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Abstract 

Background: The current diagnosis of stroke remains largely clinical but widely used 

stroke scoring systems do not allow differentiation between stroke patients and mimics 

(e.g., migraine, seizures). Computed tomography (CT) can confirm haemorrhage, but 

many patients with suspected stroke are subsequently found to have alternative 

pathologies. Magnetic resonance imaging (MRI) distinguishes between acute strokes 

and mimics, but the majority of patients do not tolerate longer scanning time. Recently, 

the blood biomarker strategy showed a promising diagnostic method, however, there 

are limited studies examining circulating biomarkers in acute stroke patients compared 

to mimics as defined by both neurological scores and imaging data. 

Hypothesis: The combination of circulating biomarkers in acute stroke patients with 

neurological scores, CT and MRI data can improve the diagnosis of stroke. 

Methods: Two murine stroke models were used to examine cellular and blood brain 

barrier (BBB) tight junctional (TJ) markers in the brain by immunohistochemistry and 

western blotting and assess circulatory biomarkers by ELISA. The serum biomarker 

levels were measured in stroke patients and mimics identified by both neurological 

scores and imaging data.   

Results: Neuronal, glial cell and BBB damage in the brain and changes in circulatory 

biomarkers were observed in stroke mice compared to shams. The clinical study 

showed the levels of glial fibrillary acidic protein (GFAP), Neurofilament light 

chain (NfL) and TJ proteins can differentiate between strokes and mimics. GFAP level 

is correlated with CT data and Neuron-specific enolase level is correlated with MRI 

data.  

Conclusion: The preclinical studies for the first-time demonstrated brain damage 

together with changes in circulatory markers in two murine models of stroke. The novel 

clinical study confirmed the preclinical results and suggested that biomarkers in 

combination with stroke scales and imaging might offer valuable tools for 

differentiation between ischaemic stroke and mimics and assessing the severity of 

ischaemic stroke. 
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Chapter 1 Introduction and background 

Stroke is the most common cerebrovascular disease leading to a sudden neurological 

dysfunction caused by a disturbance in the cerebral blood flow due to ischaemia or 

haemorrhage. In the UK, stroke is the fourth leading cause of death and a leading 

cause of disability (Stroke Association, 2018). According to the Stroke Association UK, 

there are over 100,000 stroke cases each year in the UK. This is equivalent to one 

case every five minutes and about two-thirds of stroke survivors leave the hospital with 

a disability (Stroke Association, 2018). In the UK, there are more than 1.2 million stroke 

survivors (Stroke Association, 2018). The cost of stroke to society is approximately 

£26 billion a year (Stroke Association, 2018). 

The current management of stroke patients relies on rapid assessment of the two 

types of strokes, ischaemic stroke or haemorrhagic stroke (Glushakova et al., 2016). 

Thrombolytic therapy with recombinant tissue plasminogen activator (r-tPA) is the only 

effective treatment for ischaemic stroke approved by the Food and Drug 

Administration (FDA) (Roth, 2011), whereas no treatment has been shown to be 

effective for haemorrhagic stroke. However, a narrow therapeutic window within 4.5 

hours of symptom onset (Adams et al., 2007; Saver et al., 2013) and intracranial 

haemorrhage related r-tPA treatment (Whiteley et al., 2016) make many clinicians to 

avoid using this treatment. Therefore, objective and rapid assessments of the types of 

stroke at admission would increase the number of patients with ischaemic stroke 

receiving r-tPA treatment and thereby, improve functional outcomes for many 

additional stroke patients (Roth, 2011). 

Endovascular therapy such as mechanical thrombectomy (MT) utilizing stent retriever 

devices allows emergent reperfusion with great recanalisation, which provides cure 

for acute ischaemic stroke with a large artery occlusion (LVO) in the anterior circulation 

who can be treated within 24 hours of the time onset (Mokin et al., 2019). 

A primary aim in acute stroke therapy is quick, early diagnosis and targeted acute 

treatment (Maas et al., 2020). Because the effectiveness of reperfusion therapies like 

intravenous thrombolysis and MT is time-dependent, there is a pressing need to 

improve techniques for a quicker and more precise diagnosis (Hacke et al., 2008; 

Sandercock et al., 2012; Lever et al., 2013; Emberson et al., 2014).  
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Current clinical pathway for suspected stroke (as shown in schematic Figure 1.1) 

depends on neurological assessment by a stroke consultant and neuroimaging by 

computer tomography (CT) and/or magnetic resonance imaging (MRI) in-hospital, 

requiring patients to be sent to surrounding medical facilities for an initial assessment. 

Neuroimaging by CT scan and MRI plays a critical role in the stroke workup and 

diagnosis (Tatlisumak, 2002). This clinical based investigation consumes time 

especially with MRI. Moreover, when a patient is deemed eligible for thrombectomy, 

he/she should be sent to a comprehensive stroke unit. 

 

 

Figure 1.1 Schematic diagram of current clinical pathway for suspected stroke 
starting from time of stroke onset until treatment and outcomes (Dias et al., 
2021). IS—ischaemic stroke; HS—haemorrhagic stroke; CSC—Comprehensive 
stroke centre; mRS—modified Rankin Score: functional outcomes score. 
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However, CT and MRI modalities have drawbacks. For examples, CT is relatively 

expensive and requires a high radiation dose (Tsalafoutas and Koukourakis, 2010) 

and many patients with suspected stroke are subsequently confirmed to have 

alternative pathologies (Buck et al., 2021). MRI is expensive, inaccessible and 

unavailable in many places like remote areas. It also needs long scanning time and  

susceptible to motion artifacts (Zaitsev et al., 2015). Moreover, in the presence of 

pacemakers, or other metallic implants, an MRI cannot be performed (Fred, 2004; 

Shaikh et al., 2019). In point of fact, early acute ischaemic changes within the initial 

three hours following symptom might be difficult to detect on non-contrast computed 

tomography (NCCT) scan alone (Gao et al., 2017). Although MRI known to be more 

sensitive than CT in terms of the diagnosis of acute ischaemic stroke, it takes longer 

scanning time and is not accessible in every medical institution (Zaitsev et al., 2015). 

Furthermore, MRI may not be appropriate for claustrophobic patients (Ghadimi and 

Sapra, 2022). Thus, the current diagnostic tests for stroke primarily rely on the 

neurological assessment in the absence of a practical and generally available 

radiological diagnostic (Musuka et al., 2015). 

Early and accurate stroke diagnosis are extremely important in order to reach a good 

outcome and improved functional recovery. The diagnosis could be challenging 

especially within the hyperacute and acute phases that are relied on clinical 

investigations in combination with neuroimaging techniques. Moreover, there is a lack 

of immediate diagnostic tool at 'point of care' in the community near the patient. While 

imaging biomarkers have played significant role in determining acute therapies, the 

use of sensitive and specific blood-based biomarkers of stroke-associated brain 

injuries could significantly improve the current diagnosis of stroke, treatment and 

functional outcomes (Katan and Elkind, 2018). This points to the necessity for an 

additional accurate and rapid clinical test to offer ischaemic diagnostic information in 

addition to clinical assessments. 

Blood Biomarkers could improve the care of stroke by allowing early stroke diagnosis 

even by clinical providers without extensive neurological training as well as by 

facilitating patients monitoring and assessment of the brain injury severity (Glushakova 

et al., 2016). In addition, a panel of brain damage markers in blood might be used to 

compliment current neuroimaging tools for stroke diagnosis (Glushakova et al., 2016). 

These blood biomarkers would be particularly important in patients with transient 
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neurological symptoms or those who are not easily diagnosed by imaging (Glushakova 

et al., 2016). The biomarker assessment could be performed during initial triage by 

ambulance staff at or near patient’s home, avoiding delays in transporting stroke 

patients to appropriate care centres and permitting treatment of patients at high risk 

for early stroke recurrence (Glushakova et al., 2016). 

Stroke affects and damages brain cells (Lo et al., 2003). Multiple experimental studies 

have found that cerebral ischaemia caused by stroke leads to changes in neurons, 

astrocytes, oligodendrocytes, and microglia and these changes are reflected in 

proteins released into the blood due to post-stroke damage of the blood brain barrier 

(BBB) (Li et al., 2018). Recently, different blood-based biomarker panels have been 

investigated for human stroke (Whiteley et al., 2008; Hasan et al., 2012; Glushakova 

et al., 2016). Some biomarkers, such are neuron-specific enolase (NSE) (Bharosay et 

al., 2012; Lu et al., 2015) and glial fibrillary acidic protein (GFAP) (Luger et al., 2017; 

Ren et al., 2016) have shown promising results.  

Despite progress in research about biomarkers in blood serum during the past years, 

there is no single circulating biomarker for tracking stroke onset and progression in the 

clinical settings. Moreover, correlating these biomarkers levels with MRI and CT 

imaging results as well as clinical outcomes remains inconclusive. Therefore, the main 

aims of this PhD project are first to determine the circulating biomarkers in mouse 

models of stroke compared to sham operated mice and then to examine these 

circulating biomarkers in acute stroke patients compared to mimics defined by clinical 

scoring systems as well as CT and MRI scans. This chapter defines stroke 

classifications, stroke types, blood supply of the brain and areas affected by stroke, 

cellular damage and mechanism of stroke and BBB. This chapter also describes 

current clinical stroke diagnostic methods, stroke treatment and stroke mimics. Finally, 

an insight into imaging technologies and principles of using CT scan and MRI as well 

as current advances and gap in circulatory biomarker studies in both preclinical and 

clinical settings is provided.  
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1.1 General background 

1.1.1 Stroke Classifications     

Stroke is classified into two broad categories: ischaemic stroke and haemorrhagic 

stroke (Stroke Association, 2018). More than 87% percent of all strokes are cerebral 

ischaemic strokes, which are caused by a blood clot (obstruction of the brain blood 

vessel). On the other hand, haemorrhagic strokes are caused by rupture of brain blood 

vessels (Maas and Furie, 2009), Figure 1.2. 

 

 

 Figure 1.2 The two categories of stroke (Heart & Stroke, 2022). 

 

1.1.2 Types of ischaemic stroke:  Global and focal     

Ischaemic stroke or cerebral ischaemia is known as an insufficient blood flow to the 

brain to complete metabolic demands (Stroke Association, 2018), causing loss of brain 

function and cell death, and can be divided into two types: Global ischaemia and focal 

ischaemia (Hossmann, 1991). Global ischaemia is where there is no blood flow to the 

entire brain leading to neuronal injury to susceptible areas of the brain or neuronal 

death if global ischaemia persists (Hossmann, 1991). On the other hand, focal 

ischaemia is where there is no blood flow to a portion of the brain (Hossmann, 1991). 

It involves an occlusion of one major cerebral blood artery such as the middle cerebral 

artery (MCA), distal internal carotid artery (ICA), and basilar artery. Ischaemic stroke 
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can further be classified into two categories: (a) Thrombotic stroke and (b) Embolic 

stroke (Hossmann, 1991). Thrombotic stroke onsets when a thrombus (blood clot) 

forms within the blood vessel of the brain, whereas, an embolic stroke happens when 

a blood clot travels from the other parts of the body to the blood vessels of the brain 

(Hossmann, 1991). The most common cerebral vessels that are affected in human 

ischaemic stroke are MCA and its branches, which accounting for about 70% of 

infarcts (Tamura et al., 1981).   

Different models of focal and global cerebral ischaemia have been established over 

the past years to mimic ischaemic stroke in patients. Middle cerebral artery occlusion 

(MCAO) model of ischaemia has widely been used  for induction of focal ischaemia in 

small animals (Takizawa et al., 1991) and two-vessel bilateral common carotid artery 

occlusion (BCCAO) has been used for induction of global ischaemia (Speetzen et al., 

2013).  

1.1.3 Haemorrhagic stroke 

Haemorrhagic strokes are caused by rupture of weakened vessel that bleeds into the 

surrounding brain (Stroke Association, 2020). There are two types of weakened blood 

vessels that usually cause haemorrhagic stroke: aneurysms and arteriovenous 

malformations (AVMs). An aneurysm is a dilating of a weakened area of a blood vessel 

that might leads to rupture if left untreated whereas the AVMs are defined as a 

collection of abnormally formed blood vessels which might rupture leading to bleeding 

in the brain (Stroke Association, 2020). 

There are two major types of haemorrhagic strokes: intracerebral haemorrhage 

(bleeding within the brain) or subarachnoid haemorrhage (bleeding within the skull but 

outside the brain tissue) (Stroke Association, 2020). Intracerebral haemorrhage is the 

most common type of haemorrhagic stroke and can occurs in the lobes, pons and 

cerebellum of the brain (Stroke Association, 2020). 

However, the bleeding within the brain could happen between the skull bone and the 

dura mater, which is  called epidural haemorrhage; or between the dura mater and the 

arachnoid membrane (subdural haemorrhage); or between the arachnoid membrane 

and the pia mater (subarachnoid haemorrhage) (Tenny and Thorell, 2022). 
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1.1.4 Blood Supply of the brain and areas affected by stroke 

There are two main arteries that supply blood to the brain: the internal carotid arteries 

and the vertebral arteries (Purves et al., 2001), Figure 1.3. The internal carotid arteries 

arise from the common carotid arteries at the level of the neck to form two main 

cerebral arteries, the anterior cerebral arteries (ACA) and the MCA. These two arteries 

form the anterior circulation which supplies blood to the forebrain (Purves et al., 

2001). The MCA is a large artery that supplies the cortical areas with the corpus 

striatum (the caudate nucleus and lentiform nucleus) within the basal ganglia. MCA is 

the most commonly vessel affected by ischaemia. Therefore, any MCA occlusion will 

affect these areas (Nogles and Galuska, 2022). On the other hand, ACA supply the 

medial cortex, parietal, basal ganglia anterior portion and frontal lobe of the brain with 

blood. Thus, any ACA occlusion will affect these areas. The posterior cerebral 

arteries (PCA) arise from the basilar artery and supply the occipital lobe of the brain 

(Purves et al., 2001). All these arteries are joined by Circle of Willis (Purves et al., 

2001), as shown in Figure 1.3. 

 

 

Figure 1.3  Diagrammatic representation of circle of Willis, adopted from 
(Ashish, 2017). 
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1.1.5 Cellular damage of stroke   

Stroke affects all brain cells including neurons, glial cells ( astrocytes, microglia, and 

oligodendrocytes), BBB cells, and cells linings of the ventricles of the brain that 

produce and recycle cerebrospinal fluid (CSF) (Pekny et al., 1999). Stroke also 

disturbs the CSF production, distribution, and reabsorption and leads to variations in 

the cells metabolism and function to the dying tissue and remote regions correlated to 

the stroke area (Pekny et al., 1999). 

Stroke also affects neuronal extensions (dendrites and axons) through which neurons 

send and receive signals by molecules known as neurotransmitters (Pekna and 

Pekny, 2012). Stroke often causes increased accumulation of neurotransmitters in the 

brain tissue, specially glutamate, which may cause neurons overstimulation and 

neuronal death (Pekny et al., 1999). 

The brain can reduce the spread of damage by producing a glial scar that seals off the 

region of damage (Wang et al., 2018). Glial cells are significantly essential in this 

mechanism. Astrocytes are responsible for glucose and other nutrients production in 

addition to supporting the surviving cells viability (Pekny et al., 1999). After stroke, 

astrocytes are activated. This phenomenon is called reactive gliosis which occurred 

by variation of many genes leading to profound variations in the astrocytes function 

and properties (Zamanian et al., 2012). The reactive gliosis cellular hallmarks include 

proliferation of astrocytes, thickening of astrocyte processes, (hypertrophy) and 

increased amount of the intermediate filaments. These intermediate filaments produce 

a scaffold-like network in the cell cytoplasm, a significant dynamic structure included 

in cell signalling, migration and adhesion that can be as a signalling platform, assisting 

cells deal with stress in health and injury (Pekny et al., 1999). 

GFAP is the hallmark intermediate filament (IF) protein present in cytoskeleton of the 

astrocytes (Hol and Pekny, 2015). GFAP shows a great role in ischaemic diagnosis  

(Foerch et al., 2006). Recently, numerous studies focused on the role of GFAP in 

differentiating between intracerebral haemorrhage and cerebral ischaemia in the early 

phase of stroke (Xiong et al., 2015; Ren et al., 2016; Luger  et al., 2017; Katsanos et 

al., 2017). Accordingly, these clinical studies found that GFAP level measured by 

sandwich enzyme-linked immunosorbent assays (ELISA), {a technique to detect the 

presence of antigens in samples (Alhajj and Farhana, 2022)} increased early after 
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stroke, suggesting  that serum GFAP level can be a tool for early prediction of internal 

cerebral haemorrhage (Ren et al., 2016; Luger et al., 2017). However, these studies 

need correlation with imaging biomarkers results. 

In the central nervous system (CNS), during neuroinflammation condition, the first 

responding cells microglia are considered the resident immune cells (Puig et al., 

2018). Multiple studies have reported the important role of microglia in maintaining 

normal brain function in addition to pathogenesis and neuroinflammation in 

neurological diseases (Ma et al., 2017; Colonna and Butovsky, 2017). Following a 

stroke when the blood flow is reduced, microglia become activated, leading to 

microgliosis (an abnormal increase in the number of activated microglia number) 

(Masuda et al., 2011; Li and Zhang, 2016). This microglia activation is considered to 

have participated in the pathological progression of stroke, the role of microglia in 

stroke is still not fully known (Zhang, 2019). 

Pericytes cells are widely diffused within the body. About 80% of blood microvessels 

are mounted by pericytes (Winkler et al., 2012). Particularly, the highest pericytes 

density is located in the  CNS (Winkler et al., 2012). One of the pericytes’ functions is 

to control the microvessels blood flow. Platelet-derived growth factor receptor 

(PDGFR) is a pericytes receptor that is responsible for controlling the pericytes 

contractility (Arimura et al., 2012). Arimura et al. (2012) stated that the PDGFR level 

is elevated during stroke and  this endothelial PDGFR elevation dilates pericytes to 

increase the diameter of microvessels (Arimura et al., 2012). 

1.1.6 Mechanism of stroke 

Studies on stroke models mimicking the pathophysiology of human stroke are 

important to understand the mechanism of stroke and developing effective therapeutic 

measures for stroke patients (Lo et al., 2003). During the first few hours, the primary 

ischaemic stroke is caused by a clot in the blood vessel. This clot causes an 

inadequate supply of energy to the brain tissue leading to neuronal death and 

neurological damage. Decreased oxygen supply affects mitochondrial function and 

causes increase in lactic acid levels leading to a reduction in adenosine 

triphosphate (ATP) production and decreased activity of ion pumps on the cell 

membrane (Lo et al., 2003). Consequently, calcium, protons and sodium ions 

concentrations are elevated in the cells leading to water influx into the cells, cell 
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swelling and death, (Lo et al., 2003). These critical events happen quickly in the stroke 

site and needs to be treated within minutes to hours. In stroke the BBB integrity is 

compromised, permitting uncontrolled molecules entry into the brain parenchyma 

leading to vascular oedema, cell swelling and death, which are associated with worse 

stroke outcome (Lo et al., 2003). This damaged tissue can partially be salvageable 

within hours to few days (Lo et al., 2003). Therefore, it is important to identify brain 

and BBB damage to start early treatment. Figure 1.4. shows the mechanisms of 

stroke.  

 

 

Figure 1.4 Schematic diagram of the mechanisms of Stroke, information 
adopted from (Lo et al., 2003). 

 

1.1.7 Blood-brain barrier (BBB) 

The BBB is formed by endothelial cells surrounding the brain blood vessels. The BBB’s 

endothelial cells are unique in comparison with endothelial cells in different tissues 

since they have continuous intercellular tight junctions (TJ), which highly restrict the 

transcellular and paracellular molecules move through the endothelial cells layer 

(Liebner et al., 2018), Figure 1.5. The BBB is essential in maintaining the CNS 

microenvironment that allows neurones to function properly (Liebner et al., 2018). It 
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also preserves the influx and efflux mechanisms by tightly regulating the molecules 

and ions passage, delivering oxygen and nutrients depending on neuronal needs, 

protecting the brain from toxins as well as maintaining a suitable brain functional 

environment (Liebner et al., 2018). 

 

Figure 1.5 The cell types within the BBB. PC: pericytes, AE: astrocytes, EC: 
endothelial cells and TJ: tight junction (Daneman and Prat, 2015). 

 

The neurovascular unit (NVU) is a complex interaction of endothelial cells, neurons, 

pericytes, astrocytes and the extracellular matrix (Zlokovic, 2008). Astrocytes are 

required for the creation and maintenance of the BBB because they release 

substances that allow for proper cell interaction and the establishment of robust TJ 

(Cabezas et al., 2014). Pericytes have mostly been linked to blood vessel stability and 

hemodynamic activities (Bergers and Song, 2005). 

One of the signs of stroke pathology is BBB damage, which is represented by changes 

in TJ protein complexes leading to an increased paracellular solute leak. TJ is formed 

by the transmembrane proteins: Occludin, Claudin-5 and peripheral membrane 

proteins such as Zonula occludens-1 (ZO-1) (Keep et al., 2008; Prakash and 

Carmichael, 2015; Kassner and Merali, 2015). 

Occludin is one of the BBB’s TJ components (Zhao et al., 2020). Occludin degradation 

has been observed in human and animal studies with acute ischaemic stroke leading  

to BBB breakdown (Yuan et al., 2020). Recently, in a rat ischaemic stroke model, it 

has been seen the rapid loss of Occludin from ischaemic cerebral microvessels (Liu 

et al., 2012). Pan et al. (2017) showed correlations between Occludin levels and the 

extent of BBB damage in a rat ischaemic stroke model. Moreover, they measured the 

Occludin level in blood by ELISA and found a significant increase at 4.5 hours after 
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MCAO. Additionally, they examined the loss of Occludin from microvessels in a brain 

slice of a rat model of MCAO by using immunostaining and found that blood Occludin 

levels correlate well with the BBB damage suggesting that Occludin may work as a 

clinically relevant stroke biomarker for ischaemic stroke (Pan et al., 2017).  

Claudin-5, is another TJ component of endothelial cells of brain (Jia et al., 2014). 

Fundamental role of Claudin-5 is to selectively reduce ions (Jia et al., 2014). It is been 

found that Claudin-5 is expressed in the early stages of development (Lv et al., 2018). 

However, Pan et al. (2017) and Shi et al. (2017) have found that the blood Claudin-5 

concentrations did not change significantly after cerebral ischaemia.  

ZO-1 is one of the BBB’s TJ component that reduces the cerebral vessels permeability 

by restricting the free molecular exchange between brain tissues and blood (Itoh and 

Bissell, 2003). Disarrangement of ZO-1 has been shown to reduce BBB integrity and 

is an indicator of BBB damage (Petty and Wettstein, 2001). However, these TJ 

proteins findings in blood need to be correlated with CT and MRI imaging biomarkers 

and neurological outcomes to increase the efficiently of diagnosis. 

A positive correlation between astrocytes and the maintenance or improvement of 

BBB characterisation has been well established. Several studies have shown a 

relationship between astrogliosis and the dysfunction of BBB (Liebner et al., 2011; Liu 

and Chopp, 2016). Following stroke, astrocytes proliferates and release of GFAP 

leading to a reactive astrogliosis process (Sofroniew and Vinters, 2010). This is 

followed by a decrease in the expression of Occludin and Claudin-5 in endothelial 

cells, BBB damage, and infiltration of immune cells as shown by both in vitro and in 

vivo studies (Proescholdt et al., 2002; Argaw et al., 2009; 2012).  

Pericytes are essential cellular components of the BBB and are actively related to 

other NVU cells. Several studies have reported that pericytes constrict capillaries 

resulting in fast closure of the capillary causing a long-lasting blood flow 

restriction (Brown et al., 2019). Moreover, it has been shown that capillary pericytes 

are quickly lost following a stroke in both human and animal stroke (Fernández-Klett 

et al., 2013a). Compatible with these results, a recent study reported that pericyte 

constriction or loss causes an increase in cerebral blood flow and  subsequent damage 

of BBB in stroke (Hall et al., 2014). Overall, this subsequent BBB damage leads to 
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development of the most common ischaemic stroke complication i.e., intracerebral 

haemorrhage. 

1.1.8 Current stroke diagnostic methods   

Most hospitals make the diagnosis of acute ischaemic stroke entirely on the 

neurological assessment by clinical stroke consultants in conjunction with 

neuroimaging scans. Neuroimaging plays a critical role in the management of stroke 

patients beginning from their initial diagnosis to providing suitable medical 

interventions for further treatment (Akbarzadeh et al., 2021).  

The common clinical neurological assessment scoring systems are: FAST test – 

(Face, arms, speech, time), CPSS – (Cincinnati Prehospital Stroke Scale) and NIHSS 

score – (National Institutes of Health Stroke Scale).  

The FAST test is useful to identify the most common stroke signs. It assists to notice 

the three most common stroke symptoms (facial weakness, arm weakness and 

speech problems ) (Stroke Association, 2018). 

CPSS is an approved stroke screening tool used during triage. It was established to 

quickly evaluate patients with suspected stroke in the prehospital setting (De Luca et 

al., 2019). It includes an assessment of facial drop, arm drift and abnormal speech. 

NIHSS score, which runs from 0 to 42, is the total of 15 separately assessed 

components. The severity of a stroke can be classified as follows: 0 means no 

symptoms; 1–4 means small stroke; 5–15 means moderate stroke; 16–20 means 

moderate to severe stroke; and 21–42 means severe stroke (Khan et al., 2017). 

In a patient with a suspected ischaemic stroke, neuroimaging is used to rule out the 

existence of other forms of CNS abnormalities and to differentiate between stroke and 

stroke mimics and also between ischaemic stroke and haemorrhagic stroke (Yew and 

Cheng, 2009). Furthermore, when assessing a patient with a suspected stroke, 

doctors must evaluate a wide range of possibilities including stroke mimics such as 

seizures, mass lesions and migraines (Buck et al., 2021), (as per section 1.1.10). 

The following section presents a brief introduction to the role of CT and MRI in stroke 

diagnosis. 
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1.1.8.1 Computed Tomography (CT) 

CT is a widely used imaging modality in the stroke diagnosis because of its 

comparatively lower cost, ease in availability, and faster data acquisition (Tsalafoutas 

and Koukourakis, 2010) (Figure 1.6). 

 

 

Figure 1.6 A CT scanner (The Leeds Teaching Hospitals, 2022). 

 

1.1.8.2 Basic principle of CT 

CT uses an x-ray source and a digital detector system that rotates around the patient’s 

body to create horizontal or axial section images of the region under 

diagnosis (Pitkanen et al., 2006) Figure 1.7. The x-ray source is located opposite to 

an x-ray detector, and the pair rotates around the patient in the centre as shown in 

Figure 1.8.  As the x rays pass through the body, they get attenuated. The attenuation 

depends on the tissue type and tissue density from which the beam of x-ray passes 

(Caldemeyer and Buckwalter, 1999). Furthermore, the alterations in the attenuation 

between adjacent tissues give rise to contrast in images. The tissues with less 

attenuation e.g., air and water appear dark in CT images, whereas tissues with high 

attenuation e.g.,  bone appear as bright (Caldemeyer and Buckwalter, 1999). 
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Figure 1.7 Representative cross-sections through the brain, adopted from (My-

MS.org, 2022). 

 

 

Figure 1.8 An illustration of the basic principle of CT (The Leeds Teaching 
Hospitals, 2022). 

 

1.1.8.3 CT imaging to characterise immediate primary brain injury 

An initial clinical step in the management of suspected stroke patients is the NCCT 

examination since it can quickly exclude the possibility of a cerebral haemorrhage 

(Birenbaum et al., 2011). Furthermore, CT angiography (CTA) is an adjunctive 

procedure used to investigate neurovascular anatomy and blood vessel abnormalities 

such as stenosis and occlusion (Birenbaum et al., 2011). In a clinical stroke protocol, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/x-ray-computed-tomography
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an addition of CTA with NCCT provides cerebral information about thrombus extension 

and type of clinical intervention required (Menon and Demchuk, 2011). Besides, CT 

perfusion (CTP) imaging is also an excellent imaging modality for neuro-

interventionists. CTP relies on the tracking of a single bolus of intravenously injected 

contrast agent (iodinated) through the cerebral circulation by consecutive spiral 

scanning (Munich et al.,2016). Iodine-containing intravenous radio-contrast agent 

increases the visibility of vascular organs and structures during radiographic 

procedures (Andreucci et al., 2014). CTP technique provides detailed blood flow 

information in the brain by showing the extent of salvageable tissue that can get benefit 

from endovascular intervention treatment (Campbell et al., 2015; Munich et al., 2016). 

CTP also provides relative and absolute information regarding brain perfusion 

parameters, which are detailed in the following section. 

1.1.8.4 CTP biomarkers or parameters  

Perfusion biomarkers are known as cerebral hemodynamic perfusion parameters 

(Engedal et al., 2018) such as cerebral blood volume (CBV), cerebral blood flow 

(CBF), mean transit time (MTT) and time to peak (TTP) (Khandelwal, 2008). CBV 

refers to the blood volume per unit of brain tissue and is usually measured as millilitres 

per 100 gm of blood (Khandelwal, 2008). CBF refers to the rate of blood to brain tissue 

per minute and is usually measured as millilitres per minute per 100 gm of blood 

(Khandelwal, 2008). MTT can be defined as the time between the venous outflow and 

the arterial inflow, and TTP is the time taken by the contrast agent to achieve maximum 

enhancement Hounsfield unit (HU) {a quantitative value of the radio density of the 

tissue (DenOtter and Schubert, 2022)} in the region of interest (ROI) prior its value 

starts reducing (Khandelwal, 2008). It is possible to measure these quantitative 

perfusion parameters from different modalities such as CTP and MRI perfusion.  

Latchaw et al. (2003) in the guidelines and recommendations for perfusion imaging in 

cerebral ischaemia have stated that CT scan can quantify the change in the density of 

tissue following administration of a contrast agent to calculate the perfusion 

parameters; CBF, CBV and MTT. Additionally, they have been recommended that 

perfusion techniques are capable of identifying reversible and irreversible ischaemic 

tissues (Latchaw et al., 2003). Multiple clinical studies also have mentioned the 

quantitative perfusion parameters percentage (Abels et al., 2010). The normal 

perfusion parameters values in white matter (WM) and grey matter (GM) are shown in 
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Table 1-1 (Kaneko et al., 2004; Rostrup et al., 2005; Mu et al., 2013). According to a 

study by Rostrup et al. (2005), in normal perfusion case, a symmetric sided perfusion 

is observed with higher CBV and CBF in the GM than in the WM due to the variation 

between their physiological hemodynamic properties. However, in the case of stroke, 

the prediction of penumbra (the brain tissue at risk) or core (a tissue within the 

ischaemic area which is irreversibly damaged) (Yu et al., 2016), is based on 

the resulting changes in cerebral blood perfusion parameters. 

The change in perfusion parameters aids in the patient’s treatment. Multiple studies 

have shown that CTP parameters help to differentiate salvageable and unsalvageable 

tissue, and in the identification of patients with salvageable tissue for their reperfusion 

therapy. The quantitative measurement of CTP parameters indicates that abnormal 

cerebral hemodynamics can offer an efficient basis for clinical diagnosis and decision-

making process for patient selection in MT (Rostrup et al., 2005; Borst et al., 2015). 

Also, according to a study by Xu et al. (2019) on acute ischaemic stroke patients, the 

patient’s prognosis is significantly related to the value of CTP parameters. 

Table 1-1 The normal perfusion CT parameter  values (Kaneko et al., 2004; 
Rostrup et al., 2005; Mu et al., 2013) . 

 
CBF 

(ml/min/100g) 

CBV 

(ml/100g) 

MTT 

(sec) 

White Matter 20 1-2 4-5 

Grey Matter 60-80 4-5 4-5 

 

In principle, slightly decreased CBF refers to a decompensated cerebral circulation 

reserve. However, a significant CBF reduction denotes the probability of a cerebral 

infarction development (Yu et al., 2016). Severe reduction in CBV (30-40% in 

comparison with CBV in the normal condition) indicates core infarct (Munich et al., 

2016; Flottmann et al., 2017) . A delayed MTT indicates an impaired perfusion reserve 

and this relates to collateral circulation (Yu et al., 2016). Moreover, a delayed MTT is 

an easy way to measure the cerebral circulation which assists in dealing with the lack 

of CTA anatomic resolution for collateral evaluation. Also, ischaemic stroke patients 

with raised MTT delay are considered at high risk of getting infarct in the future (Keedy 

et al., 2012).   
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1.1.8.5  Magnetic resonance imaging (MRI) 

MRI also known as nuclear magnetic resonance imaging, is a multimodal imaging 

technique that generates detailed anatomical images of the diagnosed organ of the 

patient by utilizing the magnetic properties of hydrogen nuclei (protons) from water 

molecules present in the body (Berger, 2002). As shown in Figure 1.9 , a ring-shaped 

structure produces a strong magnetic field that aligns the hydrogen nuclei along its 

direction. Further, a brief radio frequency (RF) signal (90º to the magnetic field) flips 

the aligned spin of the protons. When the RF signal is turned off, the spins of the 

protons relax back to their original states and realign with the static magnetic field. In 

the relaxation process, the protons emit energy at the same radio frequency which is 

further detected by the receiver coil to generate an image (Roth et al., 2005). In 

contrast to CT, MRI offers a non-invasive diagnostic platform as it doesn’t expose the 

patients to ionizing X-ray rations. It is very suitable for the diagnosis of soft tissues 

rather than bony structures (Caldemeyer and Buckwalter, 1999). 

 

 Figure 1.9  An MRI scanner (The Leeds Teaching Hospitals, 2022). 

 

1.1.8.6 Role of MRI in acute ischaemic stroke 

MRI is more sensitive than CT in distinguishing the secondary ischaemic lesions and 

the stroke mimics (Vymazal et al., 2012). Diffusion-weighted imaging (DWI) has a 

great role in providing valuable information on brain tissue viability. It is one of the 

sequences of MRI which uses the water molecules’ diffusion to produce contrast in 

images. The diffusion process alters markedly by a neurological disorder such as 

stroke (Schaefer et al., 2006). The DWI sequence calculates the water molecules’ 
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diffusion speed in different parts of the brain and illustrates where the motion of water 

is restricted which indicates the area of brain damage (Linfante et al., 2001). Besides, 

DWI, which is faster than other imaging techniques, can detect ischaemic stroke within 

a few minutes of stroke onset (Linfante et al., 2001).  

Apparent diffusion coefficient (ADC) map is a calculated map of the water molecular 

diffusion within tissue and is clinically generated using DWI sequence (Yang et al., 

1999). The ADC can be used as a brain ischaemia biomarker as it shows an increased 

DWI signal in acute stroke with a decrease in the ADC value (Yang et al., 1999). The 

normal ADC values of WM and GM regions of the brain are shown in Table 1-2. 

Table 1-2 The normal ADC values of WM and GM regions of the brain  (Helenius 
et al., 2002). 

 
ADC 

(*10-6 mm 2 /s) 

White Matter 670-800 

Deep Grey Matter 700-850 

Cortical Grey Matter 800-1000 

  

Additionally, Magnetic resonance angiography (MRA) is a technique that is used 

to image the blood vessels  to evaluate their vascular flow dynamics (Vu et al., 

2006). Furthermore, the administration of a contrast agent aids in the enhancement of 

the image and specificity of the ischaemic region (Vymazal et al., 2012). This can be 

done by performing MR perfusion or Perfusion weighted imaging (PWI) which shows 

perfusion in tissues through blood (Vymazal et al., 2012). Using PWI, perfusion 

parameters: CBF, CBV and MTT could be measured as mentioned previously. 

Three methods are widely used to measure perfusion using MRI: Dynamic 

Susceptibility Contrast (DSC) perfusion MRI, Dynamic Contrast–Enhanced (DCE) 

perfusion MRI and Arterial spin labelling (ASL) (Jahng et al., 2014). DSC and DCE 

require a gadolinium intravenous bolus administration whereas ASL is performed 

without exogenous contrast. DSC and DCE are the commonly used techniques for the 

diagnosis of ischaemic stroke (Jahng et al., 2014). DSC perfusion imaging starts with 

injecting a gadolinium bolus intravenously followed by a rapid series of gradient or 

spin-echo images over the organ of interest. As the gadolinium contrast agent passes 
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through the area of circulation, it stays in the intravascular space. Its paramagnetic 

properties cause a local magnetic field distortion around the blood vessels with T2 

(T2*) dephasing and signal loss (Jahng et al., 2014). The different parameters can be 

calculated with signal intensity as a function of time such as CBF, CBV and MTT. 

Besides, the time of image acquisition is very short which is around 2 min (Tofts, 2010; 

Jahng et al., 2014). 

While DCE also requires an exogenous gadolinium administration like DSC imaging. 

However, DCE uses the T1 shortening effects of gadolinium to acquire repeated T1-

weighted images within 5-10 minute of interval. The gadolinium contrast agent 

accumulates in the tissue extracellular space at an amount defined by perfusion, 

surface area and capillary permeability during this time frame (Jahng et al., 2014). The 

images can be analysed quantitatively, semi-quantitatively or visually (Sourbron et al., 

2009). 

1.1.9 Stroke treatment   

Stroke has four main stages or phases: hyperacute, acute, subacute and chronic 

(Tong et al., 2014). In the last two decades, the medical interventions for the treatment 

of ischaemic stroke patients have been enhanced by using a clot-buster drug, r-tPA 

(Bansal et al., 2013) or the endovascular thrombectomy. The haemorrhagic 

transformation is a very frequent complication in ischaemic stroke patients after the r-

tPA treatment (Yang et al., 2007). The temporary reperfusion would restore the 

permeability of BBB, however, late reperfusion may lead to aggressive BBB injury 

(Yang et al., 2007; Jickling et al., 2014). Recent  randomized trials  have shown 

the implementation of MT (an endovascular interventional treatment using stent 

retrievers in a distal  ICA or a proximal  MCA) for reperfusion and improve functional 

outcomes (Evans et al., 2017) ( Figure 1.10).  

 

 

https://www.sciencedirect.com/topics/neuroscience/randomized-controlled-trial
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Figure 1.10 An illustration of interventional therapy (MT) for the treatment of an 
ischaemic stroke patient , information adopted from: (CIRSE, 2022). 

 

MT as mentioned previously is indicated for acute ischaemic stroke with a LVO in the 

anterior circulation who can be treated within 24 hours of the time onset (Mokin et al., 

2019). On 2012, new-generation stent retriever devices (the Solitaire FR 

Revascularisation Device and Trevo ProVue Retriever) have been invented and then 

studied (Saver et al., 2012). Saver et al. (2012) showed significant benefits of these 

devices in terms of better recanalization in a comparison with the older MERCI 

(Mechanical Embolus Removal in Cerebral Ischaemia) device. As a consequence, the 

SWIFT (Solitaire with the intention for thrombectomy) study has stopped the use of 

MERCI device early due to the significant recanalization results with Solitaire 

compared to MERCI (83% vs 48.1%) respectively. Moreover, the comparison results 

showed a significant decrease in mortality rate at 3 months (17.2% vs 38.2%) 

respectively and better neurological outcome at 3 months (Saver et al., 2012). 

In order to define whether patient is indicated for MT, severity of stroke should be 

evaluated using the NIHSS (as per section 1.1.8). The recent trials on MT 

independently established a low initial NIHSS as an inclusion criterion of stroke 

severity during MT selection in acute ischaemic stroke patients with LVO in the anterior 

circulation (Mokin et al., 2019). 

MT improves the clinical outcome in combination with intravenous thrombolysis within 

six hours of symptom onset (Derex and Cho, 2017). However, additional detailed 

studies are necessary to ascertain this hypothesis. Therefore, one objective of this 

study was to determine if absolute values of imaging biomarkers (CBV, CBF and MTT) 

obtained from CTP have the potential to improve prediction of clinical outcomes in MT 

https://www.sciencedirect.com/topics/medicine-and-dentistry/thrombolysis
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(2.2). Then, this study aims to assess the role of blood biomarkers and imaging 

biomarkers in acute stroke patients compared to stroke mimics patients undergoing 

all treatment for stroke diagnosis improvement. 

1.1.10 Stroke mimics 

Stroke mimics are false positive stroke cases and can be defined as non-vascular 

disorders that present with an acute neurological disorder simulating acute ischaemic 

stroke and represent a high percentage of all acute ischaemic hospital admissions 

(Vilela, 2017).  

The aetiologies of mimics were separated into neurological (55.1%) and non-

neurological (44.9%) aetiologies (Buck et al., 2021). In details, the most common 

neurological mimics includes seizures (19.7%), migraines (18.8%) as well as 

peripheral neuropathies (11.2%). While, the most common non-neurological mimics 

are cardiovascular (15.9%), psychiatric (11.9%) and infections (8.9%) (Buck et al., 

2021). These conditions can imitate stroke, especially during the acute phase. 

According to Hand et al. (2006), up to 20% to 30% of stroke code activations at the 

prehospital level are caused by these conditions. 

In the very early stages of stroke, an alternative test with sufficient sensitivity and 

specificity in distinguishing between real strokes and stroke mimics, and also between 

different types of strokes, might be useful to guide the management of prehospital 

stroke, including patient’s allocation and prehospital reperfusion treatments such as r-

tPA in the very early stroke phase. Blood biomarkers have been presented as a 

method to aid in the diagnosis of acute stroke (Dagonnier et al., 2021). They are an 

objective measurement of molecular features. In a study including 1005 patients with 

suspected stroke, a blood biomarkers panel had a prediction accuracy of 0.759 in 

distinguishing between strokes and stroke mimics within the first 24 hours (Montaner 

et al., 2011). On 2017, a panel of  21 biomarkers has examined (Bustamante et al., 

2017). However, the predictive model’s accuracy rates are still away from those 

needed (Bustamante et al., 2017). Therefore, the need of new valuable biomarkers 

remains the upcoming challenges to fulfil the molecular stroke diagnosis. 
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1.1.11 Current evidence of using biomarkers for stroke diagnosis 

This section will mention the current evidence of applying biomarkers to diagnose 

stroke. The biomarkers were focused on this research are imaging biomarkers and 

blood circulating biomarkers. 

1.1.11.1  Imaging biomarkers 

Imaging biomarkers are the characteristic parameters that are objectively acquired 

from the radiological medical images (deSouza et al., 2019). These parameters 

illustrate and measure the characteristic of a tissue (functional, structural or biological) 

after performing signal processing as well as computational models to images in the 

space and time domains. Additionally, these imaging biomarkers help in the detection 

of disease, abnormalities characterisation, and treatment response (deSouza et al., 

2019). Recently, in acute stroke neuroimaging, huge attention has been given to 

imaging biomarkers for their assistance in providing a much better understanding of 

acute stroke pathophysiology, improving diagnostic precision, patients selection for 

clinical trials, clinical outcomes prediction,  monitoring disease prognosis, and  defining 

new therapeutic targets (Henriksen et al., 2014). Moreover, these biomarkers can also 

be utilized to enhance inclusion/exclusion criteria for patient selection by focusing on 

the patients with a target disease and excluding the patients who are likely at risk for 

bad outcomes (Kidwell, 2013). According to a study by Kidwell (2013), these 

biomarkers also predict the prospect of ischaemic interventional treatment response. 

Specifically, imaging biomarkers could precisely predict non-aneurysmal rupture risk 

and risk of subarachnoid haemorrhage (Achrol and Steinberg, 2016). These 

parameters allow radiologists to draw curves of time versus concentration and then 

obtain the perfusion parameters (Gordon et al., 2014). 

The most commonly used imaging biomarkers are: Alberta Stroke Program Early CT 

Score (ASPECTS) which is a score that quantifies the early ischaemic changes extent 

(Mokin et al., 2017), infarct volume, CT HU, ADC value, T2 signal intensity value ( the 

value of the signal intensity obtained from the T2 image in MRI (Bloem et al., 2018)), 

and perfusion parameters (CBF, CBV and MTT). Some of these biomarkers have been 

explained in detail previously in section 1.8. A brief review regarding the variations of 

these imaging biomarkers following an ischaemic stroke which has been reported in 

earlier studies is shown in the following Table 1-3. 



24 
 

 

Table 1-3 Changes of imaging biomarkers after an ischaemic stroke noticed in 
previous studies. 

Imaging 

markers 

Sample 

size / 

method 

used 

Marker 

levels 

Results Authors 

 

ADC 

values.  

 

14 

patients 

with 

acute 

ischaem

ic stroke 

/ MRI-

DWI 

Control: 

ADC=702 

×10−6 mm

2/s 

Stroke: 

ADC=605 

×10−6 mm

2/s for the 

infarct 

Infarct areas have much lower ADC values than 

non-infarct locations. 

Strengths:  

In a prospective cohort of acute stroke patients, 

sequential MR imaging was collected at baseline, 

6 hours after r-tPA, and 30 days after r-tPA. 

Limitations: 

Small number of sample. 

The work has not been correlated with blood 

biomarkers.  

(Purushot

ham et al., 

2015) 

 

Hounsfiel

d 

units (HU) 

of 

ASPECT

S.   

100 of 

middle 

cerebral 

aretery 

occlusio

n  

/ CT 

imaging 

Control: 

the HU 

values in 

all the 10 

regions of 

ASPECT

S in 

normal 

side were 

higher 

than the 

one 

stroke 

side 

Stroke: 

the HU 

values in 

stroke 

side were 

A reduction in HU values in ischaemic side 

compared to normal side.  

Control: lentiform nucleus (L)=34.7; caudate head 

(C)=33; insular ribbon (I)=32; internal capsule 

(IC)=29.2; anterior MCA cortical region (M1) 

=35.4; MCA cortical region located lateral to insular 

ribbon (M2) =33.6; posterior MCA cortical region 

(M3) =34.3; M4 superior to M1=33.2; M5 superior 

M2=32.7 and M6 superior to M3=33.2 

Stroke: lentiform nucleus (L)=32.6; caudate head 

(C)=31.6; insular ribbon (I)=29; internal capsule 

(IC)=28.1; anterior MCA cortical region (M1) 

=33.4; MCA cortical region located lateral to insular 

ribbon (M2) =33; posterior MCA cortical region 

(M3) =33.2; M4 superior to M1=33; M5 superior 

M2=32.7 and M6 superior to M3=33.1 

 

 

(Maegerle

in et al., 

2019) 
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lower than 

the one in 

control 

side. 

Strengths:  

Good sample size. 

Limitations: 

The work has not correlated with blood biomarkers. 

ADC 

value 

T2 value 

103  

Acute 

ischaem

ic stroke 

/ MRI-

DWI 

and MRI 

T2 

Control: 

ADC= 

0.88 X  

10-

3 mm2/sec 

Stroke: 

below 8 

hours = 

0.29 X  

10-

3 mm2/sec 

and up to  

5 

months= 

1.60X  

10-

3 mm2/sec  

The mean 

T2 ratio 

below 8 

hours 

=1.16 

The mean 

T2 ratio at 

0.75 to 5 

months = 

2.04 

ADCs have been reported to stay low after 

stroke for up to ten days before increasing. 

ADC values and T2 values are increased 

significantly after 5 months from stroke onset. 

Strengths:  

The study analysed two MRI parameters (ADC 

values and T2). 

Limitations: 

The study did not separate the GM and WM 

zones which would allow for more accurate 

stroke duration calculations.  

 

ADC values in an infarct are heterogeneous. 

Lack of blood biomarkers correlation with imaging 

biomarkers. 

 

 

(Lutsep et 

al., 1997) 

 

Infarct 

lesion 

volume in 

120 

ischaem

ic stroke 

Control: 

- 

Estimated volumes of infarct obtained from CTP 

were significantly smaller than the one obtained 

(Hoving et 

al., 2018) 
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CT and 

MRI  

 

patients 

/ 

CTP  

and 

follow-

up MRI-

DWI 

Stroke: 

CTP 

estimated 

lesion 

volume = 

7.8 mL 

DW lesion 

volume at 

24 hrs = 

30.8 mL 

follow-up MRI-DWI at 24 hours. This may be due 

to infarct growth. 

Strengths:  

The study compared the lesion volume of a 

relatively good sample size from 2 modalities; from 

initial CTP and the follow-up MRI  

Limitations: 

The possibility for infarct development beyond 24 

hours as it is known that the ischaemic infarct 

continues to grow in the days following onset of 

stroke. 

The study lack correlation with blood biomarkers. 

CBV,  

CBF,  

MTT  

and 

infarct 

volume. 

 

161 

acute 

ischaem

ic 

patients 

treated 

with 

recanali

zation. 

(A)- 93 

individu

als were 

successf

ully 

treated 

and  

 (B)-68 

individu

als were 

not 

successf

ully 

treated / 

Control: 

Optimal 

cutoff in 

non-

successfu

lly treated 

group 

CBF=34 

ml × 100 g

−1 × min−

1 

CBV= 

2.4 ml × 1

00 g−1 

MTT=9se

c 

Volume of 

infarct(B)

=113.4 ml 

Stroke: 

Optimal 

cutoff 

values in 

Significant decrease in CBV and CBF in ischaemic 

patients. Successfully treated patients had 

significantly smaller volumes of infarct compared to 

non-successfully treated group. 

Strengths:  

A first study to evaluate the anticipation ability of 

perfusion thresholds versus threshold free infarct 

anticipation. 

Limitations: 

The study only included patients who were treated 

endovascularly with major vessel blockage. 

Patients who are intravenously treated should be 

included in future therapy. 

Final infarction was measured on follow-up 

imaging from 48 hours until 7 days following stroke, 

which could be affected by brain shift from oedema. 

The study lacks correlation with blood biomarkers. 

(Flottman

n et al., 

2017) 
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CTP successfu

lly treated 

group 

CBF=33  

ml×100g-1 

× min-1  

 

CBV= 2.4  

ml×100g-1 

MTT=10s

ec 

Volume of 

infarct 

=35.7 ml  

 

Principally CT scans are thought to be sensitive enough to detect mass lesions, such 

as a brain tumour or abscess, as well as acute bleeding. However, CT scans may be 

insufficiently sensitive to identify an early ischaemic alterations, especially if it is small, 

acute, or occurs in the posterior fossa (Mullins et al., 2002).  

Several multimodal MRI sequences have shown promise in the early detection of 

ischaemic stroke particularly DWI (Fiebach et al., 2002). DWI sequence can detect 

parenchymal alterations early in the course of a stroke, thus, has a higher sensitivity 

than CT for identifying acute ischaemic stroke (Schaefer et al., 2000). Even though 

MRI scans have a higher sensitivity and resolution than CT scans (Müller, 2002), MRI 

scanners are less common in the acute environment due to a practical challenge and 

are more expensive. In addition, MRI scans are contraindicated for people who have 

implanted electronic devices (e.g., pacemakers) or who have claustrophobia (Ghadimi 

and Sapra, 2022). As a result, the diagnosis of stroke is essentially a clinical choice in 

the absence of practical and generally available radiological and imaging diagnostics. 

All in all, ischaemic stroke patients are currently assessed using a combination of the 

extensive clinical neurological examination and neuroimaging approaches. 

Furthermore, clinical conditions that mimic the signs and symptoms of a stroke may 

make it more difficult to diagnose and treat stroke sufferers quickly. Thus, it is 
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important to find a quick, accurate and simple technique that can rapidly identify and 

differentiate stroke from stroke mimics. 

1.1.11.2 Circulating biomarkers 

A stroke circulating biomarker can be defined as any measurable physiological 

substance in the body which indicates a stroke-related process, risk and/or 

manifestation (Maas and Furie, 2009). Presently, the research on stroke biomarkers 

is of immense interest in the field of medical diagnostics. Any development in this 

direction will contribute to the understanding of stroke pathophysiology, diagnosis, and 

treatment approach (Maas and Furie, 2009). According to  Saenger and Christenson  

(2010), the characteristics of an ideal stroke biomarker are specificity, sensitivity, 

predictable clearance, differentiation between haemorrhagic vs ischaemic stroke, 

stable and early release shortly after infarction, the potential for risk assessment and 

guidance of therapies, and ability to be measured rapidly by affordable methodologies 

(Saenger and Christenson, 2010). 

Despite the role of current imaging modalities in the diagnosis of acute stroke, early 

stroke diagnosis and treatment is still much needed for making quick decisions and 

relevant medical interventions without any objective input. The images do not provide 

enough objective data of pathologic events at the required time (Peacock, 2017). 

Although CT imaging is beneficial in detecting intracranial bleeding, it exposes patients 

to radiation. MRI distinguishes between acute stroke and mimics, but many patients 

do not tolerate the longer scanning time. The circulating biomarkers can help in the 

decision-making process as to which patient further needs to undergo CT or MRI scan 

thus avoiding the patient from exposure to unnecessary radiation (Saenger and 

Christenson, 2010). Besides, circulating biomarkers would help differentiate stroke 

patients from stroke mimics.  

The following table (Table 1-4) summarises the changes in the blood circulating 

biomarkers following an ischaemic stroke observed in some earlier studies.   
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Table 1-4 Variations of blood circulating biomarkers after an ischaemic stroke 
noticed in earlier A: clinical studies and B: preclinical studies. 

A: Clinical studies biomarkers  

Circulating 

biomarkers 

Sample 

size / 

method 

used 

Biomarker 

levels in 

serum 

 

Results Authors 

Neuron 

Specific 

Enolase 

(NSE) 

67 acute 

ischaem

ic stroke 

patients  

 / ELISA 

 

Control: 

No control 

Stroke: 

(15.60ng/

ml) 

 

 

NSE concentrations at 24hours after r-tPA 

bolus were highly correlated with the severity 

of the corresponding neurological deficit as 

quantified by the NIHSS score at 24 hours. 

NSE level is correlated with favourable 

outcomes and stroke volume. 

Strengths: 

They looked at the levels of NSE from clinical 

samples and correlate the results with 

favourable outcome, stroke volume and 

NIHSS. 

Limitations: 

The findings come from individuals who had an 

acute ischaemic stroke and were given r-tPA 

treatment without a control group or stroke 

mimics. 

Relatively small sample size. 

Lack of correlation with imaging biomarkers. 

 

(Lu et al., 

2015) 

 

NSE 251 

subjects

: 

101 

control  

& 

150 

stroke 

patients 

/ ELISA 

 

Control: 

(7.48 

ng/ml) 

Stroke: 

(22.68 

ng/ml) 

 

Higher levels of NSE in serum in stroke 

patients in a comparison with controls.  

The increase in NSE level within 72 hours of 

admission was significantly correlated with 

greater disability at admission. NSE levels 

were significantly correlated with bad 

neurological outcomes.  

Strengths: 

Large sample size. 

(Bharosay 

et al., 

2012) 
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Correlate the levels of NSE with disability and 

functional neurological outcomes.  

Limitations: 

Lack of correlation with imaging biomarkers. 

The study did not compare the levels of NSE 

between stroke with stroke mimics. 

 
NSE 75 acute 

ischaem

ic stroke 

patients 

/ ELISA 

 

Control: 

No control 

Stroke: 

(64.36 

ng/ml on 

Day 1). 

 

 

 

 

Largest infarct volumes have the highest 

mean’s NSE levels. 

The worst clinical outcome has the highest 

mean’s NSE levels. 

The higher stroke severity the higher mean’s 

NSE levels. 

Strengths: 

The study showed findings consistent with 

majority of the recent published studies with 

NSE. 

Correlate the levels of NSE with stroke 

severity, infarct volume and clinical outcomes.  

Limitations: 

Sample size was relatively modest. 

The study lack of stroke mimics inclusion. 

It would be better if the results were correlated 

with imaging biomarkers. 

(Zaheer et 

al., 2013) 

 

NSE n=88 

stroke  

& n=50 

controls 

/ ELISA 

 

Control: 

(7.48 ng/l) 

Stroke: 

(22.6ng/l) 

The mean NSE in stroke patients was 

significantly higher compared to controls and 

correlated with higher degree of disability. 

Strengths: 

According to their knowledge, the work is the 

first in India to measure NSE levels in stroke 

patients and link the results with the NIHSS. 

Limitations: 

It would be better if they include stroke mimics.  

(Pandey 

et al., 

2014) 
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Lack of imaging biomarkers correlation with the 

blood biomarkers. 

NSE   n=44 

ischaem

ic  

& n=79 

controls 

/ ELISA 

 

Control: 

(9.5 µg/L) 

Stroke: 

(11.2 µg/L) 

 

Higher concentrations of NSE were measured 

in stroke patients compared to controls.  

NSE works as functional outcomes predictor. 

Strengths: 

Correlate the levels of NSE with functional 

outcomes. 

Limitations: 

It would be better if they include stroke mimics 

beside haemorrhagic and ischaemic stroke 

patients. 

Relatively small sample size. 

Lack of correlation with imaging biomarkers. 

(González

-García et 

al., 2012) 

 

Glial 

fibrillary 

acidic 

protein 

(GFAP) 

 

79 

ischaem

ic 

patients  

& 

57 

controls 

/ ELISA 

 

Control: 

(0.004ng/

ml) 

Stroke: 

 (0.02 

ng/ml) 

 

GFAP increases early after stroke. 

Strengths: 

The study presents the diagnostic usefulness 

of GFAP as a potential biomarker in the acute 

care situation. 

Limitations: 

Sample size was relatively modest. 

The study did not include stroke mimics. 

Lack of correlation with imaging biomarkers. 

 

(Ren et 

al., 2016) 

GFAP 146 

ischaem

ic stroke 

& 45 

haemorr

hagic 

stroke & 

& 11 

stroke 

mimics / 

ELISA 

Control:  

No control 

but mimics 

(0.01µg/L) 

Stroke: 

 (0.16µg/L) 

GFAP concentrations were significantly higher 

in haemorrhagic stroke patients compared to 

ischaemic stroke or stroke mimics patients.  

Strengths: 

The findings support earlier research that has 

found a strong link between GFAP levels and 

haemorrhage volumes. 

The study includes haemorrhagic stroke 

patients, ischaemic stroke and stroke mimics 

Limitations: 

(Luger et 

al., 2017) 
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Few numbers of mimic’s patients were 

included. 

Patients who had previously experienced a 

stroke were excluded, resulting in a selection 

bias in research population. 

Lack of correlation with imaging biomarkers. 

GFAP 64 acute 

ischaem

ic stroke 

patients 

/ ELISA 

Control: 

No control 

Stroke: 

(0.113 

ng/ml) 

 

GFAP was correlated positively with severity of 

stroke on 72 hours and day 7 after stroke. 

Strengths: 

The study correlates the GFAP levels with 

NIHSS at different time points.  

Limitations: 

The study only includes ischaemic patients 

without other comparable groups. 

Sample size was relatively small. 

Stroke mimics group lack. 

Lack of correlation with imaging biomarkers. 

(Puspitas

ari et al., 

2019) 

 

GFAP 286 acut

e stroke 

patients 

/ ELISA 

 

 

Control: 

No control 

Stroke: 

(0.18 

ng/ml) 

 

GFAP levels were correlated with higher risk of 

stroke severity (NIHSS>6). 

GFAP levels were associated with bad 

outcome. 

Strengths: 

The study correlates the levels of GFAP with 

NIHSS and outcomes. 

Large sample size.  

Limitations: 

The study only includes ischaemic patients 

without control or other comparable groups 

such as stroke mimics 

Lack of correlation with CT or MRI biomarkers  

(Liu and 

Geng, 

2018) 

Claudin-5 458 

consecu

tive 

Control: 

No control 

but 

Claudin-5 concentrations were higher in 

patients with haemorrhagic transformation who 

(Kazmiers

ki et al., 

2012) 
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ischaem

ic stroke 

patients 

(Ischae

mic 

stroke 

without 

worseni

ng n = 

373 & 

Ischaem

ic stroke 

with 

worseni

ng, 

without 

haemorr

hagic 

transfor

mation 

n= 52 & 

clinically 

evident 

haemorr

hagic 

transfor

mation 

n= 33 / 

ELISA  

ischaemic 

stroke 

without 

worsening 

(0.69ng/ml

) 

Stroke: 

Ischaemic 

stroke with 

worsening, 

without 

haemorrha

gic 

transforma

tion 

(0.0ng/ml)  

& clinically 

evident 

haemorrha

gic 

transforma

tion 

(1.75ng/ml

) 

were admitted more than 3 hours after stroke 

onset. 

Strengths: 

The study examined a number of biomarkers 

such as: Occludin, Claudin-5 and zonula 

occludens 1 (ZO-1). 

Large sample size. 

Limitations: 

No correlation with imaging results. 

It would be better if the study included stroke 

mimics group. 

 

 

 

Claudin-5 8 

patients 

with 

acute 

ischaem

ic stroke  

 & 8 

healthy 

people / 

Control: 

(5 ng/ml) 

Stroke: 

(Less than 

6 ng/ml) 

 

There was a rise in Claudin-5 levels in 

ischaemic patients without significant changes. 

Strengths: 

The findings from this small pilot study provide 

a solid foundation for further research into 

similar field. 

Limitations: 

(Shi et al., 

2017) 
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ELISA Very small sample size and no stroke mimics 

patients included in the study. 

Lack of correlation with imaging biomarkers. 

Zonula 

occludens 1 

(ZO-1)  

458 

consecu

tive 

ischaem

ic stroke 

patients 

(Ischae

mic 

stroke 

without 

worseni

ng n = 

373 & 

Ischaem

ic stroke 

with 

worseni

ng, 

without 

haemorr

hagic 

transfor

mation 

n= 52 & 

clinically 

evident 

haemorr

hagic 

transfor

mation 

n= 33 / 

ELISA 

Control: 

No control 

but 

ischaemic 

stroke 

without 

worsening 

(1.08ng/ml

) 

Stroke: 

Ischaemic 

stroke with 

worsening, 

without 

haemorrha

gic 

transforma

tion (0.57 

ng/ml) 

 & 

Clinically 

evident 

haemorrha

gic 

transforma

tion (1.48 

ng/ml) 

Elevated ratio of Claudin-5/ZO-1 is associated 

with haemorrhagic transformation. 

Strengths: 

The study examined a number of biomarkers 

such as: Occludin, Claudin-5 and zonula 

occludens 1 (ZO-1). 

Large sample size. 

Limitations: 

Lack of correlation with imaging biomarkers. 

It would be better if the study includes with 

these larger sample size stroke mimics group. 

 

(Kazmiers

ki et al., 

2012) 

Occludin 458 

consecu

tive 

ischaem

Control: 

No control 

but 

Elevated Occludin is associated with HT. 

Strengths: 

(Kazmiers

ki et al., 

2012) 
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ic stroke 

patients 

(Ischae

mic 

stroke 

without 

worseni

ng n = 

373 & 

Ischaem

ic stroke 

with 

worseni

ng, 

without 

haemorr

hagic 

transfor

mation 

n= 52 & 

clinically 

evident 

haemorr

hagic 

transfor

mation 

n= 33 / 

ELISA 

ischaemic 

stroke 

without 

worsening 

(0 ng/ml) 

Stroke: 

Ischaemic 

stroke with 

worsening, 

without 

haemorrha

gic 

transforma

tion 

(0.01ng/ml

) 

& Clinically 

evident 

haemorrha

gic 

transforma

tion (0.08 

ng/ml) 

The study examined a number of biomarkers 

such as: Occludin, Claudin-5 and zonula 

occludens 1 (ZO-1). 

Large sample size. 

Limitations: 

Lack of correlation with imaging biomarkers. 

It would be better if the study includes with 

these larger sample size stroke mimics group. 

 

 

Occludin 8 

patients 

with 

acute 

ischaem

ic stroke 

and 8 

healthy 

people 

/ ELISA 

Control: 

4ng/ml 

Stroke: 

About less 

than 6 

ng/ml 

The levels of Occludin in patients with acute 

ischaemic stroke are significantly increased at 

admission. 

Strengths: 

The findings from this small pilot study provide 

a solid foundation for further research into 

similar field. 

Limitations: 

Very small sample size and no mimics patients 

include in the study. 

(Shi et al., 

2017) 
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Lack of correlation with imaging biomarkers 

Neurofilage

nt Light 

(NfL) 

23 

stroke 

patient 

(40.31 

pg/ml) 

 & 16 

control 

(7.70 

pg/ml) 

/ Simoa 

 

 

Control: 

(7.70 

pg/ml) 

Stroke: 

(40.31 

pg/ml) 

 

NfL levels in stroke patients were higher than 

the healthy group. 

Strengths: 

The study provides for future research that 

might use NfL to determine prognostic and 

therapeutic potential. 

Limitations: 

Small sample size. 

The study measured NfL concentrations using 

Simoa and did not used conventional ELISA. 

Lack of correlation with imaging biomarkers. 

(Zheng et 

al., 2021) 

Circulating 

biomarkers 

Sample 

size / 

method 

used 

Biomarker 

levels in 

plasma 

 

Results Authors 

NfL 14 acute 

ischaem

ic 

patients  

& 33 

controls  

/ digital 

ELISA 

 

  

 

 

Control: 

(~14 

pg/mL) 

Stroke: 

 (~40 

pg/mL) 

NfL levels were significantly elevated in stroke 

individuals compared to controls. 

Strengths: 

The results suggests that NfL might be used as 

blood biomarker of ischaemic stroke during 

triage. 

Limitations: 

Small sample size. 

Rather of using individuals with disorders that 

mimicked stroke as controls, the study used 

people who were neurologically normal. 

It would be better if the study includes stroke 

mimics. 

Lack of correlation with imaging biomarkers. 

The study measured the NfL levels in plasma 

only but not in serum as serum lacks some 

(O’Connel

l et al., 

2020) 
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proteins that interferes with the other 

parameters. 

NfL 314 

stroke & 

79 

control 

 / Simoa 

  

 

 

Control: 

(~13 

pg/mL) 

Stroke: 

(less than 

100 

pg/mL) 

Following stroke, an increase in NfL level was 

seen and peaked at 9 days after stroke. 

Strengths: 

Good sample size. 

Limitations: 

Lack of correlation with imaging biomarkers. 

The study did not include stroke mimics. 

The study measured the NfL levels in plasma 

only but not in serum as serum lacks some 

proteins that interferes with the other 

parameters. 

(Gendron 

et al., 

2020) 

Claudin-5 88 

stroke 

patients 

/ ELISA 

 

 

Control: 

No control 

Stroke: 

(The 

posterior 

cerebral 

infarct 

group= 

0.21 ng/ml

) 

(The 

partial 

anterior 

cerebral 

infarct 

group= 

0.37ng/ml) 

 

 

The Claudin-5 concentration was significantly 

higher in partial anterior cerebral infarct 

patients in a comparison with posterior 

cerebral infarct to patients. 

Strengths: 

The study showed that Claudin-5 

concentrations are associated with the stroke 

type and location of stroke. 

The study measured other TJ proteins such as 

Occludin and ZO-1.  

Limitations: 

Relatively modest patient’s sample size. 

The study measured the Claudin-5 levels in 

plasma only but not in serum as serum lacks 

some proteins that interferes with the other 

parameters. 

Lack of imaging biomarkers correlation and 

lack of stroke mimics inclusion group. 

(Lasek-

Bal et al., 

2020) 
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ZO-1 88 

stroke 

patients 

/ ELISA 

 

Control: 

No control 

Stroke: 

(The 

patients 

younger 

than 65 

years 

group= 

0.48ng/ml) 

& (The 

patients 

older than 

65 years 

group= 

0.59ng/ml) 

 

The ZO-1 concentration was significantly 

higher in patients older than 65 years of age in 

a comparison with younger patients 

 

Strengths: 

The study showed that ZO-1 concentrations  

are associated with the age of patients. 

The study measured other TJ proteins such as 

Occludin and Claudin-5. 

Limitations: 

Relatively modest patient’s sample size. 

The study measured the ZO-1 levels in plasma 

only but not in serum as serum lacks some 

proteins that interferes with the other 

parameters. 

Lack of imaging biomarkers correlation and 

lack of stroke mimics inclusion group. 

(Lasek-

Bal et al., 

2020) 
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B: Preclinical studies biomarkers  

Biomarker Species 

/ 

method 

used 

Results Authors 

Glial 

fibrillary 

acidic 

protein 

(GFAP) 

Rats / 

Immuno

histoche

mistry 

(IHC) 

 

Substantial increase in GFAP processes immuno-positive 

density at 3 and 7 days after stroke with a more than three‐

fold rise at 7 days compared to sham animals. 

Strengths: 

The study correlated the GFAP histology results with MRI. 

Limitations: 

The study only examined GFAP using IHC but not using 

western blotting (WB) and ELISA. 

(Weber et 

al., 2017) 

GFAP 

 

Rats / 

WB 

 

Increased in GFAP expression after ischaemia. 

Strengths: 

The study is prospective design and the prognostic 

usefulness of GFAP serum levels for long-term outcomes 

were discovered. 

The study examined Occludin and Claudin-5 as well. 

Limitations: 

The study has no data on when as well as how long 

biomarkers were high in tested animals since there was no 

monitoring of circulating GFAP. 

The study did not examine GFAP using IHC. 

(Liu et al., 

2018) 

GFAP Mice /  

IHC 

 

 

GFAP astrocytes in cortex rose after 5 days. 

Strengths: 

The study examined GFAP, NeuN and IBA-1 using IHC. 

Limitations: 

The only used method was IHC but they did not use WB or 

ELISA. 

(Ahn et 

al., 2019) 

Neuronal 

Nuclei  

Mice / 

IHC 

 

NeuN immunoreactive neurons was significantly decrease in 

specific fields of brain compared to contralateral side. 

(Ahn et 

al., 2019) 
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(NeuN)  Strengths: 

The study examined GFAP, NeuN and IBA-1 using IHC. 

Limitations: 

The only used method was IHC but they did not use WB or 

ELISA. 

Occludin Rats / 

ELISA  

 

 

A sharp rise in level of Occludin after 4.5 hours of MCAO.  

 

Occludin is a potential early BBB damage biomarker. 

Strengths: 

Occludin levels in the blood might be used as a biomarker to 

determine the risk of haemorrhage after thrombolysis. 

The study used IHC, WB beside ELISA. 

The study tested Claudin-5 as well. 

Limitations: 

The study did not include ZO-1. 

(Pan et 

al., 2017) 

 

Occludin Rats / 

WB 

Decrease in expressions levels of Occludin after ischaemia.  

Strengths: 

The study examined GFAP and Claudin-5 as well. 

Limitations: 

The study has no data on when as well as how long 

biomarkers were high in tested animals since there was no 

monitoring of circulating Occludin using ELISA. 

The study did not examine Occludin using IHC. 

(Liu et al., 

2018) 

 

Occludin Rats / 

WB 

ELISA 

 

WB for Occludin revealed that sham rats have significant 

high Occludin level. 

The Occludin levels were doubled following 4 hours of 

ischaemia then slightly decrease following reperfusion but 

still remain significant higher compared to sham group. 

Strengths: 

The work discovered that higher blood Occludin levels might 

be a useful biomarker for assessing BBB during ischaemia 

in rats. 

The study used WB and ELISA. 

Limitations: 

The study lack of IHC staining results. 

(Shi et al., 

2017) 
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Claudin-5 Rats /  

WB 

ELISA 

Significant reduction in the Claudin-5 expression after stroke. 

No significant changes were observed regarding Claudin-5 

levels in blood.  

Strengths: 

The study used WB and ELISA. 

Limitations: 

The study lack of IHC staining results. 

(Shi et al., 

2017) 

Claudin-5 Rats / 

ELISA 

 

Blood Claudin-5 concentrations did not vary significantly 

during the initial 4.5 hours of cerebral ischaemia. 

Strengths: 

The study used IHC, WB beside ELISA. 

The study tested Occludin as well. 

Limitations: 

The study did not include ZO-1. 

(Pan et 

al., 2017) 

platelet-

derived 

growth 

factor 

receptor bet

a 

(PDGFR) 

 

Mice / 

IHC 

 

Quantification of positive PDGFR cells reveals a significant 

difference in the cells number in the ischaemic area after 

MCAO versus control. 

Strengths: 

Series of IHC images were done at different time point. 

The study includes PDGFR staining results using human 

stroke tissues samples. 

The study of human stroke showed similar pattern of results 

compared with the animal results in terms of pericytes loss 

and the PDGFR proliferation cells.  

Limitations: 

The study did not include the other pericytes marker (NG2). 

(Fernánd

ez-Klett et 

al., 

2013b) 

Neuron-glial 

antigen-2  

(NG2) 

Rats / 

IHC 

NG2 expressed in cells in the hippocampus had some 

morphological changes such as scarcely branched 

processes and shortened after stroke. 

Strengths: 

The study did double labelling of NG2 with NeuN, IBA-1 and 

GFAP. 

Limitations: 

The study did not study the levels of GFAP in blood. 

(Jin et al., 

2020) 
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The study did not include the other pericytes marker 

(PDGFR). 

Ionized 

calcium 

binding 

adaptor 

molecule 1 

(IBA-1) 

Mice / 

IHC 

The numbers of IBA-1 positive cells were significantly 

increased in different area of brains after stroke. 

Strengths: 

The study examined GFAP, NeuN and IBA-1 using IHC. 

Limitations: 

The only used method was IHC but they did not use WB or 

ELISA. 

(Ahn et 

al., 2019) 

Cluster 

differentiati

on 31 (CD31)  

Mice / 

IHC 

CD31 endothelium loss after ischaemia. 

 

Strengths: 

The study included PDGFR staining as well. 

Limitations: 

The study lacks double labelling of CD31 with TJ of 

endothelial cells.  

(Fernánd

ez-Klett et 

al., 

2013b) 

 

 

1.1.12 Circulating biomarkers for ischaemic stroke so far 

As evident from Table 1-4, different specific circulating biomarkers have been studied 

in the last decade in preclinical models (Table 1-4-B) and also in small number of 

stroke patients (Table 1-4-A). However, these studies have produced variable results, 

which were not systemically correlated with imaging parameters.  

As mentioned in the previous clinical table (Table 1-4-A), most of the studies have 

shortcomings such as: lack of correlation between circulating biomarkers with CT and 

MRI imaging biomarkers, shortcomings of inclusion of stroke mimics group alongside 

ischaemic stroke, lack of studies on circulating biomarkers panel comprising neuronal 

biomarkers {NSE and Neurofilament light chain (NfL)}, glial cell biomarker (GFAP) and 

BBB TJ proteins (Occludin, Claudin-5 and ZO-1) in stroke patients compared to 

mimics and correlate the results with CT scan and MRI  results. Moreover, as per the 

preclinical table (Table 1-4-B), multiple shortcomings have been identified such as a 

lack of combined brain and BBB damage using neuronal, glial, microglial, pericytes, 

endothelial cells and TJ specific markers following ischaemic stroke.  Additionally, 

there are not enough studies examining the expressions of these markers in the brain 



43 
 

 

and the concentration of these biomarkers in blood in the ischaemic model. Moreover, 

the majority of studies used rat models of ischaemic stroke.  

The present study examined the changes in neuronal, glial cells, microglial, pericytes, 

endothelial cells and BBB TJ proteins in two murine models of stroke to assess brain 

cells changes and BBB damage and determine the level of circulatory biomarkers in 

these models. Then, examined the level of these circulating biomarkers in stroke 

patients as compared to stroke mimics and correlated the blood results with CT and 

MRI imaging biomarkers.The present study used two cerebral ischaemia and 

reperfusion models: BCCAO and MCAO. BCCAO produces global ischaemia which is 

occurring more than the other type of stroke in cardiovascular diseases like cardiac 

arrest (Wahul et al., 2018). Also, the common carotid artery is a large artery which is 

involved in most stroke conditions (Stroke Association, 2018). Moreover, this type of 

stroke specifically effects  the astrocytes in the hippocampus where astrogliosis mostly 

was seen (Soria et al., 2013). MCAO model produces focal ischaemia which occluded 

the MCA (Jin et al., 2014); one of the most affected vessels in human stroke (Nogles 

and Galuska, 2022).  

The selected markers for preclinical work in this study are : Neuronal nuclei protein 

(NeuN), GFAP, Neural/Glial Antigen 2 (NG2), Platelet-derived growth factor receptor 

(PDGFR), Ionized calcium-binding adaptor protein-1 (IBA-1), Cluster differentiation 31 

(CD31) and TJ proteins: {ZO-1, Occludin and Claudin-5}. The biomarkers for the 

clinical study in the present study were based on the results of the preclinical work. 

The following section introduces in brief the biomarkers that has been looked at in 

this study.  

NeuN is one of the specific proteins that are present in the nucleus of neurons. 

Neurons are extremely sensitive to ischaemic stroke. Buscemi et al. (2019) have 

examined the neuronal damage following MCAO model using an antibody to NeuN 

and found that the number of NeuN labelled nuclei in MCAO is decreased reflecting 

the evidence of neuronal death following stroke. Therefore, the neuronal marker NeuN 

works as a useful marker for stroke diagnosis.  

NSE is another neuron specific biomarker that is found mainly in the neuronal 

cytoplasm (Anand and Stead, 2005). NSE has been used in multiple studies to 

investigate its role in stroke disease. According to Bharosay et al. (2012),  NSE level 
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is elevated in stroke patients compared to the control suggesting the presence of 

neuronal  injury.  Additionally, they stated that higher NSE levels were related to 

greater disability degree and neurological worsening as seen after 7 days in stroke 

patients providing the role of NSE in evaluating the neurobehavioral outcome following 

ischaemic stroke (Bharosay et al., 2012). González-García et al. (2012) have stated 

that NSE was associated with functional outcomes at 60 days as well as with the 

degree of recovery of stroke patients. Furthermore, Lu et al. (2015) states that NSE 

has a significant role in evaluating stroke severity, infarct volume, and functional 

neurological outcome after stroke. This present study examined the neuronal damage 

in stroke by measuring levels of NSE in stroke patients and mimics and check its ability 

to differentiate between them. 

GFAP is widely utilized in neuropathology as a glial cell marker. A previous study has 

showed the elevation of serum GFAP level is a significant evidence for neurological 

injury (Maas and Furie, 2009). As it was shown in the (Table 1-4-A), most of the GFAP 

studies have been done on stroke patients (Ren et al., 2016; Puspitasari et al., 2019) 

and reported a significant correlation between GFAP serum levels with stroke severity 

(Puspitasari et al., 2019) as well as associated with stroke characteristics and type 

(Ren et al., 2016; Liu and Geng, 2018). Liu and Geng (2018) stated that serum levels 

of GFAP and NIHSS are novel and complementary biomarker to predict patients’ 

outcomes 1 year after acute ischaemic stroke. While few works have examined the 

changes in astrocytes after ischaemia using preclinical models of ischaemia with 

multiple methods such as IHC, quantitative methodology, ELISA and WB and correlate 

the results with ELISA and WB, this study carried out this work initially on BCCAO and 

MCAO models to compare and confirm the results. Additionally, the correlation 

between changes in GFAP expression in brains tissues and the serum GFAP 

circulating biomarkers were investigated.  Then, the work carried out human samples 

obtained from stroke patients and mimics to confirm the preclinical results since GFAP 

is known to be a standard stroke biomarker. 

TJ proteins: ZO-1, Occludin and Claudin-5 play essential roles in the maintenance 

of TJ function and structure. Transmembrane proteins Claudin-5 and Occludin are 

involved in BBB integrity regulation and proper functions (Feldman et al., 2005; 

Piorntek et al., 2008). The membrane spanning TJ specific protein, Occludin acts as 

an adhesion molecule on the endothelial cell surface, linking the two cells together. 
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Also, it has been shown that Occludin is linked to the complex of cytoplasmic proteins 

via the ZO-1 (Furuse et al., 1994). Occludin release in blood with almost double the 

levels of control is observed in preclinical acute ischaemic stroke due to BBB 

breakdown (Shi et al., 2017) as mentioned in (Table 1-4,B). It has been observed that 

Occludin releases in blood in preclinical MCAO rat model due to BBB breakdown (Pan 

et al., 2017). 

Claudin-5 is an important component of TJ particularly in brain’s endothelial cells (Jia 

et al., 2014). Claudin-5's primary function is to decrease ions in a certain manner (Jia 

et al., 2014). Kazmierski et al. (2012) found that patients with haemorrhagic 

transformation who were hospitalised more than 3 hours after the stroke had higher 

Claudin-5 concentrations. In contrast , Pan et al. (2017) and Shi et al. (2017) have not 

found any significant changes in the blood Claudin-5 concentrations after cerebral 

ischaemia. 

ZO-1 is one of TJ protein of endothelial cells (Itoh and Bissell, 2003). It limits the free 

molecular exchange between brain tissues and blood, hence reducing the permeability 

of cerebral arteries (Wang et al., 2016). 

Interestingly, despite the significant role of ZO-1 in the integrity of BBB, there aren't 

enough studies concentrating on the investigating of its role in BBB damage after focal 

and global cerebral ischaemia in animals using IHC, WB and ELISA methods. Thus, 

in this study, the changes in TJ proteins in murine stroke models as compared to sham 

operated mice using single and double labelling were investigated. Additionally, the 

expressions of ZO-1, Occludin and Claudin-5 proteins in BCCAO, as well as MCAO 

brain tissues compared to the control brain tissues, were examined. Furthermore, the 

correlation between changes in TJ proteins expression in brains tissues and the serum 

circulating biomarkers were investigated. Moreover, since there is a lack of further 

studies investigating the TJ biomarkers’ role in clinical samples especially ZO-1, this 

study investigated these proteins in acute stroke patients and mimics after carrying on 

the work initially on cerebral ischaemia and reperfusion models. Then correlate the 

circulating biomarkers with CT and MRI imaging biomarkers results. 

Neurofilament light chain (NfL) is a cytoskeletal protein known to be specific for 

neurons and axons (Barro et al., 2020). This biomarker has developed as a blood 

biomarker that can detect neuronal damage in a wide range of neurological disorders 
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(Barro et al., 2020). Following injury to both central (Khalil et al., 2018) and peripheral 

neurons (Antje et al., 2018; Sandelius et al., 2018), NfL is released into the CSF and 

blood. Blood NfL was validated as a biomarker of neuronal damage , and it was 

discovered that neuronal damage assessed by NfL reflected clinical and imaging 

measurements of illness across different neurological diseases (Khalil et al., 2018). 

The value of serum NfL in patients with ischaemic stroke has been linked to subcortical 

hyperintensities (Jonsson et al., 2010) and small vessel disease (Tiedt et al., 2018 ; 

Duering et al., 2018), both of which are linked to recurrent stroke (Fu et al., 2010; 

Wang et al., 2021) and mortality (Debette et al., 2015). Most of the previous studies 

evaluated NfL blood samples by Simoa methods (Zheng et al., 2021; Uphaus et al., 

2019). Thus, this study investigated the ability of serum NfL level to diffrentiate 

between ischaemic stroke patients and mimic using ELISA. 

NG2 is a protein expressed on the surface of pericytes during vasculogenic and 

angiogenic processes (Stallcup, 2002). Moreover, PDGFR  is a pericyte 

specific protein (Bjarnegård et al., 2004). Several preclinical studies reported the 

morphological changes on pericytes following stroke as they become hyper dilated, 

irregularly shaped and enlarged (Bergers and Song, 2005; Roth et al., 2019). 

However, further studies need to be done to examine the changes on pericytes 

following stroke compared to control as they are part of BBB components. Thus, this 

study studied the changes in pericytes in murine stroke models compared to controls 

using IHC.  

IBA-1 is a protein that is expressed in all microglia (Ahmed et al., 2007). It has been 

reported that, the IBA-1 cells were significantly higher in stroke brains compared to 

controls as shown in (Table 1-4, B). Due to the importance of microglia cells in CNS 

health, this study targeted the changes in microglia in BCCAO and MCAO models of 

stroke and reperfusion using IHC. 

CD31 is also known as a platelet–endothelial cell adhesion molecule (PECAM 1) 

(Delisser et al., 1993). It was detected primarily from endothelial cells and platelets 

(Mourik et al., 1985), then was detected latterly from blood leucocytes (Stockinger et 

al., 1990). In this project, the changes on endothelial cells in a relation with the 

changes on TJ proteins in cerebral ischaemia models of stroke and reperfusion using 

single and double labelling was examined. 
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In conclusion, the previous works of the mentioned biomarkers have been conducted 

preclinically on stroke models without examining the correlation of these changes in 

the brain and the blood or on stroke patients without correlating with CT and MRI 

imaging techniques. Hence, this study carried out to assess the levels of these 

biomarkers in acute stroke patients and mimics patients after confirming the results 

preclinically on animal stroke and reperfusion models. Additionally, the same 

circulating biomarkers were correlated with CT and MRI imaging biomarkers. The 

selected blood biomarkers for the project’s clinical work are: GFAP, NSE, NfL and BBB 

TJ specific biomarkers: (ZO-1, Occludin and Claudin-5). This selection is based on the 

reviews of the previous studies done on potential stroke biomarkers as detailed in 

Table 1-4,A. Moreover, glial marker (GFAP) and BBB TJ specific biomarkers were 

examined initially on murine stroke models to investigate the ability of these 

biomarkers to diagnose stroke in these models.  

1.1.13 Gap in research  

Currently, an expert stroke clinician's evaluation of the stroke patient, reinforced by 

the results of brain imaging besides clinical assessment, is used to diagnose 

ischaemic stroke (Dias et al., 2021). Thus, the diagnosis of stroke remains largely 

clinical, yet widely used stroke scoring systems (e.g., FAST test or CPSS) do not allow 

distinction of patients with acute stroke from those with mimics. CT scan can confirm 

haemorrhage, but it is not sensitive enough in minor stroke (Mullins et al., 2002) as 

well as many patients with suspected stroke are subsequently confirmed to have 

alternative pathologies. DWI helps to distinguish between acute stroke and mimics but 

requires a longer scanning time (Zaitsev et al., 2015). Recently, the circulating blood 

biomarkers strategy showed a promising stroke diagnostic method in the research 

field.  In the clinical scenario of suspected myocardial ischaemia, this method is well-

established. The myocardial isoform of creatinine phosphokinase and troponin are 

significant in both therapy decisions and clinical studies in acute coronary syndromes 

(Al-Otaiby et al., 2011). However, there are no definite blood biomarkers to distinguish 

between stroke and stroke mimics at the point of care. Thus, a quick test based on 

simple, accurate and low-cost technology to confirm the clinical and neuroimaging 

diagnosis of ischaemic stroke would be tremendously beneficial to provide the best 

possible treatment to stroke patients. Furthermore, few studies have correlated 

circulating biomarkers data obtained from ischaemic stroke samples with CT and MRI 
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biomarkers. To my knowledge, there are limited studies examining the correlation 

between the concentration of circulating biomarkers (GFAP, Claudin-5, Occludin and 

ZO-1) in blood serum and the expression of these biomarkers in the brain in both 

BCCAO and MCAO stroke models. This study aimed to examine the circulating 

biomarkers in mouse models of stroke compared to sham operated mice. Also, aimed 

to assess the circulating biomarkers in acute stroke patients compared to mimics as 

defined by clinical scoring systems as well as CT and MRI scans. 

 

1.2 Hypothesis 

The combination of circulating biomarkers in acute stroke patients with neurological 

scores, CT and MRI imaging data can improve the diagnosis of stroke. 

 

Aim and objectives 

1.3 Aim  

• To determine the circulating biomarkers in mouse models of stroke compared 

to sham operated mice. 

• To examine the circulating biomarkers in acute stroke patients compared to 

mimics as defined by clinical scoring systems as well as CT and MRI scans. 

 

1.4 Objectives 

To address the aims of this project, the preclinical study was conducted using two 

murine models of stroke to examine the changes in neuronal, glial cell and BBB TJ 

markers in the brain and concentrations of these biomarkers in blood. After that, a 

retrospective pilot clinical study on stroke patients was performed to identify imaging 

markers that can inform a longitudinal study design in the future. Finally, a cross-

sectional clinical study of ischaemic stroke and stroke mimics was done to confirm the 

preclinical results. Additionally, the CT and MRI data of these patients were analysed 

to measure imaging biomarkers. Then correlations between circulating biomarkers 

with CT and MRI imaging biomarkers were performed. 
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The specific objectives in the studies were:  

 

1.4.1 Preclinical study   

• To determine brain damage using antibodies of specific neuronal and glial cells 

(NeuN, GFAP and IBA-1), pericytes cells (PDGFR and NG2) and endothelial 

cells (CD31) as well as to assess BBB marker of specific TJ (Occludin, Claudin-

5 and ZO-1) in murine stroke model as compared to sham operated mice using 

single and double labelling. 

• To determine the expressions of some biomarkers (GFAP, Claudin-5, Occludin 

and ZO-1) in the brain using WB are significantly different between control and 

stroke mice. 

• To determine if circulating biomarkers (GFAP, Claudin-5, Occludin and ZO-1) 

determined by the ELISA method are significantly different between control and 

stroke mice. 

• To determine if the expressions of biomarkers in brain tissues are correlated 

with the levels of these biomarkers in blood. 

 

1.4.2 Clinical study   

• To assess the ability of the diagnostic circulating biomarkers in distinguishing 

between ischaemic stroke and stroke mimics to improve stroke diagnosis. 

• To determine the CT and MRI biomarker’s ability in distinguish between stroke 

and mimics. 

• To correlate the circulating biomarkers with CT and MRI imaging biomarkers to 

improve stroke diagnosis. 
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Chapter 2 Materials and methods 

2.1 Preclinical study 

2.1.1 Animal  

All experiments used male C57BL/6J mice that were 10 to 12 weeks old and weighed 

25 to 30 g (Harlan-Olac, Bicester, UK). They were conducted in accordance with the 

U.K. Animals (Scientific Procedures) Act of 1986 and under the proper personal and 

project licences issued by the United Kingdom Home Office. The Animal Research: 

Reporting of In Vivo Studies (ARRIVE) standards were followed in all experiments. 

2.1.2 Induction of stroke or Cerebral ischaemia and reperfusion   

Strokes in mice were induced by either transient (15 min) bilateral common carotid 

artery occlusion (BCCAO) as described in (Khan et al., 2018) or transient (1 hour) 

middle cerebral artery occlusion (MCAO) as described previously in (McColl et al., 

2007). BCCAO surgical procedures were performed by Dr Nadira Yuldasheva. MCAO 

surgical procedures were performed by Stroke Centre Surgery Core, Department of 

Neurosurgery, University of Kentucky, USA. 

In BCCAO, (Figure 2.1) mice were anaesthetised using isoflurane (1-1.5%) followed 

by buprenorphine HCL (0.25 mg/ kg) injection intraperitoneally. Through a midline 

neck incision, both carotid arteries were exposed and occluded using microserrefines 

for 15 min occlusion period and anaesthesia was stopped when the wound was 

sutured. Following surgery, sterile saline was administered intraperitoneally to each 

mouse (0.4 ml). Sham-operated mice underwent the same procedure except no 

occlusion was performed for carotid arteries. Throughout the procedure and following 

it until the mouse came awake from anaesthesia, a warming plate maintained the 

rodent's core body temperature at 37 ± 0.5°C. Then, reperfusion was permitted for 5 

days as it has routinely found in a pilot study in our lab that this occlusion protocol 

generates reproducible hippocampus and cortical damage 5 days after BCCAO. The 

pilot results also showed very little ischaemic damage following occlusion of carotid 

arteries for less than 10 min. 
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Figure 2.1Schematic diagram for cerebral ischaemia induction using transient 
BCCAO model. The arterial scheme was adopted from (León-Moreno et al., 2020) 

 

In MCAO, (Figure 2.2) mice were anaesthetised using isoflurane (1-1.5% in 30% O2 / 

70% N2O) followed by buprenorphine HCL (0.25 mg/ kg) injection intraperitoneally. 

Then, the carotid arteries were separated and a 6-0 nylon monofilament (Dermalon) 

with a 2 mm tip (180 μm diameter) that was waxed in thermo-melting glue (Jet Melt) 

was inserted along the external carotid artery and forward along the ICA to block the 

origin of the MCA. Throughout the process, a heating blanket with feedback control 

kept the patient's core body temperature at 37°C ± 0.5°C. The filament was removed 

after one hour to achieve reperfusion. Following surgery, sterile saline was injected 

intraperitoneally into each mouse (0.4 ml). Sham-operated mice went through the 

exact procedure except that the filament was inserted into the ICA and then removed 

immediately. Then, reperfusion was permitted for 1 day (24 hours), as it has been 

found in a pilot study in our lab that this occlusion protocol generates reproducible 

striatal and cortical damage 24 hours after MCAO. 
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Figure 2.2 Schematic diagram for production of cerebral ischaemia with 
transient (1 h) MCAO model. (The arterial scheme was adopted from (Rousselet 
et al., 2012). ECA: external carotid artery, ICA: internal carotid artery, MCA: 
middle cerebral artery and PPC: pterygopalatine artery. 

 

2.1.3 Neurological deficit Assessment 

Neurological deficit assessment was performed in BCCAO operated animals and 

sham operated animals using neurological deficit signs including disturbances of 

consciousness, drowsiness and circling, torsion of the neck and seizure (Yang et al., 

1997) i.e., 0, no observable deficit; 1, drowsiness and circling; 2, torsion of the neck 

and disappearance of the righting reflex; 3, seizure; 4, coma or no spontaneous 

movement. 

Whereas the assessment of neurological deficit in the MCAO operated animals was 

confirmed by neurological deficit tests that were performed using a neurological 

grading score of increasing the severity of deficit (Bederson et al., 1986) i.e. 0, no 

observable deficit; 1, forelimb flexion; 2, reduced resistance to lateral push but no 

circling; 3, similar to grade 2 with additional circling; 4, no spontaneous movement. 

2.1.4 Collection, processing and storing of brain tissue 

For WB, following reperfusion, both MCAO and BCCAO mice and sham operated mice 

were humanely euthanised according to the UK project licence by decapitation under 

anaesthesia, brains extracted and rapidly frozen on dry ice and stored at − 80 °C.  
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For IHC, following reperfusion, stroke induced, and sham-operated control mice were 

perfused transcardially with 0.9% saline followed by 4% paraformaldehyde. Brains 

were post-fixed overnight and stored in phosphate buffered saline (PBS, PH7.4, 

Sigma-Aldrich) at 4°C. Sections (20 µm) cut on cryostat (Leica, Bensheim, Germany) 

or sections (50 µm) cut on a vibrating microtome (Leica Microsystems, Germany) were 

processed for histochemistry and IHC (Figure 2.3), mounted on gelatinised slides and 

stored at − 20 °C. Tissues from the sham operated animals and the stroke induced 

animals were harvested and processed in parallel and in similar condition. 

 

      

Figure 2.3 A)The level of extracted sections in the project (adapted from the 
Mouse Brain Library (The Mouse brain Library, 2003), (B) Dorsal view of a stroke 
model and a control model and (C) Frontal view of a stroke model and a 
control model.   

 

2.1.5 Assessment of cerebral ischaemia injury using 

immunohistochemistry and histochemistry 

2.1.5.1 Histochemistry- Cresyl violet staining 

Brain sections were stained with cresyl violet solution (1% in water). These sections 

were incubated in 95% Industrial Methylated Spirits (IMS) for 2 min and washed 

quickly with running water. Following that, sections were incubated in 1% cresyl violet 

solution for 5 min and then rinsed in running water until the water is clear. After that, 

sections were incubated in graded ethanol (75%, 95%, 99%) each for 2 min. Finally, 

sections were cleared in Xylene for 2 min then the cover slipped with DPX 

mounting medium (Sigma-Aldrich) and kept drying in air. The slides that have been 

used in this staining process were coated previously with chrome gelatinized to 

avoid falling of sections from the slide.  

A B C 
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2.1.5.2 Cryostat sectioning and immunohistochemistry staining  

To detect the death of neurons, changes in glial, pericytes, microglia, endothelial cells 

and specific BBB TJ proteins more specifically, immunohistochemical stainings were 

performed with thinner sections (20 µm). Briefly, the brain tissue was kept in 15% 

sucrose in PBS for 2 days until it becomes sunk. The brain tissue was embedded in an 

optimal cutting temperature compound (OCT) and 20 μm thin brain sections were cut 

using a cryostat (Leica, Bensheim, Germany). The immunohistochemical staining with 

antibodies specific to neurons, glial cells, pericytes, microglia, endothelial cells 

markers and BBB TJ proteins on brain sections was performed as described in the 

following section. 

2.1.5.3 Immunohistochemistry 

Brain sections were placed in PBS (Sigma-Aldrich) into WHO plate wells. The sections 

were treated with Liberate Antibody Binding Solution (L.A.B. Solution) (antigen 

retrieval solution, Polysciences Inc) for 10 min in order to wipe off excessive fixative 

and minimize protein cross-linking. Then, the sections were washed with PBS 

containing 0.1% Triton-X100 (PBS-T) for 5 min followed by incubation in 10% horse 

or donkey serum (Sigma-Aldrich, Poole, Dorset, UK) diluted in PBS-T at room 

temperature on a shaker table (Bio Dancer, New Brunswick scientific, Edison N.J 

U.S.A) for 30 min with gentle agitation to block any nonspecific binding and decrease 

background staining. Following that, sections were transferred to the appropriate 

primary antibody (details of antibodies and dilutions used for IHC are listed in Table 

2-2) diluted in PBS-T and incubated overnight at 40C.  Sections were then washed in 

PBS-T three times for 5 min each using the shaker table for gentle agitation. Sections 

were transferred to the appropriate (rabbit or mouse) red fluorescence Cy3-conjugated 

secondary antibody (Jackson Immunoresearch Laboratories) or green fluorescence 

Alexa488 secondary antibody (Molecular Probes, Leiden, Netherlands) (diluted 1/1000 

in PBS-T) and incubated at room temperature on the shaker table for 4 hours. Since, 

the secondary antibodies are light sensitive, the plate was covered with foil. Lastly, 

sections were washed in PBS-T three times each for 5 min, then mounted on slides 

and coverslipped with Vectashield mounting medium with or without DAPI (Vector 

Laboratories, Inc, Burlingame, CA 94010).  
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2.1.5.4 Primary antibodies 

Multiple antibodies specific for the detection of neurons, glial cells, pericytes, 

microglia, endothelial cells and specific BBB TJ proteins were used. The details of 

these antibodies are shown in Table 2-1. Specificity of all the antibodies was defined 

according to the suppliers. 

Table 2-1 The used specific primary antibodies. 

Antibody Code no Supplier Species Specificity data (Immunogen) according to supplier 

NeuN  ab104224 

 

Abcam 

 

Mouse  Monoclonal antibody against NeuN was prepared by 

immunising mouse with N terminal peptide 1B7. 

Recombinant fragment corresponding to NeuN aa 1-100 

(N terminal). Sequence: 

MAQPYPPAQYPPPPQNGIPAEYAPPPPHPTQDYSGQT

PV  

PTEHGMTLYTP 

AQTHPEQPGSEASTQPIAGTQTVPQTDEAAQTDSQPL

HP  

SDPTEKQQPKR 

The antibody was raised, purified, and extensively 

characterised according to supplier data sheet. 

GFAP  131-

17719 

 

Invitrogen 

(A21282)  

Mouse  Monoclonal antibody against GFAP was prepared by 

immunising mouse with 131-17719. The antibody was 

raised, purified, and extensively characterised according to 

supplier data sheet. 

Occludin  OC-3F10 

 

Life 

technologi

es 

(331511)  

Mouse  Monoclonal antibody against Occludin was prepared by 

immunising mouse with C terminal peptide OC-3F10. The 

antibody was raised, purified, and extensively 

characterised according to supplier data sheet. 

ZO-1  40-2200 

 

Invitrogen  

(40-2200) 

Rabbit  Polyclonal antibody against ZO-1 was prepared by 

immunising rabbit with synthetic peptide found in the ZO-1 

protein's middle region. The antibody was raised, purified, 

and extensively characterised according to supplier data 

sheet. 

IBA-1   ab5076 

 

Abcam 

 

Goat(shee

p)  

Polyclonal antibody against IBA-1 was prepared by 

immunising goat with peptide synthesised to match IBA-1 
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aa 135–147 (C terminal). The isoforms represented by 

Accession Number(s): NP 001614.3; NP 116573.1, 

sequence: C-TGPPAKKAISELP are anticipated to be 

recognised by IBA-1. The antibody was raised, purified, 

and extensively characterised according to supplier data 

sheet. 

NG2  ab50009 

 

Abcam 

 

Mouse  Monoclonal antibody against NG2 was prepared by 

immunising mouse with 132.38. The antibody was raised, 

purified, and extensively characterised according to 

supplier data sheet. 

PDGFR  ab124392 

 

Abcam 

 

Rabbit  Polyclonal antibody against PDGFR was prepared by 

immunising rabbit with synthetic peptide with keyhole 

limpet haemocyanin linked to PDGFR alpha aa 1035–

1053. Sequence cGKRNRHSSQTSEESAIETG, matching 

to Human PDGFR alpha aa 1035–1053, was used to 

detect specificity. The antibody was raised, purified, and 

extensively characterised according to supplier data sheet. 

CD31  ab28364 

 

 Abcam 

 

Rabbit  Polyclonal antibody against CD31 was prepared by 

immunising rabbit with synthetic peptide from aa 700 to the 

C-terminus (C terminal). The antibody was raised, purified, 

and extensively characterised according to supplier data 

sheet. 

CD31 PECAM-1 

 

Invitrogen 

(14-0311-

82) 

Mouse Monoclonal antibody against CD31 was prepared by 

immunising mouse with 390. The antibody was raised, 

purified, and extensively characterised according to 

supplier data sheet. 

Claudin-5 34-1600 

 

Invitrogen 

(34-1600) 

Rabbit Polyclonal antibody against Claudin-5 was prepared by 

immunising rabbit with synthetic peptide from the Claudin-

5 C-terminus. The antibody was raised, purified, and 

extensively characterised according to supplier data sheet. 

 

2.1.6 Optimization of concentration 

In order to find the best IHC staining results for the following antibodies: Occludin, ZO-

1, CD31, Claudin-5, IBA-1, PDGFR and NG2, different dilutions have been tried to find 

out the optimal dilution for specific staining with low non-specific background 

staining. The details of these antibodies, the different dilutions have been used and 
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the optimal dilutions are shown in Table 2-2. Regarding NeuN’s and GFAP’s working 

dilutions were (NeuN,1:4000) and (GFAP,1:1000) respectively based on earlier work 

in our lab. 

Table 2-2 Different used dilutions for specific antibodies in the optimisation 
process. 

Antibody Species Different dilutions Optimal dilution 

Occludin Mouse 1/1000, 1/200,1/400, 1/100, 1/50 1/50 

ZO-1 Rabbit 1/1000, 1/200,1/400, 1/100, 1/50 1/100 

IBA-1   Goat 1/100, 1/500, 1/1000, 1/200,1/400 1/200 

NG2 Mouse 1/600 1/200 ,1/500, /1000 ,1/800 1/600 

PDGFR Rabbit 1/1000,1/800,1/500 ,1/400 ,1/600 

 

1/600 

CD31 Rabbit 1/100, 1/500 1/100 

CD31 Mouse 1/100, 1/200,1/500,1/1000 1/200 

Claudin-5 Rabbit 1/100, 1/200,1/500,1/1000 1/500 

 

2.1.7 Double labelling Immunohistochemistry   

For dual immunolabelling, brain sections were incubated in a mixture of two antibodies 

raised in different species as listed in Table 2-3 overnight at 4°C. All antibodies were 

diluted in PBS-T. After 3 washes (5 min each) in PBS-T, sections were incubated for 

4 hours in a mixture of species-specific secondary antibodies raised against rabbit or 

mouse immunoglobulins (as appropriate) conjugated to Cy3 (Jackson 

ImmunoResearch) and Alexa488 (Molecular Probes, Leiden, Netherlands) to visualise 

the bound primary antibodies in the double labelling. The immunolabelled sections 

were dried overnight onto glass slides at 4 °C in the dark and coverslipped with 

Vectashield mounting medium with DAPI or without DAPI (Vector Laboratories, 

Inc, Burlingame, CA 94010).   
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Table 2-3   Specific antibodies with dilutions for double labelling.   

Combined antibodies Dilution in PBS-T 

GFAP (mouse) + ZO-1 (rabbit) GFAP =1/500 + ZO-1 = 1/50 

NeuN (mouse) + ZO-1 (rabbit) NeuN=1/2000 + ZO-1 = 1/50 

CD31 (mouse) +ZO-1 (rabbit) CD31=1/100 + ZO-1=1/50 

CD31 (rabbit) +Occludin (mouse) CD31=1/50 + Occludin= 1/25 

CD31 (mouse) +Claudin-5 (rabbit) CD31=1/100 + Claudin-5 =1/250 

 

2.1.8 Microscopic imaging analysis of histochemical and 

immunohistochemical data  

Histochemical or immunohistochemical stained sections were imaged using an 

AxioImager Z.1 epifluorescence microscope (Carl Zeiss, Welwyn Garden City, UK). 

Multiple digital images were taken with the imaging system 

AxioVision (AxioImager.Z1). Bright field images also were taken using a Zeiss 

AxioVision Imaging System. Then, all captured images were imported into ImageJ for 

contrast and brightness, minor amendment, cropping or resizing and collecting into 

figures. Finally, the images were saved as TIFF files. 

2.1.9 Stereological method for immunolabelled profiles quantification  

The number of NeuN immunoreactive neuronal cells, GFAP  immunoreactive glial 

cells, PDGFR  immunoreactive and NG2  immunoreactive pericytes cells and IBA-

1 immunoreactive microglia cells per unit volume of brain tissue in outlined brain areas 

were estimated using a three-dimensional counting method based on the well-

established optical dissector method (Williams and Rakic, 1988). This method has 

been tested earlier in our lab (Khan et al., 2018). Areas of the hippocampus, M1 

(primary motor cortex) and M2 (2nd motor cortex), secondary somatosensory cortex, 

striatum and granular insular cortex region to be sampled in BCCAO were located by 

examining immunolabelled brain sections under the fluorescence microscope at low 

magnification (x 10 objectives). Since BCCAO mice in this study revealed cortical and 
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hippocampal damage in both hemispheres, histological analysis in the stroke mouse 

brain and sham operated mouse brain was conducted unilaterally. In MCAO mice, the 

hippocampus, M1 and M2 motor cortex, the granular insular cortex and striatum 

damage was evident in one hemisphere. So histological analysis was conducted 

bilaterally (stroke side and non-stroke side). Analysis was achieved from each brain 

at two sectioning levels: interaural line (5.34mm to 1.74mm); bregma (1.54mm to -

2.06mm) (Paxinos and Franklin, 2012). Using the x10 objective, images were taken 

into Axiovision. Each image corresponded to a 450 x 350 um measured area of tissue. 

To create a counting box for the image, an acetate sheet with a conventional, unbiased 

counting frame (Gundersen, 1977), each side corresponding to 200 um at this 

magnification, was placed over the image on the monitor. Using the measurement 

module's "event counting" feature, all immunopositive cells that fell inside the counting 

frame were noted on the image, and the images were checked to make sure that each 

cell's nucleus was counted only once. A single observer conducted each count blindly 

on coded slides. A normality test was performed to test data distribution. Data were 

analysed using Unpaired Student’s t-test to determine statistical significance with 

exception of MCAO counting cells comparison in the two hemispheres of the same 

mouse brain where paired Student’s t-test was used. P ≤ 0.05 was considered 

statistically significant. 

2.1.10 Tissue preparation for western blotting 

Western blotting analyses were conducted in hippocampal regions in both models. In 

brief, the mice were killed by decapitation under anaesthesia, and their brains were 

extracted and quickly frozen on dry ice. From the forebrain (over dry ice), 

approximately 1 mm thickness of coronal slices were cut with a scalpel blade. 

Following that, about (25-35 mg) hippocampal tissue samples from both brain sides 

were collected at the level identical to bregma (−0.22 to −2.06 mm) (Paxinos and 

Franklin, 2012) under a × 5 dissecting microscope, using a 1 mm corer. 

2.1.11 Protein extraction  

Blunt 20-gauge blunt needle was used for brain tissue homogenisation and 300 µl of 

Lysis buffer (ThermoScientific) was used for protein extraction. Harvested brain 

tissues were sonicated in an ice bath and centrifuged (Eppendorf FBS29112 

Centrifuge 5340 R) for 30 min at 13 000 rpm at 4 0C. Then, the standard bicinchoninic 
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acid (BCA) assay (Pierce Protein Quantification Kit) (ThermoScientific, Pierce™ BCA 

Protein Assay Kit, Catalog number: 23225) was performed using the supernatant to 

measure protein concentration in samples. Instructions are followed according to 

manufacture. Standard Test Tube Protocol provided was followed to prepared 

standards. Nine vials are labelled from A to I. Standards A (2mg/ml) to I (water) were 

taken out which provide concentrations (A=2000µg/ml) to (I=0µg/ml). 25 µl of each 

standard and actual samples are filled in each well in duplicate. Since each well needs 

200µl of protein assay, thus wells were filled with Reagent A: Reagent B = 50:1. Lid 

was placed over the plate and incubated in 37 ºC oven for 30 min. Finally, the plate 

was read using a plate reader. 

2.1.12 Western Blotting    

For an experiment, 30-50 µl of actual samples were used. Any shortfall should be 

made up with lysis buffer++. Loading dye was added to achieve a 1:4 dilution. A 

reducing buffer was added to achieve a 1:10 dilution then transferred all into a fresh 

Eppendorf. Eppendorfs were put into the heating block at 95 ºC for 5 min. 12 % SDS 

polyacrylamide gel (Invitrogen) was washed with tap water and placed into a tank 

facing the worker and other gel/dummy gel was placed on the opposite side facing the 

opposite way. Buffer was prepared by adding 25 ml MES buffer with making up to 500 

ml of distilled water. The prepared buffer was poured into the tank. 20 µl of each 

sample and 3.5-4 µl of Western C marker were added into separate wells. Power pack 

machine was switched on and gel was run at 180V for 80 min. Transferring gel process 

was carried out by removing gels and washing them out upside down. Transferring 

buffer solution includes (200 ml 10x transfer buffer + 200 ml Methanol + 600 ml distilled 

water) which was prepared and placed in a white tray. The gel was picked up carefully 

and placed face down in white tray until submerged. Sandwich was prepared on the 

black side of the cassette according to the following order (sponge after soaking, filter 

after soaking in transfer buffer, then roll, gel then roll, polyvinylidene difluoride 

membrane (Millipore) then roll, filter after soaking then roll, sponge). Cassette was 

closed and the stirrer was switched on (100V for 15 min). Membrane/blot was moved 

to the pot and washed with methanol followed by distilled water. Blocking buffer was 

prepared - milk buffer 5% (10 ml TBSTween (TBST {Tris-buffered saline and 0.1% 

Tween 20}) + 0.5 g BSA powder or skimmed milk powder). 5 ml was added to each of 

the pots and put on the roller for 20 min. Membrane/blot was washed with PBST twice 
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for 10 min. Membranes were then immunoblotted and incubated overnight at 4°C 

with appropriate primary antibodies GFAP, ZO-1, Occludin or Claudin-5 (diluted 

1:1000) against B-Actin (diluted 1:1000). Membranes were washed in TBS-T three 

times 15 min each on a shaker and incubated for 1 hour at room temperature with 

corresponding HRP-conjugated anti-rabbit or anti-mouse antibodies (Santa Cruz 

Biotechnology; 1:5000). Then, the membranes were washed in TBS-T once (15 min). 

1:25,000 of Anti-western - C marker (Precision Protein Streptactin HRP) in TBST (1 

µL in 25 ml) was prepared and added into pots for incubation on the shaker for 10 min. 

Pots were covered with foil as anti-western - C marker is light sensitive. Then pots 

were washed with TBST twice for 15 min on a shaker. Finally, the camera was 

prepared for imaging.  The membranes were developed with 600 µL of Immobilon 

Western HRP substrate luminol reagent and 600 µL of peroxide reagent (Millipore) 

and placed on camera. The Syngene densitometry (Syngene Gel Documentation) 

system which is called GeneSys application was used to photograph the immunoblots. 

Densitometric quantification analysis of blots was performed using GeneTools 

analysis software along with Excel software. Statistical analyses were performed using 

GraphPad Prism software. Normality test was performed to test data distribution.  

Unpaired Mann-Whitney U test was used to compare the control and BCCAO. Paired 

Wilcoxon matched pairs signed rank test were used to compare control and MCAO. 

2.1.13 Blood sample collection     

Blood samples were collected from the inferior vena cava from stroke and sham-

operated mice with an amount of 1 ml (1000 µl) of blood from each mouse. Blood 

samples were collected after 5 days from BCCAO whereas, the blood samples were 

collected after 24 hours from MCAO. Serum samples were centrifuged at 13000 rpm 

for 10 min within two hours of collection and then kept at room temperature until 

processing. After that, samples were saved in aliquots in Eppendorf tubes (1.5ml 

micro tubes; Sarstedt; Leicester, UK, Ref: 72.690), flash frozen in liquid nitrogen and 

stored at −80°C until analysis.  

2.1.14 Analysis and measurement of blood biomarkers using ELISA 

method     

A mouse GFAP ELISA Kit (Fine test, EM0335), a mouse Occludin ELISA Kit (AVIVA 

Systems Biology, OKEH 07095), a mouse Claudin-5 ELISA kit (DL EVELOP, DL-
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CLDN5-Mu) and a mouse TJP1 (Tight junction protein ZO-1) ELISA Kit (Elabscience, 

E-EL-M1161) were used, and the protocols were followed according to the attached 

guidance of the companies. Table 2-4 shows the detection range, sensitivity and 

specificity for each previously mentioned ELISA kits. In brief, firstly, 100 μL of serially 

standard, sample (serum) and control (zero) solutions were added to each well and 

incubated for 90 min in GFAP and ZO-1 assay and 2 hours in Occludin and Claudin-

5 assay at 37 °C. The liquid was removed and 100 μL of Biotin-detection antibody was 

added to each well for 60 min at 37°C. Following that, plate was washed three times 

and 100μL of HRP Conjugate (SABC) was added to each well and incubated for 30 

min in GFAP, Occludin and ZO-1 assay and for 1 hour in Claudin-5 assay at 37 °C. 

Then, the plate was washed five times and 90 μL of TMB substrate was added to each 

well for 20 min at 37 °C covered with foil as the substrate is known to be light sensitive. 

Finally, 50 μL of Stop Solution was added followed by immediate optimal density 

determination at 450 nm (Bio-Tek Powerwave 1). Normality test was performed to test 

data distribution. Accordingly, serum concentration comparison between the two 

experimental groups was analysed by Unpaired Student’s t-test. P≤0.05 is considered 

significantly high or different. 

Table 2-4 The detection range, sensitivity and specificity for the used mouse 
ELISA kits in this study. 

ELISA kit name and 

catalogue number 

Detection 

range 

Sensitivity Specificity 

Mouse GFAP ELISA 

Kit (Fine test, 

EM0335) 

15.625 -1000 

pg/ml 

<9.375pg/ml For GFAP quantitative detection in 

plasma, serum, tissue homogenates 

and other biological fluids. 

Mouse Occludin 

ELISA Kit (AVIVA 

Systems Biology, 

OKEH 07095), 

156.0 – 10000 

pg/ml 

 

 

<78.0 pg/ml Mouse Occludin  

UniProt ID: Q61146  

GeneID: 18260  

Target Alias: AI503564, Occludin, 

Ocl. 

Mouse Claudin-5 

ELISA kit (DL 

EVELOP, DL-

CLDN5-Mu) 

312.0-

20000pg/ml 

<127.0pg/ml This kit has excellent specificity and 

high sensitivity for detection of 

CLDN5. 
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Mouse TJP1 (Tight 

junction protein ZO-1) 

ELISA Kit 

(Elabscience, E-EL-

M1161) 

78.13-

5000pg/ml 

46.88pg/ml This kit recognizes Mouse TJP1 in 

samples. 

 

2.1.15 Statistical analysis  

Excel program and GraphPad Prism 9 software (GraphPad, San Diego, California) 

were used for statistical analysis and graph production. All continuous measurements 

are shown as mean (SD). A value of p ≤ 0.05 was considered statistically significant. 

Spearman rank correlation test was achieved to assess the correlation between ELISA 

results and WB results. Spearman rank correlation is a non-parametric test that is 

usually performed to measure the association degree between two variables (Schober 

et al., 2018). Linear regression analysis was performed to evaluate the linear 

relationship between two variables. The significance of the correlation was obtained 

by performing the 2-tailed Student’s t- test against the null hypothesis that the 

correlation coefficient was zero. Table 2-5 provides a recommendation for the linear 

relationship's strength based on the correlation coefficient value (Chan, 2003). 

Table 2-5 Linear relationship strength (Chan, 2003). 

Correlation Coefficient value Strength of linear relationship 

At least 0.8 Very strong 

0.6 up to 0.8 Moderately strong 

0.3 to 0.5 Fair 

Less than 0.3 Poor 
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2.2 Clinical study (retrospective study- pilot study) 

2.2.1 Patient selection 

Retrospective data analysis was conducted from 30 consecutive acute ischaemic adult 

strokes cases who received a brain CTP scan at Leeds Teaching Hospitals NHS Trust, 

UK, between 2017 and 2018. Data were divided into two groups: a group treated with 

MT and another non-treated with MT. Altogether, 15 cases out of the 30 consecutive 

acute ischaemic stroke cases received a follow-up brain MRI with stroke protocol. 

In brief, an audit identified 30 patients divided into two groups at Leeds Teaching 

Hospitals NHS Trust (Figure 2.4).                            .

 

Figure 2.4 A diagram of the patient selection criteria. (mRS): modified Rankin 
Score which is functional outcomes score. 

  

CT Perfusion

( According to the time onset & salvagable tissue)

< 5 hours

Thrombolysis administration

Anterior circulation stroke and large 
vessel occlusion

Mechanical  trombectomy treatment

(mRS) at 3 
months 

MRI  scan 
stroke 
protcol

Posterior circulation stroke or small 
vessel occlusion

Non-Mechanical  trombectomy 
treatment

(mRS) at 3 
months 

MRI  scan 
stroke 
protcol

> 5 hours

No Thrombolysis administration

https://www.leedsth.nhs.uk/
https://www.leedsth.nhs.uk/
https://www.leedsth.nhs.uk/
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2.2.1.1 Inclusion criteria 

MT treated group inclusion criteria (n=15) 

• Patients with anterior circulation occlusion / large vessel occlusion (LVO) were 

included as MT was indicated for acute stroke patients with Anterior circulation 

occlusion / large vessel occlusion (LVO)  

• Patients received MT treatment. 

 

Non-MT treated group inclusion criteria (n=15) 

• Patients with posterior circulation occlusion / small vessel occlusion were 

included as MT was not indicated for acute stroke patients with posterior 

circulation occlusion and small vessel occlusion 

• Patients didn’t receive MT treatment. 

 

2.2.1.2 Exclusion criteria 

• Tumour cases 

• Extreme motion artifacts scans. 

 

2.2.2 CT scan protocol 

The CT protocol included NCCT, CTA and CTP (axial or horizontal sections). Patients 

received a contrast bolus of 50 ml of Omnipaque 300 mg/ml with an injection rate of 

at least 5 ml/sec via power injector through the 18-gauge intravenous line. Scanning 

parameters: slice thickness= 5mm, space between slices= 1mm, tube voltage= 80 KV 

(peaks), x-ray tube current= 125 mAs, scanning delay= 4-5 sec, scanning time= 88 

sec and temporal resolution= 1 sec. 

2.2.3 CT Image processing  

Patient data have been anonymised using DicomCleaner software (PixelMed, 2019). 

CBF, CBV and MTT maps were calculated off-line from CTP using in-house software; 

Platform for Research in Medical Imaging (PMI) (Ledsam, 2021). An arterial input 

function (AIF) was selected semi-automatically and partial-volume effects were 

corrected with a venous outflow function (VOF) in the sagittal sinus. CBF, CBV and 

MTT maps were calculated by model-free deconvolution. First of all, small, rounded 
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ROIs were generated on the CBF map on both the right and left side on WM and GM 

(Basal ganglia). These were used as a reference only. WM and GM identical small, 

rounded ROIs were defined on the CBF map on the penumbra by an Interventional 

Neuroradiologist to define the salvageable tissue of the ischaemic area and in mirrored 

contralateral non-ischaemic area. Similar analysis was conducted in both groups. 

2.2.4 CT Statistical analysis 

Mean (SD) values over each ROI were determined for CBF, CBV and MTT in the two 

groups. Normality test was performed initially to test the data distribution using 

GraphPad. A paired Student’s t-test was used to identify significant difference in CT 

imaging biomarkers between ischaemic and contralateral areas in WM and GM in the 

same patient brain. For statistical comparison between MT treated group and non-MT 

treated group values, the Mann-Whitney U test was performed. For statistical analysis 

and the creation of graphs, the Excel programme, and GraphPad Prism 9 software 

(GraphPad, San Diego, California) were used. 

2.2.5 Follow-up MRI scan protocol  

Altogether, 15 cases out of the 30 consecutive acute ischaemic strokes cases who 

received brain CTP scan were collected. The 15 patients (7 patients from MT group 

and 8 patients from non-MT group) received MRI follow-up stoke protocol. In all cases, 

the MRI protocol included T1 and T2 weighted images, FLAIR sequence images and 

DWI images. All brain MRI studies were done on a Siemens 1.5 T magnet in an axial 

plane. Data analyses were obtained from DWI sequence, specifically, the ADC map. 

The imaging parameters for the DWI sequence is (sequence type: Echo planner 

imaging (EPI), transmitting coil: body, patient position: head first, Spin-echo repetition 

time (TR): 3300 ms, echo time (TE): 89 ms, A 192 * 192 matrix with 100 percent phase 

field of view and one excitation was used. percent sampling:100, pixel bandwidth: 

1240, acquisition number: 1, sample per pixel: 1, rows:192, colums:192. Slices were 

5 mm thick with an intervening 6.5 mm gap. Number of averages was 4, imaging 

frequency: 63.68, echo number: 1, flip angle: 90-degree, echo train length: 1, 

acquisition number :1, region changed flap: 1, group length: 188, number of phase 

encoding steps: 143, phase encoding direction: coronal, Specific absorption rate 

(SAR): 0.10 Watt/kg. No contrast agent was injected. 
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2.2.6 MRI Image processing  

Patient’s scans have been anonymised using DicomCleaner (PixelMed, 2019). Data 

analysis was performed on the DWI sequence of the MRI scan using PMI software 

(Ledsam, 2021). On the ADC map, small, rounded ROIs matched the exact location 

of ROIs in CTP map which were generated in WM and GM by an Interventional 

Neuroradiologist. On the ADC map, the volume of infarct of each patient was 

measured by calculating the number of pixels in ROI that were generated around the 

infarction.  The volume of the infarct was calculated by multiplying the number of pixels 

by the volume of the voxel. It is worth mentioning that, the volume of the voxel is 

identical for all patients as the protocol parameters were identical for all patients. The 

volume of voxel can be calculated using the following formula:  

The volume of voxel (mm3)= slice thickness(mm) * pixel spacing(mm) * pixel spacing 

(mm)  

As the slice thickness= 5 mm and the pixel spacing= 1.18 mm, the voxel volume is 

equal to 6.962 mm3. Lastly, the volume of infarct was calculated in ml by dividing by 

1000. 

2.2.7 MRI Statistical analysis 

Mean (SD) values over each ROI were determined for ADC in the two groups. 

Normality test was performed to test the data distribution. A paired Student’s t-test was 

used to identify significant difference in imaging biomarkers between ischaemic and 

contralateral areas in WM and GM in the same patient. The Mann-Whitney U test was 

used for statistical comparison between the MT group and the non-MT group values. 

Excel software and GraphPad Prism 9 software (GraphPad, San Diego, California) 

were used for statistical data analysis and graph generation. 

2.2.8 Clinical Outcomes  

Clinical outcome was derived from Patient Pathway Manager (PPM+) records or 

clinical notes. The primary outcome measure: modified Rankin Score (mRS) which is 

functional outcomes score at 3 months (90 days) was collected. Functional outcomes 

at 90 days was divided into “good outcome” (mRS≤2) or “bad outcome” (mRS>2). 

mRS was compared between the two groups using Mann-Whitney U test.  
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2.3 Clinical study (Cross sectional study) 

2.3.1 Method Design 

This study is an observational cross sectional acute stroke study of suspected 

ischaemic stroke patients (n=70) and stroke mimics (n=24) recruited as soon as 

possible on the Wards or Stroke unit in Leeds Teaching Hospitals NHS Trust. Figure 

2.5 shows a flow diagram of the design of the study and patient’s routine clinical and 

research pathways. The study was approved by Yorkshire & The Humber - Leeds East 

Research Ethics Committee, NHS REC reference 19/YH/0232, IRAS reference No: 

50831. 

 

 

Figure 2.5 Flow diagram of the Design of the Study and patients’ Routine Clinical 
pathways. 

 

2.3.1.1 Patient selection 

Participants who met the following selection criteria were included in this study: 

Inclusion Criteria: 

• Age 18 + years. 

• Patients with suspected acute stroke admitted to hospital. 

https://www.leedsth.nhs.uk/
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• Patients with confirmed stroke admitted in the acute stroke unit or medical 

wards.  

•  Stroke mimics in medical wards or the acute stroke unit.  

Exclusion Criteria: 

• The patient has capacity but refuses consent. 

• The patient lacks capacity and informed consent from consultee cannot be 

obtained. 

2.3.2 Recruitment Procedures  

• The researched nurses who are good clinical practice (GCP) trained has taken 

the consent from the patients (A copy is available in Appendices in Chapter 7). 

• Patients with acute stroke lose capacity frequently and it is also important to 

include acute stroke patients in the study. Therefore, if the patient lacks 

capacity, a consent from consultee has been obtained to make sure the 

research does not pose any significant risk to the patient and has the potential 

to benefit other patients with stroke in the future. 

• A written information leaflet was provided to the patient or consultee. 

• The study was discussed, and every relevant question was addressed.  

• The patient or the consultee was given up to 24 hours on the ward to decide 

whether they want to take part in the study or not. 

• No specific attempt was made to ascertain whether the patient has regained or 

lost capacity in the future as this would be overly intrusive and potentially 

upsetting for the patient. 

• All populations with suspected stroke were approached. Patients in the 

research were not included if unable to obtain informed consent or consultee 

declaration from a relative. 

2.3.3 Clinical Evaluation 

• Information on all patients was retrieved from NHS Trust paper and electronic 

medical health records (Patient Pathway Manager PPM+). All patient 

identifiable data were stored on a password protected database on the NHS 
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Trust network drive. Data taken offsite to the University for analysis were linked-

pseudo-anonymised format.  

• The following data were collected at baseline: 

• Centre Number 

• Demographic information (age, gender, ethnicity and occupation) 

• Height, weight, waist circumference, blood pressure 

• Comorbidities 

• Date of stroke/admission/discharge 

• Vital signs  

• Specimens to be obtained and frequency 

• Clinical data: 

Patients who were included in the study were subjected to the following protocol: type 

of stroke, time difference between stroke and blood sample collection, NIHSS on 

arrival, medical history, medication on admission and clinical procedure were obtained 

from clinical records. Patients were divided into acute ischaemic stroke and mimics.  

The NIHSS was used by the neurologist to assess the severity of the stroke on arrival. 

The NIHSS score is made up of 11 elements as mentioned previously (Refer to section 

1.1.8). Patients were divided into two groups; a group with NIHSS scores less or equal 

than 7 and a group with NIHSS more than 7 and blood biomarkers level has been 

compared accordingly. Data analysis was carried out also into divided patients into a 

group where blood has been collected on less or equal 2 days from stroke onset and 

a group where blood has been collected on more than 2 days from stroke onset with 

blood biomarkers comparison.  

2.3.4 Blood sample collection 

Blood samples (15 ml) from 70 ischaemic stroke patients and 24 stroke mimics were 

collected to measure the concentration of biomarkers GFAP, ZO-1, Occludin, Claudin-

5, NSE, and NfL using ELISA technique. For serum samples, 5 ml of whole blood was 

collected in a gel clot active tube (Gold Hemogard closure) (Figure 2.6). After the 

collection, the blood was left undisturbed at room temperature for 30 min to be allowed 
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to clot.  The clot was then removed by centrifuging at 1500 x g for 10 min in a cold 

centrifuge. The supernatant (serum) was pipetted out into a sterile aliquot tube. 

For the plasma samples, whole blood was collected into anticoagulant-treated tubes 

i.e., heparin (green, 4 ml), sodium citrate (blue, 2 ml), EDTA (purple, 2 ml), and acid 

citrate dextrose (yellow conventional closure, 2 ml) tubes (Figure 2.6). The cell 

components were removed by centrifuging at 2000 x g for 10 min in a 

cold centrifuge. The supernatant was pipetted out i.e., plasma into a sterile tube. 

All samples were maintained at 2–8°C while transporting them.  Samples were 

aliquoted into 500 µl – 2 ml Eppendorf centrifuge vials and each 1 ml was stored in a 

separate vial to avoid freeze-thaw cycles. The vials were labelled with patient’s ID, 

date of blood collection / time of collection. The samples were flash frozen using liquid 

nitrogen and stored at – 80 °C or lower until analysis. For ELISA, only serum and 

plasma collected in heparin tubes have been analysed. 

 

Figure 2.6 Blood sample collection tubes. From left to right: a gel clot 
active tube, heparin tube, sodium citrate tube, EDTA tube and acid citrate 
dextrose tube (Fisher Scientific, 2022). 

 

2.3.5 Analysis and measurement of blood biomarkers   

The quantitative analysis of blood-based biomarkers in blood has been performed 

using the well-established method, ELISA technique. A human GFAP (Glial fibrillary 

acidic protein) ELISA Kit (Fine test, EH0410), a human TJP1(Tight junction protein 

ZO-1) ELISA Kit (Fine test, EH15434), a human OCLN (Occludin) ELISA Kit (Fine test, 

EH1674), a human CLDN5 (Claudin-5) ELISA Kit (Fine test, EH2839), a human NSE 

(neuronal-specific enolase) ELISA kit (R&D Systems, DENL20), a human 

Neurofilament, Light Polypeptide (NEFL) ELISA Kit (Abbexa, abx152468) was used.  
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Assay procedure was followed according to the protocol provided by the manufacturer. 

All the samples and reagents were prepared as instructed in the protocol. Table 2-6 

reveals the detection range, sensitivity and specificity for the used human ELISA kits 

in this study. 

For GFAP, ZO-1, Occludin and Claudin-5 experiments, the plate was washed with 

washing buffer twice and 100 μL of serially added standard, sample (serum or 

plasma), and control (zero) solutions were added into wells and incubated for 90 min 

at 37 °C. After that, the liquid was sucked out and the plate was washed twice. Each 

well received 100 μL of Biotin-detection antibody, which was incubated at 37 °C for 60 

min. The plate was then washed three times more. Each well received 100 μL of HRP 

Conjugate (SABC) and was incubated for 30 min at 37 °C. The plate was then washed 

five times before adding 90 μL of TMB substrate to each well for 20 min at 37 °C with 

covering with foil as the substrate is light sensitive. Lastly, about 50 μL of stop solution 

was added, then immediate optimal density was determined at 450 nm using 

plate reader (Bio-Tek Powerwave 1).  

With regard to NSE measurement, it was measured according to the supplier's 

instructions.100 μL of Assay Diluent RD1-9 was added to each well followed by 50 μL 

of standard, control and sample was added per well. The plate was covered with the 

provided adhesive strip and incubated for 2 hours at room temperature on a shaker. 

Then, each well was aspirated and washed with 400 μL of washing buffer for 4 times. 

Following that, 200 μL of Human Enolase 2 Conjugate was added to each well and 

incubated for 2 hours on the shaker at room temperature. The plate was washed after 

that for 4 times. 200 μL of Substrate Solution was added to each well and protected 

from light the incubated for 30 min on the benchtop. Lastly, 50 μL of Stop Solution was 

added followed by immediate optical density determination using a microplate reader 

set to 450 nm (Bio-Tek Powerwave 1).  

Finally, the measurement of NfL using ELISA was done according to the 

manufacturer’s protocol. 100 μL of diluted standard, samples and control (zero) was 

aliquoted into the well and incubated with a sealed cover for 1 hour at 37 °C. Following 

that, the cover was removed and 100 μl of Detection Reagent A working solution was 

aliquoted to each well and incubated for 1 hour at 37 °C. The plate was washed after 

that for 3 times with washing buffer. Then,100 μl of Detection Reagent B working 

solution was added to each well and incubated for 30 min at 37 °C followed by washing 
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of the plate for 5 times. After that, 90 μl of TMB Substrate was aliquoted into each well 

with plate coving with foil for 20 min. Finally, 50 μL of Stop Solution was aliquoted into 

each well and optical density was measured immediately using a microplate reader 

set to 450 nm (Bio-Tek Powerwave 1). 

Table 2-6 The detection range, sensitivity and specificity for the used human 
ELISA kits in this study. 

ELISA kit name and 

catalogue number 

Detection 

range 

Sensitivity Specificity 

Human GFAP (Glial fibrillary 

acidic protein) ELISA Kit (Fine 

test, EH0410) 

 

0.313-20ng/ml 

 

0.188ng/ml 

For GFAP quantitative 

detection in plasma, serum, 

tissue homogenates as well 

as other biological fluids. 

Human TJP1(Tight junction 

protein ZO-1) ELISA Kit (Fine 

test, EH15434) 

 

0.156-10ng/ml 

 

0.094ng/ml 

For ZO-1 quantitative 
detection in plasma, serum, 
tissue homogenates as well 
as other biological fluids. 

Human OCLN (Occludin) 

ELISA Kit (Fine test, EH1674) 

 

0.156-10ng/ml 

 

0.094ng/ml 

For Occludin quantitative 

detection in plasma, serum, 

tissue homogenates as well 

as other biological fluids. 

Human CLDN5 (Claudin-5) 

ELISA Kit (Fine test, EH2839) 

 

0.156-10ng/ml 

 

0.094ng/ml 

For Claudin-5 quantitative 

detection in plasma, serum, 

tissue homogenates as well 

as other biological fluids. 

Human NSE (neuronal specific 

enolase) ELISA kit (R&D 

Systems, DENL20) 

 

0.013-0.038 

ng/mL 

 

0.020 ng/mL 

This assay recognizes 

natural and recombinant 

human Enolase 2. 

Human Neurofilament Light 

Polypeptide (NEFL) ELISA Kit 

(Abbexa, abx152468) 

 

0.0156 ng/ml - 

1 ng/ml 

 

<0.0057 ng/ml 

The NfL quantitative 
detection in human plasma, 
serum, tissue homogenates, 
cell lysates, cell culture 
supernatant and other 
biological fluids. 

 

2.3.6 Statistical blood data analysis 

All data are presented as mean (SD). Data were statistically analysed by Excel 

program and all analysis and graphs were performed using GraphPad Prism 9 

software (GraphPad, San Diego, California). Statistical significance was determined 

when p≤0.05. Normality test was performed to test the data distribution. For statistical 

analysis comparison of circulating biomarkers values, the Mann–Whitney U test was 

used.  
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2.3.7 CT and MRI data recording and transferring 

• CT and MRI data were recorded using the patient ID in the secure Picture 

Archiving and Communication system (PACS) of the radiology department.  

• The researcher retrieved the routine radiology reports and included them in the 

participants anonymous study file.  

• The CT and MRI images were transferred anonymously from the scanner to the 

university Digital Imaging and Communications in Medicine (DICOM) database, 

using an encrypted and secure protocol, where they were analysed to extract 

imaging biomarkers.  

• The results were uploaded in the participant’s study file once the analysis was 

completed 

• The original CT and MRI data has been retained in a separate DICOM image 

database in the University’s system to enable future secondary analysis. 

2.3.8 CT scan protocol 

All patients had NCCT imaging including CTA for large vessel occlusion confirmation. 

The Brilliance 64 PHILIPS scanner was used to provide 5-mm baseline head NCCT 

imaging on all patients, with the following standard parameters: tube voltage, 80 kV; 

tube current, 125 mA; and space between slices=1mm. 

2.3.9 CT data analysis  

Anonymised scans were analysed using in-house software; PMI  (Ledsam, 2021). The 

Alberta Stroke Program Early CT Score (ASPECTS) was used in CT data analysis. It 

is a quantitative score that assesses the severity and extent of early ischaemic 

alterations in hyperacute ischaemic stroke (Barber et al., 2000). Two standardised 

axial CT cuts; basal ganglia level and corona radiata level as shown in Figure 2.7 were 

used to determine the ASPECTS. Ten different ROIs corresponding to the MCA 

territory ASPECTS were manually delineated using baseline NCCT scans as shown 

in Figure 2.7. 

The MCA territory received 10 points for these two portions, which were not continuous 

by definition. For each of the identified locations, a single point was subtracted for an 

area of early ischaemia changes which is shown as parenchymal hypoattenuation on 
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the CT image. A normal CT head scan scored as ten on the ASPECTS scale. A zero 

ASPECTS indicated diffuse ischaemia within the MCA territory. A region with 

abnormally low attenuation relative to the same region on the contralateral side was 

considered parenchymal hypoattenuation. A specialized Neuroradiologist was asked 

to review the drawing of the ASPECTS regions. Hounsfield unit (HU) values of the ten 

ROIs were reported from the ischaemic side and the non-ischaemic contralateral side 

of the scan and then compared. 

 

 

Figure 2.7 An initial CT head at two different levels, (left: basal ganglia level) and 
(right: corona radiata level). Both images show where a 10 ASPECTS ROIs are 
drawn manually. Right side areas (solid outline) represent the ischaemic side 
while the left areas (dashed outline) represent the non-ischaemic one. L = 
lentiform nucleus; C = caudate head; I = insular ribbon; IC = internal 
capsule; M1 = anterior MCA cortical region; M2 = MCA cortical region located 
lateral to insular ribbon; M3 = posterior MCA cortical region; M4, M5 and M6 
about 2 cm superior to M1, M2, and M3 ROIs respectively.  

2.3.10 CT scan statistical Analysis  

Patients were divided into two groups: ischaemic patients and mimics.  In the 

ischaemic patients, the mean (SD) of HU value for the 10 ASPECTS regions obtained 

from the ischaemic side were compared with the respective HU values of non-

ischaemic side. Similarly, in the stroke mimics, mean (SD) of HU for the 10 ASPECTS 

regions obtained from the right and left sides of the head scan were compared. 

Statistical analysis and graph production was carried out using Excel program and 

GraphPad Prism 9 software (GraphPad, San Diego, California). To compare 

R L 
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significant trend of HU values between the two hemispheres, paired Student’s t-test 

was used. P≤0.05 was taken into consideration as statistically significant. ASPECTS 

data were correlated with the blood circulating biomarkers. 

2.3.11 MRI scan protocol  

Protocol was achieved identically to the retrospective study method as in section 

2.2.5. In addition, the imaging parameters for the T2 weighted image sequence are 

(sequence type: spin echo (SE), repetition time (TR): 5530 ms , echo time (TE) : 98 

ms ,echo number: 1, number of average:1, echo train length: 11, percent sampling: 

75, pixel bandwidth: 100 and flip angle: 150. Slices were 5 mm thick. No contrast 

agent was given.  

2.3.12 MRI image processing  

Data analysis was achieved identically to the retrospective study method as in section 

2.2.6. and in Figure 2.8. Additionally, identical ROIs were determined from T2 

weighted images in WM and GM areas to measure the ratio of T2 signal intensity. 

Furthermore, a comparison between the volume of infarct and the NIHSS was done.  

 

Figure 2.8 This ADC image shows where the ROIs in WM& GM are drawn.  Right 
side areas (solid outline) represent the ischaemic side while the left areas 
(dashed outline) represents the non-ischaemic side. 

 

2.3.13 MRI Statistical analysis 

Mean (SD) values for each region were determined from ADC and T2 images in each 

case. Normality test was performed to examine the data distribution. To test the 

R L 
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significant trend between two variables, paired Student’s t-test or Unpaired Student’s 

t-test were used as appropriate. MRI imaging biomarkers were correlated with the 

blood circulating biomarkers. 

2.3.14 Statistical correlation analysis 

Linear regression and correlation analyses were performed using the nonparametric 

Spearman rank correlation test to analyse the extent of relationships between 

circulating biomarkers and imaging biomarkers. Statistical analysis and graphs 

production were achieved using GraphPad Prism 9 software (GraphPad, San Diego, 

California). Statistical significance was determined when p≤0.05. 
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Chapter 3 Results - Biomarkers in preclinical models 

The overall aim of the study was to assess brain cells and BBB damage and determine 

the level of circulatory biomarkers following ischaemic stroke. Two preclinical murine 

models [bilateral carotid artery occlusion (BCCAO) model and middle cerebral artery 

occlusion (MCAO) model] of ischaemic stroke were used to assess detailed brain 

damage and relevant proteins released in the blood circulation.   

Initially, BCCAO model was used as this model produces consistent cell damages in 

the brain, which are very important to assess brain damage related proteins released 

in the blood serum or plasma. Furthermore, patients with BCCAO have a particularly 

poor prognosis as a result of a high subsequent stroke prevalence rate (66% in 

bilateral ICA occlusion and 71% in BCCAO ) (Lai et al., 2005). BCCAO produces global 

cerebral ischaemia which is the most occurring type of stroke in cardiovascular 

diseases like cardiac arrest, small vessel infarctions or lacunar stroke (Wahul et al., 

2018).  The common carotid artery is also a big artery that is implicated in the majority 

of strokes (Stroke Association, 2018). Moreover, this type of stroke damages neurones 

and  astrocytes, particularly in the cortex and hippocampus, where neurodegeneration 

and astrogliosis are most common (Soria et al., 2013). 

Once I established and optimised all techniques including IHC, WB and ELISA in the 

BCCAO model , I used MCAO model as this model produces focal ischaemia which 

occluded the MCA (Jin et al., 2014); one of the most affected vessels in human stroke 

(Nogles and Galuska, 2022). These accounting for about 70% of infarcts 

(Bogousslavsky et al., 1988). MCAO model is known to produce neuronal damage in 

the cortex, hippocampus and striatum both in mice and rats (McColl et al., 2007; Rao 

et al., 2001; Ketheeswaranathan et al., 2011).  
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3.1 Changes in neuronal, glial cell and blood brain barrier proteins 

in bilateral common carotid artery occlusion (BCCAO) 

In this part of the study, murine model of ischaemic stroke induced by the BCCAO was 

used to determine changes in neuronal, glial cells, pericytes and BBB junctional 

proteins (ZO-1, Occludin and Claudin-5) in the forebrain. The levels of brain and BBB 

damaged proteins were then measured in blood serum to find out if these proteins can 

be used as potential biomarkers of ischaemic stroke.  

C57BL/6 mice have been used as previous studies in our lab (Khan et al., 2018) and 

others (Yang et al., 1997; Murakami et al., 1998) showed BCCAO in these mice 

developed consistent and selective neuronal death in the hippocampus, the motor and 

somatosensory cortex with a higher survival rate. 

To determine brain damage in the cortex and hippocampus, antibodies of specific 

neuronal (NeuN), glial cell (GFAP), microglial cell (IBA-1), pericytes cell (PDGFR and 

NG2) and endothelial cells (CD31) were used. Additionally, antibodies to specific BBB 

TJ proteins (Occludin, Caludin-5 and ZO-1) were used to assess BBB damage. 

Quantifications of NeuN, GFAP, NG2, PDGFR and IBA-1 immunolabelled 

profiles were done using the method described in section 2.1.9. 

Furthermore, this study used quantitative WB analysis to determine if the expressions 

of  GFAP, Claudin-5, Occludin and ZO-1 in the hippocampus  are significantly different 

between control and BCCAO mice as detailed in section 2.1.12. 

Finally, the levels of GFAP, Claudin-5, ZO-1 and Occludin were assessed in the blood 

serum of BCCAO and control mice using ELISA method (section 2.1.14.). Correlation 

analysis between WB analysis of brain markers and ELISA of blood biomarkers was 

done as per section 2.1.15. 
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3.1.1 Histochemistry - Cresyl violet staining results 

The extent of cerebral damage following ischaemia was first assessed by using cresyl 

violet staining, which is a routinely used method to define cellular damage in the 

cerebral infarction areas. Light microscopy imaging with cresyl violet staining revealed 

ischaemic damage, as assessed by chromatolytic changes (reactive variations that 

happen in the damaged neuron’s cell body including the dispersal of Nissl bodies 

(Bradley et al., 2018)) in the hippocampus in the BCCAO group (n=3) as compared to 

the control group (n=3) following BCCAO and reperfusion (Figure 3.1).  

 

       Control            BCCAO 

   

Figure 3.1 Representative photomicrographs showing cresyl violet staining of 
neuron cell nuclei in the hippocampus in control (A) and BCCAO (B) brains. The 
staining shows chromatolytic changes in the stroke brain compared to the 
control brain due to cellular damage following BCCAO induced stroke 
(arrowheads). (Scale bar=20um). (The images are taken at the level of Bregma -
2.06mm). 

 

3.1.2 NeuN immunostaining and quantitative analysis 

Immunohistochemical staining using antibodies to NeuN was utilised to investigate 

neuronal death in ischaemic brains compared to the sham operated brains. 

Immunostained coronal brain sections were examined under a fluorescent 

microscope. NeuN is a neuronal specific nuclear protein that is commonly used as a 

marker of mature neurones (Gusel’nikova and Korzhevskiy, 2015). The antibody to 

NeuN was selected to immunostain neuronal cells in ischaemic and sham brains as it 

labels nuclei of neuronal cell in the brain (Gusel’nikova and Korzhevskiy, 2015). Cell 

counting method was used to count the number of immunostained cells in the 

B
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hippocampus and the cortex, areas known to be greatly affected by cerebral 

ischaemia or stroke. Also, it was used to determine specifically the extent of neuronal 

death in the hippocampus and cortex. In the course of the study, it was realised that 

optimal dilutions of antibodies are important to get specific immunolabeling in the 

brain.  The optimal working dilution for NeuN was found to be 1:4000, diluted in PBS-

T buffer. This NeuN dilution showed the strongest and best specific antigen labelling 

with low non-specific background labelling. Negative controls, which show a low 

degree of non-specific staining, were used to assess the primary and secondary 

antibodies' binding specificity. The brain sections were seen using 20 X magnification 

objectives, concentrating on the following specific areas of brains: hippocampus 

(CA1), 2nd somatosensory cortex, M1 (primary motor cortex), M2 (2nd motor cortex) 

and granular insular cortex, areas affected most in the BCCAO model. These areas of 

the brain were determined according to mouse brain atlas (Paxinos and Franklin., 

2012). 

Data from NeuN IHC showed that BCCAO and reperfusion induce considerable loss 

of neurones in the hippocampus (CA1), 2nd somatosensory cortex, M1 (primary motor 

cortex) , M2 (2nd motor cortex) and the granular insular cortex area as shown in Figure 

3.2 using 50um microtome brain sections thickness (fixed brain tissue) and in Figure 

3.3 using 20um cryostat brain sections thickness (fixed and frozen brain tissue). Both 

thick and thin brain sections were used initially to see if there is any difference in 

staining between the two different thicknesses of brain sections. To detect the loss of 

neurons more specifically and accurately, quantitative analysis was performed on thin 

sections (20 µm). Quantitative analysis showed that the NeuN positive cells were 

significantly decreased in ischaemic brains (n=6) when compared to the sham-

operated group (n=6). The highest significant decrease was shown in the 

hippocampus (Unpaired Student’s t-test, p<0.0001), followed by M1 primary motor 

cortex (p=0.0019) and 2nd somatosensory cortex (p=0.0019) then M2 2nd motor 

cortex (p=0.0024) and lastly the granular insular cortex area with (p=0.0194) as shown 

in Figure 3.4. 

 

 

 

         



82 
 

 

Control     BCCAO 

   

   

   

   

   

Figure 3.2 Representative photomicrographs showing immunofluorescence 
staining of NeuN labelled cell nuclei in the M1 motor cortex (A-B), M2 motor 
cortex (C-D), granular insular Cortex (E-F), 2nd somatosensory cortex (G-H) and 
hippocampus (CA1) (I-J) of control (left column) and BCCAO stroke brains (right 
column). NeuN labelled cells are fewer in stroke models than in the controls due 
to neuronal cells death following stroke (arrowheads). (Scale bar=50um). (The 
images are taken at the level of Bregma 1.54 or -2.06mm). (Slice 
thickness=50um).  
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Figure 3.3 Representative photomicrographs showing immunofluorescence 
staining of NeuN labelled cell nuclei in the M1 motor cortex (A-B), M2 motor 
cortex (C-D) ,granular insular Cortex (E-F), 2nd somatosensory cortex (G-H) and 
hippocampus (CA1) (I-J) of control (left column) and BCCAO stroke brains (right 
column). NeuN labelled cells are fewer in stroke mice than in the controls due 
to neuronal cells death following stroke (arrowheads). (Scale bar=50um). (The 
images are taken at the level of Bregma 1.54 or -2.06mm). (Slice 
thickness=20um).  
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Figure 3.4 Quantitative analysis shows significant differences (*p< 0.05, 
**p ≤ 0.01, ****p ≤ 0.0001-Unpaired Student’s t-test, n=6) in the number of NeuN-
positive nuclei between sham-operated and BCCAO stroke mice in the M1 motor 
cortex(A-B, p=0.0019), M2 motor cortex (C-D, p= 0.0024), granular insular cortex 
(E-F, p=0.0194), 2nd somatosensory cortex (G-H, p=0.0019) and hippocampus 
(CA1) (I-J, p<0.0001). 

 

3.1.3 GFAP immunostaining and quantitative analysis 

GFAP is an intermediate filament (IF) protein that is predominantly expressed by 

astrocytes in the CNS (Hol and Pekny, 2015). IHC staining for GFAP is known to be 

standard for labelling reactive astrocytes in white matter in the brain such as 

hippocampus (Schmidt-Kastner et al., 1993). Thus, specific antibody to specific glial 

cell marker, GFAP was used for immunolabelling of astrocytes in sections obtained 

from both stroke and control mice. The GFAP optimal working dilution was found to 

be 1:1000, diluted in PBS-T buffer as it gave the strongest antigen staining with low 

non-specific background labelling. Moreover, negative controls were performed to 

examine the primary and secondary antibodies' binding specificity. The coronal brain 

sections at the level of Bregma -2.06mm were visualized using 20 and 40 X 

magnification objectives, focusing on the hippocampus. 

Data from astrocytes cells and processes labelled by GFAP IHC in BCCAO ischaemic 

model compared to sham brain showed an increase in astrocytes cells and processes 

in the hippocampus both in microtome sections (50um thickness) and cryostat 

sections (20um thickness) as shown in (Figure 3.5 and Figure 3.6) respectively. 

Quantitative analysis showed that the GFAP positive glial cells numbers and GFAP 

positive glial processes numbers were significantly increased in cerebral ischaemic 

brains in the hippocampus (CA1) in a comparison with the correspondent area of the 

sham operated animals. The data showed a significant elevation in the numbers of 

both astrocyte’s cells and processes  in the BCCAO stroke models (n=6) compared to 

the control models (n=6) with (Unpaired Student’s t-test, p=0.0036, p=0.0003 

respectively) Figure 3.7. 
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Figure 3.5 Representative photomicrographs showing immunofluorescence 
staining of GFAP labelled astrocytes in the hippocampus area of control (A, C) 
and BCCAO stroke (B, D) brains. The GFAP labelled cells and processes are 
thicker and higher in number in stroke mice than in the controls due to 
astrocytes activation following stroke (arrowheads). (Scale bar=50um:A,B and 
20um:C,D). (The images are taken at the level of Bregma -2.06mm). (Slice 
thickness=50um). 
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Figure 3.6 Representative photomicrographs showing immunofluorescence 
staining of GFAP labelled astrocytes in the hippocampus area of control (A, C) 
and BCCAO stroke (B, D) brains. The GFAP labelled cells and processes are 
thicker and higher in number in stroke mice than in the controls due to 
astrocytes activation following stroke (arrowheads). (Scale bar=50um:A,B and 
20um:C,D). (The images are taken at the level of Bregma -2.06mm). (Slice 
thickness=20um). 
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Figure 3.7 Quantitative analysis shows significant increases (**p ≤ 0.01, 
***p ≤ 0.001- Unpaired Student’s t-test, n=6) in the number of GFAP labelled 
astrocyte cells (A-B, p=0.0036) and profiles processes (C,D-p=0.0003) in BCCAO 
mice compared to sham in hippocampus (CA1). 

 

 

3.1.4 Immunostaining and quantitative analysis of pericytes 

The effects of cerebral ischaemia injury on the pericytes were investigated following 

BCCAO and reperfusion using specific antibodies to pericytes. To examine changes 

in pericytes cells after stroke, pericyte specific proteins were selected using IHC 

staining. Antibodies to NG2 and PDGFR were used in this study. The best optimal 

dilution for NG2 and PDGFR which showed the best specific antigen labelling was 

1:600, diluted in PBS-T. Multiple sections of brain tissues at the cortical and 

hippocampal levels (at the level of bregma 1.54mm and -2.06mm respectively) were 

imaged at 20 and 40 X magnification objectives. Pericytes stained with PDGRF 

antibody showed morphological changes with loss of cell bodies in both hippocampal 

and cortical areas of the stroke brain compared to the control, as shown in (Figure 3.8 

and Figure 3.9). Moreover, pericytes stained with NG2 antibody in both hippocampal 

D C 

A 
B 



89 
 

 

and cortical areas in stroke brain compared to control showed similar damage that 

observed with PDGRF, as shown in Figure 3.11 and Figure 3.12.  

Quantitative analysis of the PDGFR  immunoreactive profiles demonstrated that, the 

BCCAO and reperfusion significantly decreased the PDGFR immunoreactive 

pericytes profiles with almost three-fold reduction following the ischaemic insult in  

comparison to the control operated mice (n=6/ group, ****p<0.0001-Unpaired 

Student’s t-test ,Figure 3.10). Similarly, pericytes reduction was observed with the 

numbers of NG2 positive cells with about twice and a half fold significant reduction in 

the cerebral ischaemia group (n=6/ group ****p<0.001- Unpaired Student’s t-test, 

Figure 3.13) compared to the sham group. 
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Figure 3.8 Representative photomicrographs showing immunofluorescence 
staining for PDGFR with anti-PDGFR and Alexa488 conjugated secondary 
antibodies with DAPI stained nuclei in the hippocampus area in sham (A, C, E) 
and BCCAO stroke brains (B, D, F). The labelled pericytes show morphological 
changes with some dilatation and loss in the stroke brain (arrowheads) 
compared to control (arrows). (Scale bar=50um:A,B and 20um:C,D,E,F). (The 
images are taken at the level of Bregma -2.06mm). (Slice thickness=20 um). 
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Figure 3.9 Representative photomicrographs showing immunofluorescence 
staining for PDGFR with anti-PDGFR and Alexa488 conjugated secondary 
antibodies with DAPI stained nuclei in the cortex in sham (A, C, E) and BCCAO 
stroke brains (B, D, F). The labelled pericytes show morphological changes and 
some loss in the stroke brain (arrowheads) compared to control (arrows). (Scale 
bar=50um:A,B and 20um:C,D,E,F). (The images are taken at the level of Bregma 
1.54mm). (Slice thickness=50 um). 
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Figure 3.10 Quantitative analysis shows significant differences (****p ≤ 0.0001- 
Unpaired Student’s t-test, n=6) in the number of PDGFR positive pericytes 
between sham-operated and stroke mice in the hippocampus (****p<0.0001). 
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Figure 3.11 Representative photomicrographs showing immunofluorescence 
staining for NG2 with anti-NG2 and Alexa488 conjugated secondary antibodies 
with DAPI stained nuclei in the hippocampus area in sham (A, C, E) and BCCAO 
stroke brains (B, D, F). The labelled pericytes show morphological changes with 
some loss and dilatation in the stroke brain (arrowheads) compared to control 
(arrows). (Scale bar=50um:A,B and 20um:C,D,E,F). (The images are taken at the 
level of Bregma -2.06mm). (Slice thickness=20 um). 
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Figure 3.12 Representative photomicrographs showing immunofluorescence 
staining for NG2 with anti-NG2 and Alexa488 conjugated secondary antibodies 
with DAPI stained nuclei in the cortex in sham (A, C, E) and BCCAO stroke 
brains (B, D, F). The labelled pericytes show morphological changes with some 
loss and dilatation in the stroke brain (arrowheads) compared to control 
(arrows). (Scale bar=50um:A,B and 20um:C,D,E,F). (The images are taken at the 
level of Bregma 1.54mm). (Slice thickness=50 um). 
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Figure 3.13 Quantitative analysis shows significant differences (****p ≤ 0.0001-  
Unpaired Student’s t-test, n=6) in the number of NG2 positive pericytes between 
sham-operated and stroke mice in the hippocampus (****p<0.0001). 

 

3.1.5 Immunostaining and quantitative analysis of microglia 

Immunohistochemical staining for IBA-1, a microglia specific protein was used to 

localize microglial cells in the cortex and the hippocampus of stroke and control brains. 

The optimal IBA-1 dilution was 1:200, diluted in PBS-T. IBA-1 immunoreactive cells 

were increased in both the hippocampus area and the cortex area after stroke as 

shown in Figure 3.14 and Figure 3.15 respectively. There was also an increase in 

microglia processes in the stroke brains compared control brains. Quantitative 

analyses of microglia cells and processes in ischaemic and sham brains (n=6) showed  

significant increases of both microglia cells and processes in the hippocampal area 

(Unpaired Student’s t-test, p=0.0021 and p=0.0002) respectively in the ischaemic 

group compared to the corresponding control group, Figure 3.16. 
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Figure 3.14 Representative photomicrographs showing immunofluorescence 
staining for IBA-1 using anti-IBA-1 in the hippocampus area of control (A, C) and 
stroke (B, D). The IBA-1 labelled cells and processes are more in stroke mice 
than in the controls following stroke (arrowheads). (Scale bar=50um:A,B and 
20um:C,D). (The images are taken at the level of Bregma -2.06mm). (Slice 
thickness=20 um).  
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Figure 3.15 Representative photomicrographs showing immunofluorescence 
staining for IBA-1 using anti-IBA-1 in the cortical area of control (A, C) and stroke 
(B, D). The IBA-1 labelled cells and processes are more in stroke mice than in 
the controls following stroke (arrowheads). (Scale bar=50um:A,B and 
20um:C,D). (The images are taken at the level of Bregma 1.54mm). (Slice 
thickness=50 um). 
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Figure 3.16 Quantitative analysis shows the significant differences (**p ≤ 0.01, 
***p ≤ 0.001, - Unpaired Student’s t-test, n=6) in the number of IBA-1 positive 
microglia cells and processes between sham-operated and stroke mice in the 
hippocampus (A,B-p=0.0021) and (C,D-p=0.0002) respectively. 

 

3.1.6 Immunostaining of endothelial cells  

To examine the changes in endothelial cells of blood vessels following stroke, antibody 

to CD31 was used for IHC staining. The optimal CD31 working dilution was 1:100, 

diluted in PBS-T buffer. CD31 immunoreactivity was present in the cortical and 

hippocampal areas and imaged at 20 and 40 X magnification objectives. CD31 

immunoreactivity was present in the endothelial cells. Endothelial cells labelled with 

anti-CD31 showed distortion in morphology and dilatation in the ischaemic brain 

compared to sham brain, particularly in the hippocampus and cortex as shown in 

Figure 3.17 and Figure 3.18 respectively.  
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Figure 3.17 Representative photomicrographs showing immunofluorescence 
staining using anti-CD31 in the hippocampus of control (A, C) and stroke (B, D). 
The labelled endothelial cells with anti-CD31 showing morphological changes 
with some dilatation in the stroke brain (arrowheads) compared to control 
(arrows). (Scale bar=50um:A,B and 20um:C,D). (The images are taken at the 
level of Bregma -2.06mm). (Slice thickness=20um). 
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Figure 3.18 Representative photomicrographs showing immunofluorescence 
staining using anti-CD31 in the cortical area of control (A, C) and stroke (B, D). 
The labelled endothelial cells with anti-CD31 showing morphological changes 
with some dilatation in the stroke brain (arrows) compared to control (arrows). 
(Scale bar=50um:A,B and 20um:C,D). (The images are taken at the level of 
Bregma 1.54mm). (Slice thickness=50um). 
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3.1.7 Disruption of TJ of BBB 

To investigate BBB damage in murine model of cerebral ischaemia, 

immunohistochemical staining of BBB TJ proteins were performed using specific 

antibodies to these proteins. Antibodies to three TJ proteins were used: ZO-1, 

Occludin and Claudin-5 and the immunostaining results are shown in the following 

section. 

3.1.7.1 ZO-1 immunostaining results 

ZO-1 is one of the main TJ proteins that reduces the cerebral vessels permeability by 

restricting the free molecular exchange between blood and brain tissues (Itoh and 

Bissell, 2003). The optimal working dilution was found after multiple optimisation 

processes to be 1:100, diluted in PBS-T. This working dilution resulted in strong 

specific antigen staining along with low non-specific staining for the background. 

Furthermore, negative controls were achieved to assess the binding specificity of 

primary and secondary antibodies. Brain sections at the level of Bregma -2.06mm (the 

hippocampus) were imaged using 60 X magnification objective. The immunostaining 

results illustrated disruption of ZO-1 labelled profiles in the hippocampus following 

BCCAO and reperfusion compared to the intact ones in the control as shown in  Figure 

3.19. 
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Figure 3.19 Representative photomicrographs showing immunofluorescence 
staining for ZO-1 with anti-ZO-1 and Cy3-conjugated secondary antibodies with 
DAPI stained nuclei in the hippocampus in sham (A, C, E) and BCCAO stroke 
brains (B, D, F). The labelled TJs are disrupted in stroke brain (arrowheads) 
compared to the intact ones in the control (arrows). (Scale bar=10um). (The 
images are taken at the level of Bregma-2.06mm). (Slice thickness=50um).  
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3.1.7.2 Occludin immunostaining results  

Occludin is also one of the main TJ proteins that are an integral part of the BBB's 

structure (Hawkins and Davis, 2005). Antibody to Occludin, one of the TJ proteins was 

used to immunostain the Occludin-immunoreactive profiles in the BBB TJ. The optimal 

working dilution was found 1:50 diluted in PBS-T after several optimising experiments. 

This dilution gave the best labelling of specific antigen with low non-specific staining 

for the background. Negative controls were done to determine the specificity of the 

binding of primary and secondary antibodies. Immunofluorescence images using 60 

X magnification objective at the level of hippocampus showed disruption of Occludin 

immunoreactive profiles in the hippocampus of ischaemic mice as compared to sham-

operated mice (Figure 3.20). 
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Figure 3.20 Representative photomicrographs showing immunofluorescence 
staining for Occludin with anti-Occludin and Cy3-conjugated secondary 
antibodies with DAPI stained nuclei in the hippocampus in sham (A, C, E) and 
BCCAO stroke brains (B, D, F). The labelled TJs are disrupted in stroke brain 
(arrowhead) compared to the intact ones in the control (arrow). (Scale 
bar=10um). (The images are taken at the level of Bregma-2.06mm). (Slice 
thickness=50um). 
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3.1.7.3 Claudin-5 immunostaining results 

Claudin-5 is one of the integral components of the BBB TJ that controls the BBB 

permeability (Nitta et al., 2003; Ohtsuki et al., 2007). Moreover, it is reported  to be 

one of the main TJ component in endothelial cells of the brain (Jia et al., 2014). 

Coronal sections of the brains were assessed using fluorescence labelling in relation 

to Claudin-5 immunoreactivity in the hippocampus of BCCAO and control brains. The 

best optimal dilution was 1:500, diluted in PBS-T since it achieved the strongest 

labelling of specific antigens in correlation with low non-specific staining for the 

background. Negative controls were performed to define the specificity of the binding 

of primary and secondary antibodies. Brain sections at the level of the hippocampus 

were captured using florescence microscope with 60 X magnification objectives. The 

immunostaining results showed disruption of Claudin-5 immunoreactive profiles in 

BCCAO and reperfusion mice in comparison with intact profiles in the sham-operated 

mice (Figure 3.21). 
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Figure 3.21 Representative photomicrographs showing immunofluorescence 
staining for Claudin-5 with anti-Claudin-5 and Cy3-conjugated secondary 
antibodies with DAPI stained nuclei in the hippocampus in sham (A, C, E) and 
BCCAO stroke brains (B, D, F). The labelled TJs are disrupted in stroke brain 
(arrowheads) compared to the intact ones in the control (arrows). (Scale 
bar=10um). (The images are taken at the level of Bregma-2.06mm). (Slice 
thickness=50um). 
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3.1.8 Double staining immunohistochemistry staining  

3.1.8.1 BCCAO induced morphological changes in endothelial cells and TJ 

disruption 

Changes in endothelial cells of blood vessels following cerebral ischaemic stroke were 

examined by IHC using specific antibodies against CD31. These changes were 

correlated with TJ proteins: Occludin, ZO-1 and Claudin-5 to assess disruption of TJ 

of BBB following stroke and to determine changes in BBB cells in a BCCAO model of 

cerebral ischaemia and reperfusion. To confirm the expression of the TJ proteins 

within the endothelial cells profile, double labelling was done by incubation of brain 

sections with primary antibodies against CD31 and one of the TJ proteins.  

First, to find out if the TJ protein (Occludin) is expressed in the endothelial cells profile, 

dual-immunofluorescence (dual-IF) using anti-CD31 to label endothelial cells and anti-

Occludin to detect TJ integrity was done. The results showed that TJ protein (Occludin) 

is expressed within endothelial cell profile which was expected. CD31 labelling was 

observed in endothelial cells in stroke and control brains in hippocampus and cortex. 

The Occludin positive TJs were also stained in stroke and control brains in 

hippocampus and cortex. Data showed a decrease in Occludin immunoreactive TJ 

profiles in the hippocampus and cortex due to TJ disruption in stroke brains compared 

to control brains. Moreover, the results revealed distortion in morphology in the CD31 

immunoreactive profiles of endothelial cells with some dilatation throughout the 

hippocampus and cortex compared to preserved morphology of endothelial cells in 

sham brains as shown in Figure 3.22 and Figure 3.23. 

Because no difference in staining results was seen between 50um microtome brain 

sections and 20um cryostat brain sections, all the following immunostainings were 

done in 20um brain sections. Also, this thickness gives better resolution under the 

microscope.  
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Figure 3.22 Representative photomicrographs showing double 
immunofluorescence staining for Occludin and CD31 with  anti-Occludin (A,B-
red) and anti-CD31 (C, D-green) and DAPI stained nuclei (E, F-blue) in the 
hippocampus area in BCCAO model of stroke (B,D,F,H) compared to control 
(A,C,E,G). The labelled TJs with anti-Occludin showing disruption of TJs in 
stroke brain (arrowheads) compared to the intact ones in the control (arrows). 
The labelled endothelial cells with anti-CD31 showing morphological changes 
with some dilatation in the stroke brain (arrowheads) compared to control 
(arrows). (Scale bar=10um). (The images are taken at the level of Bregma-
2.06mm). (Slice thickness=20um). 
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Figure 3.23 Representative photomicrographs showing double 
immunofluorescence staining for Occludin and CD31 with anti-Occludin (A,B-
red) and anti-CD31(C,D-green) and DAPI stained nuclei (E,F-blue) in the cortical 
area in BCCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The 
labelled TJs with anti-Occludin showing disruption of TJs in stroke brain 
(arrowheads) compared to the intact ones in the control (arrows). The labelled 
endothelial cells with anti-CD31 showing morphological changes with some 
dilatation in the stroke brain (arrowheads) compared to control (arrows). (Scale 
bar=10um). (The images are taken at the level of Bregma 1.54 mm). (Slice 
thickness=20um). 

B

 

A

 

D

 

Occludin Occludin 

F

 

C

 

CD31 CD31 

G

 

H

 

E

 

DAPI DAPI 

Merge Merge 



110 
 

 

The impact of ischaemia on BBB damage was examined also by dual-IF using anti-

CD31 to label endothelial cells and anti-ZO-1 to detect TJ integrity and to confirm that 

TJ protein (ZO-1) is expressed in the endothelial cells profile. The results showed that 

TJ protein (ZO-1) is expressed within the CD31 labelled endothelial cell profile which 

was expected. The  results showed that the labelled TJ with anti-ZO-1 are disrupted 

in the hippocampus and the cortex area in stroke mice compared to the intact ones in 

the control mice as shown in Figure 3.24 and Figure 3.25 respectively. In BCCAO mice 

brains, data showed a decrease in ZO-1 immunoreactive TJ profiles in the 

hippocampus and cortex compared to control brains. Moreover, the results revealed 

morphological changes with some dilatation in the CD31 immunoreactive profiles of 

endothelial cells throughout the hippocampus and cortex in stroke brains compared to 

preserved morphology of endothelial cells in sham brains. 
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Figure 3.24 Representative photomicrographs showing double 
immunofluorescence staining for ZO-1 and CD31 with anti-ZO-1 (A,B-red) and 
anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the hippocampus 
area in BCCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The 
labelled TJs with anti-ZO-1 showing disruption of TJs in stroke brain 
(arrowheads) compared to the intact ones in the control (arrows). The labelled 
endothelial cells with anti-CD31 showing morphological changes with some 
dilatation in the stroke brain (arrowheads) compared to control (arrows). (Scale 
bar=10um). (The images are taken at the level of Bregma-2.06mm). (Slice 
thickness=20um) 
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Figure 3.25 Representative photomicrographs showing double 
immunofluorescence staining for ZO-1 and CD31 with anti-ZO-1 (A,B-red) and 
anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the cortical area in 
BCCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The labelled 
TJs with anti-ZO-1 showing disruption of TJs in stroke brain (arrowheads) 
compared to the intact ones in the control (arrows). The labelled endothelial 
cells with anti-CD31 showing morphological changes with some dilatation in the 
stroke brain (arrowheads) compared to control (arrows). (Scale bar=10um). (The 
images are taken at the level of Bregma 1.54 mm). (Slice thickness=20um). 
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The changes in endothelial cells of BBB following cerebral global ischaemic stroke 

were examined using anti-CD31 and correlated with another TJ protein: Claudin-5 to 

assess the disruption of TJ of BBB following stroke. This double labelling has been 

done also to confirm that TJ protein (Claudin-5) is expressed within the endothelial 

cells profile. The results confirmed that TJ protein (Claudin-5) is expressed in 

endothelial cell profile which was expected. Claudin-5 immunoreactivity was present 

in TJ in both BCCAO and control mice in hippocampus and cortex. The staining of TJ 

by anti-Claudin-5 was observed. In stroke brains, data showed a decrease in Claudin-

5 immunoreactive TJ profiles compared to control brains. When compared to the 

labelled intact TJs with anti-Claudin-5 in the control models, the labelled TJs with anti-

Claudin-5 are disrupted in the stroke model compared to the control in both 

hippocampus and cortical regions as shown in Figure 3.26 and Figure 3.27 

respectively. Furthermore, in both hippocampus and cortical regions, the labelled 

endothelial cells with anti-CD31 showed morphological alterations with dilatation in the 

BCCAO stroke brains compared to comparable control brains. 
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Figure 3.26 Representative photomicrographs showing double 
immunofluorescence staining for Claudin-5 and CD31 with anti-Claudin-5 (A,B-
red) and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the 
hippocampus area in BCCAO model of stroke (B,D,F,H) compared to control 
(A,C,E,G). The labelled TJs with anti-Claudin-5 showing disruption of TJs in 
stroke brain (arrowheads) compared to the intact ones in the control (arrows). 
The labelled endothelial cells with anti-CD31 showing morphological changes 
with some dilatation in the stroke brain (arrowheads) compared to control 
(arrows). (Scale bar=10um). (The images are taken at the level of Bregma-
2.06mm). (Slice thickness=20um).  
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Figure 3.27 Representative photomicrographs showing double 
immunofluorescence staining for Claudin-5 and CD31 with anti-Claudin-5 (A,B-
red) and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei  in the cortical 
area in BCCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The 
labelled TJs with anti-Claudin-5 showing disruption of TJs in stroke brain 
(arrowheads) compared to the intact ones in the control (arrows). The labelled 
endothelial cells with anti-CD31 showing morphological changes with some 
dilatation in the stroke brain (arrowheads) compared to control (arrows). (Scale 
bar=10um). (The images are taken at the level of Bregma 1.54 mm).(Slice 
thickness=20um). 

B

 

A

 

D

 

C

 

Claudin-5 Claudin-5 

F

 

CD31 CD31 

E

 

G

 

DAPI DAPI 

H

 

Merge Merge 



116 
 

 

3.1.8.2 BCCAO induced neuronal death and TJ disruption 

The impact of ischaemia on neurons and TJ was examined by dual-IF using anti-NeuN 

to label neuron cells correlated with anti-ZO-1 to label and detect TJ integrity. Also, to 

investigate that TJ proteins are not expressed in the neuronal cells, this double 

labelling was performed. The results confirmed that neurons and TJ protein are 

stained in separated profiles. NeuN immunoreactivity was observed in neuronal cells 

in the stroke mice and control mice in both examined anatomical areas of the brain. 

The neuronal reduction due to death was observable in stroke mice in the 

hippocampus area (Figure 3.28) and in cortical area (Figure 3.29) compared to the 

control mice. The labelled TJs with anti-ZO-1 in the BCCAO mice were disrupted and 

immunoreactivity was decreased compared to the control mice in both cortex and 

hippocampus.  
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Figure 3.28 Representative photomicrographs showing double 
immunofluorescence staining for NeuN and ZO-1 using anti-NeuN (A,B-red) and 
anti-ZO-1 (C,D-green) in the hippocampus in BCCAO model of stroke 
(B,D,F,H) compared to control (A,C,E,G). The labelled TJs with anti-ZO-1 are 
disrupted in stroke brain (arrowheads) compared to the control (arrows). The 
labelled neuron cells with anti-NeuN show neuronal death following stroke 
(arrowheads) compared to control (arrows). (Scale bar= 20um and 50um). (The 
images are taken at the level of Bregma -2.06mm). (Slice thickness=20um).  
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Figure 3.29 Representative photomicrographs 
showing double immunofluorescence staining for NeuN and ZO-1 with 
using anti-NeuN (A,B-red) and anti-ZO-1 (C,D-green) in the cortical area 
in BCCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The 
labelled TJs with anti-ZO-1 are disrupted in stroke brain arrowheads) compared 
to the control (arrows). The labelled neuron cells with anti-NeuN show neuronal 
death following stroke (arrowheads) compared to control (arrows). (Scale 
bar=20um and 50um). (The images are taken at the level of Bregma 1.54mm). 
(Slice thickness=20um).  
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3.1.8.3 BCCAO induced astrogliosis and TJ disruption 

To investigate that TJ proteins are not expressed in the astrocytes, dual-IF using anti-

GFAP to label astrocytes correlated with anti-ZO-1 to detect TJ integrity was done. 

The results confirmed that antibodies to TJ protein (ZO-1) and GFAP for astrocytes 

stained the separate profiles as was expected. The labelled TJs with anti-ZO-1 are 

disrupted in stroke mice compared to the control mice in cortical and hippocampal 

areas as shown in Figure 3.30 and Figure 3.31 respectively. The 

labelled astrocytes and processes with anti-GFAP become more and thicker due to 

astrocytes activation following stroke in stroke mice compared to control mice in the 

hippocampus and cortex. 
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Figure 3.30 Representative photomicrographs showing double 
immunofluorescence staining for GFAP and ZO-1 with anti-GFAP (A,B-red) and 
anti-ZO-1 (C,D-green) in the hippocampus in BCCAO model of stroke 
(B,D,F,H) compared to control (A,C,E,G). The labelled TJs with anti-ZO-1 are 
disrupted in stroke brain (arrowheads) compared to the control (arrows). The 
labelled astrocytes and processes with anti-GFAP become more and thicker 
due to astrocytes activation following stroke (arrowheads) compared to control 
(arrows). (Scale bar=20um and 50um). (The images are taken at the level of 
Bregma -2.06mm). (Slice thickness=20um).  
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Figure 3.31 Representative photomicrographs showing double 
immunofluorescence staining for GFAP and ZO-1 with anti- GFAP (A,B-red) and 
anti- ZO-1 (C,D-green) in the cortical area in BCCAO model of stroke 
(B,D,F,H) compared to control (A,C,E,G). The labelled TJs with anti-ZO-1 are 
disrupted in stroke brain (arrowheads) compared to the control (arrows). The 
labelled astrocytes and processes with anti-GFAP become more and thicker 
due to astrocytes activation following stroke (arrowheads) compared to control 
(arrows). (Scale bar=20um and 50um). (The images are taken at the level of 
Bregma 1.54mm). (Slice thickness=20um). 
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3.1.9 Western blotting 

Six brain tissues from controls and BCCAO model were harvested, and specific glial 

cell protein (GFAP) and BBB TJ proteins (Occludin, ZO-1 and Claudin-5) expressions 

were measured. The bicinchoninic acid assay (BCA) is used to determine the total 

concentrations of protein in samples. The standard serial dilution is shown in (Figure 

3.32). The results showed a significant increase in protein concentrations in the 

ischaemic brains compared to control brains (p<0.0001- Unpaired Student’s t-test, 

n=6) as displayed in (Figure 3.33). This suggested that the protein concentration is 

approximately double in the BCCAO ischaemic brains compared to control. 

The difference between the bands in the control tissues and the ischaemic tissues 

using these specific antibodies were shown in the following section. All proteins bands 

were found in the correct level of molecular weights (kDa) as shown in the following 

section. 
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Figure 3.32 Bicinchoninic acid assay (BCA) standard dilution. 
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Figure 3.33 Quantitative analysis shows a very significant increase of proteins 
level (****p<0.0001, Unpaired Student’s t-test, n=6) in BCCAO as compared to 
control mice individually (n=6) (A) and as mean ± SD (B). 
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3.1.9.1 Protein expression of GFAP after ischaemia 

GFAP as mentioned previously is the major intermediate filament protein in astrocytes 

(Liem and Messing, 2009). GFAP expression up-regulation is known as a reliable and 

sensitive marker of astrocytes reactivation (Sofroniew, 2009). To further investigate 

whether BCCAO and reperfusion affected the astrocytes’ activity and to assess the 

changes in the expression of GFAP, WB was used to measure the expression of GFAP 

in BCCAO ischaemic brains compared to sham brains in hippocampus tissues. Also, 

to confirm the astrocytes activity, that observed in hippocampus in IHC results, this 

WB experiment was conducted. Quantitative WB analysis of GFAP expression 

following BCCAO and reperfusion showed a significant increase of GFAP protein 

(p=0.002- Mann-Whitney U test, n=6/ group) in hippocampus tissues in ischaemic 

mice brains compared to the control brains (Figure 3.34), thereby confirming the IHC 

observations. Normality and lognormality tests were performed and reported that the 

data set is not normally distributed according to Kolmogorov-Smirnov test. Beta actin 

was used as a loading control. 
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Figure 3.34 WB analysis of GFAP expression in the hippocampus of sham-
operated and BCCAO mice. A) GFAP band density is greatly increased in the 
hippocampus of BCCAO models as compared to control. B) Quantitative 
analysis of GFAP band density relative to ß-actin shows a significant increase 
(**p=0.002, Mann-Whitney U test, n= 6/group) in GFAP expression in BCCAO 
mice as compared to control. (Data presented as mean ± SD). (Control group 
was set as 1.0 as comparison to BCCAO). 
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3.1.9.2 Protein expression of Occludin, ZO-1 and Claudin-5 after ischaemia  

TJ is the BBB's most significant barrier structure. TJ is fundamentally made up of 

Claudins, Occludin, and ZO-1 (Sweeney et al., 2019). As observed previously in IHC 

results, TJ is distributed with loss of intact and continuity, as well as reduced the 

intensity of staining of these proteins in BCCAO model. To assess if cerebral 

ischaemia-induced BBB breakdown, the same antibodies to TJ proteins (Occludin, 

ZO-1 and Claudin-5) were used for WB analysis to measure quantitatively the 

expression levels of these proteins in the ischaemic hippocampus tissues compared 

to the sham-operated hippocampus tissues.  

Occludin, ZO-1 and Claudin-5 expressions levels were considerably reduced after 

global ischaemia (BCCAO model). Quantitative WB analysis revealed that the 

expression levels of Occludin, ZO-1 and Claudin-5 after BCCAO  in ischaemic 

hippocampus were significantly lower than the sham operated animals (n= 6/group) 

(p=0.002- Mann-Whitney U test,Figure 3.35), (p=0.002- Mann-Whitney U test,Figure 

3.36) and (p=0.002- Mann-Whitney U test,Figure 3.37) respectively consistent with the 

IHC results. Normality and lognormality tests were done and confirmed that the data 

set is not normally distributed based on Kolmogorov-Smirnov test. Beta actin was used 

as a loading control. 
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Figure 3.35 WB analysis of Occludin expression in the hippocampus of sham-
operated and BCCAO mice. A) Occludin band density is greatly decreased in the 
hippocampus of BCCAO models as compared to control. B) Quantitative 
analysis of Occludin band density relative to ß-actin shows a significant 
decrease (**p=0.002, Mann-Whitney U test, n= 6/group) in Occludin expression 
in hippocampus of BCCAO mice as compared to control. (Data presented as 
mean ± SD). (Control group was set as 1.0 as comparison to BCCAO). 
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Figure 3.36 WB analysis of ZO-1 expression in the hippocampus of sham-
operated and BCCAO mice. A) ZO-1 band density is greatly decreased in the 
hippocampus of BCCAO models as compared to control. B) Quantitative 
analysis of ZO-1 band density relative to ß-actin shows a significant decrease 
(**p=0.002, Mann-Whitney U test, n = 6/group) in ZO-1 expression in 
hippocampus of BCCAO mice as compared to control. (Data presented as mean 
± SD). (Control group was set as 1.0 as comparison to BCCAO). 
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Figure 3.37 WB analysis of Claudin-5 expression in the hippocampus of sham-
operated and BCCAO mice. A) Claudin-5 band density is greatly decreased in 
the hippocampus of BCCAO models as compared to control. B) Quantitative 
analysis of Claudin-5 band density relative to ß-actin shows a significant 
decrease (**p=0.002, Mann-Whitney U test, n = 6/group) in Claudin-5 expression 
in hippocampus of BCCAO mice as compared to control. (Data presented as 
mean ± SD). (Control group was set as 1.0 as comparison to BCCAO). 

 

3.1.10  Analysis of markers in blood serum 

Eight serum samples (n=8) from control and BCCAO ischaemic models were 

measured. Concentration on serum samples, mainly, was made as it excludes clotting 

factors of blood (Sotelo-Orozco et al., 2021) which may interrupt with intended protein 

detection. The majority of studies measured the biomarkers in serum due to the same 

reason. Some labelling problems with plasma samples also have been found.  

3.1.10.1 GFAP   

GFAP levels in serum samples from control and BCCAO were measured and 

compared. The levels of GFAP in blood serum elevated significantly with nearly 1.5-

fold in BCCAO models and reperfusion (p=0.0002- Unpaired Student’s t- test, 

n=8/group,Figure 3.38), which is consistent well with immunohistochemical results. 
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3.1.10.2 Occludin   

The levels of Occludin in serum samples from BCCAO and sham operated mice as 

well as their corresponding control mice were quantified. The quantitative statistical 

analysis showed a 1.3-fold significant increase in Occludin levels in the BCCAO 

ischaemia group as compared to the sham operated one (p<0.0001 - Unpaired 

Student’s t-test, n=8/group), (Figure 3.39).  

3.1.10.3 ZO-1  

The levels of ZO-1 in serum samples from BCCAO cerebral ischaemic models and 

controls were measured. The statistical analysis illustrated a significant 3-fold increase 

in the ZO-1 serum levels in the ischaemia group as compared to the control one with 

(p<0.0001- Unpaired Student’s t-test, n= 8/group,Figure 3.40).  

3.1.10.4 Claudin-5  

The concentrations of Claudin-5 in serum samples from the control and BCCAO 

ischaemic model were measured and compared. The data displayed a significant 

increase in the Claudin-5 serum levels by~3.6-fold in the ischaemia group as 

compared to the sham operated group with (p<0.0001- Unpaired Student’s t-test, n=8/ 

group, Figure 3.41). 
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Figure 3.38 ELISA analysis showing serum GFAP levels between control and 
BCCAO stroke models. A) Mouse GFAP serial standard dilution vs optimal 
density in 450nm. B) Serum GFAP levels in control and BCCAO ischaemic 
models (n=8) individually. C) Significant increase in the serum protein levels in 
BCCAO ischaemic serum group compared to the control group (p=0.0002 - 
Unpaired Student’s t-test). 
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Figure 3.39 ELISA analysis showing serum Occludin levels between control and 
BCCAO stroke models. A) Mouse Occludin serial standard dilution vs optimal 
density in 450nm. B) Serum Occludin levels in control and BCCAO ischaemic 
models (n=8) individually. C) Significant increase in the serum protein levels in 
BCCAO ischaemic serum group compared to the control group (p<0.0001 - 
Unpaired Student’s t-test). 
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Figure 3.40 ELISA analysis showing serum ZO-1 levels between control and 
BCCAO stroke models A) Mouse ZO-1serial standard dilution vs optimal density 
in 450nm. B) Serum ZO-1 levels in control and BCCAO ischaemic models (n=8) 
individually. C) Significant increase in the serum protein levels in BCCAO 
ischaemic serum group compared to the control group (p<0.0001- Unpaired 
Student’s t-test). 
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Figure 3.41 ELISA analysis showing serum Claudin-5 levels between control and 
BCCAO stroke models. A) Mouse Claudin-5 serial standard dilution vs optimal 
density in 450nm. B) Serum Claudin-5 levels between control and BCCAO 
ischaemic models (n=8) individually. C) Significant increase in the serum 
protein levels in BCCAO ischaemic serum group compared to the control group 
(p<0.0001- Unpaired Student’s t-test).  
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3.1.11 Correlation between expression of markers in serum 

and brain  

An investigation whether serum GFAP level is correlated to the expression of GFAP 

in the hippocampal tissue in the brain was done. The results of the Spearman 

correlation indicated a significant very strong positive correlation between GFAP 

expression and serum GFAP level after BCCAO (r = 0.943, p=0.017) (Figure 3.42-A) 

indicating that blood GFAP level could well reflect GFAP release from the hippocampal 

ischaemic brain. However, in simple linear regression analysis, it lost its significant 

(95% confidence interval, R SQUARED = 0.319, p=0.243).  

In addition, this study tested whether serum TJ proteins (Occludin, ZO-1 and Claudin-

5) levels are correlated to the expressions of these proteins in the hippocampal tissue 

in the brain after BCCAO. In fact, results of the Spearman correlation and linear 

regression indicated a significant very strong negative correlation between Occludin 

WB expression and serum Occludin level after BCCAO (r = -0.886, p=0.033)(95% 

confidence interval, R SQUARED = 0.545, p=0.009) respectively as shown in (Figure 

3.42-B). This indicated that blood Occludin level could well reflect Occludin expression 

from the hippocampal global ischaemic brain. 

On the other hand, the results indicated no association between ZO-1 WB expression 

and serum ZO-1 level after BCCAO (r = 0.029, p >0.999) and (95% confidence 

interval, R SQUARED = 0.004, p=0.912) (Figure 3.42-C). Similarly, results of the 

Spearman correlation and results of the simple linear regression showed no 

association between Claudin-5 WB expression and serum Claudin-5 level after 

BCCAO (r = 0.435, p=0.389) and (95% confidence interval, R SQUARED = 0.197, 

p=0.378) respectively as displayed on (Figure 3.42-D). 
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Figure 3.42 Correlation analysis between serum A: GFAP, B: Occludin, C: ZO-1 
and D: Claudin-5 levels and these proteins’ expressions in hippocampal tissue 
of the brain in BCCAO using Spearman correlation and simple linear regression. 
Proteins expressions in hippocampal brain tissue of the brain were 
quantitatively assessed by WB. Serum proteins levels were quantified by ELISA. 
A: Spearman correlation showing a significant very strong positive correlation 
between GFAP expression in the brain and serum GFAP level; (r=0.943, 
p=0.017). Linear regression analysis showing non-significant association GFAP 
expression in the brain and serum GFAP level ;( R SQUARED = 0.319, p=0.243). 
B: Spearman correlation and linear regression showing a significant very strong 
negative correlation between Occludin expression in the brain and serum 
Occludin level; (r = -0.886, p=0.033) and (95% confidence interval, R SQUARED 
= 0.545, p=0.009) respectively. C: Spearman correlation analysis and simple 
linear regression analysis showing no association between serum ZO-1 level 
and ZO-1 expression in hippocampal tissue of the  brain; (r = 0.029, p>0.999) and 
(R SQUARED = 0.004, p=0.912) respectively. D: Spearman correlation analysis 
and simple linear regression analysis showing no association between serum 
Claudin-5 level and Claudin-5 expression in hippocampal tissue of the 
brain; (r = 0.435, p=0.389) and (R SQUARED = 0.197, p=0.378) respectively. 
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3.2 Changes in neuronal, glial cell and blood brain barrier proteins 

in middle cerebral artery occlusion (MCAO) 

This study aimed to investigate brain damage using antibodies of the specific neuronal 

and glial cell as well as examine BBB marker of specific TJ in MCAO model of cerebral 

ischaemia and reperfusion in a comparison with sham operated mice using single and 

double staining (as per section 2.1.5 and 2.1.7) respectively. Quantification of NeuN 

and GFAP immunolabelled profiles was achieved as per section 2.1.9. Quantification 

of NG2, PDGFR and IBA-1 immunolabelled profiles was done only after BCCAO and 

not after MCAO in this study since there have been achieved in earlier studies as 

shown in Table 1.4-B.    

Additionally, the expressions of (GFAP, Claudin-5, Occludin and ZO-1) in the 

hippocampus  using  quantitative WB analysis were determined and compared 

between control and MCAO mice as per section 2.1.12. 

Lastly, the levels of circulating biomarkers (GFAP, Claudin-5, ZO-1, Occludin) by 

ELISA method in this model compared to the corresponding control were determined 

as per section 2.1.14. Correlation analysis between WB analysis and ELISA of blood 

biomarkers was done as per section 2.1.15. 

For more details about the antibodies used in IHC staining and the optimal dilution, 

refer to the results chapter of BCCAO.  
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3.2.1 Histochemistry - Cresyl violet staining results 

Light microscopy imaging of the hippocampus revealed ischaemic damage. Data 

showed chromatolytic changes in the hippocampus in the MCAO group (n=3) due to 

cellular damage following stroke, as compared to the control group(n=3),(Figure 3.43).   

Control     MCAO 

   

Figure 3.43 Representative photomicrographs showing cresyl violet staining of 
neuron cell nuclei in the hippocampus in control (A) and MCAO (B) brains. The 
staining shows chromatolytic changes in the stroke brain compared to the 
control brain due to cellular damage following MCAO induced stroke 
(arrowheads). (Scale bar=20um). (The images are taken at the level of Bregma -
2.06mm). 

 

3.2.2 NeuN immunostaining and quantitative analysis 

This section aimed to examine neuronal damage following focal ischaemia induced 

by MCAO as compared to sham operated mice using IHC staining methods. Similar 

to the study in BCCAO mice, antibodies to NeuN to stain neuronal cells in ischaemic 

and sham brains was used (Refer to section 3.1.2 for more staining details). 

Data from NeuN IHC in MCAO brains and sham brains showed loss of neurones in 

the hippocampus (CA1), M1 (primary motor cortex), M2 (2nd motor cortex), the 

granular insular cortex area and striatum as shown in Figure 3.44. Quantitative 

analysis showed that the NeuN positive cells were significantly decreased in ischaemic 

brains compared to control brains (n=3) in the striatum, M1 and M2 motor cortex. The 

highest significant decrease was in the striatum (paired Student’s t-test, p=0.0010), 

followed by M2 with (p= 0.0017) and M1 with (p=0.0392). However, no statistically 

significant difference was seen in hippocampus (p=0.1141) and the granular insular 

cortex area (p= 0.080) as shown in Figure 3.45.  

A B
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Control     MCAO 

   

   

   

   

   

Figure 3.44 Representative photomicrographs showing immunofluorescence 
staining of NeuN labelled cell nuclei in the M1 motor cortex (A-B), the M2 motor 
cortex (C-D), granular insular Cortex (E-F), hippocampus (CA1) (G-H) and 
striatum area (I-J) of control (left column) and MCAO stroke (right column). NeuN 
labelled cells are fewer in stroke mice than in the controls due to neuronal cells 
death following stroke (arrowheads). (Scale bar=50um). (The images are taken 
at the level of Bregma 1.54 or -2.06mm). (Slice thickness=20um). 
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Figure 3.45 Quantitative analysis shows significant differences (*p< 0.05, 
,**p ≤ 0.01 - paired Student’s t-test, n=3) in the number of NeuN-positive nuclei 
between sham-operated and MCAO mice in the M1 motor cortex (A-B, p=0.0392), 
the M2 motor cortex (C-D, p=0.0017) and striatum area ( I-J, p=0.0010), but not in 
granular insular Cortex (E-F, p=0.080) and hippocampus (CA1) (G-H, p=0.1141). 

 

3.2.3 GFAP immunostaining and quantitative analysis 

GFAP as a glial cells specific protein was used to stain glial cells and processes (For 

additional IHC details, refer to section 3.1.3). Data from GFAP IHC staining in MCAO 

brains in a comparison with sham brains revealed an active astrogliosis as shown in 

(Figure 3.46) under 20 and 40 X magnification objectives. Quantitative analysis of the 

number of GFAP immunostained cells in the hippocampus (CA1) showed significant 

elevation in the astrocyte’s cells and processes in the MCAO stroke model brains (n=3) 

compared to the control brains with (paired Student’s t-test-p=0.0497) and (p=0.0485) 

respectively as displayed in Figure 3.47. 
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Figure 3.46 Representative photomicrographs showing immunofluorescence 
staining of GFAP labelled astrocytes in the hippocampus of control (A, C) and 
MCAO stroke (B, D) brains.  The GFAP labelled cells and processes becomes 
thicker and more due to astrocytes activation following stroke (arrowheads). 
(Scale bar=50um:A,B and 20um:C,D). (The images are taken at the level of 
Bregma -2.06mm). (Slice thickness=20um). 

 

 

 

 

 

 

A

 

D

 

B

 

C

 



140 
 

 

1 2 3
0

20

40

60

80

100

M
e
a
n
 a

s
tr

o
c
y
te

 c
e
ll

c
o
u
n
ts

 i
n
 h

ip
p
o
c
u
m

p
u
s control

MCAO

    
control MCAO

0

20

40

60

80

100

M
e
a
n
 a

s
tr

o
c
y
te

 c
e
ll

c
o
u
n
ts

 i
n
 h

ip
p
o
c
u
m

p
u
s

*

 

1 2 3
0

50

100

150

200

M
e
a
n
 a

s
tr

o
c
y
te

 p
r
o
c
e
s
s
e
s

c
o
u
n
ts

 i
n
 h

ip
p
o
c
u
m

p
u
s control

MCAO

control MCAO
0

50

100

150

200

M
e
a
n
 a

s
tr

o
c
y
te

 p
ro

c
e
s
s
e
s

c
o
u
n
ts

 i
n
 h

ip
p
o
c
u
m

p
u
s *

  

Figure 3.47 Quantitative analysis shows significant increases (*p < 0.05 - paired 
Student’s t-test, n=3) in the number of GFAP labelled astrocyte cells (A,B-
*p=0.0497) and profiles processes (C,D-*p=0.0485) in MCAO mice compared to 
sham in hippocampus (CA1). 

 

 

3.2.4 Disruption of TJ of BBB 

In order to investigate BBB damage in murine model of focal ischaemia, antibodies to 

ZO-1, Occludin and Claudin-5 were used in IHC. The immunostaining results are 

presented in the following section. 

 

3.2.4.1 ZO-1 immunostaining results 

This staining aimed to examine the changes on TJ of BBB integrity following focal 

ischaemic stroke. ZO-1; one of the junctional BBB proteins was used to compare the 

changes in TJ between MCAO brains and corresponding controls brains. At the 

hippocampus level (Bregma -2.06mm), brain sections were stained and imaged using 

60 X magnification objectives. The IHC results showed that labelled TJs of BBB 

are disrupted in MCAO brains in a comparison with the intact ones in the 

corresponding sham brains as shown in Figure 3.48. 
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Figure 3.48 Representative photomicrographs showing immunofluorescence 
staining for ZO-1 using anti-ZO-1 and Cy3-conjugated secondary antibodies 
with DAPI stained nuclei in the hippocampus in sham (A, C, E) and MCAO stroke 
brains (B, D, F). The labelled TJs are disrupted in stroke brain (arrowheads) 
compared to the intact ones in the control (arrows). (Scale bar=10um). (The 
images are taken at the level of Bregma-2.06mm). (Slice thickness=20um). 
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3.2.4.2 Occludin immunostaining results 

Antibody to Occludin was used in IHC to examine the changes in TJ of BBB in MCAO. 

The staining was conducted at the level of hippocampus and imaged using 60 X 

magnification objectives. The data showed disruption of Occludin immunoreactive TJ 

profiles in the hippocampus of ischaemic mice as compared to sham-operated mice 

as shown in Figure 3.49. 
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Figure 3.49 Representative photomicrographs showing immunofluorescence 
staining for Occludin using anti-Occludin and Cy3-conjugated secondary 
antibodies with DAPI stained nuclei in the hippocampus in sham (A,C,E) and 
MCAO stroke brains (B,D,F). The labelled TJs are disrupted in stroke brain 
(arrowhead) compared to the intact ones in the control (arrow). (Scale bar= 
10um). (The images are taken at the level of Bregma-2.06mm). (Slice 
thickness=20um). 
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3.2.4.3 Claudin-5 immunostaining results 

To also investigate the BBB damage following focal ischaemia, anti-Claudin-5 was 

used. Claudin-5 as mentioned previously is one of the TJ of the endothelial cells of 

BBB specific proteins. IHC staining results revealed showed disruption of Claudin-5 

immunoreactive TJ profiles in MCAO stroke brain mice compared to the sham brain in 

the hippocampus under using 60 X magnification objectives, Figure 3.50.This confirms 

that TJs are disrupted following MCAO and reperfusion as compared to intact TJs in 

the sham brains.  
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Figure 3.50 Representative photomicrographs showing immunofluorescence 
staining for Claudin-5 using anti-Claudin-5 and Cy3-conjugated secondary 
antibodies with DAPI stained nuclei in the hippocampus in sham (A, C, E) and 
MCAO stroke brains (B, D, F). The labelled TJs are disrupted in stroke brain 
(arrowhead) compared to the intact ones in the control (arrow). (Scale 
bar=10um). (The images are taken at the level of Bregma-2.06mm). (Slice 
thickness=20um).  
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3.2.5 Brain cells damage and TJ disruption in MCAO and BCCAO models 

To determine the brain cell damage and TJ disruption following cerebral ischaemia in 

both MCAO and BCCAO models, immunohistochemical staining using antibodies to 

(NeuN, GFAP, ZO-1, Occludin, Claudin-5, CD31, PDGFR, NG2 and IBA-1) was 

performed. The immunostaining results were concentrated on the hippocampus, area 

known as one of the most vulnerable and affected areas in ischaemia, thus, most of 

the IHC staining results in this study were conducted in this area based on earlier 

studies. Also, the hippocampus is the area where some of these proteins’ expressions 

were analysed using WB. The results are shown alongside each other in the following 

section to achieve a clear vision. 

As mentioned previously, antibody to neuronal nuclei (NeuN), has been utilized widely 

to determine neurons. Data from NeuN IHC in BCCAO and MCAO ischaemic and 

sham brains showed that both models induce loss of neurones in the hippocampus in 

stroke brains compared to control brains as shown in Figure 3.51. 

 

 

              

             

             

Figure 3.51 Representative photomicrographs showing immunofluorescence 
staining for NeuN using anti-NeuN in the hippocampus of MCAO stroke model 
and BCCAO stroke model. For both models, the left panel side represents the 
control brains, while the right panel side represents the stroke brains. NeuN 
labelled cells are fewer in stroke models (arrowheads) than in the controls 
(arrows). (Scale bar=100um: upper row,50um:middle row and 20um:lower row). 
(The images are taken at the level of Bregma -2.06mm). (Slice thickness = 20 
um).  
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A large portion of astroglia was demonstrated by immunolabelling of GFAP in 

hippocampus. Data from astrocytes cells and processes labelled by GFAP IHC in 

BCCAO and MCAO showed an increase in astrocytes cells and processes in the 

hippocampus in both stroke brains compared to the control brains as shown in Figure 

3.52. 

 

 

             

             

             

Figure 3.52 Representative photomicrographs showing immunofluorescence 
staining for GFAP using anti-GFAP in the hippocampus area of MCAO stroke 
model and BCCAO stroke model. For both models, the left panel side represents 
the control brains, while the right panel side represents the stroke brains. In the 
stroke brains, the GFAP labelled cells and processes are thicker and higher in 
number due to astrocytes activation following stroke (arrowheads). (Scale 
bar=100um: upper row,50um:middle row and 20um:lower row). (The images are 
taken at the level of Bregma -2.06mm). (Slice thickness=20um). 
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Moreover, to define TJ of BBB structural alterations during ischaemia, an IHC analysis 

of TJ proteins (Occludin, ZO-1 and Claudin-5) in BCCAO and MCAO brains was 

performed. Immunofluorescence staining using  antibodies to Occludin, ZO-1 and 

Claudin-5 in the hippocamps area are shown in Figure 3.53, Figure 3.54 and Figure 

3.55 respectively. The immunostaining results illustrated disruption of TJ labelled 

profiles in the hippocampus following BCCAO and MCAO compared to the intact ones 

in the controls. 

 

 

              

              

Figure 3.53 Representative photomicrographs showing immunofluorescence 
staining for Occludin using anti-Occludin in the hippocampus area of MCAO 
stroke model and BCCAO stroke model. For both models, the left panel side 
represents the control brains, while the right panel side represents the stroke 
brains. In the stroke brains, the labelled TJs are disrupted (arrowheads) 
compared to the intact ones in the control brains (arrows). (Scale bar= 
50um:upper row and 20um:lower row). (The images are taken at the level of 
Bregma -2.06mm). (Slice thickness=20um). 
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Figure 3.54 Representative photomicrographs showing immunofluorescence 
staining for ZO-1 using anti-ZO-1 in the hippocampus area of MCAO stroke 
model and BCCAO stroke model. For both models, the left panel side represents 
the control brains, while the right panel side represents the stroke brains. In the 
stroke brains, the labelled TJs are disrupted (arrowheads) compared to the 
intact ones in the control brains (arrows). (Scale bar= 50um:upper row and 
20um:lower row). (The images are taken at the level of Bregma-2.06mm). (Slice 
thickness=20um). 

 

 

              

             

Figure 3.55 Representative photomicrographs showing immunofluorescence 
staining for Claudin-5 using anti-Claudin-5 in the hippocampus area of MCAO 
stroke model and BCCAO stroke model.For both models, the left panel side 
represents the control brains, while the right panel side represents the stroke 
brains. In the stroke brains, the labelled TJs are disrupted (arrowheads) 
compared to the intact ones in the control brains (arrows). (Scale bar= 
50um:upper row and 20um:lower row). (The images are taken at the level of 
Bregma-2.06mm). (Slice thickness=20um). 
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To investigate the changes on endothelial cells following ischaemia in BCCAO and 

MCAO models, immunofluorescence staining using anti-CD31 and Alexa488-

conjugated secondary antibodies in the hippocampus area was achieved. The results 

illustrated that the endothelial labelled cells showed morphological changes with some 

dilatations in both ischaemic models compared to sham as revealed in Figure 3.56. 

 

 

           

          

Figure 3.56 Representative photomicrographs showing immunofluorescence 
staining for CD-31 using anti-CD31 in the hippocampus area of MCAO stroke 
model and BCCAO stroke model. For both models, the left panel side represents 
the control brains, while the right panel side represents the stroke brains. In the 
stroke brains, the endothelial labelled cells showing morphological changes 
with some dilatations (arrowheads) compared to control (arrows). (Scale bar= 
50um:upper row and 20um:lower row). (The images are taken at the level of 
Bregma -2.06mm). (Slice thickness=20um). 
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IBA-1 as mentioned previously is actin-binding protein that is expressed in all microglia 

(Imai et al., 1996). To determine the difference on microglia in the hippocampus area 

in MCAO stroke model and BCCAO stroke model, immunofluorescence staining using 

anti-IBA-1 was done. The results showed an increase in microglia processes in the 

stroke brains compared control brains as shown in Figure 3.57. 

 

 

          

           

Figure 3.57 Representative photomicrographs showing immunofluorescence 
staining for IBA-1 using anti-IBA-1 in the hippocampus area of MCAO stroke 
model and BCCAO stroke model. For both models, the left panel side represents 
the control brains, while the right panel side represents the stroke brains. The 
IBA-1 labelled cells and processes are more in stroke brains than in the control 
brains following stroke (arrowheads). (Scale bar= 50um:upper row and 
20um:lower row). (The images are taken at the level of Bregma -2.06mm). (Slice 
thickness=20 um). 
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To examine changes in pericytes cells after focal and global ischaemia, antibodies to 

PDGFR and NG2 were used in IHC staining. Results of IHC staining using anti-

PDGFR (Figure 3.58) and anti-NG2 (Figure 3.59) in the hippocampus showed that 

labelled pericytes are changed morphologically and showed some reduction following 

stroke in both MCAO and BCAAO.  

 

 

         

         

          

Figure 3.58 Representative photomicrographs showing immunofluorescence 
staining for PDGFR using anti-PDGFR and Alexa488 conjugated secondary 
antibodies with DAPI stained nuclei in the hippocampus of MCAO stroke model 
and BCCAO stroke model. For both models, the left panel side represents the 
control brains, while the right panel side represents the stroke brains. The 
labelled pericytes show morphological changes with some reduction in the 
stroke brains (arrowheads) compared to control (arrows). (Scale bar= 
50um:upper row and 20um:middle and lower rows). (The images are taken at the 
level of Bregma -2.06mm). (Slice thickness=20 um). 
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Figure 3.59 Representative photomicrographs showing immunofluorescence 
staining for NG2 using anti-NG2 and Alexa488 conjugated secondary antibodies 
with DAPI stained nuclei in the hippocampus of MCAO stroke model and BCCAO 
stroke model. For both models, the left panel side represents the control brains, 
while the right panel side represents the stroke brains. The labelled pericytes 
show morphological changes and some reduction in the stroke brains 
(arrowheads) compared to control (arrows). (Scale bar= 50um:upper row and 
20um:middle and lower rows). (The images are taken at the level of Bregma -
2.06mm). (Slice thickness=20 um). 
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3.2.6 Double staining immunohistochemistry staining  

3.2.6.1 MCAO induced morphological changes in endothelial cells and TJ 

disruption 

Changes in endothelial cells following focal cerebral ischaemic stroke were 

investigated by IHC using specific antibodies against CD31. These changes were 

correlated with TJ proteins: Occludin, ZO-1 and Claudin-5 to evaluate disruption of TJ 

of BBB following stroke in MCAO model of cerebral ischaemia and reperfusion in the 

cortical and hippocampal areas. Moreover, to confirm that the TJ proteins are 

expressed within the endothelial cells profile, double labelling with primary antibodies 

against CD31 and one of the TJ proteins was done.  

First, double labelling using the anti-CD31 to label endothelial cells correlated with 

anti-Occludin to label TJ and detect the TJ integrity of BBB was done in order to 

confirm that TJ protein (Occludin) is expressed in the endothelial cells profile. The 

results confirmed that TJ protein is expressed within the endothelial cells profile which 

was expected. The labelling of TJ with anti-Occludin and the labelling of endothelial 

cells with anti-CD31 were seen in the hippocampus area and cortical area as shown 

in Figure 3.60 and Figure 3.61 respectively. The results illustrated disruption of TJ 

labelled with anti-Occludin in stroke brains compared to the intact ones in the control 

brains. Furthermore, morphological changes of the endothelial cells labelled with anti-

CD31 were observed in the MCAO stroke brains. 
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Figure 3.60 Representative photomicrographs showing double 
immunofluorescence staining for Occludin and CD31 with anti-Occludin (A,B-
red) and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the 
hippocampus area in MCAO model of stroke (B,D,F,H) compared to control 
(A,C,E,G). The labelled TJs with anti-Occludin showing disruption of TJs in 
stroke side (arrowheads) compared to the intact ones in the control (arrows). 
The labelled endothelial cells with anti-CD31 showing morphological changes 
in the stroke brain (arrowheads) compared to control (arrows). (Scale 
bar=10um). (The images are taken at the level of Bregma -2.06mm). (Slice 
thickness=20um).   
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Figure 3.61 Representative photomicrographs showing double 
immunofluorescence staining for Occludin and CD31 with anti-Occludin (A,B-
red) and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the cortical 
area in MCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The 
labelled TJs with anti-Occludin showing disruption of TJs in stroke side 
(arrowheads) compared to the intact ones in the control (arrows). The labelled 
endothelial cells with anti-CD31 showing morphological changes in the stroke 
brain (arrowheads) compared to control (arrows). (Scale bar= 10um). (The 
images are taken at the level of Bregma 1.54 mm). (Slice thickness=20um). 
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Dual-IF using antibody to CD31 to label endothelial cells and antibody to ZO-1 to label 

TJ was carried out in order to detect TJ integrity and to confirm the expression TJ 

protein (ZO-1) within the endothelial cells profile. The results showed that TJ protein 

(ZO-1) is expressed within endothelial cell profile which was expected. The results 

showed that endothelial cells of BBB were labelled with anti-CD31 in both 

hippocampus and cortex area in stroke mice and control mice as shown in Figure 3.62 

and Figure 3.63. In addition, the results showed that the TJs were labelled with anti-

ZO-1 in both hippocampus and cortex area in stroke mice and control mice. The 

labelled TJs with anti-ZO-1 are disrupted in stroke mice compared to the intact ones. 

The labelled endothelial cells with anti-CD31 showed morphological changes in the 

MCAO stroke brains compared to preserved morphology of endothelial cells in the 

control brains in hippocampus and cortex areas. 
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Figure 3.62 Representative photomicrographs showing double 
immunofluorescence staining for ZO-1 and CD31 with using anti-ZO-1 (A,B-red) 
and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the 
hippocampus area in MCAO model of stroke (B,D,F,H) compared to control 
(A,C,E,G). The labelled TJs with anti-ZO-1 showing disruption of TJs in stroke 
side (arrowheads) compared to the intact ones in the control (arrows). The 
labelled endothelial cells with anti-CD31 showing morphological changes in the 
stroke brain (arrowheads) compared to control (arrows). (Scale bar=10um). (The 
images are taken at the level of Bregma -2.06mm). (Slice thickness=20um). 
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Figure 3.63 Representative photomicrographs showing double 
immunofluorescence staining for ZO-1 and CD31 with anti- ZO-1 (A,B-red) and 
anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the cortical area in 
MCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The labelled TJs 
with anti-ZO-1 showing disruption of TJs in stroke side (arrowheads) compared 
to the intact ones in the control (arrows). The labelled endothelial cells with anti-
CD31 showing morphological changes in the stroke brain (arrowheads) 
compared to control (arrows). (Scale bar=10um). (The images are taken at the 
level of Bregma 1.54 mm). (Slice thickness=20um).  
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Furthermore, to find out that TJ proteins are expressed in the endothelial cells profile, 

double labelling was conducted by using antibody to CD31 to label endothelial cells 

and antibody to Claudin-5 to label TJ of BBB. The results confirmed that TJ protein 

(Claudin-5) is expressed within endothelial cell profile as was expected. Data showed 

the Claudin-5 immunoreactivity in TJ in the hippocampal and cortical areas in both 

MCAO and control mice. Also, the stained endothelial cells with anti-CD31 were seen 

in hippocampus and cortex in MCAO brains and sham brains. The results showed that 

focal ischaemia and reperfusion induced disruption of TJs in the MCAO stroke mice 

compared to the intact ones in the control mice in both hippocampus and cortical 

regions. Moreover, the endothelial cells stained with anti-CD31 are changed 

morphologically in the stroke brains in both hippocampus and cortex as shown in 

Figure 3.64 and Figure 3.65 respectively. 
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Figure 3.64 Representative photomicrographs showing double 
immunofluorescence staining for Claudin-5 and CD31 with anti-Claudin-5 (A,B-
red) and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the 
hippocampus area in MCAO model of stroke (B,D,F,H) compared to control 
(A,C,E,G). The labelled TJs with anti-Claudin-5 showing disruption of TJs in 
stroke side (arrowheads) compared to the intact ones in the control (arrows). 
The labelled endothelial cells with anti-CD31 showing morphological changes 
in the stroke brain (arrowheads) compared to control (arrows). (Scale 
bar=10um). (The images are taken at the level of Bregma -2.06mm). (Slice 
thickness=20um).   
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Figure 3.65 Representative photomicrographs showing double 
immunofluorescence staining for Claudin-5 and CD31 with anti-Claudin-5 (A,B-
red) and anti-CD31(C,D-green) and DAPI (E,F-blue) stained nuclei in the cortical 
area in MCAO model of stroke (B,D,F,H) compared to control (A,C,E,G). The 
labelled TJs with anti-Claudin-5 showing disruption of TJs in stroke side 
(arrowheads) compared to the intact ones in the control (arrows). The labelled 
endothelial cells with anti-CD31 showing morphological changes in the stroke 
brain (arrowheads) compared to control (arrows). (Scale bar=10um). (The 
images are taken at the level of Bregma 1.54 mm). (Slice thickness=20um).  
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3.2.6.2 MCAO induced neuronal death and TJ disruption 

Dual labelling was conducted using anti-NeuN to label neuron cells correlated with 

anti-ZO-1 to label TJ of BBB. This was done to determine if focal ischaemia and 

reperfusion induced changes on neurons and TJ. Also, to investigate that TJ proteins 

are not expressed in the neuronal cells, this double labelling was achieved. The results 

confirmed that neurons and TJ protein are labelled in separated profiles. In both the 

cortical and hippocampal areas, NeuN immunoreactivity was seen in neuronal cells in 

the stroke mice and control mice. Neuronal decrease due to death of neurons was 

detected in the stroke mice compared to the control mice. The ZO-1 immunoreactivity 

was observed in TJ in the stroke mice and control mice. The labelled TJs with anti-

ZO-1 are disrupted in MCAO brains compared to control brains in hippocampus and 

cortex as shown in (Figure 3.66) and (Figure 3.67) respectively. 
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Figure 3.66 Representative photomicrographs showing double 
immunofluorescence staining for NeuN and ZO-1 with using anti- NeuN (A,B-
red) and anti-ZO-1 (C,D-green) in the hippocampus in MCAO model of stroke 
(B,D,F,H) compared to control (A,C,EG). The labelled TJs with ant-ZO-1 are 
disrupted in stroke side (arrowheads) compared to the control (arrows). The 
labelled neuron cells with anti-NeuN show neuronal death following stroke 
(arrowheads) compared to control (arrows). (Scale bar=20um and 50um). (The 
images are taken at the level of Bregma-2.06mm). (Slice thickness=20um). 
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Figure 3.67 Representative photomicrographs showing 
double immunofluorescence staining for NeuN and ZO-1 with anti-NeuN (A,B-
red) and anti-ZO-1 (C,D-green) in the cortical area in MCAO model of stroke 
(B,D,E,H) compared to control (A,C,EG). The labelled TJs with anti-ZO-1 are 
disrupted in stroke side (arrowheads) compared to the control (arrows). The 
labelled neuron cells with anti-NeuN show neuronal death following stroke 
(arrowheads) compared to control (arrows). (Scale bar= 20um and 50um). (The 
images are taken at the level of Bregma 1.54mm). (Slice thickness=20um). 
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3.2.6.3 MCAO induced astrogliosis and TJ disruption 

To investigate that TJ proteins are not expressed in the astrocytes, dual-IF using anti-

GFAP to label astrocytes correlated with anti-ZO-1 to label TJ was done. This was 

done also to investigate changes on astrocytes and TJ in MCAO mice brains in a 

comparison with control in both hippocampus and cortex area. The results confirmed 

that TJ protein (ZO-1) and astrocytes stained the separate profiles as was expected. 

The results showed that the labelled TJs with anti-ZO-1 are disrupted in stroke brain 

compared to the intact ones in the control brain in the hippocampus and cortex as 

revealed in Figure 3.68 and Figure 3.69 respectively. Furthermore, the 

labelled astrocytes and processes with anti-GFAP are more and thicker following focal 

ischaemia due to astrocytes activation compared to control in both cortex and 

hippocampus. These confirmed that focal ischaemia and reperfusion induced 

astrogliosis and TJ disruption as seen in the previous IHC results.  
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Figure 3.68 Representative photomicrographs showing double  
immunofluorescence staining for GFAP and ZO-1 with anti-GFAP (A,B-red) and 
anti-ZO-1 (C,D-green) in the hippocampus in MCAO model of stroke 
(B,D,F,H) compared to control (A,C,E,G). The labelled TJs with anti-ZO-
1 showing disruption of TJs in stroke side (arrowheads) compared to the intact 
ones in the control (arrows). The labelled astrocytes and processes with anti-
GFAP become more and thicker due to astrocytes activation following stroke 
(arrowheads) compared to control (arrows). (Scale bar= 20um and 50um). (The 
images are taken at the level of Bregma-2.06mm). (Slice thickness=20um).  
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Figure 3.69 Representative photomicrographs showing double 
immunofluorescence staining for GFAP and ZO-1 with anti-GFAP (A,B-red) and 
anti-ZO-1 (C,D-green) in the cortical area in MCAO model of stroke 
(B,D,F,H) compared to control (A,C,E,G). The labelled TJs with anti-ZO-
1 showing disruption of TJs in stroke side (arrowheads) compared to the intact 
ones in the control (arrows). The labelled astrocytes and processes with anti-
GFAP become more and thicker due to astrocytes activation following stroke 
(arrowheads) compared to control (arrows). (Scale bar=20um and 50um). (The 
images are taken at the level of Bregma 1.54mm). (Slice thickness=20um). 

C

 

B

 

GFAP GFAP A

 

E

 

D

 

F

 

ZO-1 ZO-1 

H

 

G

 

Merge Merge 



169 
 

 

3.2.7 Western blotting  

To determine the protein concentrations in focal ischaemia mice as compared to 

corresponding control mice, six brain tissues from MCAO mice and six control mice 

were harvested, and GFAP, Occludin, ZO-1 and Claudin-5 expressions were 

quantified. To find out the total protein concentrations in samples, bicinchoninic acid 

assay (BCA) is used as shown in (Figure 3.70). A significant increase in the 

concentrations of protein in MCAO brains in a comparison with control brains 

(p=0.0001- paired Student’s t-test, n=6) (Figure 3.71).  

In the next section, the differences between the bands in control and MCAO tissues 

were demonstrated by utilising these particular antibodies (GFAP and TJ proteins). All 

of the protein bands were confirmed to be at the right molecular weights (kDa). 
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Figure 3.70 Standard dilution curve of bicinchoninic acid assay (BCA). 
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Figure 3.71 Quantitative analysis shows a very significant increase of proteins 
level (p=0.0001- paired Student’s t-test, n=6) in MCAO as compared to control 
mice individually (n=6) (A) and as mean ± SD (B). 
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3.2.7.1 Protein expression of GFAP after ischaemia 

GFAP as mentioned previously is a glial cells specific marker. To determine whether 

MCAO model induced astrocytes’ activity and changes in GFAP expression after 

MCAO and reperfusion, WB was used. Quantitative analysis of GFAP expressions 

showed a significant rise in GFAP protein (p=0.031 - Wilcoxon matched-pairs signed 

rank test, n=6/ group,Figure 3.72) in hippocampus tissues in ischaemic mice brains 

compared to the control corresponding brains consistent with the IHC results. 

Normality and lognormality tests were done and confirmed that the data set is not 

normally distributed based on Kolmogorov-Smirnov test. Beta actin was used as a 

loading control. 
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Figure 3.72 WB analysis of GFAP expression in the hippocampus of sham-
operated and MCAO mice. A) GFAP band density is greatly increased in the 
hippocampus of MCAO models as compared to control. B) Quantitative analysis 
of GFAP band density relative to ß-actin shows a significant increase (*p=0.031, 
Wilcoxon matched-pairs signed rank test, n= 6/group) in GFAP expression in 
MCAO mice as compared to control. (Data presented as mean ± SD). (Control 
group was set as 1.0 as comparison to MCAO). 
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3.2.7.2 Protein expression of Occludin, ZO-1 and Claudin-5 after ischaemia  

To determine whether focal cerebral ischaemia induced BBB breakdown, WB with 

antibodies to TJ proteins (Occludin, ZO-1 and Claudin-5) was used to quantify the 

difference in expression levels of these TJ of BBB proteins in MCAO ischaemic 

hippocampus tissues compared to the control hippocampus tissues. 

The results showed that the expressions of the TJ proteins: {Occludin, ZO-1 and 

Claudin-5} were significantly decreased in MCAO model as compared to the 

corresponding control. Occludin, ZO-1 and Claudin-5 expression’s levels in the 

hippocampus of MCAO model ischaemic were significantly lower in comparison to the 

corresponding control brains (n=6/ p=0.031 - Wilcoxon matched-pairs signed rank test, 

Figure 3.73), (n=6/ p=0.031, Figure 3.74) and (n=6/ p=0.031,Figure 3.75) respectively, 

consistent with the IHC results. Normality and lognormality tests were performed and 

showed that the data set is not normally distributed (Kolmogorov-Smirnov test). Beta 

actin was used as a loading control. 
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Figure 3.73 WB analysis of Occludin expression in the hippocampus of sham-
operated and MCAO mice.  A) Occludin band density is greatly decreased in the 
hippocampus of MCAO models as compared to control. B) Quantitative analysis 
of Occludin band density relative to ß-actin shows a significant decrease 
(*p=0.031, Wilcoxon matched-pairs signed rank test, n= 6/group) in Occludin 
expression in hippocampus area of MCAO mice as compared to control. (Data 
presented as mean ± SD). (Control group was set as 1.0 as comparison to 
MCAO). 
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Figure 3.74 WB analysis of ZO-1 expression in the hippocampus of sham-
operated and MCAO mice. A) ZO-1 band density is greatly decreased in the 
hippocampus of MCAO models as compared to control. B) Quantitative analysis 
of ZO-1 band density relative to ß-actin shows a significant decrease (*p=0.031, 
Wilcoxon matched-pairs signed rank test, n = 6/group) in ZO-1 expression in 
hippocampus of MCAO mice as compared to control. (Data presented as mean 
± SD). (Control group was set as 1.0 as comparison to MCAO). 
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Figure 3.75 WB analysis of Claudin-5 expression in the hippocampus of sham-
operated and MCAO mice. A) Claudin-5 band density is greatly decreased in the 
hippocampus of MCAO models as compared to control. B) Quantitative analysis 
of Claudin-5 band density relative to ß-actin shows a significant decrease 
(*p=0.031, Wilcoxon matched-pairs signed rank test, n = 6/group) in Claudin-5 
expression in hippocampus area of MCAO mice as compared to control. (Data 
presented as mean ± SD). (Control group was set as 1.0 as comparison to 
MCAO). 
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3.2.8 Analysis of markers in blood serum  

Ten serum samples (n=10) from control and (n=10) MCAO ischaemic models were 

measured. In this study, the concentration on serum samples was done as justified in 

BCCAO chapter.  

3.2.8.1 GFAP   

The levels of GFAP in serum samples from MCAO and control operated mice were 

quantified. The GFAP levels of serum of MCAO model increased significantly 

compared to sham samples (Unpaired Student’s t-test, p=0.0060, n=10/group,Figure 

3.76). The GFAP concentrations in stroke samples were 1.1-fold higher than the 

concentrations in the control. 

3.2.8.2 Occludin   

Occludin levels in serum samples from MCAO mice as compared to control were 

quantified. The quantitative statistical analysis showed a significant increase in 

Occludin levels in the MCAO ischaemia group compared to the control operated one 

with almost 1.1-fold of increase (Unpaired Student’s t-test, p=0.0051, n=10/group) as 

shown in (Figure 3.77). 

3.2.8.3 ZO-1  

ZO-1 levels in serum samples from MCAO cerebral focal ischaemic model and 

controls were measured. The levels of ZO-1 in serum samples from MCAO models 

and controls increased significantly in the MCAO group as compared to the 

corresponding control one with 1.2-fold increase (Unpaired Student’s t-test, p=0.0136, 

n= 10/group,Figure 3.78). 

3.2.8.4 Claudin-5  

The concentrations of serum Claudin-5 from control and MCAO ischaemic models 

were measured and compared. The data showed that the Claudin-5 concentrations in 

serum samples from MCAO ischaemic models increased significantly compared to the 

sham, (Unpaired Student’s t-test, p=0.0137, n=10/ group,Figure 3.79). The Claudin-5 

concentrations showed the highest fold of increase with 1.6-fold in stroke samples 

compared to the concentrations in control samples.  
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Figure 3.76 ELISA analysis showing serum GFAP levels between control and 
MCAO stroke models. A) Mouse GFAP serial standard dilution vs optimal 
density in 450nm. B) Serum GFAP levels in control and MCAO ischaemic models 
(n=10) individually. C) Significant increase in the serum protein levels in MCAO 
group compared to the control group (p=0.0060 -Unpaired Student’s t-test).  
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Figure 3.77 ELISA analysis showing serum Occludin levels between control and 
MCAO stroke models. A) Mouse Occludin serial standard dilution vs optimal 
density in 450nm. B) Serum Occludin levels in control and MCAO ischaemic 
models (n=10) individually. C) Significant increase in the serum protein levels in 
MCAO group compared to the control group (p=0.0051-Unpaired Student’s t-
test).  
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Figure 3.78 ELISA analysis showing serum ZO-1 levels between control and 
MCAO stroke models. A) Mouse ZO-1serial standard dilution vs optimal density 
in 450nm. B) Serum ZO-1 levels in control and MCAO ischaemic models (n=10) 
individually. C) Significant increase in the serum protein levels in MCAO group 
compared to the control group (p=0.0136-Unpaired Student’s t-test).  
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Figure 3.79 ELISA analysis showing serum Claudin-5 levels between control and 
MCAO stroke models. A) Mouse Claudin-5 serial standard dilution vs optimal 
density in 450nm. B) Serum Claudin-5 levels in control and MCAO ischaemic 
models (n=10) individually. C) Significant increase in the serum protein levels in 
MCAO group compared to the control group (p=0.0137-Unpaired Student’s t-
test).  
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3.2.9 Correlation between expression of markers in serum and brain  

This section examined the correlation between circulating serum biomarkers 

determined by ELISA and the expression of corresponding biomarkers in the 

hippocampus tissues in the brain determined by WB after MCAO. Regarding GFAP, 

results of the Spearman correlation and results of the simple linear regression 

indicated no association between GFAP expression and serum GFAP level after 

MCAO (r =- 0.257, p=0.658) and (95% confidence interval, R SQUARED = 0.028, 

p=0.771) respectively (Figure 3.80-A). 

Furthermore, it has been examined whether serum TJ proteins (Occludin, ZO-1 and 

Claudin-5) levels were correlated with the WB results after MCAO. Results of the 

Spearman correlation analysis and simple linear regression analysis indicated that 

there was a negative strong significant association between serum Occludin level and 

the Occludin expression in hippocampal tissue in the brain (r =- 1.00, p=0.003) and 

(95% confidence interval, R SQUARED = 0.950, p=0.001) respectively as shown in 

(Figure 3.80-B). Thus, the results indicated that Occludin level was a significant 

predictor for Occludin expression in the brain in this model. 

On the other hand, the results of ZO-1 indicated no association between ZO-1 WB 

expression and serum ZO-1 level after MCAO (r = 0.086, p=0.919) and (95% 

confidence interval, R SQUARED = 1.157e-006, p=0.998) (Figure 3.80-C). Similarly, 

results of Claudin-5 showed no association between Claudin-5 WB expression and 

serum Claudin-5 level after MCAO (r = 0.200, p=0.714) and (95% confidence interval, 

R SQUARED = 0.323, p=0.239) as displayed on (Figure 3.80-D). 

  



179 
 

 

100 110 120 130 140

0

1

2

3

4

Serum GFAP Concentration (pg/ml)

G
F

A
P

 R
e
la

ti
v
e
 E

x
p
re

s
s
io

n

  95% Confidence Intervals
    R squared= 0.024

The slope is not significantly non-zero (p=0.771)

Spearman's r=-0.257 , p=0.658

 

180 190 200 210 220 230

0.30

0.35

0.40

0.45

0.50

Serum Occludin Concentration (pg/ml)

O
cc

lu
d
in

 R
e
la

tiv
e
 E

xp
re

ss
io

n

95% Confidence Intervals
    R squared= 0.950

The slope is significantly non-zero (p=0.001)

Spearman's r= -1.00 , p=0.003

 

550 600 650 700 750 800 850

0.0

0.2

0.4

0.6

Serum ZO-1 Concentration (pg/ml)

Z
O

-1
 R

e
la

ti
v
e
 E

x
p
re

s
s
io

n

95% Confidence Intervals
    R squared= 1.157e-006

The slope is not significantly non-zero (p=0.998)

Spearman's r=-0.086 , p=0.919

0 200 400 600

0.65

0.70

0.75

0.80

0.85

0.90

0.95

Serum Claudin-5 Concentration (pg/ml)

C
la

u
d
in

-5
 R

e
la

ti
v
e
 E

x
p
re

s
s
io

n

95% Confidence Intervals
    R squared= 0.323

The slope is not significantly non-zero (p=0.239)

Spearman's r= 0.200 , p=0.714

 

Figure 3.80 Correlation analysis between serum A: GFAP, B: Occludin, C: ZO-1 
and D: Claudin-5 levels and these proteins’ expressions in hippocampal tissue 
of the brain in MCAO using Spearman correlation and simple linear regression. 
Proteins expressions in hippocampal brain tissue of brain were quantitatively 
assessed by WB. Serum proteins levels were quantified by ELISA. A: Spearman 
correlation analysis and simple linear regression analysis showing no 
association between serum GFAP level and GFAP expression in hippocampal 
tissue of the brain; (r = -0.257, p=0.658) and (R SQUARED = 0.028, p=0.771) 
respectively. B: Spearman correlation and simple linear regression showing a 
significant negative correlation between serum Occludin level and the Occludin 
expression in hippocampal tissue in the brain; (r =- 1.00, p=0.003) and (95% 
confidence interval, R SQUARED = 0.950, p=0.001) respectively. C: Spearman 
correlation analysis and simple linear regression analysis showing no 
association between serum ZO-1 level and ZO-1 expression in hippocampal 
tissue of the brain; (r = 0.086, p=0.919) and (R SQUARED = 1.157e-006, p=0.998) 
respectively. D: Spearman correlation analysis and simple linear regression 
analysis showing no association between serum Claudin-5 level and Claudin-5 
expression in hippocampal tissue of the brain; (r = 0.200, p=0.714).and (R 
SQUARED = 0.323, p=0.239) respectively.  
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3.2.10 Summary and main findings 

• Neuronal cell death in specific areas of the brain in BCCAO and MCAO stroke 

models.  

• Astrogliosis in the hippocampus of both BCCAO and MCAO stroke models. 

• TJ disruption in the hippocampus in stroke models.  

• Significant increase in GFAP and a significant decrease in ZO-1, Occludin 

and Claudin-5 expressions relative to ß-actin in BCCAO and MCAO stroke 

mice brains compared to the sham operated brains. 

• Significant increase in serum circulating biomarkers (GFAP, Claudin-5, ZO-1 

and Occludin) levels in BCCAO and MCAO mice compared to the 

corresponding control mice. 

• Serum GFAP and Occludin levels in BCCAO were correlated with their 

expressions in brain tissue, whereas, in MCAO only serum Occludin level was 

correlated with its expression in brain tissue. 

 

3.2.11 Discussion  

The present study is the first systematic study investigating detailed changes in 

neuronal, glial cells and BBB junctional proteins in the hippocampus in the forebrain 

using both IHC and WB following BCCAO as well as MCAO and reperfusion in 

C57BL/6J mice. This novel study also examined the expression of GFAP together with 

three BBB junctional proteins (Occludin, Claudin-5 and ZO-1) in the hippocampus and 

correlated these proteins expressions in the brain using quantitative WB with their 

blood serum concentrations using quantitative ELISA in both models. 

Over the last four decades, different animal stroke models have been established 

aiming to identify the mechanisms of cerebral ischaemia and develop a new 

therapeutic strategy. The BCCAO model for global cerebral ischaemia has been used 

as recent previous study in our lab (Khan et al., 2018) and others earlier work (Yang 

et al., 1997; Murakami et al., 1998) and have reported that C57BL/6 mice subjected 

to BCCAO developed selective neuronal death in the forebrain including hippocampus 

and cortex with a higher survival rate. On the other hand, models that occlude MCA 

can mimic human ischaemic stroke (Tamura et al., 1981; Koizumi et al., 1986; Longa 
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et al., 1989 ). Therefore, the MCAO model for focal cerebral ischaemia has been used 

as this is known to produce neuronal damage in the cortex, hippocampus and striatum 

both in mice and rats (Rao et al., 2001; McColl et al., 2007; Ketheeswaranathan et al., 

2011). Corresponding with other studies using the MCAO model (Butler et al., 2002; 

McColl et al., 2004), this study also consistently detected neuronal degeneration not 

only in the striatum but also in M2  and M1  motor cortex following 1 hour MCAO and 

24 hours reperfusion in this study as reported also in the previous studies in our lab 

(Ketheeswaranathan et al., 2011).  

The effect of ischaemia on the studied groups was noticeable, although the damage 

amount was more remarkable in BCCAO than in MCAO. The experiments 

demonstrated the death of neuronal cells in the M1 and M2 motor cortex, 

somatosensory cortex, granular insular cortex and hippocampus in the BCCAO model 

and reperfusion. In agreement, a previous study in our lab (Khan et al., 2018) observed 

that these mice produced the consistent and selective loss of neurones in the 

hippocampus and the motor and somatosensory cortex. In MCAO, the quantitative 

immunohistochemical analysis suggested that NeuN labelled neuron cells in the 

striatum, M1 and M2 cortex are reduced significantly in ischaemic brains compared to 

sham-operated brains. The reduction in the number of neuron cells in the stroke 

groups was due to the high sensitivity of neurons to ischaemic effects and the blood 

supply reduction, causing neuronal death in these areas (Kudabayeva et al., 2017). 

While in BCCAO models, six control brains and six stroke induced brains were used 

during this study, however, in MCAO only three control brains and three stroke induced 

brains were used due to time limitations and COVID-19 restrictions which negatively 

contributed to the number of experiments conducted in the lab. Ideally, additional 

replicates would be required to increase the power of statistics. 

Additionally, this study reported  the astrocyte changes after cerebral ischaemia injury. 

Interestingly, astrogliosis in the hippocampus was detected in both models with IHC 

and confirmed with quantitative analysis of GFAP positive cell profiles. Astrocytes play 

an important and major role in the maintenance and formation of the brain 

cytoarchitecture, maintaining the supply of energy to neurones, controlling synaptic 

function and neurotransmitters recycling (Papa et al., 2014). In addition, astrocytes 

interact with brain blood vessels’ endothelial cells through their end feet and regulate 

the brain blood flow as well as control BBB (Mishra et al., 2016). Quantitative IHC 
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analysis revealed a significant increase in the astrocytes processes and astrocytes 

cells in the hippocampus following BCCAO consistent with a previous study in our lab 

using these mice (Khan et al., 2018). Similar results have been observed in MCAO 

mice. This may be  due to glial cells activation following ischaemia (Pekny et al., 1999). 

GFAP up-regulation is one of the most important features of astrogliosis; an abnormal 

increase in the astrocytes number following the ischaemia results in the glia cells’s 

activation (Pekny et al., 1999). Following cerebral ischaemia, processes of astrocytes, 

as identified by GFAP IHC, appeared to have become thicker and rearranged, which 

is an indication of reactive gliosis (Pekny and Nilsson, 2005; Burda and Sofroniew, 

2014; Papa et al., 2014; Choudhury and Ding, 2016). This may lead to CNS circuit 

dysfunction, defining  maladaptive synaptic plasticity in the glial-neuronal network and 

causing abnormal synaptic transmission (Papa et al., 2014). The results confirmed 

previous studies that reported the altered morphology of astrocytes directly after stroke 

is related to the increased expression of GFAP (Lebkuechner et al., 2015). This 

includes the upregulation of GFAP which leads to significant hypertrophy of astrocyte 

cell bodies and processes (Silver and Miller, 2004; Sofroniew, 2009).  

The present study also investigates changes in TJ proteins in both ischaemic models 

using IHC as a very few studies on these proteins were performed using either of these 

models. By comparing the IHC results between sham and ischaemic stroke models, 

the results showed that there are  considerable disruptions of BBB TJ in the ischaemic 

brains compared to the sham brains. During the ischaemic stroke, the BBB is 

damaged, which is a result correlated with alternations in the distributions and 

concentrations of TJ proteins and other BBB components (Lasek-Bal et al., 2020).  

A previous study using brain microvessl endothelial cells showed that dissociation of 

ZO-1 from the TJ complex has been linked to increased permaeability of BBB 

suggesting that the ZO-1 tranmembrane protein connection is crucial for TJ stablitiy 

and function (Fischer et al., 2002). Pan et al. (2017) have reported loss of Occludin 

from microvessles after ischaemia using IHC. Similarly, disruptions in Claudin-5 

expression are linked to a large increase in paracellular solute permeability in previous 

experimental rat MCAO stroke models using IHC (Liu et al., 2012). 

This present study assessed brain damage using the antibody of specific pericytes 

cell markers (PDGFR and NG2) in murine stroke models as compared to sham 

operated mice. The findings were consistent with other previous results (Arimura et 
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al., 2012) as the stained pericytes showed dilatation and morphological changes with 

loss of cell bodies in cortical and hippocampal areas in the stroke brains compared to 

control brains. This study also investigated quantitative analysis of PDGFR and NG2 

labelled pericytes cells. The results showed that cerebral ischaemia significantly 

decreased the pericytes profiles in the hippocampus in the stroke brains compared to 

the control brains. In agreement with this study result, a previous study by Fernández-

Klett et al. (2013) also reported that the  density of PDGFR cells in acute stroke lesions 

was reduced significantly. 

This study also determined brain damage using the antibody of specific microglia cells 

(IBA-1) in murine stroke models as compared to sham operated mice. The results 

showed that the IBA-1 labelled cells and processes are significantly more expressed 

in the hippocampus of stroke mice than that in the controls due to microglia’s activation 

following stroke. In agreement, a recent study revealed that the amount of IBA-1- 

immunoreactive microglia cells were significantly higher in both 15 min and 5 min 

occlusion of BCCAO in all hippocampal regions (Lee et al., 2019). 

This study investigated the expression of the TJ proteins within the endothelial cells 

profile in both stroke models using double immunohistochemical staining by incubation 

of brain sections with primary antibodies against (NeuN, GFAP and CD31) correlating 

with TJ proteins: Occludin, ZO-1 and Claudin-5. There are not sufficient studies 

examining the changes of TJ of endothelial cells of BBB after both global and focal 

ischaemia comparing it with control using TJ proteins and correlating that with 

endothelial cell marker (CD31). First, the present study investigated double labelling 

of immunoreactive CD31 antibodies with TJ proteins. Then, double labellings of 

immunoreactive of NeuN and GFAP antibodies with TJ proteins were investigated. As 

expected, the results confirmed that TJ proteins are localised in CD31 labelled 

endothelial cells and not in the NeuN and GFAP labelled neurones and astrocytes 

respectively. Ghori et al. (2017) showed by immunostainings of TJ and endothelial 

cells, decrease the expression of Claudin-5 and Occludin with endothelial cell loss 

labelled with CD31 following MCAO compared to unaltered TJ in control. This present 

study also revealed similar results in the cortical and hippocampal areas in BCCAO 

and MCAO ischaemic mouse brains indicating that TJs are likely disrupted under 

ischaemic conditions as well as confirming that Occludin, ZO-1, Claudin-5 are 

expressed within the endothelial cell profile.  
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This study has also assessed the expressions of the major glial (GFAP) and TJ 

proteins (ZO-1, Occludin, and Claudin-5) in the hippocampus of the global ischaemic 

brains and focal ischaemic brains using WB. In support of the IHC results, GFAP, ZO-

1, Occludin and Claudin-5 expressions relative to ß-actin show significant changes in 

the hippocampus in BCCAO and MCAO stroke mouse brain compared to the sham 

operated brains. GFAP is expressed by astrocytes and the WB shows that the 

expression of GFAP in the hippocampus in both models’ brains is increased 

significantly compared to the control mice brains confirming the astrocyte astrogliosis 

due to astrogliosis which also correlates well with the glial cell’s changes in the IHC 

observation. The significant reduction in TJ proteins expressions following focal and 

global ischaemia observed in this study confirming the IHC staining results and was 

consistent with previously reported findings (Ren et al., 2015), which indicates that the 

expression levels of ZO-1, Occludin and Claudin-5 using WB are decreased in rat 

brain tissue in MCAO of ischaemia, however, no significant changes have been 

reported in that previous study in Claudin-5 and ZO-1 (Ren et al., 2015). Recently, a 

study has been done on a rat model of focal cerebral ischaemia to examine variations 

in the TJ proteins including ZO-1, Occludin and Claudin-5 (Jiao et al., 2011). The levels 

of these proteins expression were detected in that study by WB with extracted 

microvessel fragments of rat brain tissues and the study has shown that the levels of 

ZO-1, Occludin and Claudin-5 are significantly decreased in brain microvessels in all 

of the ischaemic reperfusion groups (Jiao et al., 2011).  Moreover, in alignment with 

this study findings, a previous study by Shi et al. (2017) and Liu et al. (2018) observed 

a decrease in the expression level of Occludin in rat brains after ischaemia in MCAO. 

Yang and Rosenberg (2011) have shown a significant decline of Claudin-5 expression 

in rat brains after MCAO and reperfusion. Therefore, the present study findings 

strongly suggest that the disruption of TJ is associated with increased BBB breakdown 

following stroke. 

This novel preclinical study  confirms the increased levels of GFAP in blood mice after 

BCCAO and MCAO. According to a previous literature study, the serum level of GFAP 

seems to be the ideal stroke specific biomarker (Schiff et al., 2012). Multiple clinical 

research studies investigated the role of serum GFAP as a diagnostic tool for 

ischaemic stroke patients by showing increased GFAP levels in ischaemic patients  

(Ren et al., 2016; Luger et al., 2017). The present study confirmed a significant 
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increase in the serum GFAP level in the ischaemic mice as compared to control ones. 

Regarding the level of Occludin following focal and global ischaemia, the major finding 

is that the ischaemic mice groups had significantly higher Occludin serum levels as 

compared to matched control groups. Previous works have also observed higher 

serum levels of Occludin within the first 24 hours after ischaemia in rat MCAO (Pan et 

al., 2017), thus strongly supporting this present study’s findings. Pan et al. (2017) have 

also investigated the concentrations of Occludin and Claudin-5 in rat serum following 

MCAO using ELISA and have shown that the blood levels of Claudin-5 did not change 

considerably during the first 4.5 hours of cerebral ischaemia. However, the present 

study reported a significant increase in the serum level of Claudin-5 in both stroke 

models as compared to the controls. The present study also showed a significant 

increase in the ZO-1 level in serum of both stroke models  compared to the respective 

controls. This increase in ZO-1 concentration in blood is consistent with the 

disarrangement of the ZO-1 in the TJs in the brain suggesting that BBB opening and 

damage after ischaemia lead to the release of these proteins into the blood (Petty and 

Wettstein, 2001). It is worth noting that, the significant difference in terms of 

concentrations of studied biomarkers was more prominent after BCCAO than MCAO, 

which might be explained by the difference in the amount of damage. However, this 

needs further investigation. 

The correlation analysis in this study interestingly showed a significant correlation 

between circulating GFAP and the expression of this protein in the brain of BCCAO 

mice as determined by Spearman correlation. Moreover, this study obtained a 

negative good correlation between circulating Occludin and the expression of Occludin 

in the brain after BCCAO and MCAO. It suggests that the observed blood Occludin 

levels after BCCAO and MCAO may represent the TJ disruption by releasing Occludin 

from the ischaemic brain, which might be closely related to early BBB disruption 

confirming earlier results in rat MCAO (Liu et al., 2009).  

Further studies using these biomarkers and these models are required to understand 

the mechanisms of ischaemia-induced BBB damage.  

In summary, the present study findings suggest that GFAP and TJ proteins levels 

might be useful biomarkers for differentiating between ischaemic stroke and controls 

and can be translated into identifying acute stroke patients from mimics. 
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Chapter 4  CT and MRI imaging biomarkers in clinical samples 

4.1 Retrospective study - Can quantitative CT and MRI biomarkers 

improve the prediction of outcomes after mechanical 

thrombectomy? A cross-sectional pilot study 

 

This chapter presented a pilot study, which aimed to test a hypothesis that the absolute 

values of CTP and MRI imaging biomarkers can improve the prediction of outcomes 

in MT. This can inform a longitudinal study design in the future by correlating the 

imaging results with blood biomarkers in MT. However, due to the small sample size, 

only a comparison of CTP biomarkers, MRI ADC values, the volume of infarct and 

functional outcomes between the MT group and the non-MT group was conducted. 

This study showed if the CTP markers are significantly different between ischaemic 

and non-ischaemic side as well as between the MT group and the non-MT group (as 

per section 2.2.3 and section 2.2.4).  

Furthermore, this chapter presented as MRI analysis comparing the ischaemic side 

and non-ischaemic side using ADC values as well as quantifying the volume of infarct 

in the MT group and the non-MT group (as per section 2.2.6 and section 2.2.7). 

Lastly, the functional outcomes were determined and compared between the two 

groups (as per section 2.2.8). 

Data were obtained from two groups: a group who had been treated with MT (MT 

group) and a group who had not been treated with MT (non-MT group). 
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4.1.1 Computed tomography perfusion (CTP) scan results 

4.1.1.1 Imaging biomarkers in the MT treated group  

Altogether, 15 patients were identified. Typical images from a patient with an 

ischaemic stroke are shown in Figure 4.1. In the CTP, mean (SD) in ischaemic 

and non-ischaemic WM and GM areas are presented in Table 4-1. All patients have a 

reduced CBF in the ischaemic WM and GM areas (ratio from 0.40 to 0.99) and (ratio 

from 0.11 to 0.66) respectively. A significant difference between CBF values in 

ischaemic and non-ischaemic WM areas was seen (Paired Student’s t-test - p= 

0.0001). Moreover, CBF values in GM areas on ischaemic side was significantly lower 

compared to non-ischaemic side with p<0.0001. CBV values in ischaemic WM were 

lower than the one in non-ischaemic side with no significant variations (p= 0.1218). 

Interestingly, 44% have an increased CBV (ratio from 1.26 to 2.33) and 66% have a 

reduced CBV (ratio from 0.28 to 0.90) in ischaemic WM areas as shown in Figure 4.2. 

Whereas 70% have an increased CBV (ratio from 1.02 to 2.97) and 30% have a 

reduced CBV (ratio from 0.11 to 0.46) in ischaemic GM areas without any significant 

differences (p=0.479). Regarding MTT, all patients have an increased MTT in the 

ischaemic WM and GM areas (ratios from 0.31 to 2.48 and 0.57 to 16.72) respectively. 

Interestingly, the significant difference in MTT was seen only in GM areas (p=0.0003) 

as displayed in Figure 4.2.  An example of a CT scan for one MT patient is shown in 

Figure 4.3. 

CBF   CBV   MTT 

 

Figure 4.1 CTP CBF (left), CBV (middle) and MTT (right) maps in a typical 
ischaemic stroke patient. Red areas show the location of ROIs in WM ischaemic 
(upper row) and non-ischaemic areas (bottom row). 
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Table 4-1 A comparison of CTP parameters between ischaemic and non-
ischaemic WM and GM areas in the MT group (n=15). Data are shown as mean 
(SD). 

 

 

 

Mean 

(SD) 

Tissue 

(WM 

or GM) 

Ischaemic area Non-ischaemic area 

CBF 

(ml/min/100g) 

CBV 

(ml/100g) 

MTT 
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CBF 

(ml/min/100g) 

CBV 

(ml/100g) 

MTT 

(Second) 

WM 
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GM 
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(9.14) 

2.33 
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Figure 4.2 CTP CBF (A), CBV (B) and MTT(C) values in ischaemic and non-
ischaemic WM and GM areas in the MT group (n=15), (Paired Student’s t-test - 
A: CBF in WM p=0.0001 and in GM p<0.0001), (C: MTT in GM p=0.0003). 
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Figure 4.3 A) CTP images of right-side MCA infarct in a patient, who received MT 
directly after the CTP scan. Also, CBF, CBV and MTT maps are shown. B) CBF, 
CBV and MTT values for the ischaemic and non-ischaemic sides in WM and C) 
CBF, CBV and MTT values for the ischaemic and non-ischaemic sides in GM. 

 

4.1.1.2 Imaging biomarkers in the non-MT treated group  

Altogether 15 patients were selected in the group, not treated with MT. In this group, 

the mean (SD) in ischaemic and non-ischaemic WM and GM areas are presented in 

Table 4-2. All patients have a significant reduction in CBF in the ischaemic WM and 

GM areas (Paired Student’s t-test - p=0.0031, ratio from 0.49 to 1.22 and p<0.0001, 

ratio from 0.11 to 0.58) respectively. CBV values in ischaemic WM and GM areas were 

significantly lower than these in non-ischaemic side with (p = 0.0269) in the former 

areas and (p= 0.0350) in the latter areas. In depth, 27% have an increased CBV in 

ischaemic WM areas (ratio from 1.05 to1.44) and 73% have a reduced CBV (ratio from 

0.10 to 0.91). Similarly, regarding CBV in ischaemic GM areas, 20% have an 

increased CBV in ischaemic WM areas (ratio from 1.11 to 2.25) and 80% have a 

reduced CBV (ratio from 0.10 to 0.95). It is interesting to note that, no significant 
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difference was seen in MTT between the WM ischaemic and the non-ischaemic areas 

(ratio from 0.13 to 1.64), whereas, a significant rise in the MTT values in GM ischaemic 

areas was observed  compared to the corresponding areas (ratio from 0.17 to 14.02), 

(p=0.0011), Figure 4.4. An example of a CT scan for non-MT patients is shown in 

Figure 4.5. 

Table 4-2 A comparison of CTP parameters between ischaemic and non-
ischaemic WM and GM areas in the non-MT group (n=15). Data are shown as 
mean (SD). 

 

 

 

Mean 

(SD) 

Tissue 

(WM 

or GM) 

Ischaemic area Non-ischaemic area 

CBF 

(ml/min/100g) 

CBV 

(ml/100g) 

MTT 

(Second) 

CBF 

(ml/min/100g) 

CBV 

(ml/100g) 

MTT 

(Second) 

WM 17.59 

(9.75) 

2.00 

(1.42) 

7.36 

 (4.48) 

21.90 

(11.43) 

2.69 

(1.59) 

7.74 

(3.52) 

GM 17.28 

      (8.80) 

2.23 

(1.74) 

8.02 

(4.54) 

66.59 

(9.55) 

3.44 

(2.81) 

3.15 

(2.51) 
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Figure 4.4 CTP CBF (A), CBV (B) and MTT (C) values in ischaemic and non-
ischaemic WM and GM areas in the non-MT group (n=15), (Paired Student’s t-
test - A: CBF in WM p=0.0031 and in GM p<0.0001), (B: CBV in WM p = 0.0269 
and CBV in GM p= 0.0350) and (C: MTT in GM p=0.0011). 

 

   

      CTP         CBF        CBV     MTT 

     

     

     

Figure 4.5 A) CTP images for a patient with a massive right MCA territory 
ischaemia who couldn’t receive MT after the CTP scan due to delay from stroke 
onset to hospital arrival. Also, CBF, CBV and MTT maps are shown. B) CBF, CBV 
and MTT values for the ischaemic and non-ischaemic sides in WM and C) CBF, 
CBV and MTT values for the ischaemic and non-ischaemic sides in GM.  
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4.1.1.3 Compare CTP imaging biomarkers between the MT treated group and the 

non-MT treated group  

In this section, the CTP biomarkers between the MT group and the non-MT group were 

compared from the previous results, which showed both groups developed a 

considerable reduction in CBF in the ischaemic WM and GM areas compared to the 

non-ischaemic side areas. 

Therefore, by looking at the amount of reduction of CBF in terms of the ratio 

(ischaemic/non-ischaemic area) of the mean value, the following considerable findings 

were stated. The MT treated group has a decreased WM CBF ratio (0.71) compared 

to the non-MT treated group (0.80) (Figure 4.6, A). Furthermore, an increased WM 

CBV ratio (0.98) was conducted in the MT group in a comparison with (0.76) in the 

non-MT one (Figure 4.6, B). Regarding MTT, all the MT treated patients have a higher 

WM MTT ratio (1.36) in contrast with the non-treated group (0.97), (Figure 4.6, 

C).However, no statistical changes were seen in CTP parameters in WM between the 

two groups (Mann-Whitney U test). 

  
MT group Non-MT group

0.0

0.5

1.0

1.5

2.0

R
a
ti
o
 o

f 
C

B
F

MT group Non-MT group
0

1

2

3

4

R
a
ti
o
 o

f 
C

B
V

 

  
MT group Non-MT group

0

1

2

3

4

R
a
tio

 o
f 
M

T
T

 

Figure 4.6 The analysis of WM CBF (A), CBV (B) and MTT (C) ratio between the 
MT group (n=15) and the non-MT group (n=15). No significant difference was 
seen between the two groups (Mann-Whitney U test). 
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On the other hand, no significant difference in the GM CBF ratio between the MT 

treated group (0.28) and the non-MT treated group (0.26) was observed (Figure 4.7, 

A). Interestingly, a significant increase in the GM CBV ratio (1.45) was observed in the 

MT group in comparison with (0.77) the non-MT one (Mann-Whitney U test -p=0.041), 

(Figure 4.7, B). Finally, all the MT treated patients appeared to have a higher GM MTT 

ratio (6.91) in comparison with the non-treated group (3.59) but the results were not 

statistically significant (Figure 4.7, C). 
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Figure 4.7 The analysis of GM CBF (A), CBV (B) and MTT (C) ratio between the 
MT group (n=15) and the non-MT group (n=15). Only CBV ratio showed 
significant difference between the two groups (Mann-Whitney U test -p=0.041). 

 

4.1.2 Follow-up MRI results 

4.1.2.1 Imaging biomarkers in the MT treated group  

In the ADC map of MRI, 7 patients who received MT were identified. Mean (SD) 

in ischaemic and non-ischaemic WM and GM areas are shown in Table 4-3. All 

patients have an increased ADC value in ischaemic WM and GM areas (ratio 

from 0.70 to 2.31) and (ratio from 0.93 to 1.90) respectively, Figure 4.8. However, no 

significant results were seen in both areas (Paired Student’s t-test -p=0.129 for the 
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former and p=0.221 for the latter). An example of an MRI scan for one MT patient is 

shown in Figure 4.9. 

 

Table 4-3 A comparison of ADC map values in MRI DWI between ischaemic 

and non-ischaemic WM and GM areas in the MT group (n=7). Data are shown 

as mean (SD). 

 

 

 

Mean (SD) 

 

Tissue 

(WM or GM) 

Ischaemic area 

ADC (*10-6 mm2/s) 

Non-ischaemic area 

ADC (*10-6 mm2/s) 

WM 1245.72 (559.32) 901.18 (134.52) 

GM 1289.68 (373.01) 1136.04 (313.86) 
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Figure 4.8 ADC map values in MRI DWI in ischaemic and non-ischaemic WM and 
GM areas in the MT group (n=7).   
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Figure 4.9  A) MRI ADC map and fluid-attenuated inversion recovery (FLAIR) of 
left hemisphere anterior circulation stroke in a patient, who received MT. B) ADC 
values for the ischaemic and non-ischaemic areas in WM and GM. The stroke is 
shown as hyperintense in the ADC map as the scan has done after more than a 
month from the stroke onset. 

 

4.1.2.2 Imaging biomarkers in the non-MT treated group  

In the ADC map of MRI, 8 patients who have not received MT were identified. Mean 

(SD) in ischaemic and non-ischaemic WM and GM areas are shown in  

 

Table 4-4. All patients have considerably significant increased ADC value in ischaemic 

WM and GM areas (ratio from 0.60 to 2.40, Paired Student’s t-test - p=0.047) and 

(ratio from 1.25 to 2.37, p=0.0016) respectively, Figure 4.10. An example of an MRI 

scan for one non-MT patient is shown in Figure 4.11. 

 

Table 4-4 A comparison of ADC map values in MRI DWI between ischaemic and 
non-ischaemic WM and GM areas in the non-MT group (n=8). Data are shown as 
mean (SD).  

 

 

 

Mean (SD) 

 

Tissue 

(WM or GM) 

Ischaemic area 

ADC (*10-6 mm 2 /s) 

Non-ischaemic area 

ADC (*10-6 mm 2 /s) 

WM 1293.35(642.59) 780.80(63.64) 

GM 1763.90(375.35) 1062.85(184.08) 
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Figure 4.10 ADC map values in MRI DWI in ischaemic and non-ischaemic WM 
and GM areas in the non-MT group (n=8), (Paired Student’s t-test - in WM p=0.047 
and in GM p=0.0016). 

 

ADC    FLAIR 

 

 

Figure 4.11 A) MRI ADC map and fluid-attenuated inversion recovery (FLAIR) of 
pons infarct and right cerebral infarct in a patient, who couldn’t receive MT. B) 
ADC values for the ischaemic and non-ischaemic areas in WM and GM. The 
stroke is shown as hyperintense in the ADC map as the scan has done after 
more than a month from the stroke onset. 
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4.1.2.3 Compare imaging biomarkers between the MT treated group and the 

non-MT treated group 

From the follow-up MRI results, the ratio of ADC WM and GM values in the MT treated 

group was lower than the ones in the non-MT treated group. The non-MT treated group 

has an increased ADC WM ratio (1.66) compared to the MT treated group (1.38) with 

no statistically significant results observed (Mann-Whitney U test). Interestingly, a 

significant increased ADC GM ratio (1.66) was observed in the non-MT group in a 

comparison with (1.14) in the MT one (p=0.009) as shown in  Figure 4.12. 
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Figure 4.12 The analysis of ADC WM and GM ratio between the MT group (n=7) 
and the non-MT group (n=8), (Mann-Whitney U test – in GM p=0.009). 

 

4.1.2.4 Compare of the volume of infarct area between the MT treated group 

and the non-MT treated group 

Volumes of infarct (ml) were calculated. Mean (SD) were 1254.71 (329.08) and 

1319.24 (447.71) for the volume of infarct in the MT group and the non-MT group 

respectively. It is worth mentioning that the volume of infarct in ml in the MT treated 

group (28.18ml) is smaller than the one in the non-MT treated group (30.91ml). 

However, no significant difference was shown (Mann-Whitney U test - p= 0.8545), 

Figure 4.13. Typical images from two ischaemic stroke patients, one has received MT 

treatment while the other does not receive MT are shown in Figure 4.14 and Figure 

4.15 respectively. 
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Figure 4.13 A comparison between the infarct volume in ml between the MT 
group (n=7) and the non-MT group (n=8). 
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Figure 4.14 CTP and ADC images for a patient with acute stroke in the right MCA 
occlusion who received MT directly after the CTP scan (left panel). The middle 
panel represents an ADC map on follow-up MRI. The volume of infarct was 
calculated in ml according to the ROI volume (right panel, red). The histogram 
shows the number of pixels in the infarct area with been used to calculate the 
volume of infarct in ml (11.80ml). 
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Figure 4.15 CTP and ADC images for a patient case with acute stroke with a 
massive infarction in the right MCA occlusion who couldn’t receive MT after the 
CTP scan (left panel). The middle panel represents an ADC map on follow-up 
MRI. The volume of infarct was calculated in ml according to the ROI volume 
(right panel, red). The histogram shows the number of pixels in the infarct area 
with been used to calculate the volume of infarct in ml (110.79ml). 

 

4.1.3  Functional outcomes  

Functional outcomes at 90 days (mRS) was collected for each patient who received 

MT and did not receive MT then the score was divided into “good outcome” 

(mRS≤2) or “bad outcome” (mRS>2). It is worth noting that, because of the limited 

sample size, correlation analysis between baseline imaging biomarkers and mRS was 

not performed. Instead, only a comparison of functional outcomes between MT group 

and non- MT group was conducted. Interestingly, 13 patients out of 15 in MT group 

showed a good outcome (varied from 0 to 2) whereas only two patients out of the 15 

patients showed bad outcomes (varied from 4 to 5) as shown in Table 4-5  and Figure 

4.16, left panel. However, only 6 out of 15 expected good outcomes while the majority 

(9 out of 15) expected bad outcomes (varied from 4 to 5) in those did not treated with 

MT as shown in Table 4-5  and  Figure 4.16, right panel. 
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Table 4-5 Individual mRS at 3 months in the MT group (n=15) and the non-MT 
group (n=15), “good outcome” (mRS≤2) or “bad outcome” (mRS>2). 

Patient number mRS at 3 months in MT group mRS at 3 months in non-MT group 

Pt#1 0 1 

Pt#2 0 1 

Pt#3 5 3 

Pt#4 4 3 

Pt#5 2 3 

Pt#6 0 5 

Pt#7 2 4 

Pt#8 0 1 

Pt#9 0 4 

Pt#10 0 1 

Pt#11 1 3 

Pt#12 1 1 

Pt#13 0 5 

Pt#14 1 3 

Pt#15 1 1 

 

(MT group) 

Number of patients 

good 
outcomes 

bad 
outcomes 

13 2 

(Non-MT group) 

Number of patients 

good 
outcomes 

bad 
outcomes 

6 9 
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Figure 4.16 A) A comparison between the number of patients with “good 
oucome” (mRS≤2)   and “bad outcome” (mRS>2) in the MT group (left) and the 
non-MT group (right). B)  Individual mRS at 3 months in the MT group in the left 
(n=15) and the non-MT group in the right (n=15).  

 

4.1.4 Summary and main findings 

This study presented here the results of a pilot study aiming to test a hypothesis that 

can inform a longitudinal study design in the future. As seen from the result of the CTP 

biomarkers, the non-treated group in this study suffered from irreversible infarction, as 

both CBF and CBV significantly dropped. The CTP biomarkers results of the treated 

patients, on the other hand, confirm reversible ischaemia, as the CBF reduced 

dramatically while the CBV remained stable or rose.  

In summary: 

• CTP parameters are feasible in acute stroke patients undergoing MT.  

• MT is a useful treatment in acute stroke to improve favourable outcomes. 
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4.1.5 Discussion 

4.1.5.1 CTP imaging biomarkers in the MT treated group and the non-MT 

treated group.  

This pilot study aimed to determine if the CTP and MRI imaging biomarkers or 

parameters have the potential to improve the prediction of outcomes in MT. However, 

this aim could not be achieved due to the small sample size. Instead, only comparisons 

of CTP biomarkers, MRI ADC values, volume of infarct and functional outcomes 

between MT group and non-MT group were conducted.  

From CTP, this study compared the values of CBV, CBF, and MTT between the 

ischaemic areas and the non-ischaemic areas (mirror side zone) in WM and GM in 

both MT and non-MT groups. Since, previous studies showed that GM and WM have 

various perfusion and diffusion values for ischaemic areas in acute stroke patients 

(Arakawa et al., 2006; Chen et al., 2019), this study quantified the imaging biomarkers 

in both WM and GM. 

Relevant CTP parameters can reflect the patient’s collateral circulation and the 

abnormal perfusion of hemodynamic in brain tissues, so it gives a basis for clinical 

treatment (Xu et al., 2019). Using a quantitative CTP perfusion method, a significant 

decreased in CBF in ischaemic WM and GM areas in both groups; patients treated 

with MT and patients not treated with MT was observed. The absolute CBF values 

have been obtained in both WM and GM ischaemic areas in MT group in this study 

were consistent with previous CTP studies such as (Khandelwal, 2008). This provides 

further evidence for the CBF measurements’ validity using this quantitative CTP 

technique. According to Yu et al. (2016), if the CBF decreases slightly, it indicates that 

the cerebral circulation reserve is decompensated. However, a significant decline 

indicates that the patient might develop a cerebral infarction if not treated (Yu et al., 

2016). 

This study found no significant difference in WM’s and GM’s CBV between the 

ischaemic and non-ischaemic areas in the MT group which indicates the preserved 

CBV. Also, the majority of patients have an increase CBV in ischaemic GM areas 

which might refer to the vasodilatation sign following early blood reduction. According 

to Khandelwal et al (2008), when CBF is reduced, cerebral autoregulation guarantees 

appropriate CBV by generating capillary dilation, which increases MTT and CBV. CTP 
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biomarkers result in the MT group in this study indicates a reversible ischaemia which 

is characterized by a reduction in CBF with a steady or increasing CBV on CTP 

(Tomandl et al., 2003; Srinivasan et al., 2006). Moreover, increased CBV in the 

penumbra region is due to the brain’s direct autoregulatory mechanism in order to 

preserve CBF by expanding the collateral vessels as a response to decreased the 

pressure of perfusion (Powers et al.,1984). 

On the other hand, in the non-MT group, mean values of WM’s and GM’s CBV were 

significantly lower in ischaemic regions compared to the collateral ones. This decrease 

in CBV with the decrease in CBF is because of autoregulation failure in response to 

massive cerebral hypoperfusion (Powers et al.,1984). According to Tomandl et al. 

(2003) and Srinivasan et al. (2006), irreversible infarction occurs when both CBF and 

CBV fall critically below the critical level (usually 20% of the normal level).  

In both groups, this study did not observe a significant change in the WM’s MTT 

between both sides. However, this study observed significant increases in GM’s MTT 

in ischaemic areas compared to the collateral side regions in the treated and the non-

treated groups. The MTT is the ratio of CBV/CBF which indicates the pressure of local 

perfusion (Schumann et al., 1998). Increased or delayed MTT indicates impaired 

perfusion reserve and a deduced cerebral perfusion pressure which all can be an 

indicator of the patient's collateral circulation condition (Yu et al., 2016).  

In addition, comparing the ratio of CTP biomarkers between the MT group and the 

non-MT group, a considerable rise in the WM and GM CBV in the MT group compared 

to the non-MT group with a significant difference observed only in the GM areas. It is 

worth noting that CBV has been proposed as the best predictor of infarct core 

(Wintermark et al., 2006). This study results are consistent with a previous study that 

reported that a preserved or increased CBV suggests penumbra after MT in acute 

stroke patients (Austein et al., 2016). Furthermore, the noticed significant CBV 

difference between the MT and the non-MT groups in the GM areas might be because 

of the neurochemical responses variations to ischaemia in the brain's WM and GM 

areas (Stys et al., 1990; Dohmen et al., 2001). A  previous study showed that laminar 

necrosis in the cerebral cortex (GM) and severe ischaemia abnormalities in the basal 

ganglia (GM) in individuals who survived a brief period of cardiac arrest, yet there were 

only slight WM changes (Sawada et al., 1990). Furthermore, Arakawa et al. (2006) 

showed that GM is more susceptible to ischaemia than WM. 
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All in all, according to the CTP biomarkers findings, the non-treated group suffered 

from irreversible infarction as both the CBF and CBV decreased significantlly. 

However, the treated patient’s CTP biomarkes results confirm a reversible ischaemia 

as the CBF decreased significantly while the CBV was steady or increased. This 

confirms previous studies results (Koenig et al., 2001: Munich et al., 2016),  that 

showed the CTP biomarkers are significantly different between ischaemic and non-

ischaemic sides.  

4.1.5.2 Follow-up MRI imaging biomarkers in the MT treated group and the non- 

MT treated group.  

On the follow-up MRI scan, this study found that all patients have an increased ADC 

value in the ischaemic WM and GM areas compared to the non-ischaemic area in the 

MT group and the non-MT group. However, only significant increases in ADC values 

in the ischaemic areas compared to the non-ischaemic areas in the non-MT group on 

the follow-up MRI scan was observed. Furthermore, a significant increase in the mean 

ADC ratio (ischaemic/non-ischaemic) in GM areas in the non-MT treated group 

compared to the ones in the MT treated group was found. The ADC map in the brain 

is reduced quickly 30 min after ischaemia, this reduction continues during the first to 

fourth days after ischaemia (Gouhar and Taha, 2010). This is because of cytotoxic 

oedema correlated with reduced diffusion; thus, the occluded lesion in early scans 

shows on ADC map as hypointense and on DWI as hyperintense (Gouhar and Taha, 

2010). However, after more than two weeks from ischaemia (follow-up MRI, as in this 

study), supranormal ADC values are started to be seen, and it is referred to increase 

the extracellular water, gliosis and tissue cavitation. Consequently, the occluded lesion 

shows as on ADC map as hyperintense and on DWI as hypointense (Gouhar and 

Taha, 2010). Similarly, an earlier study showed a gradual increase in the ADC from 

the 7th day to the 90th day in stroke patients (Sui et al., 2016). In particular, this study 

results agreed with the previous studies (Moon et al., 2005; Kim et al., 2005; Gouhar 

and Taha, 2010) about the increase of ADC in later ischaemia on follow-up MRI.  

Regarding the volume of infarct, this study observed that the infarct volume in the MT 

treated group is non significantly smaller than the one in the no treated group. Friedrich 

et al. (2014) found that the volume of infarct after good recanalization with MT was 

significantly smaller. However, this study results did not show any significant 
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differences between the MT group and the non-MT group. One possible explanation 

might be due to the small sample size. 

4.1.5.3 Functional outcomes 

Functional outcomes at 90 days (mRS) showed promising results as 13 patients out 

of 15 in the MT group have a good outcome (varied from 0 to 2). The 2 patients with 

bad outcomes in the MT group might be due to clot size or inaccurate measurement 

of the clot.  However, only 6 patients out of 15 in the non-MT group have good 

outcomes. Consequently, this study demonstrated that interventional treatment with 

MT results in favourable functional outcomes in ischaemic patients. 

Furthermore, the earlier observed increase or perseverance in CBV in the MT 

group on CTP in this study could predict good outcomes in the MT group and this 

might be confirmed in future work with larger sample size. Van Seeters et al. (2015) 

found in a study of suspected acute ischaemic stroke patients, the CTP parameters at 

admission have a strong predictive value on patients with poor clinical outcomes 

prognosis and therefore can be applied to predict long-term clinical outcomes. The 

present study results showed that MT treated patients exhibits good outcomes 

compared to non-treated patients. However, future study with outcomes correlation is 

highly recommended. 

However, not all of the patients recruited came for the follow-up MRI scan and 

functional outcomes collection appointments given to them and because of this, it has 

impacted the MRI’s final study sample size (n=7: MT group vs n=8 non-MT group). 

Additionally, all the MRI scans have been done without intravenous contrast, thus, the 

analyses of the routine MRI head scan including the ADC values and the volume of 

infarct were the only possible analyses. Thus, further studies carrying these results 

with larger samples are required to confirm these results. 

A larger prospective study on hyperacute stroke patients undergoing MT with outcome 

data collection was planned to verify this hypothesis and then correlate the results with 

blood biomarkers in MT. However, due to COVID-19, it was not able to do prospective 

research CT and MRI scans including perfusion scans obtained on stroke patients 

undergoing MT and correlate the perfusion imaging biomarkers results with blood 

biomarkers results. Thus, this pilot study would help future work. 
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In conclusion, the results of the current study confirmed previous studies results 

regarding the feasibility of CTP parameters in acute stroke patients undergoing MT 

diagnosis. MT is known to be a valuable treatment in acute stroke which has the 

potential to improve functional outcomes. These pilot study data, however, need 

validation with a larger sample size. This pilot study might help future studies 

comparing MT with non-MT.  
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Chapter 5 Biomarkers in clinical samples 

5.1 Cross-Sectional study – Comparison of circulating biomarkers 

between stroke and stroke mimics 

 

Despite a lot of research that has been pursued in the search for blood-based 

biomarkers as an indicator of brain damage, there is no single circulating biomarker 

that can be used at hospitals to detect the stroke onset and to help differentiate 

between stroke patients and stroke mimics. Different specific circulating biomarkers 

have been studied in the last decade using preclinical models and in a small number 

of stroke patients. However, these studies have produced variable results and lack a 

correlation between the level of circulating biomarkers with imaging biomarkers. Thus, 

this study for the first time aimed to assess the ability of the blood-based biomarkers 

(specific to neuronal and glial cell injury and BBB damage) to distinguish between 

ischaemic stroke patients and stroke mimics as defined by clinical scoring as well as 

CT and MRI imaging data to improve stroke diagnosis. 

The selected circulating biomarkers in this study’s panel were: GFAP, NSE, NfL, 

Occludin, Claudin-5 and ZO-1. These biomarkers were selected based on of the 

preclinical studies (as detailed in Chapter 3) and other published studies on stroke 

biomarkers. 
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5.1.1 Demographic results  

A total of 94 patients were included in this study, of whom 70 had acute ischaemic 

strokes and 24 had stroke mimics. Baseline characteristics and demographic data are 

displayed in Table 5-1. In ischaemic patients, 48 patients were male and 22 were 

female. In mimics, 15 patients were male and 9 were female. Mean (SD) age of the 

ischaemic patients was 60 (13.4) and stroke mimics 64 (15). The time (in day) between 

stroke onset and blood sample collection was 2.37 (1.65) in the ischaemic patients 

and 2.66 (1.74) in the mimics. Clinical stroke severity score defined by NIHSS at arrival 

was 3.51 (3.29) in the ischaemic patients and 2.16 (2.03) in the mimics. 

Table 5-1 Baseline characteristics of the included patients including age, 
gender, type of stroke, time difference between stroke and blood sample 
collection, NIHSS on arrival. Data are presented as mean (SD).  

 Ischaemic stroke Mimics 

Sample size, number 70 24 

Age 60 (13.4) 64 (15) 

Gender:  Male 

Female 

Male n= 48 

Female n=22 

Male n= 15 

Female n=9 

Time between stroke onset and blood 

sample collection (day) 

2.37 (1.65) 2.66 (1.74) 

NIHSS on arrival 3.51 (3.29) 2.16 (2.03) 

 

5.1.2 Different in biomarkers levels between serum and plasma  

Blood samples were obtained from 94 patients (70 acute ischaemic patients and 24 

stroke mimics). Data were collected from Leeds Teaching Hospitals NHS Trust as 

explained in section 2.3.1 to section 2.3.3. Blood samples were prepared as per 

section 2.3.4. Measurement of circulating biomarkers was done using ELISA as per 

section 2.3.5. Statistical data analysis was done as per section 2.3.6. 

The levels of GFAP, NSE, Occludin, Claudin-5 and ZO-1 concentrations in both serum 

and in plasma samples received from the first 25 patients (n=20 ischaemic, n=5 

mimics). No significant difference in the concentrations of biomarkers was found 

between serum and plasma in the stroke group and the mimics group (paired 

Student’s t-test), as seen in (Figure 5.1). Thus, the subsequent studies were 

https://www.leedsth.nhs.uk/
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performed on blood serum in consistent with the preclinical study as it excludes blood 

clotting factors (Sotelo-Orozco et al., 2021). 

    

      

        

     

A.1 A.2 

B.1 B.2 

C.1 C.2 

D.1 
D.2 
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Figure 5.1 The difference in (A) GFAP, (B) NSE, (C) Occludin, (D) Claudin-5 and 
(E) ZO-1 levels between serum and plasma in the ischaemic group (n=25) and 
the mimics group (n=5). No significant changes were found, (Paired Student’s t-
test).  

 

5.1.3 Serum biomarkers levels to distinguish between the stroke patients 

and the stroke mimic 

 

Table 5-2 shows the range, mean and median of serum concentrations of GFAP, NSE, 

NfL, Occludin, Claudin-5 and ZO-1 in the ischaemic stroke patients and the stroke 

mimics. NfL was included later in this study since recent studies showed NfL as a 

promising biomarker for stroke diagnosis (Tiedt et al., 2018; Uphaus et al., 2019).  

The concentrations of serum GFAP were significantly higher in the ischaemic stroke 

patients as compared to the mimics with 4-fold increase (range 0.02-2.41 vs 0.01-1.20 

ug/ml) (p<0.0001, Mann-Whitney U test) as shown in Figure 5.2-A. While, the 

concentrations of NSE in the serum of the stroke patients were not significantly 

different as compared to the mimics (range 9.29-28.42 vs 12.38-27.43 ng/ml) 

(p = 0.075), (Figure 5.2-B). Thus, analysis of NSE was discontinued at n=60. Serum 

NfL concentrations were 1.33-fold significantly higher in the ischaemic patients 

compared to the mimics (range 0.03-0.05 vs 0.03-0.04 ng/ml, respectively, p<0.0001) 

(Figure 5.2-C).The range of serum Occludin in the stroke group was significantly 2.24-

fold higher compared to the mimics group (range 0.19 - 3.18 vs. 0.25 - 1.66 ng/ml, 

p<0.0001) (Figure 5.2-D). Serum Claudin-5 concentrations were significantly 1.40-fold 

higher in the ischaemic patients than the mimics (range 0.57 - 17.10 vs. 

0.74 - 14.99 ng/ml, respectively, p<0.0001) (Figure 5.2-E). In the ischaemic patients, 

E.1 
E.2 
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the mean serum ZO-1 levels were significantly higher compared to the stroke mimics 

with a 3.31-fold of increase (0.01 - 5.12 vs. 0.07 - 3.70 ng/ml, respectively, p<0.0001), 

(Figure 5.2-F).  

 

Table 5-2 The range, mean and median of serum GFAP, NSE, NfL, Occludin, ZO-
1 and Claudin-5 concentrations in the ischaemic stroke group (n=70) and the 
mimics group (n=24). 

Biomarker Ischaemic stroke Mimics 

 (ng/ml) (ng/ml) 

GFAP 
 
  

Mean 0.32 0.08 

Minimum 0.02 0.01 

Maximum 2.41 1.20 

Median 0.26 0.02 

NSE 
 
  

Mean 19.64 21.47 

Minimum 9.29 12.38 

Maximum 28.42 27.43 

Median 20.54 23.66 

Claudin-5 
 
  

Mean 5.09 3.65 

Minimum 0.57 0.74 

Maximum 17.10 14.99 

Median 5.51 2.96 

Occludin 
 
  

Mean 1.59 0.71 

Minimum 0.19 0.25 

Maximum 3.18 1.66 

Median 1.64 0.62 

ZO-1 
 
  

Mean 2.02 0.61 

Minimum 0.01 0.07 

Maximum 5.12 3.70 

Median 2.57 0.42 

NfL 
 
  

Mean 0.04 0.03 

Minimum 0.03 0.03 

Maximum 0.05 0.04 

Median 0.04 0.03 
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Figure 5.2 The levels of serum (A) GFAP, (B) NSE, (C) NfL, (D) Occludin, Claudin-
5 (E) and ZO-1 (F) levels in the ischaemic patients (n=70) compared to the 
mimics (n=24). A significant increase has been observed in the concentrations 
of biomarkers except NSE in the ischaemic group compared to the mimics. 
GFAP: p<0.0001, NfL: p<0.0001, Occludin: p<0.0001, Claudin-5: p<0.0001 and 
ZO-1: p<0.0001. (Mann-Whitney U test, p≤0.0001: ****). 

 

5.1.4 Difference between gender and biomarkers levels  

In both the ischaemic and the mimics groups, patients were classified according to 

gender (male or female). Out of 70 ischaemic patients, 48 were male and 22 were 

female. Out of 24 mimics, 15 were male and 9 were female. 

No significant difference in gender specific between males and females was found in 

GFAP, NSE, NfL, Occludin, Claudin-5 and ZO-1 levels in the same group.  

The serum GFAP concentrations in males were significantly higher in the ischaemic 

group as compared to the mimics group (p=0.0001, Mann-Whitney U test). Similarly, 

the serum GFAP concentrations in females in the ischaemic were also higher 

significantly compared to the mimics group (p<0.0001,Figure 5.3-A). However, there 

was a non-significant decrease in the serum NSE concentrations in males (p=0.095) 

E.1 E.2 

F.1 F.2 
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and in females (p=0.212) in the ischaemic patients as compared to the mimics as 

displayed in Figure 5.3-B. There was a significant increase in the serum NfL, Occludin, 

Claudin-5 and ZO-1 in males (p<0.0001, p<0.0001, p<0.0001 and p=0.0001 

respectively) as well as in females (p=0.0007, p<0.0001, p=0.001 and p=0.002 

respectively) in the ischaemic patients as compared to the mimics as shown in Figure 

5.3-C,D,E, F respectively. 
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Figure 5.3 The difference in serum (A) GFAP, (B) NSE, (C) NfL, (D) Occludin, 
Claudin-5 (E) and ZO-1(F) levels between the ischaemic group and the mimics 
group based on the gender. (Mann-Whitney U test, p≤0.001: ***, p≤0.0001: ****). 
(Ischaemic male: n=48 and female: n=22) (Mimics male: n=15 and female: n=9). 
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5.1.5 Difference between the day of blood collection and biomarkers 

levels  

Patients in each group (ischaemic or mimics) were classified into two subgroups based 

on the day of blood collection from the time of stroke onset. One subgroup is where 

the blood samples were collected before or at 2 days from the stroke onset and in the 

other subgroup where the blood samples were collected after 2 days from the stroke 

onset. Out of 70 ischaemic patients, the blood was collected at ≤2 days from 44 

patients and > 2 days from 26 patients. Out of 24 mimics, the blood was collected at 

≤2 days from 13 patients and > 2 days from 11 patients. 

The serum GFAP concentrations at ≤2 days were significantly higher in the ischaemic 

group as compared to the mimics group (p=0.0001, Mann-Whitney U test). Similarly, 

the serum GFAP concentrations at >2 days in the ischaemic were also higher 

significantly compared to the mimics group (p<0.0001, Figure 5.4-A). It is worth 

mentioning that there was a non-significant decrease in the serum NSE concentrations 

at ≤2 days (p=0.071) and at >2 days (p=0.482) in the ischaemic patients as compared 

to the mimics as displayed in Figure 5.4 -B. There was a significant increase in the 

serum NfL, Occludin, Claudin-5 and ZO-1 at ≤2 days (p<0.0001, p<0.0001, p=0.0005 

and p=0.0004 respectively) as well as >2 days (p=0.0002, p<0.0001, p=0.0003 and 

p=0.0002 respectively) in the ischaemic patients as compared to the mimics as shown 

in Figure 5.4-C,D,E, F respectively. 
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Figure 5.4 The difference in serum (A) GFAP, (B) NSE, (C) NfL, (D) Occludin, 
Claudin-5 (E) and ZO-1(F) levels between the ischaemic group and the mimics 
group based on the day of blood collection. (Mann-Whitney U test, p≤0.001: ***, 
p≤0.0001: ****). (Ischaemic ≤2 days: n=44 and >2 days: n=26) (Mimics ≤2 days: 
n=13 and >2 days: n=11). 

 

5.1.6 Difference in biomarkers levels between the severity of stroke and 

the mimics 

The NIHSS score runs from 0 to 42 as mentioned previously (Refer to section1.1.8). 

Based on the NIHSS score on arrival, the ischaemic patients were classified as mild 

stroke (NIHSS ≤ 7) and moderate to severe stroke (NIHSS > 7).   

Out of 70 ischaemic patients, 60 patients had NIHSS ≤ 7  and 10 patients had NIHSS 

> 7. When comparing the relationship between the ischaemic and the mimics groups 

and the severity of a stroke, it has been found that the ischaemic patients had 

significantly higher serum GFAP concentrations with NIHSS ≤ 7  (p<0.00001, Mann-

Whitney U test) as well as NIHSS> 7 (p=0.003) as compared to the mimics (Figure 

5.5-A). Serum NSE concentrations were non-significantly different in both groups 

(NIHSS ≤ 7: p=0.285 and NIHSS >7: p=0.158) as compared to mimics (Figure 5.5-B). 

When  compared  serum NfL concentrations between the ischaemic and the mimics, 

the ischaemic patients appeared to have a significantly higher level of serum NfL in 

C D 

E F 
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both cases (NIHSS≤ 7 and > 7)  compared to the mimics, (p <0.00001 and p=0.002 

respectively) (Figure 5.5-C). The ischaemic stroke patients with mild (NIHSS ≤ 7) as 

well as moderate to severe stroke (NIHSS >7) had significantly higher concentrations 

of serum Occludin than that of the mimics (p <0.0001 and p=0.001 respectively) 

(Figure 5.5-D). A similar pattern was also found for the serum Claudin-5 and ZO-1 

concentrations in both groups (NIHSS ≤ 7 and NIHSS >7) compared to the mimics 

(Claudin-5: p <0.00001 and p=0.001 respectively) and (ZO-1: p <0.00001 and 

p=0.002 respectively),  (Figure 5.5-E, F). 
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Figure 5.5 The difference in serum (A) GFAP, (B) NSE, (C) NfL, (D) Occludin, 
Claudin-5 (E) and ZO-1(F) levels based on the severity of stroke. (Mann -Whitney 
U test, p≤0.01: **, p≤0.001: ***, p≤0.0001: ****). (NIHSS ≤ 𝟕: n=60, NIHSS >7:n=10 
and mimics: n=24). 
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5.1.7 Difference in biomarkers levels between the location of occlusion 

and the mimics 

Based on the location of occlusion in ischaemic patients, the patients were classified 

as anterior cerebral occlusion (ACO, n=45) or posterior cerebral occlusion (PCO, 

n=25).  

Both the ACO and the PCO groups had significantly higher concentrations of GFAP 

as compared to the mimics (Mann-Whitney U test, p <0.00001 and p <0.00001 

respectively) (Figure 5.6-A). Serum NSE concentrations were similar in the both 

categories of the ischaemic patients with no significant variations between those and 

the mimics (ACO: p=0.204 and PCO: p=0.352) (Figure 5.6-B). Moreover, both the 

ACO and the PCO groups had significantly higher NfL and Occludin concentrations as 

compared to the mimics (NfL: p <0.00001 and p <0.00001) (Occludin: p <0.00001 and 

p <0.00001) (Figure 5.6-C, D). The ACO and the PCO groups had significantly higher 

serum Claudin-5 and ZO-1 concentrations than the mimics (Claudin-5: p <0.00001 

and p=0.0002) (ZO-1: p <0.00001 and p <0.00001) respectively (Figure 5.6-E, F). 
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Figure 5.6 The difference between serum (A) GFAP, (B) NSE ,(C) NfL, (D) 
Occludin, Claudin-5 (E) and ZO-1(F) levels in the ACO (n=45) and the PCO (n=25) 
in a comparison with the mimics (n=24). (Mann-Whitney U test, p≤0.001: ***, 
p≤0.0001: ****). 

 

5.1.8 Ratio of GFAP to other biomarkers in the ischaemic group with 

relation to the mimics 

To investigate the connection between the serum levels of glial cell marker (GFAP) 

and neuronal markers (NSE, NfL) in the ischaemic stroke patients and the mimics, the 

ratio of GFAP to NSE or NfL was calculated. The ratio of (GFAP/NSE) in serum 

showed significantly higher values for the ischaemic patients compared to the mimics 

(Mann-Whitney U test, p <0.0001) (Figure 5.7-A). The ratio of serum (GFAP/NfL) was 

also significantly higher in the ischaemic patients compared to the mimics 

(p <0.00001) (Figure 5.7-B). 

To investigate the relation of the serum levels of glial cell marker (GFAP) versus BBB 

TJ proteins, the ratio of GFAP to each TJ protein (Occludin, Claudin-5 or ZO-1) was 

analysed. The results showed the ratio of (GFAP/Occludin) in serum was significantly 

higher in the ischaemic patients in comparison to the mimics (p <0.00001) (Figure 5.7-

C). Similarly, the ratio of (GFAP/Claudin-5) in serum was significantly higher in the 

ischaemic group compared to the mimics (p <0.00001), (Figure 5.7-D). The ratio of 

(GFAP/ZO-1) in serum was also found significantly higher in the ischaemic patients in 

comparison to the mimics (p=0.0006) (Figure 5.7-E). 
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Figure 5.7 The ratio of serum A) GFAP/NSE, B) GFAP/NfL C) GFAP/Occludin D) 
GFAP/Claudin-5 and E) GFAP/ZO-1 in the ischaemic patients (n=70) compared 
to the mimics (n=24). (Mann-Whitney U test, p≤0.001: ***, p≤0.0001: ****). 
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5.1.9 Summary and main findings 

• Significant increase in serum GFAP, NfL, Occludin, ZO-1 and Claudin-5 but 

not NSE in stroke patients compared to mimics. 

• These biomarkers are able to differentiate between stroke patients and mimics 

even after classifying the patients according to the gender, time of blood 

collection, the severity of stroke (NIHSS), location of occlusion in ischaemic 

patients and ratio of GFAP to other biomarkers in the panel. 
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5.2 Cross sectional study - Comparison of CT and MRI imaging 

biomarkers between stroke and stroke mimics 

 

Imaging biomarker as defined previously is a marker for both pathological and 

biological processes (Atkinson et al., 2001) acquired from imaging tools (Mitterhauser 

and Wadsak, 2014). Thus, to avoid unnecessary acute therapy, it is critical to 

appropriately recognise the stroke mimics quickly. This chapter presented the ability 

of the CT and MRI imaging biomarkers in differentiating between acute ischaemic 

stroke and stroke mimics. Specifically, this study compared HU values of ASPECTS 

between ischaemic side and non-ischaemic side in ischaemic patients. Since all the 

patients received NCCT scan, the only possible analysis was analysing the HU values 

(CT density) of ASPECTS. Also, compared HU values of ASPECTS between right side 

and left side in mimics. Comparisons between MRI ADC values and T2 signal intensity 

between ischaemic side and non-ischaemic side in some ischaemic patients were also 

achieved. Similar comparisons were done between right side and left side in mimics. 

Comparisons between MRI ADC values and T2 signal intensity between ACO and 

PCO patients were done. Finally, volume of infarct was compared with NIHSS as well 

as with location of occlusion.  
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5.2.1 CT scan ASPECTS analysis 

5.2.1.1 Comparing ischaemic and non-ischaemic side in the ischaemic group 

Imaging data from some of the recruited patients who were selected for collection 

blood samples, were obtained from Leeds Teaching Hospitals NHS Trust as explained 

in section 2.3.7. Altogether, CT results were obtained from 49 acute stroke patients 

and 16 mimics. CT data analysis was done as per section 2.3.9. MRI data analysis 

was done as per section 2.3.12. Statistical analysis was achieved as per section 2.3.10 

for CT data.  

This study included n=49 patients with acute ischaemic stroke in the CT analysis. The 

demographic characteristics of the patients were shown previously in Table 5-1. A 

Head NCCT scan was done as soon as the patients arrived at the emergency. 

Mean (SD) of HU values for the 10 ASPECTS regions obtained from the ischaemic 

side were compared with the respective HU values of the non-ischaemic side.  

Table 5-3 shows the mean (SD) of HU values of 10 regions of ASPECTS on the 

ischaemic side and the non-ischaemic side of the stroke patients (n=49).  All the 

patients have a significantly reduced HU value (Paired Student’s t-test, p < 0.0001) in 

all 10 regions in the ischaemic side as compared to the non-ischaemic side as shown 

in Figure 5.8. A NCCT scan for one ischaemic patient showing the 10 regions of 

ASPECTS is presented in Figure 5.9. 

 

Table 5-3 The mean (SD) of HU values (densities) obtained from 10 regions of 
ASPECTS in the ischaemic side and the non-ischaemic side in the ischaemic 
stroke patients (n=49). 

 

 

 

Ischaemic 

side 

Mean (SD) of HU 

M1 M2 M3 M4 M5 M6 C I IC L 

31.92 

(8.25) 

31.77 

(3.68) 

32.13 

(4.23) 

31.17 

(3.24) 

31.36 

(3.51) 

32.32 

(4.18) 

31.64 

(3.55) 

31.58 

(2.73) 

31.45 

(2.61) 

31.22 

(3.47) 

Non-

ischaemic 

side 

33.28 

(2.99) 

32.87 

(3.14) 

33.38 

(3.71) 

32.80 

(3.79) 

32.62 

(3.21) 

33.73 

(3.63) 

33.28 

(3.62) 

32.75 

(2.42) 

32.82 

(2.47) 

32.55 

(3.35) 

 

https://www.leedsth.nhs.uk/
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Figure 5.8 The difference in HU values (densities) of 10 regions of ASPECTS 
between the ischaemic side and the non-ischaemic side in the ischaemic stroke 
patients (n=49), (Paired Student’s t-test; p<0.0001: ****). 
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Figure 5.9 A) initial axial CT head images at two different levels, (left: basal 
ganglia level) and (right: corona radiata level) show where the 10 ASPECTS ROIs 
are drawn manually. Solid line regions represent the ischaemic side, and the 
dashed line regions represent the non-ischaemic side.  L = lentiform nucleus; 
C = caudate head; I = insular ribbon; IC = internal capsule; M1 = anterior MCA 
cortical region; M2 = MCA cortical region located lateral to insular ribbon; M3 = 
posterior MCA cortical region; M4, M5 and M6 about 2 cm superior to M1, M2, 
and M3 regions respectively. B) NCCT head for a patient with chronic lacunar 
infarction in the right caudate head. C) (HU) values of the 2 hemispheres (Rt: the 
ischaemic side and Lt: the non-ischaemic side).  

 

5.2.1.2 Comparing left side and right side in the mimic group 

Altogether n=16 stroke mimics were included in this CT analysis. The mean (SD) of 

HU for the 10 ASPECTS regions obtained from the right and the left sides of the head 

scan were compared.  

Table 5-4 displays the mean (SD) of HU values of 10 regions of ASPECTS obtained 

from the left and the right sides of brain scan of the mimics. As expected, no significant 

changes between the HU values of the left side and the right side of the brain have 

been observed (Figure 5.10). An NCCT scan for one mimic patient showing the 10 

regions of ASPECTS is displayed in Figure 5.11. 

 

Table 5-4 The mean (SD) of HU values (densities) obtained from 10 regions of 
ASPECTS in the left side and the right side of brain in the mimics (n=16). 

 

 

 

Left side 

Mean (SD) of HU 

M1 M2 M3 M4 M5 M6 C I IC L 

 

33.34 

(8.46) 

 

34.66 

(3.37) 

 

33.16 

(3.07) 

 

33.21 

(3.13) 

 

32.06 

(3.48) 

 

34.29 

(3.93) 

 

33.51 

(2.98) 

 

32.67 

(9.91) 

 

34.42 

(3.56) 

 

33.00 

(2.76) 

Right side 33.26 

(2.45) 

33.70 

(3.01) 

32.34 

(3.25) 

33.86 

(3.60) 

31.73 

(2.77) 

34.12 

(3.31) 

32.17 

(3.67) 

34.07 

(9.75) 

34.11 

(3.26) 

33.86 

(2.79) 
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Figure 5.10 The difference between HU values (densities) of 10 regions of 
ASPECTS in the right and the left side of brain in the mimics (n=16). No 
statistical difference was seen (Paired Student’s t-test). 
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Figure 5.11 A) initial axial CT head images at two different levels, (left: basal 
ganglia level) and (right: corona radiata level) show where the 10 ASPECTS ROIs 
are drawn manually. Solid line regions represent the right side, and the dashed 
line regions represent the left side.   L = lentiform nucleus; C = caudate head; I = 
insular ribbon; IC = internal capsule; M1 = anterior MCA cortical region; M2 = 
MCA cortical region located lateral to insular ribbon; M3 = posterior MCA 
cortical region; M4, M5 and M6 about 2 cm superior to M1, M2, and M3 regions 
respectively. B) NCCT head for a stroke mimics. This patient has a generalised 
hyperdensity of intracranial vessels which could be due to dehydration. C) (HU) 
values of the 2 hemispheres (right side and left side). 

 

5.2.2 CT ASPECTS and circulating biomarkers 

The CT ASPECTS runs from 0 to 10 as mentioned previously (Refer to section 

1.1.11.1 and section 2.3.9).  Based on the ASPECTS obtained from the NCCT, the 

ischaemic patients were classified as moderate to severe stroke (ASPECTS ≤ 7) and 

mild stroke (ASPECTS > 7). In order to predict functional reliance in patients who had 

thrombolysis within 3 hours of the beginning of symptoms, an ASPECTS cut off of 7 

on the first NCCT was suggested by the previous group (Barber et al., 2000). Previous 

studies also reported that patients with ASPECTS ≤7 are more likely to have 

haemorrhagic transformation and have a poorer prognosis (Puetz et al., 2009; Padroni 

et al., 2016). Furthermore, in the Penumbra Pivotal Stroke Trial, when compared to 

the ASPECTS ≤7 group, the ASPECTS >7 group had significantly more favourable 

outcomes (The Penumbra Pivotal Stroke Trial Investigators, 2009). 

Out of 49 ischaemic patients, 33 patients had ASPECTS ≤ 7  and 16 patients had 

ASPECTS > 7. The results showed that serum GFAP concentrations were 

significantly higher in ASPECTS ≤ 7  and ASPECTS > 7 group than the mimics 

(Mann-Whitney U test, p <0.0001 and p = 0.023) respectively (Figure 5.12 -A). Serum 

GFAP levels were found to be higher in ASPECTS ≤ 7 group compared to ASPECTS 

> 7  group. In addition, serum NSE concentrations were non-significantly different in 

both subgroups as compared to the mimics (ASPECTS ≤ 7 : p=0.234 and ASPECTS 

> 7  : p=0.313) (Figure 5.12-B). Serum NfL and Occludin concentrations were 

significantly higher in both subgroups as compared to the mimics (NfL: ASPECTS ≤

7 : p <0.0001 and ASPECTS > 7 ∶ p=0.002) (Occludin: ASPECTS ≤ 7 : p <0.0001 and 

ASPECTS > 7: p =0.0001) (Figure 5.12-C,D). Serum Claudin-5 and ZO-1 

concentrations were also significantly higher in ASPECTS ≤ 7 and ASPECTS >
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7 groups as compared to the mimics (p <0.0001 and p = 0.003) (p <0.0001 and 

p=0.041) respectively (Figure 5.12-E, F). 
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Figure 5.12 The difference between serum (A) GFAP, (B) NSE, (C) NfL, (D) 
Occludin, Claudin-5 (E) and ZO-1(F) levels according to ASPECT score in the 
ischaemic group in a comparison with the mimics. (ASPECTS ≤ 𝟕, n=33), 

(ASPECTS > 𝟕, n=16) and mimics (n=24). (Mann-Whitney U test, p>0.05: *, 
p≤0.01: **, p≤0.0001: ****). 
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5.2.3 MRI results  

5.2.3.1 Comparison of ADC in WM and GM of the ischaemic patients  

Follow-up head MRI scans were performed on a small group of the patients before 

discharge. MRI results were obtained from 9 acute stroke patients and 13 mimics. 

Statistical analysis was achieved as per section 2.3.13 for MRI data 

A total of 9 patients with acute ischaemic stroke were included in the MRI analysis. 

The MRI ADC map was analysed and mean ADC values for the WM and GM of the 

ischaemic side were compared with those of the non-ischaemic side. Mean WM’s ADC 

value in the ischaemic side of the brain was 1300.63 *10-6 mm2/s and in the non-

ischaemic sides of brains was 881.81 *10-6 mm2/s. Similarly, the mean GM’s ADC 

value in the ischaemic and the non-ischaemic sides of brains were 1480.88 *10-

6 mm2/s and 1013.13 *10-6 mm2/s, respectively as shown in Table 5-5. 

The results showed that all the ischaemic stroke patients have a significant rise in ADC 

values following stroke both in the ischaemic WM and GM areas as compared to their 

corresponding values in the non-ischaemic regions of the brains (Paired Student’s t-

test, p=0.002 and p=0.002) respectively as shown in Figure 5.13. An MRI scan for one 

ischaemic patient showing the difference in the ADC values between the ischaemic 

and the non-ischaemic sides is shown in Figure 5.14. 

 

Table 5-5 ADC values of the ischaemic and the non-ischaemic WM and GM 

areas in the ischaemic patients (n=9). Data are shown as mean (SD). 

 
 
 

Mean (SD) 

 
 

Tissue 
(WM or GM) 

Ischaemic area 
ADC (*10-6 mm2/s)  

Non-ischaemic area 
ADC (*10-6 mm2/s)  

WM 1300.63 (245.15) 881.81 (91.62) 

GM 1480.88 (242.42) 1031.13 (32.38) 
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Figure 5.13 ADC values in MRI DWI in the ischaemic and the non-ischaemic WM 
and GM areas in the ischaemic patients (n=9), (Paired Student’s t-test, in WM 
p=0.002 and in GM p=0.002). 

 

ADC       FLAIR 

 

 

Figure 5.14 An MRI head scan for a patient with acute right MCA territory infarct. 
A) MRI ADC map (left) and fluid-attenuated inversion recovery (FLAIR)(right). B) 
ADC values of the 2 hemispheres (the ischaemic side and the non-ischaemic 
side) in both WM and GM. 

 

5.2.3.2 Comparison of ADC in WM and GM in the stroke mimics   

 

In the MRI analysis, 13 mimics were included. Follow-up head MRI was performed 

before discharge. The MRI ADC map was analysed and the mean ADC values for the 

right side were compared with the left side. The mean WM’s ADC value on the right 

sides was 742.80*10-6 mm 2 /s and on the left sides was 734.46 *10-6 mm2/s. Similarly, 
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the mean GM’s ADC values on the right sides and the left sides were 1015.01 *10-

6 mm2/s and 985.39 *10-6 mm2/s, respectively Table 5-6. 

The results showed no significant difference between the ADC values in WM and GM 

of the left and the right side of the brain in the mimics as expected (Figure 5.15). An 

MRI scan for one mimic patient showing the ADC values between the right and the left 

sides is shown in Figure 5.16. 

Table 5-6 ADC values in the left side and the right side WM and GM areas in the 
mimics (n=13). Data are shown as mean (SD). 

 

 

 

Mean (SD) 

 

 
Tissue 

(WM or GM) 
Left side 

ADC (*10-6 mm2/s)  

Right side 

ADC (*10-6 mm /s)  
WM 734.46 (67.32) 742.80 (77.52 

GM 985.39 (93.42) 1015.01 (93.67) 
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Figure 5.15 ADC map values in the left side and the right side WM and GM areas 
in the mimics (n=13). No significant difference was observed between the two 
sides (Paired Student’s t-test). 
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Figure 5.16 An MRI head scan for a stroke mimics A) MRI ADC map (left) and 
fluid-attenuated inversion recovery (FLAIR)(right). B) ADC values of the 2 
hemispheres (the right side and the left side) in both WM and GM.  

 

5.2.3.3 Ratio of T2 signal intensity of WM and GM in the ischaemic patients 

This analysis has been done on 9 patients with acute ischaemic stroke. T2-weighted 

images were analysed and the ratio of T2 signal intensity (ischaemic /non-ischaemic) 

in WM and GM regions are shown in Table 5-7. The results showed that the ratio of 

T2 signal intensity (ischaemic side to the non-ischaemic side) was significantly 

different in WM (One sample t-test, p=0.05) and GM areas of the brain (One t test, 

p=0.05) as displayed in Figure 5.17. An example of MRI scan for an ischaemic patient 

scan where the ratio of T2 signal intensity was used is shown in Figure 5.18. 

 

Table 5-7 Ratio of T2 signal intensity (ischaemic side/non-ischaemic side) in 
WM and GM in the ischaemic group (n=9). Data are shown as mean (SD). 

 

 

 

Ratio of T2 
signal intensity 

 

 
Tissue 

(WM or GM) 
(Ischaemic area / non-

ischaemic) 

WM 1.84 (0.61) 

GM 1.36 (0.28) 
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Figure 5.17  Ratio of T2 signal intensity different from 1 in WM and GM areas in 
the ischaemic patients (n=9). (One sample t-test, in WM p=0.05 and in GM 
p=0.05). 
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Figure 5.18 Follow-up MRI head scan for a patient with atypical ischaemic in the 
left thalamus. A) T2-weighted image.  B) the ratio of T2 signal intensity (the 
ischaemic side / the non-ischaemic side) in both WM and GM. 

 

5.2.3.4 Ratio of T2 signal intensity in WM and GM in the mimics  

 

This analysis has been done from 13 mimics. The mean (SD) of ratios of T2 signal 

intensity (left /right side) of WM and GM regions in the stroke mimics are shown in 

Table 5-8. As expected, no significant changes in the ratio of T2 signal intensity in WM 

and GM in the mimics (Figure 5.19) were found. An example of MRI scan for one 

mimic patient where the ratio of T2 signal intensity was used is shown in Figure 5.20. 

Table 5-8 Ratio of T2 signal intensity (left side of brain/right side of the brain) in 
WM and GM in the mimics (n=13).  Data are shown as mean (SD).  

 

 

 

Ratio of T2 
signal intensity 

 

 
Tissue 

(WM or GM) 
(Left side / right side) 
  

WM 1.05 (0.09) 

GM 1.02 (0.09) 
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Figure 5.19 Ratio of T2 signal intensity different from 1 in WM and GM areas in 
mimics (n=16). No significant difference was observed between the two sides of 
the brain. 

 
 

 

 

 

Figure 5.20 Follow-up MRI head scan for stroke mimics. A) T2-weighted image. 
B) the ratio of T2 signal intensity (the left side / the right side) in both WM and 
GM. 

 

5.2.3.5 Difference in biomarkers between anterior circulation occlusion vs 

posterior circulation occlusion in WM and GM  

Out of the 9 ischaemic patients, 5 patients had occlusion in the anterior circulation 

(ACO) and 4 patients in the posterior circulation (PCO). All the PCO patients had an 

increased ADC value in both WM and GM compared to the ACO patients with no 

significant changes (Figure 5.21, A). Similarly, while all the PCO patients had an 

increased ratio of T2 signal intensity in both WM and GM compared to the ACO 
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patients in which no significant changes were seen (Figure 5.21, B), suggesting the 

possible ability of these imaging biomarkers to differentiate between the ACO and the 

PCO. 
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Figure 5.21 Difference of A) ADC values and B) ratio of T2 signal intensity 
between (ACO:n=5) and (PCO:n=4) in WM and GM. No significant difference was 
observed in both groups, (Unpaired Student’s t-test t). 

 

5.2.3.6 Volume of infarct area and NIHSS 

Volumes of infarct (ml) were measured in each ischaemic patient. The mean (SD) of 

the volume of infarct was 5.82 ml (8.04). Figure 5.22 shows the analysis results of the 

volume of infarct individually. Volume of infarct was compared with NIHSS. Seven 

patients had NIHSS ≤ 7, while two patients had NIHSS > 7. However, clot volume was 

not a significant predictor of the difference in NIHSS score in this sample. Data showed 

that NIHSS ≤ 7’s patients had a larger volume of infarcts than NIHSS > 7 ‘s patients 

with no significant difference (Mann-Whitney U test- p=0.884) as shown in Figure 5.23. 
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Figure 5.22 An individual volume of infarct volume ml in each patient. 

A

 

B

 



238 
 

 

 

NIHSS ≤7  NIHSS >7

0

10

20

30

V
o
lu

m
e
 o

f 
in

fa
rc

t 
a
re

a
 i
n
 m

l

 

Figure 5.23 A comparison between the volume of infarct and NIHSS (𝐍𝐈𝐇𝐒𝐒 ≤ 𝟕 
, n=7) (𝐍𝐈𝐇𝐒𝐒 > 𝟕, n=2). (Mann-Whitney U test- p=0.884). 

 

5.2.3.7 Volume of infarct and the location of occlusion 

Volume of infarct was compared with the location of the occlusion. Five patients had 

ACO, while four patients had PCO. The results showed that infarct volume was not a 

significant predictor of the difference in the location of the occlusion. Specifically, no 

significant difference in the volume of infarct between ACO and PCO patients was 

seen as shown in Figure 5.24, (Mann-Whitney U test- p=0.713). 
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Figure 5.24 A comparison of the volume of infarct volume in ml between the 
anterior circulation occlusion (ACO:n=5) and the posterior circulation occlusion 
(PCO:n=4). (Mann-Whitney U test- p=0.713). 
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5.2.4 Summary and main findings 

• The imaging biomarkers: CT HU values of ASPECTS, MRI ADC values and T2 

signal intensity are significantly different between the ischaemic side and the 

non-ischaemic side in the ischaemic patients.  

• These imaging biomarkers are not significantly different between the left side 

and the right side in the mimics patients.  

• Serum GFAP, NfL, Occludin, Claudin-5 and ZO-1 but not NSE are able to 

differentiate between ischaemic patients with ASPECTS ≤ 7 and mimics as well 

as between ischaemic patients with ASPECTS >7 and mimics. 
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5.3 Cross sectional study – Added value of imaging biomarkers to 

circulating biomarkers for improving stroke diagnosis 

In this project, the levels of blood biomarkers with CT and MRI imaging biomarkers 

(Chapter 5.2) to distinguish between ischaemic stroke and stroke mimics were 

assessed. There are very few studies that correlated the levels of circulating 

biomarkers with CT and MRI imaging biomarkers.  Thus, this chapter presented the 

added value of imaging biomarkers to circulating biomarkers to improve stroke 

diagnosis by studying the correlation between the blood biomarker results and CT or 

MRI results. 
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5.3.1 ASPECTS correlated with biomarkers levels 

Data were collected from Leeds Teaching Hospitals NHS Trust as explained in section 

2.3.2 and section 2.3.3. Blood samples were prepared and analysed, as per section 

2.3.4 and section 2.3.5 respectively. CT ASPECTS data analysis was done as per 

section 2.3.9. Statistical correlation analysis was similar to section 3.3.14. 

Both Spearman correlation and simple linear regression analyses were applied to 

determine the association between the studied biomarkers concentrations (GFAP, 

NSE, NfL, Occludin, Claudin-5 and ZO-1) and CT ASPECTS in the ischaemic patients.  

The Spearman correlation analysis indicated a significant negative association 

between GFAP concentrations and ASPECTS obtained from the stroke patients 

(n=49), (r=- 0.273, p =0.023). Also, in the simple linear regression analysis, a 

significant association was observed between GFAP concentrations and ASPECTS in 

these patients (95% confidence interval, R SQUARED = 0.074, p=0.023), (Figure 

5.25-A). 

The neuronal markers (NSE and NfL) concentrations did not show any correlations 

with ASPECTS in the Spearman correlation analysis (NSE: r=0.034; p=0.821, Figure 

5.25-B) and (NfL: r =- 0.120; p=0.325, Figure 5.25-C). The simple linear regression 

analysis also did not show any associations between these two markers and the 

ASPECT score (NSE:95% confidence interval, R SQUARED = 0.003, p=0.736) and 

NfL:95% confidence interval, R SQUARED = 0.028, p=0.166). 

The Spearman's rank correlation coefficient  between TJ proteins (Occludin, Claudin-

5 and ZO-1) and ASPECTS revealed no correlations between these two parameters  

in the ischaemic patients, (Occludin: r=- 0.087, p=0.475, Figure 5.25-D), (Claudin-5: 

r=0.066, p=0.593, Figure 5.25-E) and (ZO-1: r=- 0.221, p=0.068, Figure 5.25-F). 

Similar results were found in the simple linear regression analysis (Occludin: 95% 

confidence interval, R SQUARED = 0.006, p=0.542), (Claudin-5:95% confidence 

interval, R SQUARED = 0.005, p=0.551) and (ZO-1:95% confidence interval, R 

SQUARED = 0.026, p=0.190). 

 

https://www.leedsth.nhs.uk/
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Figure 5.25 Correlation analysis between serum A: GFAP, B: NSE C: NfL, D: 
Occludin, E: Claudin-5 and F: ZO-1 levels and ASPECTS using Spearman 
correlation and simple linear regression (n=49). Only GFAP level (A) showed a 
significant negative association with ASPECTS (r= - 0.273, p =0.023). 
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5.3.2 ADC values correlated with biomarkers levels 

MRI data analysis was done as per section 2.3.12. Statistical correlation analysis was 

similar to section 3.3.14. 

To investigate if MRI ADC values in the WM and GM are correlated with biomarkers 

levels, the Spearman correlation test and simple linear regression analyses were also 

used. 

Results of the Spearman correlation indicated that there were no significant 

associations between GFAP, NSE and NfL levels and ADC values in WM (n=9), 

(GFAP: r= 0.150, p= 0.708, Figure 5.26-A; NSE: r= 0.250, p=0.521, Figure 5.26-B; 

and NfL: r= - 0.083, p=0 .843, Figure 5.26-C). Similarly, results of the simple linear 

regression indicated that there were no significant effects between the GFAP, NSE 

and NfL levels and ADC values in WM (GFAP:95% confidence interval, R SQUARED 

= 0.002, p =0.911), (NSE:95% confidence interval, R SQUARED = 0.085, p=0 .448) 

and (NfL:95% confidence interval, R SQUARED = 0.00, p=0 .955). 

The Spearman correlation also indicated that there were no significant associations 

between GFAP, NSE and NfL levels and ADC values in GM (GFAP: r= - 0.367, 

p=0.336, Figure 5.26-A;NSE: r= 0.083, p=0 .843, Figure 5.26-B and NfL: r= - 0.517, 

p=0 .162, Figure 5.26-C). Similarly, results of the simple linear regression indicated 

that there were no collective significant effects between the GFAP, NSE and NfL levels 

and ADC values in GM (GFAP:95% confidence interval, R SQUARED = 0.146, p=0 

.309), (NSE:95% confidence interval, R SQUARED = 0.037, p=0 .620) and (NfL:95% 

confidence interval, R SQUARED = 0.099, p= 0.407). 

The link between the three TJ proteins levels and ADC values in WM and GM was 

examined using the Spearman's rank correlation coefficient and the simple linear 

regression analysis. Results of the Spearman correlation showed that there were no 

significant correlations between Occludin, Claudin-5 and ZO-1 with ADC values in WM 

(Occludin: r= 0.133, p= 0.744, Figure 5.26-D), (Claudin-5: r= - 0.183, p=0 .644, Figure 

5.26-E) and (ZO-1: r= - 0.083, p=0 .843, Figure 5.26-F). Similarly, results of the simple 

linear regression indicated that there were no collective significant effects between the 

Occludin, Claudin-5 and ZO-1 with ADC values in WM (Occludin:95% confidence 

interval, R SQUARED = 0.00, p =0.972), (Claudin-5:95% confidence interval, R 
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SQUARED =5.558e-005, p=0 .985) and (ZO-1:95% confidence interval, R SQUARED 

= 0.003, p=0 .884). 

The Spearman correlation showed that there were no significant correlations between 

Occludin, Claudin-5 and ZO-1 with ADC values in GM (Occludin: r= 0.167, p= 0.677, 

Figure 5.26-D), (Claudin-5: r= -0.083, p=0.843, Figure 5.26-E) and (ZO-1: r= 0.066, 

p=0.880, Figure 5.26-F). Similarly, results of the simple linear regression indicated that 

there were no collective significant effects between the Occludin, Claudin-5 and ZO-1 

with ADC values in GM (Occludin:95% confidence interval, R SQUARED = 0.002, p 

=0.907), (Claudin-5:95% confidence interval, R SQUARED = 0.091, p=0 .430) and 

(ZO-1:95% confidence interval, R SQUARED = 0.024, p=0.694). 

 

 

 

0.0 0.5 1.0 1.5 2.0

0

500

1000

1500

2000

2500

Concentration of serum GFAP (ng/ml)

W
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.002

The slope is not significantly non-zero (p=0.911)

Spearman's r:0.150 , p=0.708

0.0 0.5 1.0 1.5 2.0

0

500

1000

1500

2000

2500

Concentration of serum GFAP (ng/ml)

G
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.146

The slope is not significantly non-zero (p=0.309)

Spearman's r:-0.367 , p=0.336

 

0 10 20 30

0

500

1000

1500

2000

2500

Concentration of serum NSE (ng/ml)

W
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.085

The slope is not significantly non-zero (p=0.448)

Spearman's r: 0.250 , p=0.521

0 10 20 30

0

500

1000

1500

2000

2500

Concentration of serum NSE (ng/ml)

G
M

 A
D

C
 (

*1
0

^(
-6

) 
 〖

m
m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.037

The slope is not significantly non-zero (p=0.620)

Spearman's r: 0.083 , p=0.843

 

WM

1 

GM 

A.1

.1 

A.2

.1 

B.1

.1 

B.2

.1 



245 
 

 

0.038 0.040 0.042 0.044 0.046

0

500

1000

1500

2000

2500

Concentration of serum NfL (ng/ml)

W
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.00

The slope is not significantly non-zero (p=0.955)

Spearman's r: -0.083 , p=0.843

0.038 0.040 0.042 0.044 0.046

0

500

1000

1500

2000

2500

Concentration of serum NfL (ng/ml)

G
M

 A
D

C
 (

*1
0

^(
-6

) 
 〖

m
m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.099

The slope is not significantly non-zero (p=0.407)

Spearman's r: -0.517 , p=0.162

 

0.0 0.5 1.0 1.5 2.0 2.5

0

500

1000

1500

2000

2500

Concentration of serum Occludin (ng/ml)

W
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.00

The slope is not significantly non-zero (p=0.972)

Spearman's r: 0.133 , p=0.744

0.0 0.5 1.0 1.5 2.0 2.5

0

500

1000

1500

2000

2500

Concentration of serum Occludin (ng/ml)

G
M

 A
D

C
 (

*1
0

^(
-6

) 
 〖

m
m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.002

The slope is not significantly non-zero (p=0.907)

Spearman's r: 0.167 , p=0.677

 

0 5 10 15 20

0

500

1000

1500

2000

2500

Concentration of serum Claudin-5 (ng/ml)

W
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 5.558e-005

The slope is not significantly non-zero (p=0.985)

Spearman's r: -0.183 , p=0.644

0 5 10 15 20

0

500

1000

1500

2000

2500

Concentration of serum Claudin-5 (ng/ml)

G
M

 A
D

C
 (

*1
0

^(
-6

) 
 〖

m
m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.091

The slope is not significantly non-zero (p=0.430)

Spearman's r: -0.083 , p=0.843

 

C.1

.1 

C.2

.1 

D.1

.1 

D.2

.1 

E.1

.1 

E.2

.1 



246 
 

 

0 2 4 6

0

500

1000

1500

2000

2500

Concentration of serum ZO-1 (ng/ml)

W
M

 A
D

C
 (

*1
0

^
(-

6
) 

 〖
m

m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.003

The slope is not significantly non-zero (p=0.884)

Spearman's r: -0.083 , p=0.843

0 2 4 6

0

500

1000

1500

2000

2500

Concentration of serum ZO-1 (ng/ml)

G
M

 A
D

C
 (

*1
0

^(
-6

) 
 〖

m
m
〗̂

2
  

/S
)

95% Confidence Intervals
    R squared= 0.024

The slope is not significantly non-zero (p=0.694)

Spearman's r: 0.066 , p=0.880

  

Figure 5.26 Correlation analysis between serum A: GFAP, B: NSE C: NfL, D: 
Occludin, E: Claudin-5 and F: ZO-1 levels and ADC values in MRI using 
Spearman correlation and simple linear regression (n=9). None of the 
biomarkers were correlated with ADC values. 

 

5.3.3 T2 signal intensity correlated with biomarkers levels 

To investigate if the T2 signal intensities in MRI in ischaemic WM and GM are 

correlated with the investigated biomarkers’ concentrations, the Spearman correlation 

analysis and simple linear regression were performed. 

Results of the Spearman correlation indicated that there was no significant association 

between GFAP and T2 signal intensity in WM (n=9), (r= 0.383, p= 0.313, Figure 5.27-

A). Similarly, the results of the simple linear regression indicated that there was no 

collective significant effect between the GFAP and T2 signal intensity in WM (95% 

confidence interval, R SQUARED = 0.009, p =0.811). Regarding GM, results of the 

Spearman correlation indicated that there was also no significant association between 

GFAP and T2 signal intensity in GM in both the Spearman correlation analysis (r= 

0.167, p=0.677, Figure 5.27-A) and the linear regression analysis (95% confidence 

interval, R SQUARED = 0.009, p=0.809). 

However,  positive significant associations between the neuronal marker, NSE and T2 

signal intensity both in WM (r= 0.733, p=0 .031, Figure 5.27-B) (95% confidence 

interval, R SQUARED = 0.647, p=0 .009) and in GM was observed (r= 0.733, p=0.031, 

Figure 5.27-B) (95% confidence interval, R SQUARED = 0.560, p=0.020). 
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The other neuronal marker (NfL) also showed a positive significant correlation with 

WM T2 signal intensity using the Spearman correlation (r= 0.967, p=0.0002, Figure 

5.27-C) and the linear regression analysis (95% confidence interval, R SQUARED = 

0.497, p=0.034). In GM also, results revealed a significant association between NfL 

and T2 signal intensity (r= 0.817, p=0.011, Figure 5.27-C) (95% confidence interval, 

R SQUARED = 0.659, p=0.008). 

Results of the Spearman correlation showed that there were no significant correlations 

between Occludin, Claudin-5 and ZO-1 with T2 signal intensity in the WM (Occludin: 

r= 0.217, p= 0.581, Figure 5.27-D), (Claudin-5: r=0.600, p=0.097, Figure 5.27-E) and 

(ZO-1: r= 0.483, p=0.194, Figure 5.27-F) as well as in the GM (Occludin: r= 0.167, p= 

0.677, Figure 5.27-D), (Claudin-5: r= 0.117, p=0.776 Figure 5.27-E) and (ZO-1: r= 

0.050, p=0.912, Figure 5.27-F). Similarly, the results of the simple linear regression 

indicated that there were no collective significant effects between the Occludin, 

Claudin-5 and ZO-1 with T2 signal intensity in the WM (Occludin:95% confidence 

interval, R SQUARED = 0.095, p =0.420), (Claudin-5:95% confidence interval, R 

SQUARED = 0.025, p=0.682) and (ZO-1:95% confidence interval, R SQUARED = 

0.054, p=0.545) and in the GM (Occludin:95% confidence interval, R SQUARED = 

0.059, p =0.528), (Claudin-5:95% confidence interval, R SQUARED = 0.046, p=0.581) 

and (ZO-1:95% confidence interval, R SQUARED = 0.070, p=0.490). 
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Figure 5.27 Correlation analysis between serum A: GFAP, B: NSE C: NfL, D: 
Occludin, E: Claudin-5 and F: ZO-1 levels and the of T2 signal intensity in MRI 
using Spearman correlation and simple linear regression (n=9). NSE level (B) 
and NfL level (C) were correlated positively with T2 signal intensity in both WM 
and GM. 

 

5.3.4 Volume of infarct correlated with biomarkers levels 

The results revealed no correlation between GFAP concentrations and the volume of 

infarct (n=9), (r= -0.383, p =0.313). Similar results were observed with the simple linear 

regression as the results showed no association between the two variables, (95% 

confidence interval, R SQUARED = 0.023, p=0.695), (Figure 5.28-A). 

Regarding neuronal markers, interestingly, results of the simple linear regression 

indicated that there was a collective positive significant effect between NSE 

concentrations and the volume of infarct obtained from the linear regression analysis 

(95% confidence interval, R SQUARED =0.647, p=0.009, Figure 5.28-B). Moreover, 
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results of the Spearman correlation analysis showed a significant association between 

the two variables (r =0.717; p=0.037). On the other hand, the Spearman correlation 

analysis and the simple linear regression analysis did not indicate any correlation 

between NfL and the volume of infarct (r =0.184; p=0.634) (95% confidence interval, 

R SQUARED = 0.238, p=0.183), (Figure 5.28-C). 

The Spearman's rank correlation coefficient revealed no correlations between TJ 

proteins (Occludin, Claudin-5 and ZO-1) and the MRI volume of infarct in the 

ischaemic patients (Occludin: r=0.500, p=0.178, Figure 5.28-D), (Claudin-5: r=0.017, 

p=0.982, Figure 5.28-E) and (ZO-1: r=-0.133, p=0.744, Figure 5.28-F). Similar results 

were found in the simple linear regression analysis (Occludin: 95% confidence interval, 

R SQUARED = 0.048, p=0.569), (Claudin-5:95% confidence interval, R SQUARED = 

0.009, p=0.801) and (ZO-1:95% confidence interval, R SQUARED = 0.048, p=0.570). 
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Figure 5.28 Correlation analysis between serum A: GFAP, B: NSE C: NfL, D: 
Occludin, E: Claudin-5 and F: ZO-1 levels and the volume of infarct in MRI using 
Spearman correlation and simple linear regression (n=9). Only NSE level (B) 
showed a significant positive association with the volume of infarct (r =0.717; 
p=0.037). 

 

5.3.5 NIHSS correlated with biomarkers levels 

Both the Spearman correlation and the simple linear regression tests were used to 

find out if there was an association between the biomarkers’ levels in the ischaemic 

patients and the stroke severity identified by NIHSS at arrival. It is worth noting that, 

this correlation analysis doesn’t include any imaging biomarkers results as it was 

between circulating biomarkers and the neurological deficit scale (NIHSS). But, the 

results have been included in this chapter since the same correlation analysis methods 

were used. 

Following an acute stroke, results of the Spearman correlation indicated no 

association between GFAP concentrations and NIHSS, (n=70), (r= - 0.141, p =0.245). 

Results of the simple linear regression also indicated no association between the two 

variables, (95% confidence interval, R SQUARED = 0.002, p=0.691), (Figure 5.29-A). 

NSE concentration in the stroke patients did not show any correlation with the severity 

of stroke (NIHSS) at the time of arrival (r = -0.181; p=0.291) (95% confidence interval, 

R SQUARED = 0.042, p=0.164), (Figure 5.29-B). However, NfL level has a significant 

positive correlation with NIHSS in the Spearman correlation (r =0.441; p=0.0001) and  

the linear regression (95% confidence interval, R SQUARED = 0.141, p=0.002) 

(Figure 5.29-C).  
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The link between TJ proteins (Occludin, Claudin-5 and ZO-1) and NIHSS was 

examined using both the Spearman's rank correlation coefficient and the simple linear 

regression analysis, which revealed no correlations between these biomarkers and 

NIHSS in the ischaemic patients,  (Spearman's rank correlation; Occludin: r=- 0.0115, 

p=0.348, Figure 5.29-D), (Claudin-5: r=- 0.032, p=0.797, Figure 5.29-E) and (ZO-1: 

r=- 0.227, p=0.060, Figure 5.29-F), (Simple linear regression; Occludin: 95% 

confidence interval, R SQUARED = 4.053e-005, p=0.959), (Claudin-5:95% confidence 

interval, R SQUARED = 5.398e-005, p=0.952) and (ZO-1:95% confidence interval, R 

SQUARED = 0.012, p=0.373). 
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Figure 5.29 Correlation analysis between serum A: GFAP, B: NSE C: NfL, D: 
Occludin, E: Claudin-5 and F: ZO-1 levels and NIHSS at arrival using Spearman 
correlation and simple linear regression (n=70). Only NfL levels (C) showed a 
significant positive correlation with NIHSS (r =0.441; p=0.0001). 

 

5.3.6 Summary and main findings 

• GFAP level has a significant negative association with ASPECTS in the 

ischaemic patients.  

• None of the blood biomarkers are correlated with ADC values.  

• Neuronal markers (NSE and NfL) levels are correlated positively with MRI T2 

signal intensity in both WM and GM.  

• NSE level has a significant positive association with the MRI volume of infarct.  

• NfL level has a significant positive association with NIHSS. 

 

 

5.3.7 Discussion 

5.3.7.1 Comparison of circulating biomarkers between stroke and stroke 

mimics 

This study aimed to assess the ability of the selected blood-based biomarkers to 

distinguish between ischaemic stroke patients and stroke mimics as defined by clinical 

scoring systems as well as imaging data to improve stroke diagnosis. Different 

comparisons with multiple categories were done to investigate the ability of the 

selected circulating biomarkers to differentiate between acute stroke patients and 

mimics. This study compared the biomarkers concentrations between ischaemic and 

mimics in terms of different classifications: gender, time of blood collection, the 
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severity of stroke, the location of the occlusion, CT ASPECTS and the ratio of GFAP 

to other markers. On the basis of the preclinical results, GFAP and TJ proteins were 

included in the panel of biomarkers to find out if these biomarkers are able to 

distinguish between ischaemic stroke and mimics. The panel also included neuronal 

makers (NSE and NfL) based on previous work. The results suggested that GFAP, 

NfL, Occludin, Claudin-5 and ZO-1 can differentiate stroke from mimics. However, 

NSE did not distinguish between stroke and stroke mimics. To my knowledge, this is 

the first study of comparisons of the selected biomarkers between ischaemic stroke 

and stroke mimics identified by both neurological scoring and the imaging data and 

also using different classifications.  

This study used ELISA method to detect the biomarkers in serum samples obtained 

from ischaemic and mimics. A variety of commonly used clinical tests depended on 

the principles of sandwich ELISA, in which a target protein is initially captured to the 

assay device’s surface and then detected by a second antibody carrying an easily 

detected label. The rapid assay of biomarker detection  could be adapted for stroke 

diagnosis in conjunction with neurological scores and imaging data (Alhajj and 

Farhana, 2022).  

Initially, the biomarkers in both blood serum and plasma samples were measured but 

did not obtain any significant differences between biomarker concentration in plasma 

and serum.  Thus, the subsequent measurement of proteins in this project was 

conducted on serum only as serum eliminates fibrinogen and most clotting factors, 

(Busher, 1990) which may interfere with biomarker detection in a lower concentration. 

This is also consistent with this project’s preclinical study.  

In the present study, serum GFAP level in the ischaemic patients was significantly 

higher than in the mimics confirming its ability to distinguish between stroke and 

mimics. Previous studies have shown that GFAP might be utilised as a blood 

biomarker to distinguish between ischaemic stroke and intracerebral haemorrhagic 

stroke in the acute stage (Foerch et al., 2006; Foerch et al., 2015; Luger et al., 2020). 

Moreover, an earlier study has found a significant increase in serum GFAP levels in  

haemorrhagic stroke patients compared to ischaemic stroke or stroke mimics patients 

(Luger et al., 2017).  
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Previous studies have compared the levels of NSE between ischaemic stroke patients 

and healthy control and found that NSE serum concentrations were substantially 

higher in stroke patients than in controls (Missler et al., 1997; Wunderlich et al., 2004; 

2006;  Singh et al., 2013). This present study found that serum NSE concentrations 

were not significantly different between the ischaemic patients and the mimics 

suggesting that it may not be an appropriate marker to discriminate between ischaemic 

stroke patients and mimics. However, previous studies have compared the levels of 

NSE between ischaemic stroke patients and healthy control and found that NSE serum 

concentrations were substantially higher in stroke patients than in health controls 

(Missler et al., 1997; Wunderlich et al., 2004; 2006;   Singh et al., 2013). In the present 

study, clinically defined mimics have been recruited rather than healthy subjects, 

which, may not be appropriate controls for studying biomarkers for stroke.   

In consistent with previous studies (Onatsu et al., 2019 ; Uphaus et al., 2019; Zheng 

et al., 2021) that measured serum NfL levels using Simoa, the present study found 

that the level of serum NfL measured with ELISA was significantly higher in the 

ischaemic patients compared to the mimics. This may be  due to the increased  release 

of NfL following axonal injury or neuronal degeneration (Gaiottino et al., 2013). 

Previous research has showed that, the BBB is disrupted during a stroke, resulting in 

alterations in the concentrations and distributions of Claudin-5, Occludin, ZO-1, and 

other BBB building blocks (Jie et al., 2011; 2012). The evidence is strengthened by 

the results of the preclinical study in this project, as well as the findings in this clinical 

study which showed that TJ proteins concentrations are significantly higher in the 

ischaemic patients in comparison with the mimics suggesting that disruption in the 

integrity of the BBB after stroke leads to increase in the release of these TJ proteins 

in blood. 

In the sample, there were more males than females as shown in Table 5-1 reflecting 

the worldwide epidemiology of ischaemic stroke (Appelros et al., 2009). However, this 

study did not observe a significant gender specific difference in the biomarkers’ levels 

in the same group. The majority of previous investigations were carried out with stroke 

severity and neurological impairments, which were used as the uncorrected baseline 

parameters. There was no sex difference in the severity of stroke in these 

investigations which might reflect the reason behind this study findings (Kapral et al., 

2005; Madsen et al., 2015). The studied biomarkers except NSE showed the ability to 
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differentiate between the ischaemic and the mimics patients even after classifying the 

patients according to the gender. Therefore, GFAP, NfL and TJ proteins were able to 

differentiate between male ischaemic and male mimics as well as between female 

ischaemic and female mimics.  

The levels of GFAP, NfL and TJ biomarkers are significantly increased both at ≤2 days 

and >2 days of the onset of cerebral ischaemia. This indicated that the selected 

biomarkers are released early in blood after stroke suggesting a quick and early way 

for stroke diagnosis. The significant increase of the proteins levels even after 2 days 

indicates that these proteins may still exist in a higher level which make it detectable 

in blood with a very simple way of analysis and able to differentiate between ischaemic 

patients and mimics even in later stages of stroke. Due to COVID-19 restrictions, this 

study was not able to recruit hyperacute stroke or obtain blood collection at different 

time point. However, blood was collected as soon as possible once it was confirmed 

that the patient had tested negative for COVID-19 and consent was obtained. 

The biomarkers tested except NSE showed their ability to differentiate between NIHSS 

≤ 7 and the mimics as well as between NIHSS >7 and the mimics. The classification 

of the severity of stroke in the ischaemic patients into two groups based on NIHSS 

score of ≤ 7 or >7 was selected on the basis of previous studies (DeGraba et al., 1999; 

Wouters et al., 2018). According to DeGraba et al. (1999), based on the first NIHSS 

score of 7, a clinical difference was indicated. Also, clinical deterioration and 

worsening were detected sharply with an initial NIHSS score above 7, and the 

likelihood of worsening was much higher in this group than the one  with a NIHSS 

score below 7 (DeGraba et al., 1999). Moreover, Wouters et al. (2018) expressed that 

the score of  NIHSS < 7 was associated with good functional outcomes. 

In this study, a novel finding was that, the acute ischaemic stroke patients with the 

ACO or the PCO had significantly higher GFAP, NfL, Occludin, Claudin-5 and ZO-1 

levels compared to the mimic. 

The combined ratios of serum GFAP to other biomarkers in the panel to study the 

relationship between astrogliosis and neuronal death or between astrogliosis and TJ 

breakdown in ischaemic stroke patients and mimics were also determined. Although 

no significant difference in the NSE levels between the ischaemic and the mimics was 

observed, the ratio of GFAP/NSE showed a significant difference between the 
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ischaemic stroke and the mimics. This implied that by combining NSE and GFAP, the 

role of NSE in distinguishing between ischaemic stroke and stroke mimic might be 

strengthened. A significant elevation of the serum (GFAP/NfL) in the ischaemic 

patients compared to the mimic patients was observed. The findings assume that the 

significant increase in GFAP and NfL might represent neuronal damage and reactive 

astrogliosis due to ischaemia. This study, for the first time, demonstrated that the ratios 

of GFAP/Occludin, GFAP/Claudin-5 and GFAP/ZO-1 might be able to differentiate 

between ischaemic stroke and mimics. It has been reported that, during cerebral 

ischaemia the TJ proteins are readily released into the circulation (Kazmierski et al., 

2012), indicating TJ disintegration which disrupts the BBB's integrity.  

It is worth noting that, the possible variations (although non-significant) in 

concentrations between patients in the same group might be due to difference in 

clinical history, hospital arrival time, blood collecting time, NIHSS score, vascular 

disease and ischaemic size, ischaemic volume or severity among patients. 

Furthermore, the recruitment process was carried out without knowing the final 

diagnosis which was confirmed later after radiology report, physician opinion, blood 

results and clinical investigation. Even the mimics groups showed some variations in 

concentrations of biomarkers, which might be due to some having brain damage, 

some being normal, and some having an infection. 

In conclusion, this study suggests that circulating serum GFAP, NfL, Occludin, 

Claudin-5, and ZO-1 levels might be valuable tools to differentiate between ischaemic 

and mimics as defined by clinical scoring systems. These differences were observed 

irrespective of the gender, time of blood collection, the severity of stroke (NIHSS), the 

location of occlusion in ischaemic patients and even based on the ratio of GFAP to 

other biomarkers in the panel.  

5.3.7.2 Comparison of CT and MRI imaging biomarkers between stroke and 

stroke mimics 

In CT data analysis, since all the patients received routine CT head protocol, the only 

possibilities could be analyses were HU values of ASPECTS regions. ASPECTS as 

explained previously is a quantitate CT score that measures the extent of early 

ischaemic changes (Mokin et al., 2017). All the ischaemic patients have a significantly 

reduced HU value in the 10 points on the ischaemic side compared to the non-
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ischaemic side. This is because in acute ischaemic stroke, variations in x-ray 

attenuation reflect the ischaemic brain tissue’s water absorption which is due to the 

excessive water uptake (Dzialowski et al., 2004). Therefore, this study demonstrated 

that CT density (Hus) is a good biomarker to distinguish between the ischaemic and 

the non-ischaemic areas. 

On the other hand, the present study showed no significant difference in the HU values 

across ASPECTS regions between the left side and the right side in the mimics. This 

is what was expected before the analysis was performed as the mimics are free from 

brain ischaemic changes. In Agreement, Hand et al. (2006) found that 75% of stroke 

mimics had normal brain imaging. Moreover, Buck et al. (2021) stated that the 

physician should be made aware of the likelihood of a stroke mimics by the existence 

of normal CT, CTA, and CTP. 

Few research studies have tested the relationship of the circulating biomarkers 

concerning CT imaging biomarkers for improved stroke diagnosis; hence this study 

was designed to investigate specific brain and BBB damaged biomarkers in CT 

defined stroke patients and mimics. The subgroups based on score 7 was chosen 

based on previous published studies (Barber et al., 2000; Puetz et al., 2009; The 

Penumbra Pivotal Stroke Trial Investigators, 2009; Padroni et al., 2016). This study 

results showed that GFAP, NfL and TJ biomarkers can distinguish between ischaemic 

patients with ASPECTS≤ 7 or ASPECTS>7 and mimics. Therefore, these blood 

protein biomarkers can be proposed as quick available diagnostic biomarkers for acute 

stroke. Interestingly, serum GFAP levels were higher in ASPECTS ≤ 7 group 

compared to ASPECTS > 7  group suggesting that the moderate to severe stroke 

patients had a higher concentration of this biomarker than the patients with minor 

stroke, but these need further investigation with a larger sample size. 

Regarding MRI results, as all of the MRI scans are routine MRI head, so only the 

analyses of the DWI and T2 images were able to be done in the present study. 

Microstructural and metabolic changes have been proven to be detectable using 

quantitative MR methods (Collorone et al., 2021). To identify changes in signal 

intensity caused by tissue abnormalities, quantitative MR imaging parameters such as 

ADC and T2 values, each contributing to various tissue features, are required. 
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ADC reflects the diffusion speed of water molecules, and the fast diffusion of water 

molecules could be revealed with a larger ADC value in the image (Shen et al., 2011). 

The significantly higher ADC values on the ischaemic side were noticed in this study 

results. This could be purely due to the time when the MRI was done. All the recruited 

patients did not receive the MRI scan as soon as they were admitted, and they 

received the MRI scan within a week to 14 days from admission. Since, ADC value 

depends on the time of the scan as it increases as time passed (Shen et al., 2011), 

these ADC values in ischaemic side  were observed. As previously stated by Soinne 

et al. (2003), ADC increase might be related to vasogenic oedema. 

In this study, significant differences between the ratio of T2 signal intensity in WM and 

GM were found. These significant differences were consistent with the differences 

observed in ADC values in the identical regions. According to Knight et al. ( 2019), the 

increase in T2 signal intensity correlated with water increase with time. Moreover, they 

have stated that T2 intensity might be helpful to determine lesion age if the time of 

stroke onset is unknown (Knight et al., 2019).  

This study, on the other hand observed, no changes in ADC values and T2 signal 

intensity in mimics as expected. In support, a recent study have reported similar 

results, as they found no statistically significant changes between right and left 

hippocampal T2 values in seizure (Andrews et al., 2021). 

The non-significant increase in ADC values and T2 signal intensity in the PCO 

compared to the ACO might suggested that ADC values and T2 signal intensity might 

be able to differentiate between the different locations of stroke which requires further 

studies with a larger sample size. 

The infarct volume was not a significant predictor of the difference in NIHSS score or 

the location of the occlusion. A prior study by Yaghi et al. (2017) has shown that some 

patients with massive infarcts initially had a relatively low NIHSS score. Furthermore, 

they stated that if their infarct is worsened by considerable cytotoxic oedema, clinical 

deterioration may have taken place (Yaghi et al., 2017). Duan et al. (2015), stated that 

small subcortical infarcts, for instance, might result in significant clinical impairment. 

Other research findings have produced contradictory results (Tong et al., 1998;  

Lövblad et al., 1997). Therefore, further research with a larger sample size is needed.  
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In conclusion, this study results showed that CT ASPECTS and MRI ADC values and 

T2 signal intensity are significantly different between the two sides in the ischaemic 

patients but not in the stroke mimics confirming the ability of these imaging biomarkers 

to distinguish between these patients. The selected panel of blood biomarkers except 

NSE show promising results in terms of differentiating between ischaemic stroke and 

mimics identified by imaging score (ASPECTS) but this needs further investigation. 

5.3.7.3  The added value of imaging biomarkers to circulating biomarkers for 

improving stroke diagnosis 

With the recent attention to blood biomarkers and the advances in imaging technology, 

still there are few studies has been investigated the correlation between blood 

biomarkers with CT and MRI imaging biomarkers in acute stroke for stroke diagnosis 

improvement. This study investigated the correlation between the six serum 

biomarkers with CT and MRI imaging biomarkers as well as the severity of stroke 

identified by NIHSS. 

Some novel correlations between circulating biomarkers and CT and MRI imaging 

biomarkers were observed, which can help improve the diagnosis of ischaemic stroke 

from stroke mimics. This study found that GFAP level is negatively associated with 

ASPECTS in ischaemic patients. This might indicate a clear significance of GFAP level 

in stroke diagnosis improvement which may add value to CT scanning in ischaemic 

patients. The correlation results confirm the GFAP potential to predict the extent and 

severity of stroke obtained from CT ASPECTS. According to Vos et al. (2010),  high 

levels of GFAP have been shown to link with overall outcome and prognosis in people 

who have had a brain injury. Recent study has studied S100B, NSE, GFAP, NfL, Tau 

and UCLH-L1 biomarkers which were measured with Simoa in traumatic brain injury 

and found that CT positive abnormalities were substantially predicted by serum GFAP 

levels in the first 24 hours after injury (Czeiter et al., 2020). Thus, they studied the 

correlation between biomarkers and CT positivity but they did not study ASPECTS 

(Czeiter et al., 2020). Other researchers have studied the correlation of several 

different biomarkers and found that only plasma adiponectin levels are correlated with 

ASPECTS in acute stroke (MOURÃO et al., 2020),  however, they did not study the 

biomarkers analysed in this study. This is the first study, to the extent of my knowledge, 

to identify the association between GFAP and the stroke extension in brain measured 

by CT ASPECTS in acute ischaemic patients. 
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This study found that NSE level is positively associated with the volume of infarct 

obtained from MRI in the acute ischaemic patients. This might indicate the additional 

value of NSE level to MRI scan for ischaemic patients. The findings showed that higher 

levels of NSE are correlated with larger infarct reflecting the significant role of 

measuring the NSE levels in stroke patients using a quick and simple way to define 

the amount of brain damage especially in patients who have contraindicated for MRI 

scans. However, this finding requires further future study with a larger sample size. 

These findings are consistent with the study conducted by Oh et al. (2003), that serum 

NSE levels were found to be associated positively with the volume of 

infarction obtained from MRI. Furthermore, multiple previous studies have reported a 

positive correlation between CT volume of infarct and NSE concentration (Missler et 

al., 1997; Wunderlich et al., 2006; Brea et al., 2009; Zaheer et al., 2013; Khandare et 

al., 2022) in accord with the present study findings.  

This study found a correlation between serum NfL measured by ELISA and the stroke 

severity measured by the NIHSS at arrival. Thus, NfL levels could reflect the clinical 

deficits following an ischaemic stroke. These findings were consistent with earlier 

studies (Duering et al., 2018; Uphaus et al., 2019) that showed a strong association 

between serum NfL measured by Simoa and NIHSS. Thus, this study differed than 

others in terms of measuring the serum NfL using ELISA. 

There are no studies which have examined the correlation between neuronal, glial and 

TJ specific biomarkers with the ADC values and T2 signal intensity obtained from MRI.  

This study was the first study to examine these correlations. None of the panel 

biomarkers analysed in this study were correlated with ADC values. This might be 

explained by the small sample size (n=9). Moreover, the results of correlations 

suggested that both imaging and blood biomarkers may be used to indicate two 

different useful information for stroke diagnosis. In detail, the blood biomarkers as 

shown in the prior section are able to differentiate between ischaemic stroke and 

mimics and other studied factors using a very simple and quick techniques in a remote 

area. The ADC values obtained from MRI indicate the amount of damage in the brain. 

Therefore, this study’s correlation results might be useful in the future in terms of the 

techniques complementing each other to give important diagnostic information.  

Interestingly, the novel findings which showed that both neuronal markers (NSE and 

NfL) levels are positively correlated with MRI T2 signal intensity in both WM and GM 
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adding value to clinical factors considered in MRI scan. This indicates the significance 

of using neuronal biomarkers in stroke diagnosis improvement reflecting also the 

strength of these results. The role of NSE and NfL might add value to MRI scanning 

in ischaemic patients. The correlation results might confirm these biomarkers potential 

to predict the increase in T2 signal intensity obtained from MRI. The increase in T2 

signal intensity might reflect that vasogenic oedema (Alexander et al., 1996) which 

also are reported to reflect irreversible brain damage (Noguchi et al., 1997). However, 

these findings need further investigation with a larger sample size. 

In conclusion, despite the limited sample size in this study, the data suggest that 

circulating GFAP is correlated with CT ASPECTS in ischaemic patients. Neuronal 

markers (NSE and NfL) levels are correlated with MRI T2 signal intensity in both WM 

and GM. NSE is correlated with the MRI volume of infarct size. NfL level is correlated 

with NIHSS in ischaemic patients. 
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Chapter 6 Discussion, conclusions and future work 

In this project, the focus was on improving the diagnosis of stroke aiming firstly to 

assess the circulating biomarkers in mouse models of stroke compared to sham 

operated mice and then to examine the circulating biomarkers in acute stroke patients 

compared to mimics as defined by clinical scoring systems as well as CT and MRI 

scans. The experimental approaches to achieve these aims were to first study the 

circulating biomarkers in two different murine models of stroke (BCCAO and MCAO), 

then to study the circulating biomarkers and CT and MRI imaging biomarkers in 

recruited acute stroke patients and stroke mimics. The objectives to achieve these 

aims were first to determine brain damage in stroke mice as compared to sham 

operated mice by single and double IHC using antibodies to specific markers of brain 

cells and BBB TJ proteins, and then to determine the expressions of biomarkers 

(GFAP, Claudin-5, ZO1, Occludin) in the brain using WB. The levels of circulating 

biomarkers (GFAP, Claudin-5, ZO1, and Occludin) were also determined in the blood 

serum of stroke and control mice by ELISA method. Subsequently, these circulating 

biomarkers (GFAP, NSE, NfL, Occludin, Claudin-5 and ZO-1) were studied in blood 

serum of ischaemic stroke patients and stroke mimics as identified by clinical scoring 

systems as well as by analysing CT and MRI scans to improve stroke diagnosis. In a 

retrospective study, the CTP, MRI biomarkers and functional outcomes in the MT 

group and the non-MT group were compared. In a cross-sectional study, the ability of 

CT and MRI biomarkers in distinguishing stroke and mimics was also determined. 

Finally, the correlation between the circulating biomarkers with CT and MRI imaging 

biomarkers for improved stroke diagnosis was studied. 

6.1  Overview on the results 

To achieve the aims of this project, the planned objectives were followed and studied. 

The following section will briefly mention the overall results that have been obtained 

from the preclinical study and clinical study in this project. 

6.1.1 Results from preclinical study 

In the preclinical study, brain damages in the cortex and the hippocampus were 

studied using antibodies of specific neuronal (NeuN), glial cell (GFAP), microglial cell 

(IBA-1), pericytes (PDGFR and NG2) and endothelial cells (CD31) in both BCCAO 
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and MCAO model of cerebral ischaemia and reperfusion as compared to sham 

operated mice. Additionally, BBB specific TJ markers (Occludin, Claudin-5 and ZO-1) 

were assessed in both models using single and double immunolabelling. The data 

from the IHC staining and quantification results showed neuronal cell death and 

changes in astrocytes, pericytes and microglial cells in specific areas of the brain in 

both BCCAO and MCAO models of stroke. The IHC results also showed 

morphological changes in endothelial cells, pericytes and TJ proteins in the 

hippocampus of these models.  

The levels of GFAP, ZO-1, Occludin and Claudin-5 expressions relative to ß-actin 

were tested using WB. The results showed significant changes in stroke mice brains 

compared to the sham operated brains. Finally, circulating biomarkers (GFAP, 

Claudin-5, ZO1, Occludin) were determined by ELISA method in BCCAO and MCAO 

mice compared to corresponding controls followed by correlations test between ELISA 

results and WB results. The selection of biomarkers was based on the literature review 

of earlier studies. The results showed that the selected circulating biomarkers 

can differentiate between mouse stroke models and controls. The correlation tests 

showed that serum GFAP and Occludin levels in BCCAO were correlated with their 

expression in the brains tissue, whereas, in MCAO only serum Occludin level was 

correlated with its expression in the brain tissue. The overall results from the preclinical 

study suggest that GFAP and TJ proteins’ levels might be useful biomarkers for 

identifying acute stroke patients at high risk of BBB damage. Consistent with these 

findings, a clinical study was done. 

6.1.2 Results from retrospective study (A pilot study) 

The CTP and MRI imaging biomarkers were tested in a pilot study in two groups (MT 

and non-MT) to test a hypothesis that can inform a longitudinal study in the future and 

then correlate the results with blood biomarkers. This pilot study aimed to find out if 

the CTP and MRI imaging biomarkers or parameters can improve the prediction of 

outcomes in MT. However, due to the small sample size, only comparisons of CTP 

biomarkers, MRI ADC values, the volume of infarct and functional outcomes between 

the MT group and the non-MT group was conducted. The results confirmed previous 

studies regarding the feasibility of CTP parameters in acute stroke patients undergoing 

MT. MT is a useful treatment in acute stroke to improve favourable outcomes. 
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A larger prospective study with outcome data collection was planned to verify this 

hypothesis. However, due to COVID-19, it was not able to do prospective research on 

CTP and MR perfusion scans obtained from stroke patients undergoing MT and 

correlate the perfusion imaging biomarkers results with blood biomarkers results. The 

results of this pilot study were discussed in detail in the results chapter (Chapter 4). 

6.1.3 Results from cross sectional study 

Blood samples from  ischaemic stroke patients and stroke mimics were collected  from 

the Leeds Teaching Hospitals NHS Trust to study the ability of the blood-based 

biomarkers (GFAP, NSE, NfL, Occludin, Claudin-5 and ZO-1) to distinguish between 

ischaemic patients and stroke mimics in order to improve stroke diagnosis. The 

biomarkers have been looked at were selected based on this project’s preclinical work 

and other earlier works. The results showed a significant increase in serum GFAP, 

NfL, Occludin, ZO-1 and Claudin-5 but not NSE in the stroke patients compared to the 

mimics. The results revealed that the selected panel of biomarkers except NSE 

showed promising results in terms of differentiating between ischaemic stroke and 

mimics. However, this needs further investigation with larger number of patients in the 

future. This is also observed after classifying the patients according to the gender, time 

of blood collection, the severity of stroke and the location of occlusion in the ischaemic 

patients. Furthermore, the biomarkers showed the distinguish ability even based on 

CT ASPECTS and the ratio of GFAP to other biomarkers in the panel. 

From the same recruited patients, the ability of the CT and MRI imaging biomarkers in 

differentiating between the ischaemic stroke patients and the stroke mimics was 

tested. The results showed that CT HU values of ASPECTS, MRI ADC values and T2 

signal intensity are significantly different between the ischaemic side and the non-

ischaemic side in the ischaemic patients. These imaging biomarkers are not 

significantly different between the left side and the right side in the mimics patients as 

expected. Moreover, in the ischaemic patients, no significant differences were 

observed between the infarct volume and NIHSS score as well as between the infarct 

volume and the location of occlusion.  

Finally, the added value of imaging biomarkers to circulating biomarkers for improving 

stroke diagnosis was studied by testing the correlation between the blood biomarker 

results with CT and MRI imaging results. The data from all correlations and linear 

https://www.leedsth.nhs.uk/


266 
 

 

regression tests suggested that GFAP level is correlated with CT ASPECTS in the 

ischaemic patients. Data showed that none of the studied biomarkers was correlated 

with ADC values. NSE and NfL are correlated with T2 signal intensity in MRI. A 

significant association between NSE level and the MRI volume of infarct obtained from 

MRI was observed. Lastly, NfL was reported to be correlated with the severity of 

stroke. The results suggest that each of the biomarker studied except NSE can 

differentiate between the stroke patients and the stroke mimics identified by combined 

neurological scores and imaging data. However, different biomarkers may be 

predictive of different outcomes of stroke patients as identified by imaging markers.   

6.2 General Discussion 

6.2.1 Biomarkers in preclinical models  

The current study is the first systematic study examining detailed changes in neuronal, 

glial cell, endothelial cells, pericytes and BBB TJ proteins in the forebrain using single 

and double IHC and WB following both BCCAO and MCAO and reperfusion in 

C57BL/6J mice. Furthermore, this is the first study to investigate the expression of 

GFAP and TJ proteins in the hippocampus and correlated that with serum protein 

concentrations in both models.  

Since BCCAO caused selective neuronal death in the forebrain, including the 

hippocampus and cortex in C57BL/6 mice with a greater survival rate, this model has 

been used first to get consistent results following cerebral ischaemia (Yang et al., 

1997; Murakami et al., 1998). This study on BCCAO mice demonstrated the significant 

death of neuronal cells in M1 and M2 motor cortex, somatosensory cortex, granular 

insular cortex and hippocampus. These results agreed with previous studies 

conducted in our lab (Khan et al., 2018). On the other hand, because focal cerebral 

ischaemia is known to cause neuronal injury in the cortex, hippocampus and striatum 

of both mice and rats (Rao et al., 2001; McColl et al., 2007; Ketheeswaranathan et al., 

2011) and represents the majority of human stroke, the MCAO model has been used 

to confirm the brain damage and biomarker results in this model as have been 

obtained in the BCCAO model in this study. Corresponding with previous studies in 

our lab (Ketheeswaranathan et al., 2011) and other studies (Butler et al., 2002; McColl 

et al., 2004), this study also consistently detected neuronal degeneration in MCAO not 

only in the striatum but also in the M1 and M2 motor cortex, the granular insular cortex 
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and the hippocampus. The reduction in neuron cells number in the stroke group was 

due to the high sensitivity of neurons to ischaemic effects and the blood supply 

reduction, causing neuronal death in this area (Kudabayeva et al., 2017).  While six 

control brains and six stroke-induced brains were used in the BCCAO models for this 

study, only three control brains and three stroke-induced brains were used in the 

MCAO models because of time constraints and COVID-19 restrictions. 

The IHC and WB results showed significant increases in the expressions of GFAP in 

the hippocampus in both models compared to control mice. In agreement, Liu et al. 

(2018) showed that GFAP expression level using WB at a different time point after 

MCAO in rat were significantly higher compared to the control. GFAP up-regulation is 

one of the most important features of astrogliosis (abnormal increase in the astrocytes 

number following the ischaemia resulting in the glia cells activation) (Pekny et al., 

1999). In agreement, recent studies reported the altered morphology of astrocytes 

directly after stroke related to the expression of GFAP (Lebkuechner et al., 2015). The 

glial scar is the most characteristic reactive astrogliosis profile which includes 

upregulation of GFAP and other genes which leads to significant hypertrophy of 

astrocyte cell bodies and processes (Silver and Miller, 2004; Sofroniew, 2009). 

Circulating GFAP levels were investigated in this study and the results showed a 

significant increase in the GFAP levels in both models compared to controls. The 

measurement of proteins in this project was conducted on serum. This is because after 

plasma has clotted, serum remains, eliminating fibrinogen and most clotting factors 

(Busher, 1990). GFAP is a filament protein in the astrocytes, which is specific for brain 

tissue and not found outside the central nervous system (Svetlov et al., 2010). Thus, 

according to previous studies, it seems to be ideal stroke specific biomarker (Schiff et 

al., 2012). Although there is a lack of studies investigating the GFAP levels in animal 

models of stroke using ELISA which was done in this study, multiple clinical research 

studies investigated the role of serum GFAP as a diagnostic and prognosis prediction 

tool for stroke patients  (Schiff et al., 2012; Ren et al., 2016). 

This study’s IHC staining and quantitative analysis results of pericytes and microglia 

were in agreement with previous studies (Arimura et al., 2012; Fernández-Klett et al., 

2013; Lee et al., 2019). 
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In this study, both IHC and WB results showed significant reductions in the 

expressions of TJ proteins in the hippocampus in both models compared to 

corresponding control mice. These findings in mice agree with previous study that 

suggest that loss of Occludin proteins from the brain’s microvessels in rat MCAO 

model of ischaemic stroke occurs concurrently with the release of Occludin in the 

blood circulation (Pan et al., 2017). Ren and their colleagues have found that focal 

ischaemia with rat MCAO and reperfusion induced discontinuous Claudin-5 staining 

and revealed markable gap formation (Ren et al., 2015). Moreover, they have 

indicated that the expression levels of ZO-1, Occludin and Claudin-5 using WB are 

decreased in MCAO, however, no significant changes have been reported in their 

previous studies on Claudin-5 and ZO-1 (Ren et al., 2015). The present study showed 

that  the WB results  were consistent with IHC stainings and reported significant 

reduction in TJ proteins expressions in the hippocampus in both models. In addition, 

serum ZO-1, Occludin and Claudin-5 levels were found to be significantly increased in 

both models compared to controls. Pan et al. (2017) investigated the concentrations 

of Occludin and Claudin-5 in rat’s serum following MCAO using ELISA and showed 

only a significant increase in Occludin levels but not in Claudin-5. However, this study 

showed a significant increase in Claudin-5 and Occludin levels not only in MCAO but 

also in BCCAO compared to controls. Since there is a lack of studies investigating the 

ZO-1 levels in stroke animal models analysed with ELISA as has been done in this 

study, the results might indicate the disarrangement of the ZO-1 in the TJs that was 

observed in IHC and WB leading to BBB opening after ischaemia and releasing these 

proteins into blood. Further investigation of these has been carried out using clinical 

samples from stroke and stroke mimics which will be discussed in the following 

section. 

This study examined the expression of the TJ proteins within the endothelial cells 

profile in both models in the hippocampus and cortex areas using double labelling. 

There are very few studies examining the changes in TJ proteins of endothelial cells 

labelled with CD31 following BCCAO and MCAO brains compared to control brains. 

The results confirms that TJ proteins are localised in CD31 labelled endothelial cells 

and not in the NeuN and GFAP labelled neurones and astrocytes respectively. 

Moreover, the double labelling results are consistent with the similar damage that was 

shown in single labelling. In agreement with previous study findings in MCAO, that the 
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expression of Claudin-5 and Occludin with loss of endothelial cell labelled with CD31 

(Ghori et al., 2017), the present study revealed that  TJ proteins are disrupted under 

ischaemic conditions in both BCCAO and MCAO. Furthermore, the double labelling 

results of GFAP colocalised with ZO-1 were consistent with Lee et al. (2019) study 

that reported that GFAP immunoreactivity in the rat hippocampal areas were 

significantly increased in BCCAO with 15 min occlusion as well as with Hao et al. 

(2019)  study which demonstrated much lower Occludin and ZO-1 expressions in 

MCAO mice with approximately 30% that of control mice. 

To the best of my knowledge, there are no studies that reported the changes of glial 

cell and BBB TJ proteins after ischaemia using preclinical models of ischaemia with 

multiple methods such as IHC, and WB and correlate the results of ELISA and WB 

which have been done in this project. Based on the WB and ELISA results, this study 

demonstrated a novel correlation between the expression of these biomarkers in 

hippocampus and their serum levels. According to this study, a substantial significant 

positive link between circulation and the expression of GFAP in BCCAO was observed 

as measured by Spearman correlation, indicating astrogliosis after ischaemia (Pekny 

et al., 1999). Additionally, this study discovered a strong negative association between 

the expression of Occludin in the brain following BCCAO and MCAO with circulating 

Occludin levels. It has been stated that blood Occludin concentrations measured after 

BCCAO may precisely reflect the expression of Occludin released from the 

hippocampus ischaemic brain, which may be strongly associated with early BBB 

rupture (Liu et al., 2009). Compared to earlier research in the same field, this study 

used fewer mice, thus more mice may be required to show significant correlations in 

other biomarkers. 

In conclusion, the data not only verified the induced neurodegeneration, astrogliosis 

and TJ disruption after stroke in murine models of cerebral ischaemia and reperfusion 

but also showed the association of expression of GFAP, ZO-1, Occludin and Claudin-

5 proteins in the ischaemic brain tissues with an increased level of these proteins in 

the serum of ischaemic mice as compared to the sham-operated mice. This suggests 

that GFAP and TJ proteins levels might be useful biomarkers for identifying acute 

stroke patients at high risk of BBB damage. These results are helpful for further 

understanding of the mechanisms of stroke and to develop new therapeutic 

approaches targeting the BBB. 
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6.2.2 Biomarkers in clinical samples    

6.2.2.1 Cross sectional study - Comparison of circulating biomarkers between 

stroke and stroke mimics 

The current study focused to assess the ability of circulating biomarkers (GFAP, NSE, 

NfL, Occludin, Claudin-5 and ZO-1) in distinguishing between ischaemic stroke and 

stroke mimics as defined by clinical scoring systems to improve stroke diagnosis. The 

biomarkers that have been looked at were based on the preclinical work in this project.  

The studied biomarkers except NSE were able to differentiate between male 

ischaemic and male mimics as well as between female ischaemic and female mimics. 

However, this study did not observe a significant difference in the biomarkers’ levels 

between male and female in the same group. There are few studies investigating the 

levels of stroke biomarkers in male and female. Specifically, the majority of previous 

sex difference investigations were carried out with the stroke severity and neurological 

impairments as the uncorrected baseline parameters. In agreement with this study 

finding, there was no sex difference in the severity of stroke in previous studies (Kapral 

et al., 2005; Madsen et al., 2015) which might reflect the reason behind the findings. 

GFAP protein, which is an astrocyte's cytoskeleton, is released when astrocytes are 

destroyed (Puspitasari et al., 2019). Although, most previous studies have shown that 

GFAP might be used as a blood biomarker to distinguish between ischaemic stroke 

and intracerebral haemorrhage in the acute stage (Foerch et al., 2015; Misra et al., 

2017; Luger et al., 2020), this study showed that GFAP was able to distinguish 

between the ischaemic patients and the mimics. It is worth noting that, GFAP was 

included in the panel on the basis of my preclinical results and also to find out if it was 

able to distinguish between ischaemic and mimics as a large body of evidence 

suggests its ability to distinguish between ischaemic stroke and haemorrhagic stroke 

(Foerch et al., 2006;   2015). Kumar et al. (2019) in their meta-analysis suggested that 

GFAP is a promising biomarker in terms of distinguishing haemorrhagic stroke from 

ischaemic stroke and mimics. However, in this study, concentration of GFAP was able 

to distinguish between the acute ischaemic stroke and the mimics in the early stage 

before haemorrhagic stroke occurs. The higher observed level of GFAP in the 

ischaemic patients in this study could reflect the reactive astrogliosis following stroke 

(Pekny et al., 1999). 
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Despite previous studies found a significantly higher level of NSE in ischaemic stroke 

patients compared to controls (Missler et al., 1997; Wunderlich et al., 2004; 2006;   

Singh et al., 2013), this present study did not find any significant difference in the NSE 

levels between the ischaemic patients and the mimics suggesting that NSE might be 

not a suitable marker to distinguish between ischaemic and mimics. However, this 

result  works as a positive control supporting the credibility of the used method.  

Regarding NfL, this study showed the ability for serum NfL to distinguish between 

ischaemia and mimics using ELISA confirming  previous studies measured NfL level 

in blood serum using Simoa  (Onatsu et al., 2019; Uphaus et al., 2019). Also, previous 

studies measured NfL level in blood  plasma using Simoa  (Gendron et al., 2020; Wang 

et al., 2021). The observed significant higher level of serum NfL in the ischaemic 

compared to the mimics in this study might be because of axonal injury or neuronal 

degeneration, which lead to release  of NfL in circulation (Gaiottino et al., 2013).  

In this project’s preclinical study, significant increases in the concentrations of Claudin-

5, Occludin, and ZO-1 in the stroke mice compared to the control were observed. 

Accordingly, investigating the role of these TJ proteins in differentiating stroke from 

stroke mimics was carried out. The results showed that these biomarkers are 

increased significantly in the ischaemic stroke compared to the mimics. This might be 

a significant clinical discovery that corresponds to the preclinical findings in this project 

indicating that any disruption in the BBB integrity after stroke led to an increase in the 

permeability of the BBB followed by release of these TJ proteins in the blood (Zhang 

et al., 2020). The current study findings revealed serum TJ protein levels may indicate 

the degree of BBB disruption at the early ischaemic stage, implying that measuring 

the levels of these biomarkers may help to identify acute ischaemic patients who are 

at high risk of BBB damage and haemorrhaging.  

There is a lack of clinical studies reporting the ability of this study’s biomarkers panel 

in differentiating between stroke and mimics ≤ 2 days and >2 days of blood collection. 

This study has contributed by showing the ability of selected biomarkers except for 

NSE in distinguishing between ischaemic patients and mimics before 2 days as well 

as after 2 days of blood collection. The significant increase of the levels of these 

biomarkers even after 2 days suggest that the biomarkers still exist at high levels which 

makes them detectable in blood with a very simple way of analysis to differentiate 

between ischaemic stroke and mimic even in later stages. This implies a significant 
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discovery in the field of biomarkers in terms of differentiating between stroke and 

stroke mimics at an early time saving unneeded hospital admission time in order to 

find out the correct diagnosis.  

The choice of classifying the severity of stroke in ischaemic patients identified by 

NIHSS score of 7 in this study was based on previous studies (DeGraba et al., 1999; 

Wouters et al., 2018) as explained in the previous chapter. This classification of the 

ischaemic patients was done in the present project to further test for the first time in 

the laboratory the ability of the biomarkers panel in differentiating between ischaemic 

patients and mimics even after identifying by neurological score (NIHSS) . Accordingly, 

the results showed the ability of GFAP, NfL and TJ proteins to distinguish between the 

two NIHSS subgroups and mimics  indicating the benefits of the suggested biomarkers 

in stroke diagnosis. 

It has been reported in a previous study that GFAP levels in individuals with partial 

anterior circulation infarcts were considerably higher than the threshold values 

(Herrmann et al., 2000). Additionally, it has been shown that the mean Occludin and 

Claudin-5 concentrations are significantly higher in partial anterior cerebral infarct 

patients compared to posterior cerebral infarct patients (Lasek-Bal et al., 2020). 

Whereas, in the same study, authors did not find any statistically significant differences 

in the ZO-1 concentration between the anterior and posterior infarction location groups 

(Lasek-Bal et al., 2020). However, this present study focused on the ability to 

distinguish between the different location of occlusion in the ischaemic patients and 

the mimics, and showed that serum GFAP, NfL and TJ proteins can distinguish 

between the ACO and the mimics as well as between the PCO and the mimics.  

This study tested the ratio of serum GFAP to other biomarkers in the panel to find out 

whether there was a link between astrogliosis, neurons and TJ breakdown after 

ischaemic stroke, and to find out if there were any significant differences in these ratios 

between the ischaemic stroke and the mimic patients. The results showed that 

GFAP/NSE, GFAP/NfL, GFAP/Occludin, GFAP/Claudin-5 and GFAP/ZO-1 are able to 

differentiate between the ischaemic stroke and the mimics. While NSE alone was not 

able to differentiate between the ischaemic and the mimics, the ratio of GPAP to NSE 

did differentiate between the two groups. This suggested that the role of NSE in 

differentiating between ischaemic stroke and stroke mimic is strengthened by 

combining it with GFAP. This supports with previous study interpretation, that proteins 
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are released from brain cells in response to neuronal and glial cells  damage and then 

enter the systemic circulation, either directly through the disrupted BBB or indirectly 

through release into the CSF followed by absorption through the intraventricular 

choroid plexus or via arachnoid villi into the cerebral sinuses (Vos et al., 2006). In 

addition, a significant elevation of serum GFAP/NfL ratio in the ischaemic patients 

compared to the mimic patients was found assuming that the significant increase in 

GFAP and NfL represent neuronal damage and reactive astrogliosis due to ischaemia. 

It has been reported previously in ischaemic stroke patients that blood levels of 

Claudin-5, Occludin, and Claudin-5/ZO-1 ratios can be utilised to test for clinical 

worsening caused by haemorrhagic transformation (Wunderlich et al., 2006). 

Additionally, it has been stated that GFAP release kinetics are thought to be linked to 

patient clinical impairments and infarct volume (Wunderlich et al., 2006), which agreed 

with the present study outcomes. However, no previous study combined the ratio of 

GFAP and TJ proteins as in this study did and tested that on ischaemic patients and 

mimics. Interestingly, this study showed that GFAP/Occludin, GFAP/Claudin-5 and 

GFAP/ZO-1 succeeded to differentiate between ischaemic and mimics. These findings 

indicate that GFAP and TJ proteins might be released into the serum once BBB 

destruction reaches a higher level in stroke patients making these biomarkers  suitable 

candidates to  differentiate between stroke patients and mimics. 

In conclusion, this study showed the ability of serum GFAP, NfL and TJ proteins levels 

in differentiating between ischaemic patients and mimics which also has been 

observed after classifying the patients based on gender, time of blood collection, the 

severity of stroke (NIHSS), the location of occlusion in ischaemic patients and the ratio 

of GFAP to other biomarkers in the panel.  

6.2.2.2 Cross sectional study - Comparison of CT and MRI imaging biomarkers 

between stroke and stroke mimics 

One objective of the current study focused to determine the CT and MRI biomarker’s 

ability in distinguish between stroke and mimics. It is worth mentioning that, HU values 

analysis of ASPECTS regions is the only possible analysis that could be done as all 

recruited patients have received NCCT. In agreement with (Mokin et al., 2017; 

Maegerlein et al., 2019) results, this study showed that all the ischaemic patients have 

a significant reduced HU value in the 10 points in the ischaemic side compared to the 

non-ischaemic side. This is related to the fact that in acute ischaemic stroke, changes 
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in x-ray attenuation reflect the water absorption of the ischaemia brain tissue, which is 

brought on by the excessive water uptake (Dzialowski et al., 2004). Since, the infarcted 

tissue's water uptake is represented by the HU value, thus, the HU value drops as the 

water intake rises (Zhu et al., 2021). Thus, this result confirmed that CT density (HUs) 

is a good biomarker to distinguish between the ischaemic and the non-ischaemic 

areas. Regarding mimics patients, as expected no significant difference was found in 

the HU values across ASPECTS regions between the left and the right side as the 

mimics patients are free from ischaemic changes. This result is consistent with a 

previous study by Hand et al. (2006) that found that 75% of mimics patients had normal 

brain imaging. Additionally, Buck et al. (2021) stated that the physician should expect 

the stroke mimic likelihood by the existence of normal CT, CTA, and CTP. 

Moreover, the selected panel of biomarkers except NSE show promising results in 

terms of differentiating between ischaemic stroke and mimics identified by CT 

ASPECTS. The choice of classifying the CT ASPECTS in ischaemic patients on 7 was 

based on previous studies (Barber et al., 2000; Puetz et al., 2009; The Penumbra 

Pivotal Stroke Trial Investigators, 2009; Padroni et al., 2016) as explained previously. 

This classification of ischaemic patients was performed for the first time in the 

laboratory in the present project to further assess the discriminations’ ability of the 

studied biomarkers panel between ischaemic patients and mimics based on CT 

ASPECTS. Accordingly, this ability existed with significantly higher levels of GFAP, 

NfL and TJ proteins in the ischaemic patients compared to the mimics. This might 

indicate the strong ability of the studied biomarkers in stroke diagnosis in terms of 

differentiating between ischaemic and mimics as the current ability of CT ASPECTS 

by using a quick available blood test. 

It has been found that the reduced NCCT attenuation corresponds with the ADC value 

on DWI MRI (Kucinski et al., 2002) and with the observed DWI MRI lesion (Barber et 

al., 1999). This study was able to analyse the ADC values obtained from DWI and 

analyse T2 images because all of the follow-up MRI scans were only routine MRI head. 

The results showed a significant increase in the ADC values in the ischaemic side 

compared to the non-ischaemic side in the ischaemic patients. This might only be a 

result of the time the MRI was performed. The MRI scan was not given to every patient 

who was recruited right away; instead, it was given to them between a week and 14 

days after admission. The results explain that ADC value depends on the scanning 



275 
 

 

time as it increases as time passed (Shen et al., 2011). Similarly, a previous study has 

shown that in the hyperacute and acute stroke stages, ADC levels rose over time in 8 

to 14 days, and in the chronic stage, ADC values rose higher than normal (Shen et al., 

2011). Also, according to Soinne et al. (2003), an increase in ADC might be related to 

vasogenic oedema. 

The observed significant difference in the ratio of T2 signal intensity from 1 was 

consistent with the significant difference in ADC values in the ischaemic patients. In 

agreement, a previous study has discovered in no recanalization patients the mean 

quantitative T2-values assessed in follow-up MRI scans were considerably greater 

than similar values observed in acute scans (Siemonsen et al., 2012). A possible 

explanation for the present study findings is due to vasogenic oedema, which, unlike 

cytotoxic oedema, is more likely to be reversible, leaving no irreparably injured brain 

tissue. The ADC and T2 non-significant results observed in the mimics were expected 

and in agreement with a previous study result (Andrews et al., 2021). 

The non-significant increase in ADC values and T2 signal intensity in the PCO 

compared to the ACO may indicate that these imaging biomarkers might distinguish 

between the different locations of stroke, necessitating further research with a larger 

sample size in the future. 

This study showed that NIHSS ≤ 7’s patients had a larger volume of infarct than 

NIHSS > 7 ‘s patients however, no significant difference was observed. In similar 

results to what has been achieved, the authors found that some patients with massive 

infarcts initially had a relatively low NIHSS score (Yaghi et al., 2017). It has been 

claimed that clinical deterioration may have occurred if their infarct was made worse 

by a significant amount of cytotoxic oedema (Yaghi et al., 2017). It also has been 

stated by Duan et al. (2015) that small subcortical infarcts might result in significant 

clinical impairment. Even though other research' findings were controversial ( Lövblad 

et al., 1997; Tong et al., 1998). This also might be due to the difference in the time 

between MRI scan and performing the NIHSS. Specifically, the MRI scan has been 

done within a week to 14 days from admission while the NIHSS was performed upon 

arrival. Thus, further research with a larger sample size is highly recommended. 

In conclusion, this study showed that CT ASPECTS, MRI ADC values and T2 signal 

intensity are able to differentiate between ischaemic patients and mimics. The selected 
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panel of blood biomarkers except NSE show promising results in terms of 

differentiating between ischaemic stroke and mimics identified by imaging score 

(ASPECTS) but this needs further investigation. This study might add benefit to the 

literature by including all these results in one study obtained from ischaemic and 

mimics patients and correlating the imaging results with blood results. 

6.2.2.3 Cross sectional study – Added value of imaging biomarkers to 

circulating biomarkers for improving stroke diagnosis.   

This study is the first to test a connection between all 6 serum biomarkers with CT as 

well as MRI imaging biomarkers following ischaemic stroke to improve stroke 

diagnosis. The results found that GFAP level is related negatively to ASPECTS in the 

ischaemic patients. Although a previous study found a correlation between CT 

positivity abnormalities and GFAP measured with Simoa in traumatic brain injury 

(Czeiter et al., 2020), however, they did not test CT ASPECTS as this present study 

did. Another study found a correlation between plasma adiponectin levels and 

ASPECTS in acute stroke (MOURÃO et al., 2020).  Rahmig et al. (2021) found that NfL 

measured with Simoa is correlated with ASPECTS. This study finding supports the 

ability of GFAP to predict the scope and the severity of stroke as determined by CT 

ASPECTS by using a simple and quick test. Thus, this might potentially extend the 

utility of serum GFAP as a marker for ischaemic stroke diagnosis. To my knowledge, 

this is the first study to identify that GFAP is associated with CT ASPECTS, suggesting 

an added value of GFAP levels to CT ASPECTS with a quick and simple test. 

The correlation results indicated that higher levels of NSE are correlated with larger 

infarct. This was consistent with Oh et al. (2003) results. Moreover, other studies 

showed similar results while the volume of infarct obtained from CT  (Missler et al., 

1997; Wunderlich et al., 2006; Brea et al., 2009; Zaheer et al., 2013; Khandare et al., 

2022). This study result demonstrated that the NSE levels might add usefulness for 

ischaemic patients even though it failed to distinguish between the ischaemic patients 

and the mimic which could be explained by it is not a suitable marker for that 

differentiation. Thus, the result may demonstrate a crucial role in detecting NSE levels 

in stroke patients in a rapid and easy approach to identify the degree of brain damage, 

particularly in individuals for whom MRI scans are contraindicated. However, no other 

correlation between the studied biomarkers and the volume of infarct was observed. 

This may be due to a small sample size.  
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This study showed a correlation between serum NfL measured by ELISA and the 

NIHSS at arrival. Thus, NfL levels might add value to the clinical neurological 

assessments regarding the severity of stroke using a biomarker test. The findings 

agreed with earlier studies findings while the authors analysed NfL by Simoa (Duering 

et al., 2018; Uphaus et al., 2019; Pedersen et al., 2019; Rahmig et al., 2021). 

As far as known, this is the first study to examine any correlation between MRI T2 

signal intensity and the studied blood biomarkers. The levels of both neuronal markers 

(NSE and NfL) are positively associated with MRI T2 signal intensity in both the WM 

and GM. This may demonstrate the value of using neuronal biomarkers to improve 

stroke diagnosis. The correlational findings support these biomarkers' capacity to 

forecast the rise in T2 signal intensity measured by MRI which could reflect irreversible 

brain damage (Noguchi et al., 1997) due to vasogenic oedema (Alexander et al., 

1996). 

No correlations were significant in this study between any of the 6 biomarkers and the 

MRI imaging biomarker (ADC values). Despite the fact that, this is the first study testing 

if there any correlation exists, this result might indicate that circulating biomarkers and 

MRI imaging biomarkers give different useful information for stroke diagnosis. 

Specifically, the proposed blood biomarkers may be able to differentiate between 

ischaemic stroke and mimics using very simple, affordable and quick techniques in a 

remote area. While, MRI even though is relatively expensive and time consuming, it 

allows the detection of DWI hyperintensity (Moseley et al., 1990) and alterations in 

ADC values (Reith et al., 1995) within minutes of the beginning of ischaemia. Thus, 

this present result might indicate that blood biomarkers and imaging biomarkers 

may each function independently to provide crucial diagnostic data. It is worth noting 

that, in the MRI data set there were not enough patients. Thus, studies with larger 

cohort is required. 

Altogether, this study suggests that the combination of circulating biomarkers except 

NSE in acute stroke patients with neurological scores as well as CT and MRI 

imaging data can improve the diagnosis of stroke. 
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6.3 Final Conclusions 

In conclusion, the preclinical studies in the present project for the first-time confirmed 

brain damage together with changes in circulatory markers in murine models of stroke. 

The experimental data showed the association between astrogliosis and TJ disruption 

with an increased level of specific proteins in blood serum in ischaemic mice as 

compared to sham-operated mice, suggesting that these proteins can be used as 

potential biomarkers for determining ischaemic stroke. These data, however, need 

further validation.  

Consistent with the preclinical findings, this novel clinical study confirms the preclinical 

results and suggests that blood biomarkers in combination with neurological scores 

and imaging data might offer valuable tools for differentiation between ischaemic 

stroke and mimics and assessing the severity of ischaemic stroke. 

All in all, this study suggests the possible added value of the studied circulating 

biomarkers except NSE to neurological scores and the imaging data for improvement 

of stroke diagnosis. The study findings encourage further research into developing 

circulating biomarkers for use in clinical practice and evaluating the potential of 

measuring specific biomarkers in addition to imaging techniques as a diagnostic 

method for ischaemic stroke. These data, however, need more validation with a larger 

sample and the effectiveness of the use of biomarkers has to finally be proven in 

additional multi-centre clinical trials.  

6.4 Project limitations  

Difficulties with this research started from the first step of brain tissue staining, a series 

of experimental repeats were done to achieve the optimal working dilution of used 

antibodies, especially the TJ proteins before the successful IHC staining were 

produced. Throughout the immunohistochemical studies, this study found the staining 

quality was affected by the concentrations of primary antibodies, incubation time, 

diluent, protocol modification and temperature. Thus, to achieve the optimal result, 

these variables needed to be optimized to obtain specific staining with low 

background. The optimization process is undertaken by changing the antibody 

concentration while maintaining a constant temperature and incubation time to verify 

the optimal dilution. Furthermore, changing the Triton concentration from 0.01% to 

0.1% helped the staining by maximising the antibody penetration to the tissue 
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sections. Treating the sections with L.A.B. Solution assisted in the elimination of 

excessive fixative and minimisation of protein cross-linking.  

Next, in quantitative positive cells analysis, only three control brains and three stroke-

induced brains were available from MCAO models because of time constraints and 

COVID-19 restrictions. Thus, the power of statistics should ideally be increased by 

requiring more replicates. For WB, huge multiple experimental repeats were 

performed to achieve the clear bands from the 4 proteins in both models which was a 

very long and costly process that concluded with the presented results in this project. 

Some experiments such as fluorescence imaging microscopy were difficult to repeat 

due to booking unavailability of the microscope.  

The MT pilot study aimed to identify a hypothesis that can inform a longitudinal study 

design in the future by correlating the imaging results with blood biomarkers in MT. 

The specific aim was to determine if the absolute values of CTP and MRI imaging 

biomarkers can improve the prediction of outcomes in MT. However, due to the limited 

sample size available, only a comparison of CTP biomarkers, MRI ADC values, the 

volume of infarct and functional outcomes between the MT group and the non-MT 

group was conducted. Furthermore, this pilot study was planned to carry on with 

a larger prospective study with outcome data collection, however, due to COVID-19, I 

was not able to get prospective research CTP and MR perfusion scans obtained from 

stroke patients undergoing MT and correlate the perfusion imaging biomarkers results 

with blood biomarkers results. 

The clinical findings must be evaluated in light of the study's limitations, which include 

limited sample size and stringent selection of inclusion criteria that restrict 

generalizability. Additionally, there is a wide range of diagnostic criteria in the 

biomarkers’ thresholds utilised across investigations, raising concerns regarding the 

clinical application. Many factors could contribute to this variability, including patient 

characteristics, differences in sample type (plasma vs. serum), and time points, as well 

as a lack of standardisation, analytical factors (different ELISA kits, laboratory 

equipment and procedures), and the lack of validated reference methods. The 

discovery and standardisation of optimal cut-off values will require more rigorous and 

consistent quality control research in the future. On the other hand, the study's 

biomarkers panel, which included several specificities, processes and pathways, may 

be considered a strength. 
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One of the most important limiting factors in this project was the recruitment process 

of stroke patients and stroke mimics from the hospital during COVID-19 phase, which 

results in a relatively smaller sample size. Collecting patients’ data including 

completed CRF, CT scan CDs and MRI scan CDs after recruitment was not easy. 

Struggling a lot was exist during the clinical study to reach these results. Another major 

difficulty is that not all of the recruited patients undergo MRI scan thus small sample 

size in MRI results. To cope with that, it has been tried to recruit patients from Bradford 

General Infirmary Hospital but unfortunately, the process of transporting the blood and 

data including imaging CDs was delayed. 

This research recruited acute stroke phase only as it was not able to recruit hyperacute 

phase from the accident and emergency (A&E) department due to COVID-19 

restrictions. However, the best was tried to collect the blood ASAP from the hospital 

once the researcher was informed that the patients tested negative for COVID-19, 

consent was completed and blood samples from patients were obtained. This study 

was not able to monitor the biomarkers levels from the same patients at different time 

points due to COVID-19 restrictions and ethical issues, thus, the blood collection in 

this study had been done at only one-time point. However, the presence of selected 

biomarkers was detectable up to 7 days from stroke onset which may be considered 

a strength. Further research testing these biomarkers at different time points is highly 

recommended. 

Identification of the ischaemic side in all patients has been confirmed by looking at 

patients’ records, whereas, identification of volume of infarct has been done by image 

visualisation, thus, it is influenced by intrinsic biases and subjectivity. As a result, 

further work regarding this aspect is highly recommended. There are other variables, 

which may also affect the values of imaging biomarkers such as scanning equipment, 

software and protocol. 

This study was carried out using ELISA methods which have good sensitivity, but it 

might be better to use higher sensitive methods that measure the biomarkers in 

smaller units.  

6.5 Clinical relevance and future direction 

Detection of the biomarker in ischaemic stroke is potentially a very important area of 

research. Although beyond the aim of this research, understanding the mechanism of 
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stroke and BBB damage more broadly in preclinical and clinical work could assist to 

explore the additional detailed understanding of stroke and BBB cells damages  to 

determine a quick way for stroke diagnosis and to develop new therapeutic 

approaches targeting the BBB.  

The results of this study propose that circulating biomarkers in acute stroke patients 

concerning neurological scores, CT and MRI imaging data might improve the 

diagnosis of stroke. Further research in this field is highly recommended. 

This research recruited acute stroke phase only as it was not able to recruit hyper 

acute stroke due to COVID-19 restrictions. It is  believed that some of these 

biomarkers might also be  specific to be picked up during the hyperacute phase.  

Also, future work is needed to find out what is the best time point for blood collection 

that shows the best result. Moreover, finding out which time point of blood biomarkers 

that gives an idea about the stroke infarct size is also important.  

Finally, this study used ELISA for analysis of biomarkers level. It has good sensitivity, 

but one recommended direction is to measure the biomarkers and compare the results 

using other techniques like mass spectrometry, Olink, laser spectroscopy or microRNA 

sequencing technique. 

In conclusion, the proposed circulating biomarker could become a useful and faster 

potential tool for stroke diagnosis which could combine with imaging biomarkers, 

however, further research in this field is highly recommended. 
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Chapter 7 Appendices 

 

 

 

 

 

 

 



319 
 

 

 

 

 

 

 

 



320 
 

 

SOPs for CT perfusion parameters using PMI program 

standard operating procedure 

PMI is a program used to view and analysis any radiological images. PMI runs only on 

windows operating system. It is the program that used to do CTP images post-

processing in this thesis. 

To do the post-processing operation: 

1- It is important  to ensure that all the patient’s information has been wiped and 

anonymized for patients’ privacy. 

2- After opening the PMI program, create a new study (study > new) and give it a 

name such as: image analyzed 

3- Import data (Serious > import > DICOM) “import from the top folder of the 

original patient study images. 

4- Select the serious and sort the image by: (Slice location + image number)  

 

5- Try to move between the seriouses and check if any artifacts or head motion 

are visible. 

6- If there are any interrupted or shifted slices which may affect the analysis 

results, try to extract them. (Serious > extract > enter the beginning slice 

number and the end slice number) 

7- Before start doing the perfusion analysis, time resolution needs to be edited 

(Serious > edit > time resolution) enter start of measurements(sec)=0 while the 

temporal resolution (sec)=1. 
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8- Select the CT perfusion serious and view the serious in 1D + 2D (Display > 1D 

+2D) to view the wash in- wash out curve. By put the crosser on the MCA or 

ACA and track the time when the contrast arrives. 

 

 

9- From the main bar go (perfusion > semi-quantitive (pixels) and enter the arriving 

contrast time in the (Length of baseline) (# of dynamics) as shown in the screen 

shots. 
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10- Three maps are generated: 

_ Maximum (a.u) which shows the maximum signal change image 

_ Area Under the Curve (a.u) 

_ Area: Maximum (sec)   

11- Open the Maximum (a.u) image and define either the ACA or MCA, go (Region 

> threshold) in order to define arterial input function (AIF) as shown in the 

screen shots. 
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12- To generate the three perfusion maps:   

_Plasma flow (ml/100ml/min) 

_Extracellular volume (ml/100ml) 

_Extracellular MTT (sec) 
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Go (perfusion > model free (pixel)) and follow the screenshot instructions. 

 

13- Different ROIs need to be drawn: (right side white matter area, left side white 

matter area, right side grey matter area and left side grey matter area).Open 

the plasma flow map then view it as coloured map then draw a white matter 

ROI on right side as the screen shot images below shown to follow the steps to 

draw the ROI on the opposite side as shown in the screen shots. 
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On the same slice, it is possible to draw the grey matter area on the Basal 

ganglia on both sides according to the steps on the images below: 
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14- Some perfusion maps need to be filtered or smoothed to enhance the signal to 

noise, go (Slices > uniform soothing) or (Slices > Median filtering). 

15- It is possible to view the values of each ROI such as: mean, median, standard 

deviation. To see that, go (Display > ROI Statistics).  
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16- It is recommended, partial volume correction factor (PVC). It modifies volume-

of-interest statistics or ROI statistics in order to compensate the Partial Volume 

Effect. It ensures the proper quantification of objects considering spill-over and 

spill-in between regions.To do that, open the extracellular volume “without filter 

or smoothing”, find a clear slice with the superior sagittal sinuses, the go 

(Region > threshold),then the ROI statistics can be displayed (follow the screen 

shot steps below) : 

 

 

 



328 
 

 

 

 

It is worth mentioning that, PVC = 0.55 / the mean ROI value 

17- Once all the studies have been analysed and data has been collected, Excel 

sheet needs to be created included the CT perfusion three parameters mean 

and standard deviation values for each ROI region. It is worth mentioning that, 

the PMI program gives the plasma value instead of blood value. Therefore, to 

get the blood value for each parameter, small calculation needs to be done. 

 

To calculate Cerebral blood flow ”CBF” from the plasma flow:  

((Plasma flow = (1 – hematocrit ) * CBF))  

known that: hematocrit = 0.45 

>> CBF = Plasma flow \ 0.55  
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To calculate Cerebral blood volume from the extracellular volume: 

((extracellular volume = (1 – hematocrit) * CBV))  

known that: hematocrit = 0.45 

>> CBV = extracellular volume \ 0.55  

 

To calculate Mean Transit Time from the Extracellular MTT: 

MTT= CBV / CBF (the result is shown in minute unit according to the CBV and 

CBF units. In order to make the MTT more reliable, it is recommended to 

converted into second unit. 

 

Note that, each CBF and CFV values should be corrected with the partial 

volume correction factor (PVC). To do that the value has to multiply with the 

PVC value. 

18- A final step to do in Excel sheet, is to calculate the average, mean, standard 

deviation and median for each value of the parameters. 


