Petersen et al. 2013),  multiple sclerosis 

(Kular, Liu et al. 2018) and also Parkinson's disease and Alzheimer's disease (Little, Barakat-

Haddad et al. 2017). It seems reasonable to conclude that differential expression of these two 

genes might represent prior exposure to an inflammatory stimulus that could predispose towards 

stroke. Examination of these and related genes in at-risk populations would be required to test 

this hypothesis. 

A number of genes (such as ALOX15, IL5RA, and HIST1H3G) were also identified with a 

temporal profile clearly different from those in the IS patients.        

ALOX15 encodes a member of the lipoxygenase family of proteins. Some of its polymorphism 

have been associated with an increased risk of IS in the Northern Chinese Han population 

{Zhao, 2012 #814}. ALOX15 has also been shown to have a cytotoxic activity, potentially liked 

to the caspase pathways, which is upregulated in neurons and endothelial cells after stroke and 

could contribute to both neuronal cell death and blood–brain barrier leakage. Its inhibition has 

been associated with limiting the expansion of the initial infarct, as well as by reducing oedema 

while its increased expression has been linked to a widespread injury after global cerebral 

ischemia {Yigitkanli, 2017 #807}{Rai, 2014 #811}{van Leyen, 2014 #813}. ALOX15 inhibitors 

use has been associated with a reduced risk of bleeding after rt-PA {Yigitkanli, 2013 #812} use 

and they are thought to potentially be the next first line treatment for stroke, even in a preclinical 

setting as they could be used before ruling out ICH {van Leyen, 2014 #813}{Rai, 2014 #811}. 

The protein encoded by IL5RA is an interleukin 5 specific subunit of a heterodimeric cytokine 

receptor. IL5RA is mostly associated with atopic pathologies such as eczema, allergies and 

asthma {Miyake, 2015 #815}{Semic-Jusufagic, 2010 #816}.  

These markers might have the potential to distinguish hemorrhagic and ischemic stroke and need 

to investigate further in the future. 
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This analysis also identified a subset of genes (including KIR2DS4 and cathepsin G) whose 

expression was clinically associated with early neurological improvement and correlated with 

decrease of NIHSS score between admission and at 24 hours. Others were associated with a 

neurological deterioration during the first 24 hours after stroke. This suggests that there are 

markers in the blood that can be used for predicting short term outcome. 

Killer cell immunoglobulin-like receptors (KIRs) and their HLA ligands interact to regulate 

natural killer (NK) cell function, responsible of the innate immune function. In the literature, 

KIR2DS4 has been associated with transplant rejection {Bao, 2010 #818}{Wu, 2016 #817}.  

Cathepsin G (CTSG), a serine protease released from activated neutrophils, is implicated in 

platelet activation, leading to intravascular thrombosis, thus contributing to cardiovascular and 

cerebrovascular disease. It has been shown that cathepsin G is a physiologic modulator of 

platelet thrombus formation in vivo. Both pharmacologic inhibition of cathepsin G and its 

congenital absence prolonged the time for platelet thrombus to form in ferric chloride-injured 

mouse mesenteric arterioles. In a vaso-occlusive model of ischemic stroke, inhibition of 

cathepsin G and its congenital absence improved cerebral blood flow, reduced histologic brain 

injury, and improved neurobehavioral outcome and indicating the fact that cathepsin G might be 

a potential target for novel anti-thrombotic therapies {Herrmann, 2000 #183}{Faraday, 2013 

#808}. Another role of cathepsin G, identified in 1998, was to augments NK cytotoxicity 

through its protease activity {Yamazaki, 1998 #810}. 

One of the aims of this experiment was to identify biomarkers potentially capable of providing a 

“stroke clock”. Related findings from our animal cohorts also needed to be translated. This pilot 

analysis confirmed the presence of a time signature in a human data set. Indeed, gene expression 

levels of bone marrow tyrosine kinase on chromosome X (BMX) and interleukin 1 receptor-like 

1 (IL1RL1) showed clear time dependant profiles that could be of interest in the clinical practice.  

BMX is a non-receptor tyrosine kinase with known roles in inflammation, particularly 

monocyte/macrophage trafficking (Qiu, Wang et al. 2014). Importantly, BMX has previously 

been reported to respond to ischemia in the endothelium of large arteries (Ekman, Lymboussaki 

et al. 1997) and ischemia-mediated arteriogenesis and angiogenesis (He, Luo et al. 2006). 

Moreover, suppression of BMX (also called Etk) is reported to protect against stroke in animals 

(Chen, Wu et al. 2012). Therefore, BMX would appear to be a good candidate for a stroke 

biomarker able to provide temporal information on stage of stroke evolution. 
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IL1RL1 is a member of the IL1 superfamily and known to interact with IL-33. A soluble form 

acts as a decoy receptor to sequester IL-33 and the membrane bound form interacts (like BMX) 

with the MyD88/NF-kB signalling pathway during inflammation and after tissue damage 

(Griesenauer and Paczesny 2017). IL1RL1 polymorphisms have been linked to mortality in 

coronary and peripheral artery disease (Lin, Wu et al. 2017) while polymorphisms of the ligand 

IL-33 have been reported to be linked with ischaemic stroke (Guo, Zhou et al. 2013). While the 

expression profile might not be as readily discernible as that of BMX, if in a larger sample 

expression correlates with outcome trajectory, IL1RL1 might also prove to be a useful stroke 

biomarker. 

This experiment has also showed that most of the top time dependant genes identified in the 

pilot did not change in the human data set, confirming the hypothesis resulting from the Sham 

experiment (chapter 4) that many of the genes detected originally in the rats are procedure 

related, not a consequence of cerebral ischemia. This has important implication for our 

understanding of stroke biology as derived from rodent experiments and needs urgent 

investigation. 

The temporal profile of Mrgprx3, the most time differentially expressed genes in rats, in human 

data is less clear. Its profile appears similar to the rats in only one patient while there is an acute 

spike in a single sample at the appropriate time in three patients. Since similar "spikes" have 

appeared elsewhere in the human data (but never in the rat data), we are unsure whether they 

represent an artefact of array processing or a biological effect that should be examined in further 

detail. The presence of at least 2 adjacent but independent data points in one patient suggests 

this might reflect biology rather than artefact. It is also noteworthy that in rats this is a highly 

expressed gene but in humans it is close to the detection limits of the arrays supporting the 

alternative hypothesis this is an artefact. 

On the other hand, gene expressions for BMX and IL1RL1, identified from the human data set, 

have been shown to have similar temporal profiles in the blood of rats after MCAo (pilot data). 

This indicates that time dependent genes specific for stroke are present in the rat data, even if 

they are not the top ones listed. Indeed, BMX and IL1RL1 are respectively ranked 65th and 

900th in the list of 1932 time dependent genes in rats (chapter 3).     

For Il1r2, the interleukin 1 receptor type II (already discussed in chapter 4), which ranked in the 

top 10 of the most time dependant gene list from the rat Pilot, no time trend was discernible for 
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3 patients. However, a trend was present in the seven others investigated ones. As for BMX and 

IL1RL1, this supports the concept that stroke specific profiles are embedded within the rat data 

and again argues that we need to find collaborators who can help with a more sophisticated 

analysis of the rat and human data sets. 

Nevertheless, temporal profiles were identified in the blood of stroke patients in the acute phase 

of the disease suggesting that it should be possible to generate a human stroke clock that would 

make patient monitoring possible in clinical trials and could be used in settings where imaging is 

less available as an alternative way of staging stroke and making decisions about therapeutic 

interventions.  

Studying RNA in blood of stroke patients is challenging. In humans, fold changes of expression 

are reported to be usually less than twofold (Sharp, Jickling et al. 2011) while changes we 

detected in the rats were of much greater magnitude (chapters 3 and 4). This may make detection 

of biological effects more arduous in the human data set. However, we were surprised to also 

find large-fold changes for individual but not large groups of genes in humans. In addition, one 

of the major differences between the rat and human experiments is that an accurate record of 

stroke onset is available for the rats (insertion of the occluding thread). For the stroke patients, 

accurate timing only begins when the first blood sample is collected in the emergency 

department (designated time zero in the analysis above). In the human data set, analysis by time 

points was performed using ‘absolute’ time (defined from the time zero) and not adjusted time 

(from the symptom onset). Also, the rats are nearly genetically identical and the stroke sizes 

induced have been designed to be nearly identical. Heterogeneity inherent to patient population 

studies creates unavoidable noise in the data. All three of these differences contribute to the 

difficulties encountered in finding time dependent signals that are consistent across the whole 

patient cohort. 

Further deeper analysis of the current data with investigators with biostatistical and mathematical 

modelling expertise is scheduled. Samples from the remaining 5 recruited patients will also be 

added in this complementary analysis. 

5.6 Conclusion 

This provisional analysis has shown that there are indeed, in this pilot human data set, genes with 

time dependent patterns of expression after stroke that might ultimately be used to construct a 

stroke clock. The example of BMX also illustrates that our rat gene analysis probably contains 
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other genes that, despite the confounding influence of surgery in the rat data, might prove useful 

for a human stroke clock. The current analysis of the human data is of necessity limited because 

we lack software and mathematical modelling expertise capable of identifying clear patterns 

amongst such a small group of clinically heterogenous patients particularly where the timing of 

initiation of stroke damage is uncertain. Larger patient numbers and selection of those patients 

whom had another person able to provide accurate timing because they were present when the 

stroke occurred and recruitment of a collaborator with sophisticated modelling skills will allow 

us to solve this problem.  
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Chapter 6: Longitudinal evaluation of  ischemic stroke 

biomarkers by proteomics. 

6.1 Introduction 

The traditional approach to identify stroke biomarkers has been to select candidate markers 

based on their known involvement in the stroke pathophysiology. This “pick your best 

candidate” approach where researchers selected their candidate from a small pool of 

favourite molecules has often been unsuccessful.  

Similarly to microarrays, mass spectrometry takes a more global approach. Its screening of 

the entire proteome allows an unbiased evaluation to identify proteins or pathways not 

previously considered as potential candidate biomarkers. This chapter examines sequential 

blood samples from ischemic stroke patients recruited in the EXTEND clinical trial were 

processed through mass spectrometry describing protein expression profiles occurring after 

stroke. This is presented as published in Biomarker Insights.  

6.2 Discovery and longitudinal evaluation of candidate biomarkers 

for ischemic stroke by mass spectrometry-based proteomics. 
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Chapter 7: General discussion. 

The board aim of the thesis is to begin to develop tools to help increase the proportion of acute 

ischemic stroke patients that can benefit from recanalization therapy by intravenous 

thrombolysis using rt-PA or mechanical thrombectomy. 

To date, only a minority of stroke patients receive rt-PA. Different strategies have been and are 

still used to increase the number of patients treated by rt-PA. One of these main strategies is to 

educate the general population to recognize the stroke symptoms and teach them how to behave 

appropriately in this situation.  

In the mid 2000’s, the Face, Arm, Speech, and Time (FAST) mass media campaign was launched 

in different countries to raise public awareness of stroke symptoms and the need for an 

emergency response. FAST has since then been run repetitively and transposed worldwide. 

Unfortunately, the impacts of these public education campaigns are limited (as described in 

chapter 2). They resulted in increases in symptom awareness and awareness of the need for 

emergency response. On the other hand, efficacy in terms of shorter time to arrival in the ED or 

increased use of thrombolysis is controversial and overall disappointing in regards of the 

invested money and workload (Bray, O'Connell et al. 2010, Lecouturier, Rodgers et al. 2010, 

Flynn, Ford et al. 2014, Dombrowski, White et al. 2015).  

Another strategy was the development of the STroke Emergency MObile (STEMO), a 

specialized ambulance vehicle, equipped with a CT scanner, point of care laboratory devices and 

staffed with a trained team of specialists in acute stroke care (one neurologist, one paramedic and 

one radiology assistant) that would be available for prehospital thrombolysis.  

The use of a stroke ambulance has been showed to reduce the time to rt-PA and increase the 

rate of thrombolysis in IS patients (Weber, Ebinger et al. 2013, Ebinger, Winter et al. 2014). 

However, the Stroke ambulances are not only expensive to set up but also to run as they 

required a specialised team available. Moreover, their number and use are restricted (the stroke 

ambulance is only available for one stroke at the time while their area to be covered is large).  
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There is no doubt that specific IS biomarker would represent an efficient way of increasing the 

proportion of IS patient treated with the best care available (thrombolysis and/or 

thrombectomy) since they could be detected by more suitably equipped first responder. Stroke 

biomarkers can also help to reduce the door to needle time by bypassing the initial imaging (or 

when advance imaging is not available or contra indicated). Identification of biomarkers of brain 

tissue viability (biomarker of reperfusion) will also drastically impact the treatment options in the 

WUS scenario. 

Nevertheless, stroke biomarkers are not ready to use in clinical practice yet, and this thesis, even 

if providing new evidence and directions, brings no change to the situation. Specific research on 

stroke biomarkers is relatively young and started approximately 15 years ago. The number of 

publications started to increase by the end of the 90's and it is still increasing (website I.B.i.C. 

D.I.s.g.). By comparison, cardiac biomarkers were in development for 35 years before reaching 

use in the clinic.   

Improvement in patient outcomes in the setting of acute stroke necessitates a rapid and accurate 

diagnosis of stroke and its subtypes. A biomarker that could differentiate between haemorrhagic 

and ischaemic stroke or risk of subsequent bleeding would, in theory, permit widespread 

initiation of thrombolysis in the ambulance and save valuable time and brain tissue.  

If selecting candidate markers based on their known involvement in the stroke pathophysiology 

has yet to prove successful. Genomics and proteomics offer an unbiased approach that has been 

used with some success in the last decade.  

Nevertheless, for both strategies, most measurements have been performed later than the 

clinically relevant thrombolysis time window. Timing of biomarker measurement, particularly 

early when decision making is most important, requires urgent and systematic study. Moreover, 

the kinetics of change in biomarker concentrations may be revealing in their own right and, if a 

biomarker stroke clock can be constructed, might dramatically broaden the utility of 

thrombolysis and thrombectomy.  

The traditional approach to identify stroke biomarkers has been to select candidate markers 

based on the known physiopathology (pick your best candidate approach). Whole genome 
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microarrays and proteomics instead permit an unbiased selection of molecular markers by 

examination of all of genes and proteins expressed in a tissue. In this thesis, we have been using 

these approaches to identify specific characteristic blood RNA and protein expression profiles 

occurring after stroke, rather than making a guess at what those markers might be.  

This thesis offers analysis of biomarkers hyper acutely after stroke. Hyperacute sampling can be 

planned in animal experiment such a schedule is not possible in stroke patients. Delays of 

recognizing the symptoms and transportation to the hospital are part of the routine stroke care. 

Our first sample, drawn as soon as the stroke patient arrived in the emergency department (even 

before consent), was taken less than one hour after symptoms onset in only one patient but with 

a mean of 1H40 after known symptoms onset. Patient analysis are also complicated by the 

absence of baseline measures due to the impossibility of collecting a pre stroke sample 

(equivalent to Vpre in the animal setting). Moreover, the experiments and analysis conducted as 

part of this thesis offer longitudinal follow up after stroke (up to 90 days).  

By drawing blood samples repetitively in the first 24 hours after stroke, our experiments clearly 

identified a major temporal change in the blood of animals after the procedures that have 

induced stroke and in patients who suffered an ischemic stroke. 

By identifying and confirming this biomarker time course in different cohorts of stroke animals 

and patients, this finding gives a new perspective on most previously published results that only 

examined a late and single time point. Most of the existing literature has indicated that stroke 

pathophysiology is a dynamic phenomenon yet stroke biomarkers have been studied way outside 

of a time frame that could be of an interest in clinical practice. With the enlargement of the 

treating window with mechanical thrombectomy up to 24 hours after symptoms onset 

(Nogueira, Jadhav et al. 2018), the data of this thesis aligns with the current real life of acute 

stroke management. The field should urgently consider a better time window for stroke 

biomarker investigation.  

Our animal experiments were designed to be able to identify stroke specific biomarkers and 

therefore to segregate the different causes for the observed changes of gene expression: steps 

required to prepare the surgical procedures (handling, anaesthesia and initial steps of stroke 

surgery) or the interruption of brain vascularisation causing the stroke itself. It appeared that the 

majority of gene expression changes were due to handling and preparing the animal for the 
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surgical intervention more than the act of stroke. More sophisticated experiments are therefore 

needed to be able to identify which parts are stroke specific and which are stress, anaesthesia, 

muscle or retina ischemia specific. Alternative models of experimental stroke could aid in teasing 

these apart such as the endothelin-1 or magnetic beads induced stroke models. 

This also raises the possibility that all we know about the stroke inflammation pathway is indeed 

contaminated by surgery and the community will have to revise specifically the interpretation of 

the inflammatory phenomenon that occur after stroke once we have a better model. This better 

understanding of stroke physiopathology could ultimately lead to identification of new 

therapeutic targets. 

The identified biomarker profiles, even though not yet useful for clinical decision making, may 

be useful for therapeutic monitoring of clinical trials. In a preclinical setting, they may prove 

useful for early identification of animals with successful or failed stroke procedures and therefore 

avoid wasteful monitoring of uninformative animals. This would simplify and reduce cost of 

further animal research. Indeed, they could be used as blood indicator of successful MCAo 

surgery instead of having to use invasive and costly monitoring such as laser doppler. 

Further work is also needed in the human population where the absence of a pre stroke sample 

in this cohort might be overcome by study of patients at risk of stroke during interventions for 

heart disease (with possibilities of blood sampling before and after anaesthesia and during 

surgery. 

Issues of translation between preclinical models and effective therapies in patients are well 

known. Many neuroprotective agents that seemed promising in animal studies of ischemic brain 

injury proved to have no effect when tested in clinical trials. This PhD offers a direct comparison 

of results from an animal model of stroke and from stroke patients.   

Unfortunately, every pre-clinical study has limitations and the specific stroke biomarker quest is 

no exception. One of the major problems of animal stroke models is that studies are mostly 

conducted in young animals without any comorbidity. They differ from human stroke, which 

particularly affects elderly people who often have a multiplicity of cerebrovascular risk factors 

and are on many medications. Therefore, no single animal model can truly replicate stroke 

patients in all their complexity. Availability of animals for pre stroke evaluation and early 
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sampling is particularly difficult in patients, as discussed here above. On the other hand, the 

methods used to induce the studied pathology in animals can lead to modifications that will not 

be observed in ‘native’ stroke patients, such as the surgery response identified in chapter 3.  

Similarly, more heterogeneity in the experimental model used might help to match the clinical 

side reality. Research on aging or female rats, rats with co-morbidities such as diabetes and 

hypertension would help to reproduce the ischemic stroke patient spectrum. Once fully 

validated, models of ICH, brain trauma or even migraine would also give informative 

comparisons and participate to match the clinical situation as encountered in an ED when a 

patient presents with a neurological deficit.   

Genome arrays and proteomics are complementary methods, each with their own advantages 

and drawbacks. 

Microarrays studies have dominated the stroke biomarker research field in the last decade (Sharp 

and Jickling 2013). Following the lead of Frank Sharp’s team, microarray studies have shown 

some promising results (Tang, Lu et al. 2001, Moore, Li et al. 2005, Tang, Xu et al. 2006, Barr, 

Conley et al. 2010). Using this approach, we identified reproducible patterns of gene expression 

changing over time after ischemic stroke in an animal model of stroke and demonstrated that 

this change occurs hyper acutely after the ischemic event (chapters 3, 4 and 5).  

The main advantage of the methodology is the un-biased approach and the wealth of 

information that is provided with the ability to study thousands of genes from a single sample 

simultaneously. 

However, measurement of RNA with microarrays has several limitations with respect to 

translation of their results into the clinical setting. Firstly, the technology for rapid quantitation 

of RNA is in its infancy. Secondly, since not all RNAs code for proteins, discovery at the RNA 

level does not guarantee finding a matched protein that might be easier to measure. Finally, 

serum protein levels may differ from the expression patterns due to post-translational changes 

and regulatory feedback mechanisms and therefore gene expression may not be an accurate 

reflection of protein expression during cerebral ischemia (Humphrery-Smith, Cordwell et al. 

1997, Arrell, Neverova et al. 2001, Ansong, Purvine et al. 2008). Indeed, the sequencing of the 
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human genome revealed that there are around 25 000 genes, although it is estimated that only 

around 11 000 are active in a given tissue under physiological conditions (Baird 2007). 

In addition, there are many technical difficulties and methodological and analytical pitfalls 

associated with whole genome microarrays. While these difficulties are identified and even well 

described by some the most successful researchers in the field, they remained difficult to avoid in 

real laboratory practice (Sharp, Jickling et al. 2011). For example, we knew that to minimize 

batch effect it is recommended to process all the samples in the same laboratory, following the 

same protocol and all at one time. This last point wasn’t unfortunately applicable in our case due 

to the large number of samples to be processed and the time needed to collect all the samples, 

especially in our human cohort. 

Cost of such processing (from the reagents used to stabilized the blood samples and the RNA 

extraction and CDNA synthesis kits to the gene chips and fluidic station) is also one of the 

major limitations of microarrays. When planning an experiment, consideration of statistical 

power has to be balanced against the cost of the experiment. 

As illustrated in chapter 4, dealing with the size of the data generated by high throughput 

experiments is also associated with difficulties of quality control and complexity of the analysis. 

We would not contemplate these experiments again without greater access to a bioinformatician 

or biostatistician. 

While using microarrays is portrayed as simple and straight forward, the reality and our 

experience is different and this contributes to making efficient stroke biomarker data acquisition 

difficult. Analysis requires a team with multiple areas of expertise, including clinical medicine, 

molecular biology and bioinformatics. 

Similarly to microarrays, modern proteomic technology allows a high throughput method to 

quantitatively analyse a large number of proteins present in a disease state. By taking an agnostic 

and data-driven rather than hypothesis-driven approach, an unbiased evaluation of the proteome 

can identify proteins or pathways not previously considered as potential candidate biomarkers, as 

illustrated in chapter 6. Nevertheless, mass spectrometry, like microarrays, requires time 

consuming sample preparation and processing (as pointed out in chapter 6), expensive and 

sophisticated instrument and highly trained technicians. Therefore, this technique is still currently 
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limited to the laboratory. Use of information generated by proteomics requires adaptation to 

methods such as immunochemistry for application in the clinic. 

In addition to difficulties of recruiting stroke patients that are admitted in hospital at times that 

are not always compatible with research staff availability (as illustrated in chapter 2 and discussed 

in chapter 5), serial blood sampling also proved to be an arduous task. Length and frequency of 

sampling in the human cohort was physically demanding. As we had no control over the patient 

admission times and therefore recruitment times, the 12 hours sampling could finish in the early 

morning. No aid from the routine nurse staff was possible as work load is already high in acute 

stroke units (blood pression monitoring, information to the family, evaluation of neurology 

status), usually for more than one patient at a time, and this even more so when reperfusion 

treatment is administrated. Only big teams can dedicate the time of a research nurse for such 

project.  

Even in the animal experiments, repeated sampling is demanding, as time for animal preparation 

and surgery procedures need to be added in the day schedule. 

Major organisation skills and flexibility are needed when combining animal experiments, 

laboratory processing and patients sampling. Nevertheless, sequential blood sampling is essential 

and worth doing. 

In addition with the sample size required to identify robust biomarkers at the experimental and, 

even more, at the human level, the future of biomarker research appears to be only manageable 

through large multicentre collaborations.  

The ultimate aim of the stroke biomarker research is development of a point of care device. A 

quick and reliable bedside biomarker assessment will revolutionize acute stroke management. It 

will expedite the diagnosis of ischemic stroke making imaging less critical to clinical decision-

making. It will reduce time from symptoms to needle or groin respectively for treatment by 

thrombolysis or thrombectomy. It will therefore improve patient outcome after stroke as each 

additional minute of delay before reperfusion implies a loss of 1.9 million of brain neurons. As 

stroke therapeutic options are time dependent, it will as well increase the proportion of ischemic 

stroke patients eligible for recanalization therapies. Finally, an efficient biomarker point of care 

device will aid in outcome prediction, especially identifying patients at risk of haemorrhagic 
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transformation after reperfusion treatment or at risk of post stroke infection. In addition, 

impacting treatment decision making, biomarkers have the potential to also give prognosis 

information for families and relatives. 

An efficient point of care device will provide the relevant needed information on-site, without 

sample processing, long central-laboratory processing and analysis. A point of care test platform 

is a mobile laboratory device that is located directly at the site where the patient is treated, where 

the needed tests are performed by the same personnel who is treating the patient, thus 

potentially reducing interface times and examination times (Cummins, Ligler et al. 2016, Harpaz, 

Eltzov et al. 2017). Other characteristics of the ideal point of care device include mobility, 

affordability and being user-friendly. Mass spectrometry and microarrays technologies obviously 

do not fulfil these requirements. 

Point of care tests are already routinely used in other clinical practice settings.   

Available from the 1960’s, glucose meter biosensors are a good example of a commonly used 

point of care test. Currently based on enzymatic amperometric glucose biosensors, they allow 

self-monitoring of blood glucose by patients at home and help to actively to the control diabetes 

and prevent the progression its microvascular (retinopathy, nephropathy and neuropathy) and 

macrovascular complications (stroke and coronary artery disease) (Yoo and Lee 2010). The urine 

pregnancy test is another example of a point of care test based on a sensitive immunoassay using 

a monoclonal antibody specific to the beta subunit of human chorionic gonadotropin (hCG) in a 

single step for the qualitative detection of hCG with results available within 3 minutes (Chard 

1992).  

Point of care testing for international normalised ratio (INR) level in patients under 

anticoagulation therapy by vitamin K agonist has been used to reduce door to needle time in 

ischemic stroke treatment by rt-PA. Laboratory testing of INR (that needs to be <1.7 to permit 

thrombolysis) takes 30-60 min, which can significantly delay administration of rt-PA. Various 

methods have been adopted to derive the INR value for point of care devices, and 

electrochemical detection of thrombin activity is one of the most widely used assay principles. 

Commercialized, among others, as CoaguChek® (Roche), it is based on amperometric 

determination of the prothrombin time after activation of the coagulation with human 

recombinant thromboplastin, determination of INR is obtained within 1 min, requiring only one 
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drop of capillary blood (Kim, Lee et al. 2015) and has been shown to be well correlated with 

central laboratory testing (Rizos, Herweh et al. 2009, Nusa, Harvey et al. 2013, Kim, Lee et al. 

2015). INR point of care testings are already used in the specialized stroke ambulances in 

Germany, part of the arsenal allowing pre-hospital thrombolysis.  

Electro-chemical detection and enzyme-linked immunosorbent assay (ELISA) are amongst the 

most utilized principles in point of care tests whereas custom made arrays of a small number of 

genes or high speed or multiplex PCR to measure multiple mRNAs could be the techniques for 

the next generation of point of care tests.  

Prognosis tests such as MammaPrint® are already taking advantage of array panels by analysing 

the activity of 70 genes on breast tissue then calculating a recurrence score that indicates either 

low or high risk of breast cancer (van de Vijver, He et al. 2002). MammaPrint® is certainly not a 

point of care test but has an impact on clinical decision making (decision to give or not adjuvant 

therapy in breast cancer).  

Miniaturization of point of care devices through the use of nanowire technologies is another 

approach to meet point of care test requirements. The electronic properties of nanosystems have 

good performance and a lower cost than ‘real size’ technologies. 

Research team at Cornell’s University even developed a point of care test to measure NSE as a 

biomarker to distinguish stroke from mimics. They use luminescent detection on enzymes 

tethered to NSE nanoparticules (Cohen, Lata et al. 2015). Unfortunately, NSE has not proven to 

be the ideal biomarker for IS diagnosis in clinical practice. 

Specific stroke point of care devices could be installed in mobile stroke units with or without 

imaging. The cost of such stroke ambulances might therefore be significantly reduced and thus 

their number increased to allow more patients to receive thrombolysis.  

Beside information about stroke onset time, sequential biomarker research could lead to identify 

markers of collateral circulation state. In lights of the reperfusion trial results, the relevance of 

cerebral collateral circulation in ischaemic stroke has been undeniable explaining how similar 

time of brain artery occlusions may have different clinical and histological outcomes. Indeed, 

depending on the extent of collateral blood flow, neuronal death occurring after brain 

tissue ischemia can be delayed in a variable manner or even prevented. As the collateral 
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flow is highly variable between individuals, a specific biomarker of tissue viability 

(irrespective of time) would also be an alternative strategy. 

In term of therapeutic options, hypothermia might represent an alternative strategy to ultimately 

allow treatment of more IS patients by stopping or slowing down the “stroke clock” and 

therefore extending the time window for thrombolysis and thrombectomy.  

Therapeutic hypothermia is one of the most promising treatment strategies for acute ischaemic 

stroke notably due to the fact that, in contrast to most other neuroprotective treatment 

strategies, multimodal pathophysiological effects on the ischaemic cascade have been described. 

Indeed, pre-clinical studies have suggested that hypothermia affects a wide range of cell death 

mechanisms including energy depletion, disruption of the blood–brain barrier, free radical 

formation, excitotoxicity and inflammation (Olsen, Weber et al. 2003, O'Collins, Macleod et al. 

2006). 

The potential of hypothermia has recently been underlined by randomized clinical trials in 

patients with global cerebral ischaemia after cardiac arrest (Bernard, Gray et al. 2002, 

Hypothermia after Cardiac Arrest Study Group 2002) and in infants with moderate or severe 

hypoxic-ischaemic encephalopathy (Gluckman, Wyatt et al. 2005), in which cooling reduced 

mortality and disability. 

Favourable effects of hypothermia do not appear to require further proof in animal models of 

stroke as reduction of temperature has been reproducibly shown to significantly reduce infarct 

size and improve neurobehavioral scores (van der Worp, Sena et al. 2007, Tang, Liu et al. 2013, 

Cechmanek, Tuor et al. 2015, Rewell, Jeffreys et al. 2017). In clinical trials of patients with acute 

stroke, hypothermia has been shown to be safe and applicable in an emergency department 

setting (Kammersgaard, Rasmussen et al. 2000, Krieger, De Georgia et al. 2001, De Georgia, 

Krieger et al. 2004, Hong, Lee et al. 2014, Piironen, Tiainen et al. 2014, Lyden, Hemmen et al. 

2016). Whether hypothermia also significantly improves outcome of patients with stroke remains 

to be confirmed by larger randomised clinical trials currently recruiting (van der Worp, Macleod 

et al. 2014). 

For these reasons, following this thesis, we will continue analysing the effects of hypothermia on 

our stroke biomarkers candidates: in our MCAo rat model with early and sequential blood 
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sampling and, using bloods samples collected by Piironen et al. while testing the effect of 

hypothermia in patients receiving rt-PA or not. We aim to examine the impact of the 

hypothermia treatment on the stroke clock biomarker profiles, and increase understanding of the 

effects of hypothermia at the genomic and proteomic level (using qPCR and MS). Importantly, 

we will determine whether a candidate therapy alters biomarker profiles in a predictable way. 
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