
 
 

 

Investigating a Novel Role for the IL-36 / IL-
36R Pathway in Mediating Inflammation in 

the Adult and Aged Murine Heart after 
Ischaemia-Reperfusion Injury 

 

By  

 

Juma El-Awaisi  
 

 

A thesis submitted to the University of Birmingham for the degree of 

DOCTOR OF PHILOSOPHY 

 

 

 

Institute of Cardiovascular Sciences 

College of Medical and Dental Sciences  

University of Birmingham  

June 2022 



 
 

 

 

University of Birmingham Research Archive  

e-theses repository  

This unpublished thesis/dissertation is copyright of the author and/or third parties. The 

intellectual property rights of the author or third parties in respect of this work are as 

defined by The Copyright Designs and Patents Act 1988 or as modified by any successor 

legislation.  

Any use made of information contained in this thesis/dissertation must be in accordance 

with that legislation and must be properly acknowledged. Further distribution or 

reproduction in any format is prohibited without the permission of the copyright holder. 
 

 

 

 

 

 

 

 

 



 
 

Abstract  

Introduction: Whilst blood flow restoration is critical following myocardial infarction (MI), 

ischaemia-reperfusion injury (IRI) accounts for ~50% of the final infarct size. The newly 

discovered cytokine, interleukin-36 (IL-36), could potentially mediate these disturbances. 

However, its role in myocardial IRI is not known. Although several anti-inflammatory 

therapies have been successful in pre-clinical models of MI, they have failed in the clinical 

setting. This translational failure may be linked to a lack of inclusion of comorbidities 

and/or risk factors, as well as an early benefit at the level of the coronary microcirculation. 

We firstly investigated if IL-36 cytokines and its receptor (IL-36R) were present in the heart, 

and whether their expression varied in an injury-, age-, and sex-related manner. We then 

determined whether coronary microcirculatory disturbances and infarct size post-IRI were 

modified by age and sex, and whether IL-36Ra could confer vasculoprotection.  

Methods: Myocardial IRI was induced in adult (3-months) and aged (>18-months) female 

mice, with sex differences assessed in adult male and female mice. Myocardial IL-осwκʰκʲΣ 

VCAM-1 expression, and oxidative stress were investigated by immunostaining, flow 

cytometry, and/or using Western blot. Expression on human heart tissue samples of 

varying ages was also determined. IL-осwκʰκʲ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ŀƭǎƻ ŘŜǘŜǊƳƛƴŜŘ ƻƴ 

stimulated vena cava endothelial cells (VCECs). The beating heart coronary 

microcirculation was imaged in vivo intravitally for neutrophils, platelets, and functional 

capillary density, and also ex vivo using multiphoton microscopy. Laser speckle contrast 

imaging was used to determine overall left ventricular perfusion. The effects of topical IL-

36 cytokine application was also observed intravitally. In some studies, recombinant mouse 

IL-36Ra (15˃g/mouse) was injected intra-arterially at 5 minutes pre-reperfusion and 60 

minutes post-reperfusion. Infarct size was measured using dual TTC/Evans Blue staining.  



 
 

Results: Expression of IL-36 cytokine and its receptor was predominantly on the 

vasculature and cardiomyocytes of both the murine and human hearts, and their 

expression increased with age and injury. Expression was significantly higher in healthy and 

injured adult female hearts compared to male hearts. Basal VCEC surface expression of IL-

36R increased after cytokine stimulation in a concentration-dependent manner. Intravital 

imaging of the beating heart demonstrated heightened basal and injury-induced 

neutrophil recruitment and poorer blood flow in the aged coronary microcirculation when 

compared with adult hearts. These events were mirrored in deeper myocardial layers when 

imaged using multiphoton microscopy. A greater burden of thrombotic disease was noted 

in adult injured male coronary microvessels, whilst a greater neutrophil presence was 

identified in adult injured female coronary microvessels. Infarct size was significantly larger 

in injured adult female hearts when compared to males. All IL-36 cytokines were able to 

induce an inflammatory response when topically applied to the adult and aged hearts. An 

IL-36R antagonist (IL-36Ra) decreased neutrophil recruitment, improved blood flow and 

ventricular perfusion, and reduced infarct size in both adult and aged mice. This may be 

mechanistically explained by attenuated endothelial oxidative damage and VCAM-1 

expression in IL-36Raςtreated mice.  

Conclusion: These novel results are the first to demonstrate myocardial presence of IL-36 

and its receptor and how expression changes with age and sex. Our findings of enhanced 

coronary microcirculatory perturbations associated with age may explain the poorer 

outcomes in elderly MI patients. The cellular nature of the thromboinflammatory response 

may explain the sex-related differences in outcomes after MI. Importantly, we are the first 

to demonstrate that targeting IL-36/IL-36R pathway may be a potential novel therapy for 

treatment of myocardial IRI. 
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1.0. General Introduction  

1.1. Cardiovascular Disease   

The cardiovascular system is made up of the heart, blood, and blood vessels. Its main 

function is to transport oxygen (O2), nutrients and hormones to cells to meet their energy 

requirements, as well as remove carbon dioxide (CO2) and other toxic waste products of 

metabolism [1]. It also allows the body to maintain homeostasis, regulate temperature and 

pH and protect against infection and blood loss  [1, 2]. Generally, the circulatory system of 

a healthy adult operates very effectively.  However, any abnormality in any one or more of 

the components or mechanisms within this compartment can result in acute or chronic 

disease, broadly termed cardiovascular diseases (CVD) [3]. These can be generally classified 

into two main groups [4]; (i) diseases that affect the heart, such as heart failure, valvular 

heart disease, ischaemic heart disease (IHD), cardiomyopathy, and cardiac arrhythmias (ii) 

diseases that affect the blood vessels, also known as vascular diseases, such as peripheral 

arterial disease and aortic aneurysm.  CVD is the leading cause of death globally, accounting 

for approximately 17.7 million (30%) deaths annually [5].  

 

1.1.1. Ischaemic Heart Disease and Atherosclerosis  

IHD, is the leading cause of CVD and accounts for 49% of the total global burden [4, 6]. 

Ischaemia (isch: keep back; aemia: blood) is a term used to describe the inadequate supply 

of blood to bodily tissues [5]. This results in a reduction in O2 and nutrient delivery, which 

subsequently causes problems with cellular metabolism and allows local accumulation of 
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toxic waste [7]. The inability of the coronary arteries to supply O2 rich blood to the tissues 

of the heart due to the narrowing of their lumen is the primary driver of IHD [7]. This 

narrowing is primarily due to atherosclerosis, a localised fatty plaque in the vessel wall, 

which can result in partial or complete occlusion of the artery, thus reducing or completely 

blocking blood flow respectively [1-3, 7]. A partial blockage of the artery may result in 

angina (chest pain), whereas complete blockage would usually lead to a myocardial 

infarction (MI), commonly called a heart attack. The latter could further develop with 

complications, such as arrhythmias, heart failure, and death [7].   

Atherosclerosis is a progressive chronic inflammatory disease whereby plaques of lipids, 

cholesterol, and other substances build up within the wall of blood vessels [7].  These 

plaques can obstruct blood flow which can lead to several conditions including CAD, MI, 

heart failure, stroke and in some cases death. The severity and reversibility of these 

diseases depend on the size of the plaque, location, occlusion size, duration of complete 

occlusion and whether the plaque has ruptured [7]. Several steps are involved in the 

development of an atherosclerotic plaque (Figure 1.1) [8, 9].  If it ruptures, it releases all 

parts of the pro-thrombogenic plaque into the bloodstream [7, 8]. Although atherosclerosis 

is the main cause of IHD, coronary artery spasms, coronary artery dissection or trauma can 

also be responsible. Additionally, triggers such as drugs, tobacco and stress can also cause 

a sudden constriction of coronary arteries, which can reduce blood flow and in turn, 

prompt the formation of a thrombus [10].  
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1.2. Myocardial Infarction  

The primary cause of a MI is an atherosclerotic build-up and subsequent blockage in one 

or more of the major coronary arteries that supply the heart (Figure 1.1) [9]. It can also 

occur when the atherosclerotic plaque inside the coronary artery ruptures and 

subsequently blocks downstream vessels. Plaque rupture accounts for approximately 70% 

of MI fatalities [11]. A blockage of the coronary artery results in myocardial tissue not 

receiving the O2 and nutrients required for normal physiological activity. This initiates a 

period of ischaemia, which can ultimately lead to cardiac tissue death and the development 

of a necrotic lesion called an infarct. If not treated, MI can lead to heart failure, cardiogenic 

shock, cardiac arrest, and death [12]. There are three main coronary arteries: (i) left 

anterior descending (LAD) artery, which supplies the interventricular septum, anterolateral 

wall and ventricular apex (ii) left circumflex artery feeding the inferolateral and inferior 

walls and the (iii) right coronary artery feeding the right ventricle (RV) and inferior wall [11, 

13].  

Tissue ischaemia leads to the initiation of an inflammatory response and platelet 

aggregation and thrombus formation, which in turn further augments the blockage and 

flow of oxygenated blood to the myocardium [12]. A patient with MI would typically 

present with chest pain (known as angina) which may radiate to the back, neck, jaw, upper 

abdomen, arms or shoulders, as well as exhibit shortness of breath, nausea, fatigue, and 

sweating [14]. There are two forms of angina.  Stable angina is more common and occurs 

when the plaque causes a partial obstruction of the lumen, with pain triggered by activity 

(increased O2 demand) but stopping within a few minutes of resting.  In contrast, unstable 
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angina is continuous chest pain that can occur even at rest due to critical narrowing and 

would be considered a medical emergency [12].   

A patient suspected of having acute coronary syndrome (ACS) would typically undergo an 

electrocardiogram (ECG), a blood test for cardiac troponin (cTnT) and a coronary 

angiography [13]. These tests are performed to confirm a MI, determine what type of MI 

the patient is suffering from, locate the blocked area and determine the best treatment 

plan [11]. There are three main types of ACS: unstable angina, non-ST segment elevation 

MI (NSTEMI) and ST segment elevation MI (STEMI) (Figure 1.2) [13]. Unstable angina is 

when the vessel is partially obstructed due to a plaque rupture and subsequent thrombus 

formation around it. Patients with unstable angina do have tissue infarction and cTnT levels 

generally remain normal. During an NSTEMI, a partial occlusion resulted in subendocardial 

myocardial infarction and elevated cTnT levels. In both unstable angina and NSTEMI 

patients, an ECG trace would have an inverted T wave or an ST segment depression.  In 

contrast, a STEMI is characterised by complete occlusion of the vessel resulting in a 

transmural infarction. Patients with a STEMI have elevated cTnT levels, and an ECG trace 

would show either an ST segment elevation or hyperacute T wave (Figure 1.2) [11].  

As a consequence of myocardial ischaemia, dysfunction in cardiac contractility occurs 

rapidly [15]. Within approximately one minute of coronary ischaemia, creatine phosphate 

reserves, used for energy generation in cardiac myocytes, are depleted as it is broken down 

into inorganic phosphate. These inorganic phosphates inhibit contractile proteins and thus 

contractile force is reduced or lost [15, 16]. As a result of the anaerobic glycolysis and the 

lowered intracellular pH, calcium binding to contractile proteins is inhibited, thus further 

reducing contractility [10, 17].  Additionally, alterations that occur during MI can lead to 
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the development of arrhythmias through triggering factors such as ionic and osmolality 

disturbances in the form of calcium influx, potassium efflux, and acidosis [17, 18].  

  

1.2.1. Current Treatment of Myocardial Infarction  

During ischaemia, myocardial cells can start to die either through necrosis or apoptosis. 

Tissue death can be irreversible, but this is dependent on the duration for which the tissue 

remains ischaemic. Hence ischaemic time plays a vital role in the final infarct size [19]. 

Restoring blood flow before the development of cellular necrosis can reverse the cessation 

of aerobic metabolism, hypo-contractility, and mitochondrial and cellular swelling [20]. 

Therefore, it is crucial for reperfusion treatment to start as soon after the onset of 

ischaemia as possible in order to minimize the infarct size and improve prognosis. There 

are several therapeutic strategies for acute MI, but the backbone of all these therapies 

focuses on establishing reperfusion. Therapeutic strategies will also depend on the type of 

MI. Ultimately, all therapies aim to quickly establish reperfusion, reduce ischaemia and 

reduce the incidence of re-infarction [10].  
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Figure 1.1. Atherosclerosis is a multistep process that can lead to a cardiovascular event. 
Presence of circulating irritants such as excess lipids, LDL cholesterol, toxins from cigarette 
smoking, or chronic exposure to high blood pressure damage the endothelium.  This results 
in the endothelial barrier function being lost, which subsequently allows cholesterol to 
start settling at the surface and build up to form a fatty streak. When cholesterol enters 
the blood vessel wall, it oxidizes, resulting in the production of messengers which drive the 
immune system to direct monocytes to the damaged surface. Monocytes then convert into 
macrophages and start to engulf these fatty streaks.  However, this process of engulfment 
is insufficient, and the macrophages die and form foam cells.  During death, they release 
cytokines and other circulating messengers, which causes further monocyte-macrophage 
recruitment for reinforcements which starts this cycle again. During these cycles, the 
endothelium is continuously being damaged, cholesterol and platelets are accumulating 
with foam cells, and calcium and other substances found in the blood are being deposited, 
creating an increasingly more inflammatory and pro-coagulative milieu. Additionally, the 
smooth muscle layer starts to migrate along with collagen and elastin to form a fibrous cap 
around this plaque to stop it from being exposed to the blood. The growing plaque occludes 
the vessel, impeding circulation. In some instances, the plaque can rupture, releasing all 
parts of the pro-thrombogenic plaque into the bloodstream. CRP, C-reactive protein; 
LDL, low-density lipoprotein; ox-LDL, oxidized low-density lipoprotein; RLP, remnant-like 
particle; Mono., monocyte. Created using Biorender. Adapted from [9].  

https://www.sciencedirect.com/topics/medicine-and-dentistry/c-reactive-protein
https://www.sciencedirect.com/topics/medicine-and-dentistry/low-density-lipoprotein
https://www.sciencedirect.com/topics/medicine-and-dentistry/oxidized-low-density-lipoprotein
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Figure 1.2. Myocardial infarction classification. The occlusion of a coronary blood vessel 
can lead to a myocardial infarction (MI). In order to differentiate the type of MI a patient 
may be suffering from, patients undergo an electrocardiogram (ECG), cardiac troponin 
blood test, and a coronary angiography. Patients with stable or unstable angina do not 
develop an infarction and have normal levels of troponin, while non-ST segment elevation 
MI (NSTEMI), and ST segment elevation MI (STEMI) patients develop a subendocardial and 
transmural infarct, respectively and have elevated troponin levels. Unstable angina and 
NSTEMI patients have a partial occlusion of the coronary vessel as a result of thrombus 
formation around the plaque and present with a normal, inverted T wave, or ST depression 
on their ECG, while STEMI patients have a complete occlusion, and their ECG presents 
either a hyperacute T wave or ST elevation. Created using Biorender. Adapted from [12, 
13]. 

 



  Chapter 1: General Introduction 
 

9 
 
 

1.2.1.1. Pharmacological Agents to Prevent another MI 

There are several pharmacological interventions which are given to patients with an MI, 

which include anti-platelet and anti-coagulants drugs, statins, anti-hypertensives, and pain 

relievers [21]. Anti-platelet drugs such as aspirin, clopidogrel, and ticagrelor can be used to 

prevent further clotting and reduce the ultimate coronary artery thrombus size. This can 

reduce the mortality rate post-acute-MI by 50% [20]. Heparin can also be used to reduce 

thrombus progression and has also been shown to reduce mortality post-acute-MI [22].  

Statins have been shown to have a protective effect, thought to be due to their ability to 

reduce lipids and cholesterol, exert angiogenic effects and inhibit cardiac myocyte 

hypertrophy [21]. Another key treatment, ̡-adrenergic blockers, have an array of benefits 

in MI which include modestly reducing infarct size, incidence of re-infarction, myocardial 

O2 demand and improving contractility. These benefits are a result of their protective effect 

on remodelling and protection of cardiac myocytes from ischaemic death, as well as 

additional anti-arrhythmic effects [23, 24]. Some survival benefits have also been seen with 

MI patients who take angiotensin converting enzyme (ACE) inhibitors early on [25]. ACE 

inhibitors produce their beneficial effect by preventing cardiac myocyte hypertrophy, 

reducing the dilation of the ventricle, and reducing the expansion of the infarct [25]. 

Glyceryl trinitrate (GTN), is a nitrate vasodilator which acts by increasing nitric oxide (NO) 

levels, which results in coronary vasodilation and in turn, improves the blood supply to the 

heart [26]. Lastly, painkillers such as morphine are used to manage the pain associated with 

unstable angina or MI and thereby reduce anxiety [26].  
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1.2.1.2. Thrombolytics and PCI to Reperfuse the Ischaemic Heart  

Reperfusion is a restoration of blood flow to the vascular network following reopening of 

an obstructed coronary vessel and is the most important therapeutic step during a MI to 

reduce mortality [27]. It acts to prevent further necrosis, limit infarct size, and reduce 

myocardial dysfunction. However, its effectiveness is highly time dependent [27]. The 

physiological events that occur during reperfusion are distinct from those occurring during 

the ischaemic phase and involve an increased inflammatory reaction and the removal of 

apoptotic and necrotic cardiac myocytes [10, 28]. Clinically, myocardial reperfusion can be 

achieved either using pharmacological agents or by mechanical intervention [23]. 

Pharmacological agents include thrombolytics (also known as fibrinolytics), which act to 

dissolve or lyse thrombus in the coronary artery, prevent them from growing and 

ultimately improve blood flow to avoid further heart damage. They are used in patients 

with a STEMI, where mechanical interventions cannot be achieved within four hours.  

Thrombolytics primarily include tissue plasminogen activators (tPA) such as streptokinase, 

alteplase, reteplase, and urokinase.  These drugs activate circulating plasminogen to form 

plasmin, the main proteolytic enzyme that degrades crosslinks between the fibrin 

molecules that hold a thrombus together, thus enabling its breakdown [29].    

Mechanical interventions, which are the preferred acute therapy for MI, include primary 

percutaneous coronary intervention (PCI), also known as angioplasty, which removes the 

blockage by physical manipulation [27]. This is more effective than pharmacological 

options due to its superior safety, efficacy, and long-term outcomes. A primary PCI 

procedure involves the insertion of a small wire through one of the peripheral blood vessels 
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(femoral or radial artery) until it reaches the occluded coronary arteries, where the 

thrombus is cleared by suctioning, and a balloon or sent are used to open residual 

narrowing [27]. Patients are then usually placed on a dual anti-platelet anti-coagulant 

therapy for one year.  Primary PCI is the method of choice for patients with a STEMI within 

the first four hours and is recommended for patients with a NSTEMI between one to three 

days [30].  

 

1.2.2. Myocardial Ischaemia-Reperfusion Injury  

Reperfusion achieved by thrombolysis or primary PCI, is vital to limit MI size, preserve 

myocardial tissue and avoid heart failure and left ventricular (LV) systolic dysfunction [31].  

However, paradoxically, reperfusion is associated with an acute worsening of the ischaemic 

injury to heart tissue, a phenomenon known as ischaemia-reperfusion (IR) injury [31].  

Indeed, it is estimated that reperfusion of the heart following an ischaemic episode is 

responsible for approximately 50% of the final necrotic infarct size, which limits the full 

benefit of reperfusion therapy. It is therefore an area of significant interest as interventions 

administered at the point of reperfusion have the potential to improve the prognosis of 

patients following an MI [32]. However, successful therapies that can prevent reperfusion-

related myocardial injury have not been identified and thus remain one of the key unmet 

clinical needs in cardiology. 

Once reperfusion starts, an enhancement in the inflammatory response begins. Reactive 

oxygen species (ROS) form through a variety of mechanisms in cardiac myocytes and 

endothelial cells (ECs), of which an electron transfer to O2 occurs by a damaged enzyme 
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from the ischaemic phase (Figure 1.3) [33, 34]. These, alongside activated neutrophils, 

platelets, ECs, and macrophages, release more ROS and in turn, the formation of mediators 

such as chemokines and cytokines. This inflammatory response disturbs coronary 

microvascular perfusion as a result of alterations in the production of NO and endothelin-

1 (a potent vasoconstrictor), as well as enhanced coagulation.  Collectively, these events 

produce cytotoxicity and in turn, induce further cell injury and death [35].  

In addition to inflammation, reperfusion is associated with several additional factors that 

may cause tissue injury, including intracellular Ca2+ overload, oxidative stress, and 

consequences of pH restoration.  Intracellular Ca2+ overload occurs during the ischaemic 

phase but is worsened following reperfusion as a result of mitochondrial re-energisation 

and the generation of oxidative stress. Entry of Ca2+ into the mitochondria occurs through 

the mitochondrial Ca2+ uniporter, which in turn induces the opening of the mitochondrial 

permeability transition pore (mPTP) and mitochondrial re-energisation occurs (Figure 1.3) 

[32]. Although pharmacological inhibition of the Ca2+ channel reduced infarct size by 50% 

in animal models, similar effects have not been seen in clinical studies [36, 37]. The recent 

discovery of a mitochondrial Ca2+ uniporter inhibitor may provide better clinical outcomes 

through its pharmacological inhibition. The mPTP channel is non-selective, and its opening 

results in a dissipation of the mitochondrial membrane ionic gradient, cessation of ATP 

generation through oxidative phosphorylation and subsequent cell death. The mPTP 

remains closed during ischaemia but may open following reperfusion in response to the 

Ca2+ overload, relative depletion of ATP, oxidative stress, and pH restoration (Figure 1.3). 

Pharmacological inhibition of this channel at the time of reperfusion was able to reduce MI 
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size by about 45% in animal models and could provide a potential therapeutic target for IR 

injury [38].  

A rush of oxidative stress is also produced following reperfusion which can mediate cardiac 

myocyte death. Antioxidants have been shown to be beneficial in some studies but are 

generally not cell-permeable, and so their intracellular efficacy is hindered. Therefore, the 

use of specific mitochondrial antioxidants may provide better results experimentally and 

clinically [32, 39]. Lastly, intracellular pH is rapidly restored following reperfusion. The 

activation of the Na+H+ exchanger and washing out of lactate following reperfusion rapidly 

returns the pH from 7 during ischaemia to its physiological condition within minutes. This 

process results in cardiac myocyte injury and death through the opening of the mPTP 

channels and hypercontractility of cardiac myocytes. Therefore, a slow restoration of the 

pH at the time of reperfusion could prevent IR injury. Consistent with this mechanism, 

pharmacological inhibition of the Na+H+ exchanger has been shown to be cardioprotective 

[32, 40].  

 

 

 

 

 

 

 

 

 



  Chapter 1: General Introduction 
 

14 
 
 

 

Figure 1.3.  Mechanism of energy supply during ischaemia and reperfusion. Generation 
of energy in cardiac myocytes usually occurs in the presence of O2, via a mechanism relying 
on oxidative phosphorylation in the mitochondria to produce ATP. In the absence of O2, 
ATP generation through oxidative phosphorylation stops, and ADP levels increase, which 
results in a transient production of ATP from creatine phosphate until this is depleted 
(usually within about 1 minute). Simultaneously, anaerobic glycolysis starts to convert 
intracellular glycogen to lactic acid, which results in intracellular acidosis. As a result, ion 
transport pumps which rely on ATP will fail. Na+/K+ pump failure will increase intracellular 
levels of Na+, which leads to a disturbance in cell osmolality and results in swelling, a loss 
of conductivity and membrane damage. To balance Na+ overload, the Na+/Ca2+ ion 
exchanger removes Na+ and increases Ca2+. Within about 20 minutes, anaerobic glycolysis 
becomes insufficient to substitute ATP, and consequently Ca2+ and Na+ overload will result 
in the generation of reactive oxygen species (ROS), free radicals and other harmful 
substances, which will also damage the cell membrane. More harmful substances are then 
generated and cause the mitochondria to break down and release further toxic 
metabolites, which leads to cell death.  Cellular death releases toxic substances into the 
surrounding environment, which causes additional cell death. Once reperfusion starts, 
anaerobic glycolysis is stopped, pH is restored, mitochondrial production of ATP is 
resumed, and an inflammatory response is activated. The inflammatory response can be 
triggered by the components of damaged or dead cells or the disordered tissue matrix. 
These cells, alongside activated neutrophils, platelets, endothelial cells, and macrophages, 
can then release ROS and free radicals. ROS and free radicals are formed via a number of 
pathways in cardiac myocytes, one of which involves an electron transfer to O2 by xanthine 
oxidase (which is itself generated by cleavage of xanthine dehydrogenase due to high 
intracellular Ca2+ levels in the ischaemic phase). Some of these then result in cytotoxicity 
and in turn, induce further cell injury and death. Created using Biorender. Adapted from 
[31].  
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1.3. Coronary Microcirculation  

1.3.1. Role of the Coronary Microcirculation in Ischaemia-Reperfusion Injury  

The sinuses of Valsalva, at the origin of the aorta as it leaves the heart, gives rise to the two 

main epicardial arteries, the left (LCA) and right (RCA) coronary arteries, which then 

continue to branch out even further into smaller vessels to feed specific areas of the heart. 

The LCA supplies the left side of the heart, with the left main stem branching into two 

arteries, the left anterior descending (LAD) and the left circumflex (LCx) artery [41]. 

The LAD artery perfuses the anterior wall of the left ventricle, and the anterior 

interventricular septum, whilst the LCx perfuses the lateral left ventricular free wall. 

The RCA branches into right marginal arteries to perfuse the right ventricle and usually 

forms the posterior interventricular artery to supply the septum from behind. Initial 

branching starts on the epicardial surface of the heart and continues to branch into the 

myocardium to form a tree-like microcirculatory network ending as an extensive network 

of capillaries running between all muscle fibres providing almost every fibre with its own 

capillary (Figure 1.4) [41]. Indeed, coronary microcirculation accounts for around 75-80% 

of the total myocardial blood flow and hence plays an integral role in regulating the 

distribution of blood flow in the heart to ensure demand is met during metabolic, 

endothelial, neuronal, and myogenic changes through its control of coronary resistance 

[42]. However, it also plays an important role in permitting the thromboinflammatory 

response during ischaemia and the subsequent reperfusion phases that accompanies the 

flow restoring treatment of MI. 

https://en.wikipedia.org/wiki/Left_anterior_descending_artery
https://en.wikipedia.org/wiki/Circumflex_branch_of_left_coronary_artery
https://en.wikipedia.org/wiki/Left_anterior_descending_artery
https://en.wikipedia.org/wiki/Ventricle_(heart)
https://en.wikipedia.org/wiki/Interventricular_septum
https://en.wikipedia.org/wiki/Right_marginal_branch_of_right_coronary_artery
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Clinically, restoration of normal epicardial coronary artery blood flow, but with sub-optimal 

myocardial perfusion, can be observed in as many as 50% of patients undergoing PCI, which 

leads to worse outcomes than in patients with full perfusion recovery [41, 43, 44]. This 

suggests myocardial tissue damage likely occurs subsequent to inadequate perfusion at the 

level of the coronary microcirculation [43, 45]. Indeed, a nƻ ΨǊŜ-ŦƭƻǿΩ ǇƘŜƴƻƳŜƴƻƴ ƴƻǘŜŘ 

post-PCI is likely brought about by targeted damage of the smallest blood vessels of the 

heart as a result of both the ischaemic and reperfusion insults.   

 

1.3.2. MINOCA and Microvascular Angina  

The no-reflow phenomenon often observed post-PCI is not the only evidence that indicates 

an important pathophysiological role in coronary microcirculation [46]. As stated earlier, 

MI occurs when there is a blockage in one or more of the three main coronary arteries. 

This can be a partial or a complete blockage, described earlier as NSTEMI or STEMI, 

respectively. These large vessel obstructions can be easily detected in a clinical setting 

using x-ray angiography (Figure 1.5). However, at least 15% of patients presenting with 

typical symptoms of an acute MI show no angiographic evidence of obstructive coronary 

lesions, suggesting ischaemic problems may be likely occurring due to perturbations within 

the downstream microcirculation [47]. Therefore, despite changes indicative of a heart 

attack being evident on an ECG (ST-segment elevation) and biochemically (raised cardiac 

troponin levels that measure heart muscle damage), ƴƻ ǎǘŜƴƻǎƛǎ ƻŦ җ рл҈ ƛƴ ŀ ƳŀƧƻǊ 

epicardial artery is demonstrated on coronary angiography (Figure 1.5). This condition, 

called MI with non-obstructive coronary arteries or MINOCA, results from various causes, 
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including microvascular diseases, thromboembolism, plaque disturbance or coronary 

artery dissection or spasm [48]. Interestingly, MINOCA is diagnosed more frequently in 

younger patients and in women. The importance of coronary microcirculation in CVDs is 

further exemplified in conditions such as microvascular angina (also called cardiac 

syndrome X). Patients with microvascular angina present with chest pain during physical 

exertion, but no ST-elevation is seen on an ECG, and basal circulating troponin levels are 

usually normal. Similar to MINOCA, there is an absence of obstructive angiographic visible 

coronary arteries. Coronary microvascular dysfunction has also been attributed to be the 

main cause of heart failure with preserved ejection fraction (HFpEF), which makes up 

around 50% of all patients diagnosed with heart failure [49, 50].  

Increased clinical recognition of the importance of coronary microcirculation has resulted 

in the need to identify strategies to improve perturbations within it, and these have gained 

attention recently [51]. However, clinical research into the role of coronary 

microcirculation in cardiovascular disease has been limited.  This has meant no efficient 

strategy to improve microvascular flow post-PCI; the time when reperfusion injury is 

initiated has yet been identified. This is due to several challenges which have made it 

difficult to investigate dynamic events within the coronary microcirculation clinically. The 

most significant is the fact that the microvessels of interest are small, less than 200µm in 

diameter, making imaging modalities such as cardiac magnetic resonance (CMR) and 

positron emission tomography (PET) unsuitable due to their limited spatial resolution [52].  

This inability to directly image coronary microvessels in patients has led to cardiologists 

focusing their efforts on improving flow post-MI within the angiographically visible part of 

the coronary circulation. Hence, little is known about the full range of coronary 
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microcirculatory responses, particularly at a cellular level, to IR in the clinical setting [53, 

54].  

Most of our knowledge of what may be happening within the coronary microvessels post-

IR injury has been obtained from experimental studies, in which heart tissue has been 

interrogated histologically and biochemically for morphological deterioration, 

thromboinflammatory cell infiltration and infarct size. Various microvascular perturbations 

noted in tissue sections include the presence of (i) swollen endothelial cells surrounded by 

cardiac myocytes that are themselves swollen, (ii) presence of endothelial gaps, (iii) red 

blood cell (RBC) congestion, (iv) platelet and fibrin microthrombi, and (v) a high number of 

intraluminal leucocytes or platelet-leucocyte aggregates [51]. However, these one-time 

static snapshots cannot indicate which of these events actually reduce or prevent 

myocardial flow post-reperfusion, nor can they provide real-time data on the trafficking 

kinetics of thromboinflammatory cells in the presence of pathophysiological flow. 

Therefore, it is not possible to know whether thromboinflammatory cells noted in coronary 

microvessels in histological sections are actually adherent, occlusive, and inhibiting the 

passage of blood or simply circulating cells or remote emboli that were freely passing 

through the heart at the time of tissue retrieval. Leucocyte recruitment follows a well-

characterised adhesion cascade, including crawling, rolling, adhesion, spreading, and 

transendothelial migration (Section 1.4.6). However, histological analysis cannot really 

ascertain which of these dynamic events are critical in mediating their recruitment in the 

heart in vivo. Moreover, important microvascular functional information such as the ability 

of IR injury to modify flow, vessel diameters, functional capillary density, microvessel 

integrity, and leakage are impossible to determine from static sections. 
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Figure 1.4.  Epicardial microcirculation and coronary microcirculation.  The left and right 

coronary arteries and their branches are epicardial coronary vessels that lie on the surface 

of the heart.  Their distal branches penetrate the heart muscle to become the coronary 

microcirŎǳƭŀǘƛƻƴ ŀƴŘ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ƭŜǎǎ ǘƘŀƴ рлл˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊΦ ¢ƘŜ ŎƻǊƻƴŀǊȅ 

microcirculation cannot be visualised during coronary angiography or other routine clinical 

imaging tools such as single-photon emission computed tomography (SPECT), positron 

emission tomography (PET), ultrasound and magnetic resonance imaging (MRI).  Hence, 

only blockages in coronary arteries can be seen clinically and not those that they may 

present in the smaller microvessels. Created using Biorender.  
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Figure 1.5.  X-ray angiography of patients with symptoms of myocardial infarction (MI) 

either in the presence or absence of occlusions within coronary arteries. (A) (Left) 

Angiogram demonstrating a total occlusion in the proximal left anterior descending (LAD) 

coronary artery with no downstream blood flow (arrows). A normal left circumflex artery 

(Cx) is shown. (Right) The same vessel in which flow has been restored after insertion of a 

stent.  Image: Hwang et al., 2015 (B) (Left) Angiogram demonstrating a partial occlusion 

(arrow) in the LAD which has some downstream flow (arrow). (Right) The same vessel after 

the occlusion is relieved with a stent. Image: Playán-Escribano et al., 2019 [55]. (C) 55-year-

old female patient with MINOCA presenting with classical symptoms of an MI, raised 

troponin levels and an ST-elevation in her ECG, but with no stenosis in her coronary 

arteries. Image: Pasupathy et al., 2016 [46].  
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1.4. Inflammation during Myocardial Infarction  

Inflammation is a localised biological response to infections or sterile tissue damage. 

Infectious factors include bacteria, viruses, and other microorganisms, while sterile 

inflammation occurs following exposure to chemical irritants, physical, and biological 

injuries, and psychological mediators [56]. The immune system is made up of two 

complementary sub-systems, namely the innate and adaptive immune systems [57]. The 

innate immune system is responsible for the first line of defence against any new pathogen 

or injury and does not need prior exposure to the pathogen [56].  Instead, immune cells 

such as resident macrophages, dendritic cells, and mast cells contain pattern recognition 

receptors (PRRs) which act to recognise pathogen-specific molecules, known as pathogen-

associated molecular patterns (PAMPs), or components of the host damaged or dead cells, 

known as damage-associated molecular patterns (DAMPs). Toll-like receptors (TLRs) are a 

class of PRRs that have been widely studied. Following infection or injury, TLRs become 

activated though their recognition of PAMPs or DAMPs and, through a signalling cascade, 

induce the secretion of cytokines and chemokines, which recruit neutrophils and 

macrophages to the site of inflammation. These different categories of inflammatory 

triggers ultimately converge on the same downstream signalling effectors with neutrophils 

and macrophages then engulfing the pathogens or damaged/dead cells [56].  

By contrast, the adaptive immune system is responsible for antigen-specific immune 

responses, whereby pathogens are identified through the recognition of unique antigens. 

The adaptive immune response is more focussed as each pathogen is targeted specifically 

by specialized immune cells known as lymphocytes (B- and T-cells). Some of the activated 
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B- and T-cells become memory B- and T-cells, respectively, which allows for the 

development of immunological memory, by which pathogens are identified and 

neutralised rapidly in subsequent exposures to the pathogen. Establishing a significant 

adaptive immune response to a new pathogen usually takes around six days [56].  

Inflammation can be categorized as either acute or chronic. The initial response to 

infections, irritants, or injury is considered an acute response and is characterised by the 

movement and transmigration of immune cells such as neutrophils from the vasculature 

into the inflamed area.  If the acute inflammatory response fails to eradicate the infection, 

irritant, or injury, then chronic inflammation follows. This persistent, prolonged 

inflammation is characterised by concurrent destruction and repair of the tissue. A change 

in the type of immune cells present at the site to a more specialized type of immune cells 

is also observed. Atherosclerosis is a chronic inflammatory disease, while the initial 

inflammatory response in a MI is an acute inflammation [56, 58].  

 

1.4.1. Pro-inflammatory Response in a Myocardial Infarction 

The onset of an ischaemic event during MI, and reperfusion through primary PCI, can both 

induce inflammation because of cellular injury and death to cardiac myocytes, ECs, and 

fibroblasts. This acute inflammatory response is triggered through several initiation 

processes including, the release of the intracellular content of necrotic cells such as DAMPs, 

production of ROS, and activation of the complement cascade. This initiation then activates 

the nuclear factor kappa B (NF-ˁ.) system and generates pro-inflammatory mediators such 

as chemokines, cytokines, and adhesion molecules at the infarct site. Recruitment and 
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extravasation of circulating neutrophils and other leucocytes to the infarction site then 

occurs, which serves to help wound healing and scar formation [59]. However, a prolonged 

and excessive inflammatory response can worsen the condition, leading to larger infarct 

size, LV remodelling and heart failure.  

 

1.4.2. DAMPS, TLRs, and the Inflammasome 

Cellular injury and death to myocardial tissue and cardiac myocytes result in the release of 

endogenous DAMPs (Figure 1.6) [60]. These can be nuclear in nature such as histones, 

DNA, mitochondrial DNA (mtDNA) the nuclear factor high mobility group box 1 (HMGB1) 

and interleukin-1 (IL-1a) or cytosolic such as ATP, uric acid, heat shock proteins (HSP) and 

F-actin. Specific TLRs become activated through their recognition of these DAMPS.  

Extracellular DNA, mtDNA, RNA, and HMGB1 have all either been shown to be elevated in 

patients following a MI or to be anti-inflammatory and cardioprotective.  This has been 

demonstrated by the ability of DNAase, RNAase1 or HMGB1 inhibitors to reduce MI size  

[61, 62].   There are more than 10 known TLRs, located either on the surface of cardiac cells 

(TLR1, TLR2, TLR4) or intracellularly (TLR3, TLR7, TLR9). Surface TLRs sense extracellular 

damage or danger signals (such as HMGB1), whereas intracellular TLRs act to sense signals 

within cells (such as DNA or nucleic acid) [60]. Once a DAMP is recognised by a TLR, the 

cytoplasmic myeloid differentiation factor 88 (MyD88) is activated. This stimulates the NF-

ˁ. ǇŀǘƘǿŀȅ ŀƴŘ, through a signalling cascade and gene transcription, leads to the 

production and release of several inflammatory mediators such as pro-interleukin (IL)-м ̡

(pro-IL-м)̡ (Figure 1.6) [63]. TLR4, in particular, has been shown to be integral in inducing 
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inflammation during myocardial ischaemia and IR injury. Indeed, genetic depletion or 

pharmacological inhibition of TLR4 in mice results in reduced neutrophil/monocyte 

infiltration and decreased cytokine/chemokine production, which ultimately leads to 

reduced MI size and LV remodelling [64, 65], [66, 67].   

Pro-inflammatory responses following an acute MI or post-reperfusion can also be 

triggered through inflammasomes. Inflammasomes are a complex of multiple cytoplasmic 

proteins which form in response to the release of DAMPs (such as ATP), and function to 

activate pro-inflammatory cytokines such as IL-м ̡[58]. The most described and studied 

inflammasome in relation to MI is nucleotide-binding oligomerization domain receptor 

family protein 3 (NLRP3). Release of extracellular ATP leads to Ca2+ overload within the 

mitochondria, subsequent ROS generation, and mitochondrial cardiolipin release, which 

activates the NLRP3 inflammasome [60]. This inflammasome then promotes cleavage of 

pro-Caspase-1 into Caspase-1, which in turn converts pro-IL-мʲ (inactive form) into the 

active IL-мʲ form (Figure 1.6). In 2013, Sandanger et al. identified an up-regulation of 

NLRP3 in mouse myocardial fibroblasts following an acute MI [68]. Several research groups 

were also able to see a significant reduction in MI size in murine hearts following 

pharmacological inhibition or genetic depletion of NLRP3, thus suggesting this as a 

potential therapeutic target to limit myocardial cell death following an acute MI [68-70].  

Therefore, release of IL-мʲ ŦǊƻƳ ŎŀǊŘƛŀŎ ŎŜƭƭǎ ƛƴǾƻƭǾŜǎ ǘǿƻ ǎǘŜǇǎ: (i) pro-IL-мʲ ǘǊŀƴǎŎǊƛǇǘƛƻƴ 

through the DAMP-TLR-NF-ˁ. ǎƛƎƴŀƭƭƛƴƎ ŎŀǎŎŀŘŜ ŀƴŘ (ii) processing of pro-IL-мʲ ƛƴǘƻ ƛǘǎ 

active form (IL-мʲύ ǘƘǊƻǳƎƘ ǘƘŜ b[wtо inflammasome. IL-мʲ drives further pro-

inflammatory mediator release, thereby exacerbating the acute inflammatory response 

(Figure 1.6).  
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Figure 1.6. Overview of the IL-мʲ ƛƴŦƭŀƳƳŀǘƻǊȅ response in a myocardial infarction. The 
onset of acute myocardial infarction (MI) leads to cellular injury and necrosis of cardiac 
cells (cardiac myocytes, endothelial cells, and fibroblasts), resulting in the release of 
intracellular content such as damage-associated molecular patterns (DAMPs), production 
of reactive oxygen species (ROS) and activation of the complement cascade. Once a DAMP 
(such as DNA, mitochondrial DNA (mtDNA), RNA, the nuclear factor - high mobility group 
box 1 (HMGB1), and ATP) is recognised by toll-like receptors (TLRs), cytoplasmic myeloid 
differentiation factor 88 (MyD88) is activated.  This in turn, stimulates the NFςˁ . ǇŀǘƘǿŀȅ 
and through a signalling cascade and transcription, leads to the release of several 
inflammatory mediators such as pro-interleukin (IL)-мʲΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ 
release of DAMPs, inflammasomes (such as nucleotide-binding oligomerization domain 
receptor family protein 3, NLRP3) are activated to promote the cleavage of pro-Caspase-1 
into Caspase-1, which in turn processes the pro-IL-мʲ ƛƴǘƻ ǘƘŜ ŀŎǘƛǾŜ L[-мʲ ŦƻǊƳΦ !ǎ ŀ ǊŜǎǳƭǘΣ 
pro-inflammatory mediators such as cytokines (IL-мʲΣ L[-мʰΣ L[-18, and IL-6), chemokines 
(CCL2, and CCL5), and cell adhesion molecules are increased at the infarct site. 
Extravasation and recruitment of neutrophils and other leucocytes (monocytes, 
macrophages, B lymphocytes, and CD8+ T cells) to the infarction site then occurs as a result 
of the interactions between endothelial cells and infiltrating leucocytes. The subsequent 
anti-inflammatory phase (day 4-7) facilitates the resolution and repair through anti-
inflammatory cytokines (IL-10, IL-1, and TGF-ʲύΣ ŎƘŀƴƎŜǎ ƛƴ ƳŀŎǊƻǇƘŀƎŜǎ όaм ǘƻ aнύ ŀƴŘ 
monocytes (Ly6Chigh to Ly6Clow), and recruitment of cells (T-regs, dendritic cells, CD4+ T 
cells). This response serves to help wound healing and scar formation; however, a 
prolonged and excessive inflammatory response can worsen the condition, leading to 
larger infarct size, LV remodelling and heart failure. Created using Biorender. Adapted from 
[60] 
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1.4.3. Pro-inflammatory Cytokines and Chemokines  

In response to ischaemia or reperfusion injury, pro-inflammatory cytokines, such as IL-мʲΣ 

tumour necrosis factor-a (TNFh ) and IL-6 are produced, primarily by resident myocardial 

cells or circulating inflammatory cells, and function to recruit immune cells to the area. 

These agents promote leucocyte recruitment by activating leucocyte integrins and 

enhancing the expression of endothelial cell adhesion molecules (CAM) at the site of injury. 

Chemoattractant cytokines or chemokines are also secreted and regulate the locomotion 

and trafficking of leucocytes along concentration gradients, thus increasing leucocyte 

recruitment and infiltration to the infarcted area [58, 60].  

 

1.4.4. Pro-inflammatory Cytokines  

Cytokines are a broad class of proteins (~6-20kDa) produced by a wide variety of immune, 

endothelial, and other tissue-resident cells and are involved in cell signalling. They include 

chemokines, interleukins (ILs), interferons (IFNs), TNFs and lymphokines. These agents can 

act as either pro- or anti-inflammatory mediators for the immune system. Several pro-

inflammatory cytokines are up-regulated in acute MI during the ischaemia and reperfusion 

phases. Predominant cytokines include IL-1 family members (IL-мʰ ŀƴŘ L[-мʲύ, IL-6, TNF-ʰΣ 

and C-reactive protein (CRP). IL-1 family members have a key role within most systemic 

and local inflammatory responses and are one of the early and leading cytokines to 

mediate an inflammatory response following an acute MI.  In experimental mouse models 

of MI, IL-мʰ has been shown to be released by damaged or dead cardiac myocytes, while 
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IL-мʲ is primarily released from immune cells and cardiac myocytes (Figure 1.6) [71, 72].  

Following reperfusion, plasma levels of IL-мʲ have been strongly linked to decreased 

cardiac function and adverse LV remodelling [73]. Multiple research groups have shown a 

reduction in adverse LV remodelling and MI size following pharmacological inhibition of IL-

мʲ or genetic depletion of the IL-1 receptor (IL-1R) in experimental mouse models of MI 

[74]. IL-6 is also released from both immune and myocardial cells following IR injury and 

has been shown to have both anti- and pro-inflammatory effects, including the secretion 

of CRP. Studies in mice with genetically depleted or pharmacologically inhibited IL-6, have 

returned varied results on MI size and LV remodelling, with some studies showing a 

worsened LV remodelling following inhibition [75-77]. Increased plasma levels of IL-сΣ ¢bCʰ 

and CRP have been shown to be associated with worse adverse outcomes and higher 

mortality in patients with MI [60]. A reduction in aL ǎƛȊŜ ǿŀǎ ŀƭǎƻ ǎŜŜƴ ŦƻƭƭƻǿƛƴƎ ¢bCʰ 

inhibition [74].  

 

1.4.5. Pro-inflammatory Chemokines  

Chemokines are a class of cytokines (~8-14KDa) which have a similar tertiary structure and 

are released in response to pro-inflammatory cytokines. They are classified into sub-

families depending on their cysteine residues: CC, CXC, CX3C, and XC. They have a key role 

in neutrophil, monocyte and lymphocyte locomotion, trafficking, and adhesion. The most 

abundant chemokines are the CC chemokines, which include CCL2 (also known as 

monocyte chemoattractant protein 1 (MCP-1) and CCL5. CCL2 and CCL5 are both 

significantly and rapidly up regulated in a MI and function to attract immune cells. CCL2 



  Chapter 1: General Introduction 
 

28 
 
 

attracts mononuclear cells such as monocytes, while CCL5 attracts neutrophils and 

macrophages (Figure 1.6). Genetic depletion of CCL2 or its receptor or inhibiting CCL5 using 

a monoclonal antibody resulted in a reduction of infiltrating immune cells to the infarcted 

area, reduced MI size, stopped LV remodelling, and reduced mortality [78, 79]. CXC 

chemokines include CXCL12, also known as stromal cell-derived factor 1 (SDF-1), which is 

also up regulated in MI. Pharmacological inhibition of CXCL12 also resulted in a reduced MI 

size and a reduction in infiltrating neutrophils, most likely through an indirect effect [60, 

80]. 

 

1.4.6. Pro-inflammatory Cell Adhesion Molecules  

Following the release of chemokines, leucocytes are captured from the circulation and 

aided to cross the vascular endothelium and enter the site of injury. The pathway of events 

that underlie this process form what is referred to as the leucocyte adhesion cascade. In 

response to a MI, this process involves leucocytes tethering and rolling within the blood 

vessel, followed by their subsequent arrest and firm adhesion to the endothelium and 

finally their migration through the endothelium into the subendothelial space (Figure 1.7) 

[81]. This process is mediated by selectins in the initial step followed by chemokines and 

CAMs in the remainder of the cascade [81]. CAMs are a class of receptors which are located 

on the surface of cells, aid in the binding or adhesion to other cells. They are often 

upregulated, activated, or clustered following the activation of leucocytes, ECs, and 

platelets. They are generally classified but not limited to four main groups: selectins, 

integrins, immunoglobulin super family (IgSF) and cadherins. Selectins are a class of 
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heterophilic CAMs (whereby a CAM must bind to a different CAM) and are made up of 

three members, E-selectin (expressed on Ecs), L-selectin (expressed on most leucocytes 

and endothelial cells), and P-selectin (expressed on platelets and ECs) and are responsible 

for the initial leucocyte capture, rolling and tethering. Integrins are heterodimeric CAMs, 

ǿƘƛŎƘ ŀǊŜ ƳŀŘŜ ǳǇ ƻŦ ŀƴ ʰ όму ǘȅǇŜǎύ ŀƴŘ ʲ όу ǘȅǇŜǎύ ǎǳōǳƴƛǘΣ ŀƴŘ ǘƘǊƻǳƎƘ ǘƘŜƛǊ ǾŀǊƛƻǳǎ 

combinations, make up 24 known integrins. These include the beta-1 integrin h 4 1̡ (also 

called very late antigen 4 [VLA-4] or CD49d/CD29) and the beta-2 integrins h L̡ 2 (also called 

lymphocyte function-associated antigen 1 [LFA-1] or CD11a/CD18) and Mh 2̡ (also called 

macrophage-1 antigen [MAC-1] or CD11b/CD18). They are responsible for facilitating the 

subsequent arrest of leucocytes on the endothelium or extracellular matrix (ECM) by 

binding to other CAMs present on these surfaces. 4h 1̡ integrin present on leucocytes and 

lymphocytes can interact with ECs by binding to vascular cell adhesion molecule 1 (VCAM-

1).  Similarly, h L̡ 2 and h M 2̡ integrins can bind to intercellular adhesion molecule 1 (ICAM-

1). Members of the IgSF are the most diverse class of CAMs, and include VCAM1, ICAM1 

and PECAM1 (platelet endothelial CAM-1). The interactions between VCAM1 or ICAM1 

with their respective integrin results in the firm adhesion of leucocytes on the 

endothelium. PECAM1 (CD31) is found most densely at endothelial intracellular junctions 

and can also be found on platelets, neutrophils, and monocytes to facilitate homophilic 

interactions [81, 82]. Cadherins are mainly found between cells at the intermediate cell 

junctions (adherence junctions). They are classified based on their location; these include 

E-cadherins (epithelium), P-cadherins (placenta) and N-cadherins (neuronal). 

Transmigration of adherent leucocytes through the endothelium requires several CAMs, 

including ICAM1, VCAM1, PECAM1, integrins, and cadherins [81, 82] (Figure 1.7). Following 
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a MI, studies have shown several circulating CAMs to be elevated and therefore may have 

a role in predicting adverse outcomes [83].  

 

1.4.7. Role of Inflammatory Cells in Myocardial Infarction   

The inflammatory response following myocardial IR injury is mediated through the 

coordinated activity of several types of cells, both within and distant to the infarcted area. 

A hallmark of patients with MI is leukocytosis, an increased number of white blood cells 

(WBCs) in the blood. This has been widely used as a predictor of mortality within this group 

of patients. Neutrophils are thought to be the first type of cells to be recruited during 

myocardial IR injury, followed by monocytes, mast cells, and lymphocytes (such as B- and 

T-cells, and natural killer [NK]-cells). Each of these cells has a distinct role within the 

inflammatory process during myocardial IR injury [58, 84]. 

 

1.4.7.1. Role of Neutrophils in Myocardial Infarction 

Neutrophils are the most abundant type of WBC (50-75% of total WBCs) in the circulation 

and are a key player within the innate immune system. Their primary role as phagocytes is 

to internalise and kill foreign microbes and particles. In addition, they are able to release a 

variety of proteins and chemical mediators, which help combat infection and recruit other 

inflammatory cells to the site. Even in sterile injuries, such as myocardial IR injury, 

significant neutrophil recruitment occurs in which their phagocytic functions serve to 

contribute to the clearance of debris.  However, the vast array of hydrolytic, oxidative, and 
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pore-forming molecules released by an overabundance of phagocytic neutrophils, 

alongside their delayed removal from the infarct site, end up causing significant collateral 

heart tissue destruction [60, 85, 86]. In an MI, neutrophil counts are found to be 

significantly raised as a result of mobilisation from the bone marrow, and this is used as a 

predictor of adverse outcomes and mortality [87]. Circulating neutrophil counts peak 

within 1-3 days and drop after day 4. Neutrophils are present within the infarcted area 

within hours following myocardial IR injury. In 2016, Ma et al. further showed that 

neutrophils harvested from the heart on day 1 post-MI were N1 neutrophils (pro-

inflammatory), that express highly pro-inflammatory mediators, whereas those isolated 

between days 5-7 were N2 (anti-inflammatory) neutrophils [60, 88]. Pharmacological 

inhibition of neutrophil CD11/CD18 has been shown to reduce MI size in various animal 

models [89].  
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Figure 1.7. Leucocyte adhesion cascade. Following the release of chemokines and 
cytokines to attract various leucocytes, leucocytes then follow a course of events that 
facilitates their capture from the circulation and allows their subsequent travel across the 
vascular endothelium and to the site of injury. This process is referred to as the leucocyte 
adhesion cascade. To regulate the type and number of leucocytes infiltrating the area, this 
process is mediated by chemokines in the initial step and cell adhesion molecules in the 
remainder of the cascade. In response to a MI, this process firstly involves leucocytes 
tethering and rolling within the blood vessel using selectins, very late antigen 4 (VLA-4) and 
P-selectin glycoprotein ligand 1 (PSGL-1).  This is followed by arrest and firm adhesion of 
the leucocyte to the endothelium using lymphocyte function-associated antigen 1 (LFA-1), 
vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-
1).  Finally, the leucocyte transmigrates through the endothelium to the site of injury using 
ICAM-1 and PECAM-1 (platelet endothelial CAM-1). Created using Biorender. Adapted from 
[81].  
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1.4.7.2. Role of Monocytes, Macrophages, and Lymphocytes in MI 

Monocytes can differentiate into macrophages, dendritic cells, and mesenchymal 

progenitors, which can then further regulate the adaptive immune systemΩs response to 

inflammation. There are three main subsets of monocytes in both human and mice (Table 

1.1) [90]. In response to an MI, monocytes (from bone marrow and spleen) enter the 

circulation and are recruited to the site of injury via chemotaxis. Indeed, peripheral 

monocytosis can also be used as a predictor of adverse LV remodelling [91]. In murine 

studies, pro-inflammatory classical or Ly6Chigh monocytes arrive peaking between day 3 

and 4, and are transformed into pro-inflammatory M1 macrophages, which produce 

proteases (MMPs), cytokines (IL-1, IL-6, TNF-ʰΣ IFN-ʴύΣ ŎƘŜƳƻƪƛƴŜǎ ό//[нύΣ ŀƴŘ ƎǊƻǿǘƘ 

factors to clear cell debris and initiate  wound healing [92]. Thereafter, recruitment of anti-

inflammatory non-classical or Ly6Clow monocytes occurs, which peaks at day 7 [58, 60]. M1 

macrophage numbers decline, and M2 anti-inflammatory macrophages coordinate wound 

healing in this reparative phase. The extended presence of M1 macrophages can 

exacerbate the pro-inflammatory phase, extend damage beyond the original infarcted 

area, and cause adverse LV remodelling. This may explain why their pharmacological 

inhibition has been shown to be cardioprotective [60, 93]. Additionally, monocytes can 

differentiate into antigen presenting dendritic cells and initiate the adaptive immune 

system through production of chemokines and cytokines (IFN- ,ɹ IL-6) that stimulate the 

activation of T cells [94, 95].  

Lymphocytes can induce a cell-mediated cytotoxic innate immune response, and various 

subsets are involved. NK cells and their receptor expression were seen to be significantly 
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reduced following a MI, and recent studies showed these cells to have a protective role in 

atherosclerosis [96]. Both T and B lymphocyte sub-sets have been shown to infiltrate the 

site of injury in animal models of MI. Following an acute MI, patients display an increase in 

pro-inflammatory CD4+ Th1 and cytotoxic CD8+ T cells and a reduction in anti-inflammatory 

and protective CD4+ Th2 cells. Prolonged presence of the harmful lymphocytes was 

associated with a worsened prognosis [97, 98]. An increase in peripheral B cells was also 

noted in MI with mature B cell infiltration peaking at around day 5. In 2013, Zouggari et al. 

showed that B cells secrete CCL7 that mobilizes bone marrow Ly6Chigh monocytes to the 

site of injury, which in turn induces further tissue damage. They also demonstrated a 

potential therapeutic role following B cell genetic depletion, as evidenced by reduced 

systemic inflammation, LV remodelling and MI size [99].  
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MONOCYTE SUBSETS 

HUMAN ς based on their cell surface 
expression of CD14 and CD16 

MICE ς based on cell surface expression 
of lymphocyte antigen 6 complex (Ly6C) 

Classical ς CD14++/CD16ҍ 

80-95% of circulating monocytes, highly 
phagocytic and scavenger cells, high 
expression of CCR2 (chemokine receptor) 

Ly6Chigh 

Pro-inflammatory and express high levels 
of CCR2 (homologue of classical 
monocytes in humans) 

Intermediate ς CD14++/CD16+ 

2-8% of circulating monocytes, pro-
inflammatory, generate ROS, key role in 
atherosclerosis 

Ly6Cmiddle 

Pro-inflammatory and express high levels 
of CCR2 (homologue of classical 
monocytes in humans) 

Non-classical ς CD14+ CD16++ 

2-11% of circulating monocytes, patrol 
the endothelium in search of injury, low 
expression of CCR2  

Ly6Clow 
Involved in tissue repair and patrolling and 
express low levels of CCR2 (homologues of 
non-classical monocytes in humans) 

Table 1.1. Monocyte subsets in humans and mice.  
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1.4.7.3. Role of Platelets in a Myocardial Infarction 

Platelets have been well characterised for their role in thrombosis. More recently, they 

have been recognised to play a role in inflammation as participants in the innate immune 

response by aggregating in the injured area, localising the inflammatory response, and 

contributing to the production of a provisional matrix. In an inflammatory response such 

as an acute MI or post-reperfusion, platelets secrete inflammatory mediators, including 

cytokines and chemokines, as well as platelet-derived growth factor (PDGF). In response to 

myocardial IR injury, platelet pro-inflammatory activity up-regulates ICAM-1, VCAM-1, and 

selectins on leucocytes, induces ROS production, activates macrophages and cytotoxic 

lymphocytes, and increases circulating microparticle production. They can also interact 

with and modulate the activity of leucocytes by forming platelet-leucocyte (P-L) aggregates 

mediated by P-selectin/PSGL-1 interactions. A peripheral blood increase in P-L aggregates 

has been observed in patients following acute MI, and it has been suggested that 

circulating P-L aggregates could be used as an early biomarker for patients with MI [100]. 

Inhibition of P-L aggregates using anti-platelet treatments was able to reduce inflammation 

and the risk of onward complications in patients with MI.  

 

1.5. Therapeutic Targets for Inflammation in a Myocardial Infarction  

A potential therapeutic target for limiting infarct size, reducing adverse ventricular 

remodelling, and enhancing prognosis could be to target the pro-inflammatory responses 

observed following myocardial IR injury [60, 101]. Several studies and clinical trials have 
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targeted individual elements in the inflammatory adhesion cascade and have shown some 

benefits in preclinical animal models. The effects of inflammatory cytokines on the immune 

system are pleiotropic, which makes them an ideal therapeutic target for reducing 

inflammation. Several clinical trials have been conducted that target inflammatory 

cytokines, mainly IL-1, IL-6 and TNF-ʰΦ   

 

1.5.1.1. Targeting Interleukin-1 in Myocardial Infarction 

There is significant evidence to suggest that IL-1 (and its extended family members ς see 

Section 1.5) are canonical DAMPs of the immune system as they possess all of the 

characteristics expected of DAMPs and initiate inflammation in a manner strikingly similar 

to that utilized by the other major category of inflammatory triggers, namely PAMPs [102].  

IL-1 also acts at the apex of the inflammatory cascade. For these various reasons, it has 

been considered an ideal target for inflammatory disorders, including CVD.  Inhibition of 

IL-1 in experimental models of myocardial IR injury have been largely successful. Toldo and 

colleagues (2012) showed a significant reduction in infarct size and improvement in LV 

ejection fraction in mice undergoing myocardial IR injury following treatment with 

anakinra, a recombinant human IL-1 receptor antagonist (IL-1Ra) [103]. Similar results were 

seen in a study in rat hearts, where overexpression of IL-1Ra protected the myocardium 

against IR injury by attenuating cell death and reducing infarct size through its anti-

inflammatory properties on neutrophils [104].  

There have also been several clinical studies that have looked at the effects of using 

anakinra (currently used for the treatment of rheumatoid arthritis) or canakinumab, a 
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monoclonal antibody against IL-м,̡ in patients with either STEMI or NSTEMI. In 2010, 

Abbate and colleagues reported a double-blinded randomized pilot clinical trial for 

anakinra to assess LV remodelling in 10 patients with STEMI and showed improved LV end-

systolic volume index (LVESVi) with treatment [105]. This was further expanded in 2013 to 

25 patients, and while serum CRP levels were suppressed, LVESVi remained unchanged 

between the treatment and placebo groups [106]. In a follow-up meta-analysis, anakinra 

treated patients had a reduced risk of developing heart failure and death [107]. In 2014, a 

larger clinical study was initiated on 99 patients with STEMI, and while systemic 

inflammation decreased, LV end-systolic volume, LV end-diastolic volume and LVESVi were 

not different from the placebo-treated group [108]. In 2015, Morton and colleagues 

published a double-blinded randomized phase II clinical trial of anakinra in 182 patients 

with NSTEMI. They found that although CRP levels decreased, there was actually a 

significant increase in adverse outcomes (recurrent MI, stroke, and death) after one year 

[60, 109].   

More recently in 2017, Ridker and colleagues reported a double-blinded randomized phase 

III clinical trial to test canakinumab, an IL-1b monoclonal antibody, in 10,061 high-risk 

patients with the established atherosclerotic disease who had already survived a MI. This 

canakinumab anti-inflammatory thrombosis outcome study, or CANTOS trial, 

demonstrated a significantly lowered inflammatory burden as evidenced by reduced CRP 

and importantly had no effect on LDL (low-density lipoprotein) cholesterol. Overall, the 

trial showed a significant reduction in the incidence of nonfatal MI, stroke, or 

cardiovascular death during the median 3.7-year follow-up. This was the first major clinical 

trial to show that targeting inflammation can confer modest cardiovascular benefits in very 
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high-risk patients and has been credited with providing an exciting glimpse at the potential 

for using anti-inflammatory therapies for treating CVD.  

 

1.5.1.2. Targeting Neutrophils in Myocardial Infarction 

Neutrophils, as previously described, have a key role in mediating IR injury following an 

acute MI. IƴƘƛōƛǘƛƻƴ ƻŦ ǘƘŜ ʲ2 integrin receptor complexes has been shown to reduce 

neutrophil adhesion and reduce MI size in various animal models [89]. There have been 

two major clinical studies that have targeted neutrophils in patients with MI. In 2001, Baran 

and colleagues reported a double-blinded randomized clinical trial (LIMIT AMI trial) for a 

monoclonal anti-CD18 antibody (rhuMAb CD18) in 394 patients with MI, also receiving a 

plasminogen activator, aspirin, and heparin.  However, they were unable to demonstrate 

any beneficial effect on multiple cardiac end points, including infarct size and coronary 

blood flow [110]. They suggested that one of the reasons for the failure of anti-CD18 

therapy in humans was that the duration of ischemia was so long that endothelial cell 

barrier function had already failed. The following year, Faxon et al., reported a double-blind 

randomized clinical trial using a humanized monoclonal antibody that inhibits both 

CD11a/CD18 and CD11b/CD18 interactions (Hu23F2G ς LeukoArrest) in 420 patients prior 

to primary PCI. Again, treatment with this antibody had no effect on MI size, although the 

authors accepted that their study was underpowered [111]. Moving forward, a potential 

therapeutic strategy may be the polarization and modulation of neutrophils from pro-

inflammatory N1 to anti-inflammatory N2 neutrophils in the early stages of inflammation.  
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1.5.2. Need for a New Anti-inflammatory Target in Myocardial Infarction 

Reperfusion injury post-PCI remains one of the key unmet clinical needs in cardiology. 

Despite experimental studies identifying a number of components of the 

thromboinflammatory process to be beneficial in reducing infarct size, these strategies 

have not translated well in clinical trials. This may be due to differences in the design of 

experimental studies, treatment potency, time-point of therapeutic intervention and 

dosing in animals and the involvement of different pathophysiological mechanisms in 

animal models, all of which can play a major role in affecting clinical outcomes. 

Furthermore, experimental models do not usually fully recapitulate the mechanisms of 

pathogenesis in humans. For instance, animal models do not account for the fact that the 

majority of patients with MI patients are elderly, have additional co-morbidities such as 

diabetes and hypertension and are often already on multiple medications. Many animal 

models also do not consider the differences in the outcomes for MI between male and 

female patients [60]. Therefore, in addition to identifying a new anti-inflammatory target, 

it is imperative that these are tested in animal models that better replicate the clinical 

situation.   

Given that cytokines are major contributors to the pathogenesis of various inflammatory 

and immune diseases, they have received considerable interest in recent years as potential 

therapeutic targets [112]. To date, IL-1, TNFa and IL-6 have been the most researched 

targets for various inflammatory diseases and have been trialled in humans initially for 

treating sepsis and then later for rheumatoid arthritis, Crohn disease, and psoriasis. 

Infliximab and etanercept, monoclonal antibodies that neutralise the action of TNFa, are 
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used clinically for treating many inflammatory disorders. Furthermore, Canakinumab, an 

IL-1b monoclonal antibody, is used to treat inflammatory disorders such as gout and also 

reduce secondary events in patients with prior MI as described in the CANTOS trial. 

However, whether targeting cytokines can prevent thromboinflammatory events that take 

place within the coronary microcirculation during myocardial IR injury, and preserve blood 

perfusion in the heart, has not been determined in vivo either experimentally or clinically. 

Hence the search for a cytokine target that maintains perfusion within the coronary 

microcirculation, limits myocardial damage, reduces infarct size and improves patient 

prognosis after reperfusion is worthwhile.  

 

1.6. Therapeutic Targets in the Interleukin-1 Super Family 

IL-1 is actually part of an IL-1 superfamily (IL-1F) that is made up of 11 pro- and anti-

inflammatory cytokines that modulate the innate immune response primarily through their 

manipulation of integrin expression on target cells and promotion of cytokine release from 

stromal cells). Pro-inflammatory members include IL-мʰΣ L[-мʲΣ L[-18, IL-осʰΣ L[-осʲΣ L[-осʴ 

and IL-33, while anti-inflammatory members can be further divided into 

immunosuppressive cytokines (IL-37, and IL-38) and antagonist cytokines (IL-1Ra - 

antagonist for IL-мʰ ŀƴŘ L[-мʲΣ ŀƴŘ L[-36Ra - antagonist for IL-осʰΣ L[-осʲ ŀƴŘ L[-осʴύΦ  All 

the IL-1 family members, except for IL-1Ra, are initially synthesized as a precursor protein 

which needs to be proteolytically cleaved into a shorter form, termed a mature protein 

[113]. There is a significant body of literature on some of these cytokines, particularly the 

IL-1 cytokines (IL-мʰ ŀƴŘ L[-мʲύΣ ōƻǘƘ ƻŦ ǿƘƛŎƘ ŀǊŜ ŀƎƻƴƛǎǘǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ŎȅǘƻǇƭŀǎƳ ŀƴŘ ƘŀǾŜ 
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been shown to be expressed in several cells, including neutrophils, monocytes, 

macrophages, and hepatocytes. However, some members have only recently been 

discovered, and the literature is relatively sparse on their function (IL-36 cytokines) [114]. 

Importantly, these are frequently the first and most upstream cytokines produced in 

response to injury, thus good targets for intervention for inflammatory disorders [115].  

Since IL-1F members critically mediate inflammation, they may be key mechanistic 

contributors causing myocardial microcirculatory disturbances. In the last decade, genes 

encoding a novel cytokine cluster, namely IL-36, with structural and functional similarities 

to IL-1 were discovered [116, 117]. 

 

1.6.1. Interleukin-36: Characterization and Expression 

IL-36, a relatively novel IL-1 family member, was identified approximately 20 years ago and 

is involved in pro-inflammatory mediator production, activation of immune cells, and 

antigen presentation [118]. This subfamily is composed of 5 members with different effects 

on the IL-36 receptor (IL-36R); IL-осʰ όL[-1F6), IL-осʲ όL[-1F8), and IL-осʴ όL[-1F9) cytokines 

have agonistic effects, while IL-36Ra (IL-1F5) and IL-38 (IL-1F10) have antagonistic effects. 

IL-36R, also known as the interleukin-1 receptor-like 2 (IL-1RL2), is a ligand-binding chain 

that is composed of TIR (Toll/IL-1 receptor) domain in the cytoplasm and an 

immunoglobulin domain in the extracellular space [119]. Like the IL-1 cytokines, the gene 

which encodes IL-36 cytokines and IL-36R is also found on human chromosome 2 and IL-

36Ra is encoded by gene IL-36RN [120]. As well as amplifying IL-1 effects, IL-36 is also a 

mediator of inflammation in its own right. Indeed, its critical role in psoriasis, equalling if 
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not surpassing that of IL-1, is well established with emerging roles in Crohn disease, airway 

infections and rheumatoid arthritis recently identified [121-123]. 

IL-36R and its cytokines are predominantly expressed oƴ ǘƘŜ ōƻŘȅΩǎ ŜȄǘŜǊƴŀƭ ōŀǊǊƛŜǊǎ such 

as dermal, bronchial, oesophageal, and intestinal epithelium. They are constitutively 

expressed on keratinocytes, microglial cells, dendritic cells, T cells, and other immune cells, 

thus indicating their importance in homeostasis and inflammation. Furthermore, IL-36 

cytokines and IL-36R are expressed on and released from a wide range of immune cells, 

including neutrophils, monocytes, macrophages, and lymphocytes, and their expression is 

inducible in response to inflammation, infection, or injury [118, 124-126]. IL-36 cytokines 

are also regulated through the actions of several other cytokines and inflammatory 

mediators. For example, cultured human keratinocytes exposed to IL-17, IL-22, TNF-ʰ or 

IFN-ʴ were able to induce the synthesis of one or more of the three IL-36 cytokines [127]. 

Stimulation of bronchial epithelial cells with cytokines, smoke, viruses, or bacteria-induced 

expression of IL-36, mainly IL-осʴ [128].   

 

1.6.2. Interleukin-36: Signalling Pathway  

The signalling pathway of IL-36 members is similar to IL-мʰ ŀƴŘ L[-м.̡ Ligand engagement 

results in the activation of the adaptor protein MyD88, various kinases such as MAPK which 

then activate the transcription factor NF-ˁ.. NF-ˁ. will traffic to the nucleus and alter the 

transcription of numerous genes, including those that encode pro-inflammatory cytokines, 

ultimately leading to subsequent infiltration of immune cells (Figure 1.8) [118].  Activation 

of IL-36R requires heterodimer formation with the IL-1 receptor accessory protein (IL-
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1RacP), the common accessory protein of the IL-1 family, which is recruited following 

agonist ligand binding. IL-36R is found in two forms: a precursor (~85kDa) and active form 

(~65kDa). The precursor needs to be glycosylated for the receptor to be able to signal [126]. 

Similarly, the N-terminus of IL-36 cytokines - made up of 9 amino acids - must be cleaved 

in order for the cytokine to bind to the receptor with high affinity. This cleavage enhances 

their bioactivity over 10,000-fold [129]. In 2016, Henry et al. showed that the bioactivity of 

IL-осʰΣ L[-осʲΣ ŀƴŘ L[-осʴ ǿŀǎ ƛƴŎǊŜŀǎŜŘ ōȅ Ϥрлл-fold due to the activity of neutrophil-

derived proteases such as cathepsin G, proteinase-3, and elastase. The same study also 

showed that within psoriatic skin, these neutrophil proteases contributed to the N-

terminus cleavage of the IL-36 cytokines [130]. Additionally, IL-36 cytokines were activated 

following their incubation with activated neutrophil supernatants, further suggesting that 

neutrophil proteases released in response to DAMPs or PAMPs activate IL-36 cytokines 

[130, 131].  

 

1.6.3. Interleukin-36: Effect on the Immune System  

Over the last decade, most of our knowledge on the activity of IL-36 cytokines has been 

obtained by understanding how they can drive responses in human keratinocytes. 

Keratinocytes from healthy patients were shown to be a potent source of neutrophil, 

macrophage, and T cell chemokines (such as CXCL8, CCL3, CCL4 and CCL20) following their 

activation with IL-осʰΣ L[-осʲΣ ŀƴŘ L[-осʴ [132]. They were also able to upregulate MAPK 

signalling genes (such as IRAK2), IL-8 and MMP9 suggesting an amplified inflammatory 

response involving T helper cell signalling [133]. Expression of interferon encoding genes 
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are also increased in keratinocytes following activation with IL-36 cytokines. Additionally, 

IL-осʰ ŀƴŘ L[-осʴ ǿŜǊŜ ŀōƭŜ ǘƻ ōŜ ǳǇ-regulated in an autocrine manner [128, 134]. 

Furthermore, keratinocytes activated with IL-осʲ ŀƭǎƻ ǳǇǊŜƎǳƭŀǘŜ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ L[-17 

and TNF-ʰ [135]. ECs activated with IL-осʴ ǳǇ-regulated IL-8, VCAM-1, and ICAM-1, thus 

suggesting that IL-36 cytokines have pro-inflammatory effects on both ECs and 

keratinocytes [118, 136-139].  

The effect of these cytokines on immune cells has also been studied. Neutrophil 

recruitment was significantly decreased in IL-осʰ-/- mice which was associated with a 

downregulation in CXCL1 [127]. IL-мʰΣ L[-м ̡ and IL-6 were all up-regulated following 

monocyte culture with IL-36 cytokines [132]. Murine dendritic cells and monocyte-derived 

dendritic cells both induced cytokine and chemokine production following their activation 

with IL-36 cytokines [140, 141]. In 2017, Harusato et al. showed that culturing CD4+ T cells 

from IL-36R-/- mice with IL-осʴ ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ƛƴƘƛōƛǘƛƻƴ ¢reg cell differentiation when 

compared to wild-type mice [142]. Taken together, these results suggest that IL-36 

cytokines and receptors play an important role in the immune system response.  

 

1.6.4. Antagonism of the Interleukin-36 Receptor  

Antagonism of the IL-36R can occur through either of the endogenous inhibitors, IL-36Ra 

or IL-38. They work by preventing agonist binding to the IL-36R and subsequently block the 

dimer formation, which is required to trigger downstream signalling (Figure 1.8) [119, 126]. 

Similar to the other cytokines, IL-36Ra and IL-38 must also be cleaved into a mature active 

form. Studies suggest that neutrophil-derived elastase is an important mediator of this 
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modification for IL-36Ra. The mechanism responsible for IL-38 cleavage remains unclear; 

there is no identified caspase-1 cleavage site for IL-38. Furthermore, IL-1Ra and IL-36Ra 

share a 52% homologous sequence of amino acids, whereas IL-38 shares a 43% and 39% 

homology with IL-36Ra and IL-1Ra, respectively. IL-38 has also been shown to bind to IL-

1R1 with low affinity [119, 143]. IL-36Ra and IL-38 have been shown to have similar effects 

on immune responses. Healthy human PBMCs cultured with either recombinant IL-38 or 

IL-36Ra resulted in the inhibition of candida-induced T cell cytokines (IL-22 and IL-17) 

synthesis. Both were also able to decrease IL-8 synthesis induced by IL-осʴΣ ōǳǘ ǘƘƛǎ 

decrease was greater with IL-36Ra [143].  
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Figure 1.8. IL-36/IL-36R pathway. IL-36 cytokines (IL-осʰΣ L[-осʲ or IL-осʴύ ōƛƴŘ ǘƻ ǘƘŜ ǎŀƳŜ 
receptor (IL-36R) which then forms a heterodimer with IL-1 receptor accessory protein (IL-
1RAcP). This formation triggers a downstream signalling cascade by activating the nuclear 
factor kappa-light-chain-enhancer of activated B cells (NFςˁ .ύ ŀƴŘ ƳƛǘƻƎŜƴ-activated 
protein kinase (MAPK) to induce an inflammatory response through the release of pro-
inflammatory cytokines. The receptor antagonist (IL-36Ra) acts by blocking heterodimer 
formation and preventing the formation of the signalling complex. Created using 
Biorender. Adapted from [119] 
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1.6.5. Interleukin-36: Role in Inflammatory Diseases  

Members of the IL-36 family have been shown to play a key role in many inflammatory 

diseases, including psoriasis, rheumatoid arthritis, Crohn disease, psoriatic arthritis, and 

systemic lupus erythematosus (SLE). Indeed, expression levels of IL-36 cytokines and its 

receptor are significantly increased in these conditions. Boutet et al. (2016) found that 

human skin biopsies from patients with psoriasis had an increased expression of IL-осʰΣ L[-

осʴΣ ŀƴŘ Lƭ-36Ra. This was also correlated with the enhanced presence of other cytokines 

and immune cells such as IL-мʲ ŀƴŘ ¢ ƘŜƭǇŜr cells [144]. Levels of IL-36 cytokines were also 

increased in the serum of patients with psoriasis, and these levels correlated with disease 

severity [145]. In 2019, a phase 1 clinical trial was conducted on 7 patients with generalized 

pustular psoriasis episodes using a single dose of a monoclonal antibody against IL-36R (BI 

655130 ς 10mg/kg). Levels of CRP in these patients significantly decreased, and pustules 

were entirely cleared in 6 patients within 2 weeks, thus suggesting that BI 655130 may 

reduce the severity of pustular psoriasis [146]. In 2011, Marrakchi et al. showed that 

mutations in IL-36Ra led to pustular psoriasis [147]. This was further subsequently 

supported in an induced-psoriasis model, whereby IL-36Ra-/- mice expressed IL-17, IL-22 

and IL-23 and developed skin lesions, whereas wild-type mice did not [148]. Deficiency in 

IL-36Ra (DITRA), resulting from a mutation in the IL36RN gene, can be life-threatening to 

patients suffering from systemic inflammation and episodes of generalized pustular 

psoriasis [149].  

Boutet et al. (2016) found that synovium obtained from patients with rheumatoid arthritis 

contained increased levels of IL-осʰΣ L[-осʲΣ L[-осʴΣ L[-36Ra and IL-38, which were 
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correlated with increasing levels of IL-мʲΦ ¢ƘŜ ǎŀƳŜ ǎǘǳŘȅ ŀƭǎƻ ƛŘŜƴǘified increased levels 

of IL-осʰ ŀƴŘ L[-осʴ ƛƴ ŎƻƭƻƴƛŎ biopsies specimens which were obtained from patients with 

Crohn disease, and the disease severity correlated with the magnitude of the increase 

[144]. Furthermore, biopsies of nephritic kidneys from patients with SLE showed increased 

levels of IL-осʰ ŀƴŘ L[-осʴ, which correlated with the disease severity index [150]. In 2017, 

Chu et al. treated SLE mice with murine recombinant IL-38 and saw a significant decrease 

in circulating levels of IL-17 and IL-22, and a decrease in the manifestations of the disease 

when compared with untreated mice [151].  

 

1.6.6. Interleukin-36: Role in IR Injury  

Although there has been extensive research on IL-36 as a highly pro-inflammatory cytokine 

in several inflammatory diseases and tissues, as discussed above, there have been no 

investigative studies on IL-36 in CVD until recently. In 2020, Luo et al. studied the effect of 

IL-36R deficiency in a rat cardiopulmonary bypass model where IR injury also occurs. IL-36R 

knockouts had significantly decreased infiltration of inflammatory macrophages as 

determined immunohistochemically, reduced oxidative stress, reduced cardiac myocyte 

apoptosis, and improved systolic function [152]. Recent work has also examined the 

potential role of IL-38 in the heart following MI.  Plasma IL-38 concentrations were shown 

to increase during an acute MI (peaking at 24 hours) and significantly decrease post-

reperfusion [153]. In 2019, Wei et al. (2019) studied the effects of IL-38 on ventricular 

remodelling following an acute MI in mice. They showed that IL-38 was inducibly expressed 

post-MI in the infarcted myocardium, and when mice were injected with recombinant 
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mouse IL-38, decreases in inflammation, cardiac fibrosis, and myocardial injury were 

observed. Thus, IL-38 may improve cardiac remodelling following MI [154]. These recent 

studies suggest a potentially novel role for IL-36 in modulating cardiac IR injury. However, 

despite recent increases in our understanding of how the IL-36 /  IL36R pathway is highly 

pro-inflammatory in skin and lungs, we are still at a very early stage in our current 

understanding of its in vivo biology, and only a handful of studies have recently investigated 

a role for this pathway in the heart.   

 

1.7. Risk Factors Associated with Myocardial Infarction ς Age and Sex 

1.7.1. Ageing and Myocardial Infarction  

!ŎŎƻǊŘƛƴƎ ǘƻ ǇǊƻƧŜŎǘƛƻƴǎ ŦǊƻƳ ǘƘŜ ¦ƴƛǘŜŘ bŀǘƛƻƴǎΣ ǘƘŜ ǿƻǊƭŘΩǎ ŀƎŜŘ ǇƻǇǳƭŀǘƛƻƴ όҔсл years) 

will increase from 10% in 2000 to 21% by 2050 [155]. The ageing process is not only 

characterised by well-known ageing symptoms (such as wrinkles, decrease in fertility, 

grey/white hairs, frailty, and sensory losses) but include more biological characteristics 

such as cellular senescence, immunosenescence, inflammaging, altered intracellular 

communications, and metabolic changes. These result from a wide range of environmental, 

genetic, epigenetic and stochastic factors [156]. A major consequence of ageing is the fact 

that the prevalence of IHD increases in patients over 50, making age a major risk factor 

independent of other risk factors.  Moreover, age is associated with increased myocardial 

damage and a worsened prognosis following an acute MI [157]. Experimental studies have 

demonstrated a significantly larger infarct size and increased susceptibility to IR injury in 
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aged mice with coronary blood flow restoration post-ischaemia much lower in senescent 

rats [158, 159]. Interestingly, increased infarct size is not seen in aged humans following an 

acute MI [160, 161], but they do lose their ability to respond to cardioprotective 

interventions such as ischaemic preconditioning and have ŀƴ ƛƴŎǊŜŀǎŜŘ ǊŀǘŜ ƻŦ άƴƻ ǊŜŦƭƻǿέ 

[162].  

 

1.7.1.1. Inflammaging  

¢ƘŜ ǊŜŎŜƴǘƭȅ ŎƻƛƴŜŘ ǘŜǊƳ ΨinflammagingΩ ŜȄǇƭŀƛƴǎ ǘƘŜ ǇƘŜƴƻƳŜƴƻƴ ǘƘŀǘ ŀƎŜƛƴƎ ƛǎ 

accompanied by a chronic low-grade, systemic up-regulation of inflammation that persists 

in the absence of an overt inflammatory stimulus [163, 164].  It is thought to be driven by 

an increase in circulating neutrophils, production of pro-inflammatory cytokines (TNF-ʰΣ L[-

6, and CRP), ROS, and changes in the functional structure of other cells, including platelets 

[165]. These changes lead to irregular responses to acute inflammation and long-term 

gradual tissue damage [166-169].  Inflammaging may also result from the accumulation of 

cell debris (such as DAMPs or macromolecules) with age as a result of an impaired removal 

pathway and/or increased production following infections or injuries.  

The main mechanisms which are involved in the inflammaging process are thought to be 

the activation of the NFςˁ . ŀƴŘ b[wtо ƛƴŦƭammasome pathways to induce the production 

of pro-inflammatory mediators. Mitochondrial dysfunction and DNA damage also play a 

role through the excess production of ROS. Neutrophil chemotaxis has also been suggested 

to be impaired with age, which would result in continuous damage to the tissue through 

the release of destructive mediators and ROS as they are unable to transmigrate away [170, 
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171]. The most common cytokine to be increased in age-related diseases is IL-6 and is 

currently used as an inflammatory marker and a hallmark for chronic disorders. IL-1 and 

TNF-ʰ ŀǊŜ ŀƭǎƻ ŎƻƳƳƻƴƭȅ ƛƴŎǊŜŀǎŜŘ ƛƴ ŀƎŜ-related diseases, and their addition to 

fibroblasts in vitro accelerates their senescence [164].  

Inflammaging may contribute to the enhanced age-related cardiovascular risk and poorer 

outcomes following an MI.  However, little is known about how age impacts coronary 

microcirculation in health or following myocardial IR injury. 

 

1.7.2. Biological Sex and Myocardial Infarction 

Sex differences in CVD outcomes have been widely studied. The general consensus 

suggests that males develop CVD 7-10 years earlier than females and have worse age-

matched outcomes, including a higher risk of mortality. In a 2014 study, the age-adjusted 

death rate per 100,000 person-years for heart disease was 38% less in women than in men.  

However, key sex differences were observed in one manifestation of CVD, namely in acute 

MI [172].  Men have approximately twice the risk of suffering an MI compared with women.  

Not only is the incidence of MI lower in women, but they are also generally older than men 

when they experience their first MI. Indeed, in the global case-control INTERHEART study 

spanning 52 countries, women were seen to experience their first MI on average 9 years 

later than men [173].   

This has often been misinterpreted ŀǎ ŦŜƳŀƭŜǎ ōŜƛƴƎ ΨǇǊƻǘŜŎǘŜŘΩ ŀƎŀƛƴǎǘ ƘŜŀǊǘ ŘƛǎŜŀǎŜΦ Lt is 

well established that overall, women have a longer stay in the hospital, have a higher risk 
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of hospitalized death, and have a greater incidence of mortality at follow-up (1-year post-

MI) [174, 175].  Moreover, younger women who suffered from acute MI are at a higher risk 

of mortality than age-matched men [176]. Interestingly, the symptoms of an MI are also 

generally different, with men tending to have a crushing chest pain sensation with women 

experiencing pain in the abdomen or under the breastbone resulting in potential 

misinterpretation of their condition [177]. These differences are summarised in Table 1.2. 

Cardiac function is significantly impacted by sex hormones such as oestrogen and 

testosterone, produced in both men and women.  Prior to the menopause, the risk of an 

MI is much lower in women than men of the same age.  However, this risk is significantly 

increased after menopause when circulating levels of oestrogen are reduced. For this 

reason, oestrogen has been deemed to be cardioprotective. There are two types of 

ƻŜǎǘǊƻƎŜƴ ǊŜŎŜǇǘƻǊǎ ό9wύΣ 9wʰ ŀƴŘ 9ǊʲΣ ƛƴ ǿƘƛŎƘ ƻŜǎǘǊƻƎŜƴ ōƛƴŘǎ ǘƻ ǇǊƻƳƻǘŜ ŎŜƭƭ ǎǳǊǾƛǾŀƭΦ 

The cardioprotective effect of oestrogen is phosphoinositol 3-kinase (PI3K) and protein 

kinase B (Akt) dependent. When Akt is activated and present in the nucleus, it promotes 

cardiac myocyte survival. Levels of activated Akt are seen to be higher in young women in 

comparison with age-matched men and post-menopausal women [178, 179]Φ 9wʲ ƛǎ 

expressed in the heart at greater levels in men than in women, ǿƘƛƭŜ 9wʰ ƛǎ Ŝǉǳŀƭƭȅ 

expressed in both sexes [177]. In female mice, both Er ,h ŀƴŘ 9wʲ ŀǊŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ 

cardioprotective effects against myocardial IR injury [180]. 
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Table 1.2. Differences in the incidence, symptoms, and prognosis of acute myocardial 

infarction between men and women. 
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1.7.2.1. Sex Hormones 

The higher incidence of MI in men led to the earlier view that testosterone had detrimental 

effects on the heart.  Although large observational and randomized studies supported this, 

more recent studies have suggested a cardioprotective role for testosterone. The effects 

of testosterone on the heart are less understood than those of oestrogen, although 

testosterone and oestrogen have been shown to have opposing effects on cardiac function 

and remodelling in mouse models of MI [181]. Production of testosterone increases in 

post-menopausal women, which further supports a link between testosterone and an 

increased risk for CVDs [182]. Similarly, studies on weightlifters who use anabolic steroids 

(altered by-products of testosterone) showed an increased risk of CVDs such as MI and 

sudden cardiac death through impaired diastolic function and cardiac hypertrophy [183].  

 

1.7.2.2. Sex Differences in Immune Responses 

Sex differences in the immune response is a well-established phenomenon and is seen in 

many diseases affecting both the innate and adaptive immune responses. For example, 

males have a larger number of NK cells in the circulation than females [184]. Neutrophils 

and macrophages from females have a greater phagocytic and activation activity than in 

males. Additionally, macrophage IL-10 production was higher in females, while 

macrophage pro-inflammatory cytokine production was greater in males [185]. Alterations 

in receptor expression may underlie some of the sex-dependent differences in immune 

responses. TLR4, which was found to be an integral receptor in inducing inflammation in 

https://www.sciencedirect.com/topics/medicine-and-dentistry/testosterone
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myocardial IR injury, has been shown to be expressed at higher levels on human male 

neutrophils than females, which also prodǳŎŜŘ ƳƻǊŜ ¢bCʰ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ŦŜƳŀƭŜǎ 

[186]. Moreover, peritoneal macrophages from male mice were seen to express higher 

levels of TLR4 and chemokines following LPS activation than their female counterparts 

[187]. This increased TLR4 expression on male immune cells more than in female cells, 

leading to greater inflammatory responses in males following LPS [188].  

Similarly, adaptive immune cell counts, and their activity are also sex-dependent. Pre-

puberty, the majority of adaptive immune cell populations and ratios are equal between 

males and females. However, a larger number of B cells and activated T cells as well as a 

higher count of CD4+ T cells, have been observed in females (adulthood and persisting with 

age). Females also have an altered CD4/CD8 T cell ratio (increased towards CD4), greater T 

cell proliferation and an increased cytotoxic T cell activity, whereas males have a higher 

CD8+ T cell and Treg cell number [188]. In general, the innate and adaptive immune 

responses within humans are stronger in adult females than in adult males. Pathogens are 

cleared faster in adult females, but this increases their susceptibility to autoimmune 

diseases and inflammation [188]. 
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1.8. Summary  

1.8.1. Imaging the Coronary Microcirculation in a Beating Heart in vivo 

Treatment of MI focuses on rapidly re-establishing perfusion following a blockage in one 

or more of the coronary arteries. However, whilst necessary to end the period of 

ischaemia, reperfusion paradoxically worsens inflammation causing additional tissue 

damage beyond that caused by ischemia alone. Reperfusion, therefore, is responsible for 

approximately 50% of the final infarct size. Restoring blood flow in occluded coronary 

arteries can still be associated with sub-optimal myocardial perfusion, leading to worse 

outcomes than in patients with more extensive perfusion recovery. This indicates 

inadequate perfusion at the level of the coronary microcirculatory, which likely contributes 

to the additional tissue damage. Increased clinical recognition of the importance of 

coronary microcirculation has meant identifying strategies to improve potential 

perturbations within it have gained recent attention. However, current clinical imaging 

tools cannot resolve these microvessels, and so little is known about the full range of 

cardiac microcirculatory responses to IR injury in vivo.    

As stated earlier, most of our understanding of microvascular dysfunction post-reperfusion 

injury has been obtained from heart tissue imaged histologically for morphological 

deterioration, inflammatory cell infiltration, and infarct size. However, these static 

snapshots provide no indication of the real-time kinetics of deleterious 

thromboinflammatory cell recruitment. Ultimately, restoration of blood flow and 

ventricular muscle perfusion is key to the survival of the myocardium, yet static assays 

Ŏŀƴƴƻǘ ΨǎƘƻǿΩ ŘȅƴŀƳƛŎ ŜǾŜƴǘǎ ǎǳŎƘ ŀǎ ōƭƻƻŘ ŦƭƻǿΦ Hence critical information on 
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microvessel integrity, functional capillary density or a whether flow is present in the heart 

or not needs to be acquired using in vivo imaging methods.  

Intravital microscopy (IVM) is an experimental imaging modality used to experimentally 

image the microcirculation of solid organs (e.g. liver, kidney, gut) or transparent tissues 

(e.g. mesentery, cremaster muscle) in anaesthetised rodents in real-time. It has previously 

been used to investigate cellular events in areas such as immunology, tumour biology and 

neurology, and much of our existing knowledge of the impact of IR injury on 

microcirculation has been obtained using transparent preparations such as the cremaster 

muscle or gut mesentery [189-191]. The advantage of IVM is the ability to image a single 

cell and track its movement in real-time in vivo [192]. However, the application of this 

powerful technique to the beating heart in rodents has been challenging primarily due to 

the cardiac cycle and respiratory-related movement of the heart in all three dimensions, 

thus imposing a practical limitation on the imaging resolution of the coronary 

microvasculature as reviewed by Neena Kalia (2021) [51]. As such, other surrogate tissue 

beds, particularly the cremaster, have been used as models of the cardiac 

microcirculation[193]. However, coronary microcirculation is unique in both its anatomical 

and physical properties, particularly its contractile activity, which compresses coronary 

capillaries during systole, reducing their diameter up to 20% [194, 195]. As such, the impact 

of IR injury and the mechanisms by which therapeutic vasculoprotective strategies act, may 

vary in a site-specific manner. This research aims to utilise this method to image the mouse 

beating heart and ascertain the impact of IR injury specifically at the level of the coronary 

microcirculation in vivo.   
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1.8.2. Requirement for novel anti-inflammatory targets 

Evidence suggests that a persistent and prolonged pro-inflammatory response, as observed 

during IR injury, severely impacts adverse LV remodelling and infarct size. Therefore, 

therapeutic targets that either modulate inflammation and/or prevent additional 

microvascular disturbances may hold promise for future treatments [60, 101, 196]. Several 

studies and clinical trials have already targeted individual contributors to the pro-

inflammatory response, specifically IL-1 [103, 109, 197, 198], IL-6 [199], and TNF-ʰ [200]. 

Although such treatments have been beneficial in preclinical animal models, clinically, they 

have really only reduced inflammatory markers and the risk of recurrence but not infarct 

size [103, 109, 197-200]. Moreover, these studies have not focussed on investigating 

whether these therapies are vasculoprotective at the level of the microcirculation post-

reperfusion, with the final outcome measured predominantly being infarct size. 

Therefore, studies that can identify other potential therapeutic agents may be clinically 

useful. IL-36, a relatively novel IL-1 superfamily member, is involved in the production of 

pro-inflammatory mediators and activation of immune/ECs [201]. The IL-36 / IL-36R 

pathway has been shown to play a key role in a number of inflammatory diseases, including 

psoriasis and rheumatoid arthritis [125, 201, 202]. However, only a couple of studies have 

provided limited data on its therapeutic potential in the heart [153, 203]. It is anticipated 

that investigating new IL-1F members will unravel novel mechanistic pathways that have 

the potential to become therapeutic targets in sterile inflammatory conditions of the heart. 

Certainly, members ƻŦ ǘƘŜ L[πм ŦŀƳƛƭȅΣ ƛƴŎƭǳŘƛƴƎ L[-36, are typically among the most 

upstream cytokines to be released upon injury and appear critical in triggering subsequent 

synthesis and release of a multitude of inflammatory mediators. Hence IL-36 holds 
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significant promise as a therapeutic target. It has been largely overlooked since its 

discovery in 2001, with fewer than 140 studies published investigating the role of IL-36 

cytokines. However, important, and novel biologic roles are recently being described for IL-

36, and it is anticipated that this will represent one of the most dynamic areas of research 

in immunology in coming years. It is worth speculating that since IL-36 levels are 

dramatically raised in patients with psoriasis, this could mechanistically explain the known 

link between psoriasis and increased cardiovascular disease.  

 

1.8.3. Inclusion of co-morbidities and risk factors  

In the field of myocardial IR injury, there has been a recurrent failure of anti-inflammatory 

interventions that were promising in animal models to translate to the clinic. This may be 

because they do not accurately model the human scenario, particularly when it comes to 

the inclusion of comorbidities and/or risk factors such as age, sex, diabetes, and 

hypertension. By 2030, it is expected that 20% of the population will be over 65 years old, 

and cardiovascular disease is set to account for 40% of the deaths within this age group. 

Increasing age is a major contributor to worsened prognosis and increased myocardial 

damage following MI, independent of other risk factors. Therefore, detailed consideration 

of the effects of ageing on the post-ischemic heart is critical. However, almost all studies 

applied to the murine heart have involved young animals. In this thesis, we will provide 

original contributions on the architecture of the aged heart microcirculation and how its 

response to IR injury differs from young hearts.   
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Furthermore, biological sex differences in CVD outcomes have been widely studied and 

have been shown to be a key factor in determining outcomes following a MI. However, 

little is known in vivo about how age and sex impact coronary microcirculation in health 

and whether they increase the likelihood of microvascular disturbances post-reperfusion 

injury.  

Although studies on both age-related and sex-related changes in the inflammatory and 

immune system have gathered pace, the work presented in this thesis is the first to explore 

in vivo, in an intravital imaging model of the IR injured mouse beating heart, the role of a 

novel inflammatory cytokine pathway in mediating microcirculatory disturbances in 

young/aged, male/female, hearts in both health and post-injury. Understanding these 

processes and identifying contributing mechanisms is essential if we are to devise and 

optimise therapies that will be effective, specifically in an age-related myocardial 

pathology.  

 

1.9. Aims and Hypotheses  

Although we know the IL-36/IL36R pathway is highly pro-inflammatory in the skin and 

lungs, we are still at an early stage in our current understanding of its in vivo biology in the 

heart. The major hypothesis of this thesis is that IL-36 is a key mechanistic contributor to 

myocardial microcirculatory disturbances post-reperfusion, and its inhibition will 

ameliorate myocardial IR injury. We will explore the hypothesis that the extent of 

thromboinflammation and microvascular perturbations mediated in aged IR injured mice 

exceeds that mediated in adult mice, which may be linked to an existing basal inflammatory 



  Chapter 1: General Introduction 
 

62 
 
 

presence even in the absence of injury (inflammaging). We also hypothesise that the 

clinical differences in the outcome of males and females to MI, may be linked to differences 

in the susceptibility of their coronary microcirculation to IR injury.  To address this, the aims 

of this thesis are as follows: 

· Intravitally image the healthy, uninjured, and IR injured adult and aged mouse 

beating hearts in order to characterise and compare the full extent of the 

microcirculatory response at a cellular level in vivo. 

· Determine whether IL-36R and its cytokines are present in the healthy, uninjured 

mouse heart and whether IR injury, age, or sex impacts their local expression. 

· Investigate intravitally whether IL-36 agonists are functional in the heart by 

determining whether they can elicit an inflammatory response within the mouse 

beating coronary microcirculation in vivo. 

· Investigate intravitally whether therapeutic intervention with IL-36Ra is 

vasculoprotective at the level of the coronary microcirculation in the IR injured 

adult and aged mouse beating hearts in vivo. 

· Intravitally image the IR injured male and female mouse beating hearts in order to 

characterise and compare the full extent of the microcirculatory response at a 

cellular level in vivo and determine the effectiveness of IL-36Ra in both sexes. 

· Investigate whether IL-36 and IL-36R are present in neonatal, infant/toddler, older 

children and elderly human myocardium and determine whether there are any 

correlations between expression levels and age.  
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2.0. Materials and Methods  

2.0. Reagents and Materials  

Staining buffer ǿŀǎ ŎƻƳǇƻǎŜŘ ƻŦ 5ǳƭōŜŎŎƻΩǎ ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊŜŘ ǎŀƭƛƴŜ ό5t.{ύ ŎƻƴǘŀƛƴƛƴƎ 

5% FBS and 1% penicillin-streptomycin. Endothelial cell expansion media was made up of 

1% minimum essential medium (MEM) D-valine powder (DMEM), 0.1% sodium 

bicarbonate, 8.9% FBS, 1% penicillin-streptomycin, 1% MEM non-essential amino acids, 1% 

vitamin mix, 10 units/ml IFN-ʴ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅ ŀŘƧǳǎǘŜŘ ǘƻ ǇI тΦпΦ Endothelial cell 

experimental media consisted of DMEM-high glucose, 10% foetal bovine serum (FBS), and 

1% penicillin-streptomycin. Tris-buffered saline (TBS) was composed of 12% tris-base, 

distilled water and subsequently adjusted to pH 7.4. Radioimmunoprecipitation assay 

(RIPA) buffer containing 50 mM Tris, 150 mM sodium chloride, 1.0% triton X-100, 0.5% 

sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS), supplemented with a 

protease inhibitor tablet and subsequently adjusted to pH 8.0. Ammonium persulphate 

solution (APS) was made up of 10% ammonium persulphate in distilled water. Running 

buffer was composed of 10% Tris-glycine-SDS in distilled water, while transfer buffer was 

composed of 10% Tris-glycine in distilled water. Magnetic activated cell sorting (MACS) 

buffer was composed of PBS containing 0.5% BSA and 2 mM EDTA. Triphenyl tetrazolium 

chloride (TTC) solution was composed of 1% 2,3,5-triphenyltetrazolium chloride, 76% 

Na2HPO4 (0.1M), 23% NaH2PO4 (0.1M) and subsequently adjusted to pH 7.4, and before use 

was pre-heated to 37oC.  

A list of all other reagents and materials used can be in the tables 2.1, 2.2, and 2.3. 
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Table 2.1: List of reagents  

Product Name Abbreviation Company Location 

Accutase - Sigma Aldrich Poole, UK 

Acetone - Sigma Aldrich Poole, UK 

Acrylamide - National Diagnostics Nottingham, UK 

Ammonium-Chloride-
Potassium Lysing Buffer 

ACK Thermo Fisher 
Scientific 

Paisley, UK 

Ammonium Persulphate - Sigma Aldrich Poole, UK 

Bicinchoninic Acid BCA Sigma Aldrich Poole, UK 

Bovine Serum Albumin BSA Sigma Aldrich Poole, UK 

Corkboard - Thermo Fisher 
Scientific 

Paisley, UK 

Collagenase Type 1 Collagenase Wako chemicals Osaka, Japan 

Complete Ultra-Tablets 
Easy Pack 

Protease 
inhibitor 

Roche Switzerland 

DMEM-High Glucose - Sigma Aldrich Poole, UK 

5ǳƭōŜŎŎƻΩǎ tƘƻǎǇƘŀǘŜ-
Buffered Saline 

DPBS Gibco Paisley, UK 

Dulbecco's Modified Eagle's 
Medium 

DMEM Sigma Aldrich Poole, UK 

Ethylenediaminetetraacetic 
Acid 

EDTA Sigma Aldrich Poole, UK 

Evans Blue - Sigma Aldrich Poole, UK 

FcR blocking reagent  - Miltenyi Biotec Germany  

Foetal Bovine Serum FBS Gibco Paisley, UK 

Formalin - Sigma Aldrich Poole, UK 

HibiScrub - Regent Medical Ltd Manchester, UK 

ImmEdge Pen Wax pen Vector Laboratories Burlingame, USA 

Immunomount - National Diagnostics Nottingham, UK 

Interferon-Gamma IFN-  ɹ Sigma Aldrich Poole, UK 

Ketamine Hydrochloride - Pfizer New York, USA 

Liquid-Skin - Liquid-Skin Middlesex, UK 

Medetomidine 
Hydrochloride 

- Pfizer New York, USA 

MEM D-Valine Powder - Sigma Aldrich Poole, UK 

MEM Non-Essential Amino 
Acids 

- Sigma Aldrich Poole, UK 

Nitrocellulose Membrane - Thermo Fisher 
Scientific 

Paisley, UK 

Non-Fat Milk Powder - Marvel Manchester, UK 

Optical Cutting 
Temperature 

OCT Sakura Finetek Netherlands 

Penicillin-Streptomycin - Gibco Paisley, UK 

Phosphate-Buffered Saline PBS Sigma Aldrich Poole, UK 

Prolene 9.3mm Suture - Ethicon New Jersey, USA 

Resolving Buffer - National Diagnostics Nottingham, UK 

Sodium Bicarbonate bŀI/hї Sigma Aldrich Poole, UK 
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Sodium Chloride NaCl Sigma Aldrich Poole, UK 

Sodium Chloride 0.9% Saline MacroPharma Twickenham, UK 

Sodium Deoxycholate - Sigma Aldrich Poole, UK 

Sodium Dodecyl Sulphate SDS Sigma Aldrich Poole, UK 

Sodium Phosphate Dibasic Na2HPO4 Sigma Aldrich Poole, UK 

Sodium Phosphate 
Monobasic 

NaH2PO4 Sigma Aldrich Poole, UK 

Stacking Buffer - National Diagnostics Nottingham, UK 

SuperFrost Glass Slides, 
Ground 90o 

Glass slides Thermo Fisher 
Scientific 

Paisley, UK 

Tetramethylethylene 
Diamine 

TEMED National Diagnostics Nottingham, UK 

Tris-Base - Sigma Aldrich Poole, UK 

Tris-glycine - Geneflow Lichfield, UK 

Tris-glycine-SDS - Geneflow Lichfield, UK 

Triton-X - Sigma Aldrich Poole, UK 

Tween - Sigma Aldrich Poole, UK 

Veet - Reckitt Benckiser Norwich, UK 

Vitamin Mix - Sigma Aldrich Poole, UK 

2,3,5-Triphenyltetrazolium 
Chloride 

- Serva Germany 

3-
Aminopropyltriethoxysilane 

APES Sigma Aldrich Poole, UK 

5-0 Suture - Ethicon New Jersey, USA 

70µm Strainer - Thermo Fisher 
Scientific 

Paisley, UK 
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Table 2.2: List of antibodies  

Experiment Antibody Label Clone Source Target Company Conc. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In vitro 
Mouse 
Experiments 
 
 
 
 
 
 
 
 
 
 

Anti-IL-1 
Rrp2 / IL-
36R 

UC Polyclonal 
IgG 

Goat Mouse R&D 
Systems 

0.2mg/mL 

Anti-IL-
осʰ κ L[-
1F6 

UC Polyclonal 
IgG 

Goat Mouse R&D 
Systems 

0.2mg/mL 

Anti-IL-
осʲ κ   L[-
1F8 

UC Polyclonal 
IgG 

Goat Mouse R&D 
Systems 

0.2mg/mL 

Anti-IgG 
control 

UC Polyclonal 
IgG 

Goat Mouse R&D 
Systems 

0.2mg/mL 

anti-goat 
IgG 

AF488 Polyclonal 
IgG 

Donkey Goat Abcam 2mg/mL 

anti-CD31 PE Monoclonal: 
390 

Rat Mouse Biolegend 0.2mg/mL 

Anti-
IgG2a 
control 

PE Monoclonal: 
RTK2758 

Rat Mouse Biolegend 0.2mg/mL 

Anti-CD31 BV421 Monoclonal: 
390 

Rat Mouse Biolegend 0.2mg/mL 

Anti-
IgG2a 
control 

BV421 Monoclonal: 
RTK2758 

Rat Mouse Biolegend 0.2mg/mL 

Anti-
cardiac 
TnT 

PE Monoclonal: 
REA400 

Cell 
Line 

Mouse + 
Human 

Miltenyi 
Biotec 

NS 

REA 
Control 

PE Monoclonal: 
REA293 

Cell 
Line 

Mouse + 
Human 

Miltenyi 
Biotec 

NS 

Anti-
VCAM-1 / 
CD106 

AF647 Monoclonal: 
429 

Rat Mouse Biolegend 0.5mg/mL 

Anti-
IgG2a 
control 

AF647 Monoclonal: 
RTK2758 

Rat Mouse Biolegend 0.5mg/mL 

Anti-
DNA/RNA 
damage 

FITC Monoclonal: 
15A3 

Mouse SI Abcam 1mg/mL 

Anti-
IgG2b 
control 

FITC Monoclonal: 
PLPV219 

Mouse SI Abcam 1mg/mL 

Zombie 
Aqua 

Violet 
405 

NS NS NS Biolegend NS 

 Anti-Ly-
6G/Ly-6C 
(Gr-1) 

PE Monoclonal: 
RB6-8C5 

Rat Mouse Biolegend 0.2mg/mL 
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In vivo 
Mouse 
Experiments 

Anti-CD41 APC Monoclonal: 
MWReg30 

Rat Mouse Biolegend 0.2mg/mL 

Anti-BSA FITC NS NS NS NS NS 

 
In vitro 
Human 
Experiments 
 
 
 
 
 
 
 
 
 
 
 
In vitro 
Human 
Experiments 

Anti-IL-1 
Rrp2 / IL-
36R 

UC Monoclonal 
IgG1: 
116004 

Mouse Human R&D 
Systems 

0.2mg/mL 

Anti-IL-
осʰ κ L[-
1F6 

UC Polyclonal 
IgG 

Goat Human R&D 
Systems 

0.2mg/mL 

Anti-IL-
осʲ κ   IL-
1F8 

UC Polyclonal 
IgG 

Goat Human R&D 
Systems 

0.2mg/mL 

Anti-IL-
осʴ κ   L[-
1F9 

UC Polyclonal 
IgG 

Goat Human R&D 
Systems 

0.2mg/mL 

Anti-IgG 
Control 

UC Polyclonal 
IgG 

Goat Human R&D 
Systems 

0.2mg/mL 

Anti-
mouse 
IgG 

AF647 Monoclonal: 
RMG1-1 

Rat Mouse Biolegend 0.5mg/mL 

Anti-goat 
IgG 

AF647 Polyclonal 
IgG 

Donkey Goat Abcam 2mg/mL 

Anti-CD31 PE Monoclonal: 
WM59 

Mouse Human Biolegend 0.2mg/mL 

Anti-IgG1 
control 

PE Monoclonal: 
MOPC-21 

Mouse Human Biolegend 0.2mg/mL 

Anti-
cardiac 
TnT 

PE Monoclonal: 
REA400 

Cell 
Line 

Mouse + 
Human 

Miltenyi 
Biotec 

NS 

REA 
Control 

PE Monoclonal: 
REA293 

Cell 
Line 

Mouse + 
Human 

Miltenyi 
Biotec 

NS 

Anti-
DNA/RNA 
damage 

FITC Monoclonal: 
15A3 

Mouse SI Abcam 1mg/mL 

Anti-
IgG2b 
control 

FITC Monoclonal: 
PLPV219 

Mouse SI Abcam 1mg/mL 

NS ς Not specified; SI ς species independent; UC ς unconjugated; TnT ς Troponin 

Table 2.3: List of recombinant proteins  

Protein  Source Target Company Concentration 

IL-осʰ κ L[-1F6 E. coli Mouse R&D Systems 100˃ g/ml 

IL-осʲ κ   L[-1F8 E. coli Mouse R&D Systems 100˃ g/ml 

IL-осʴ κ   L[-1F9 E. coli Mouse R&D Systems 100˃ g/ml 

IL-м ̡ E. coli Mouse PeproTech 100˃ g/ml 

TNF-  h E. coli Mouse Boster Biological  100˃ g/ml 

IL-36Ra/IL-1F5 E. coli Mouse Novus 1µg/mouse 
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2.1. Animals  

All animal experiments were conducted in accordance with a UK Home Office license 

(Licenses: P5552D447 and P95F39B96) and in accordance with the Animals Scientific 

Procedures Act of 1986 (ASPA). For studies investigating the impact of ageing on the 

coronary microcirculation, experiments were carried out using female C57BL/6 mice and 

classified as either adult mice (9-15 weeks) or aged (78-82 weeks) mice. For studies 

investigating the impact of sex on the coronary microcirculation, experiments were carried 

out using adult male C57BL/6 mice (9-15 weeks). All mice were purchased at least 7 days 

prior to experiments to allow them to acclimatize and were housed in a pathogen-free 

environment at the Biomedical Services Unit (BMSU), University of Birmingham, UK. Mice 

were given ad libitum access to food and water.  

 

2.1.1. Myocardial IR Injury  

2.1.1.1. Surgical Preparation  

All surgical instruments and tools were heat sterilised, and the workbench and associated 

hardware were sterilised using HibiScrub.  Mice were anaesthetised by an intraperitoneal 

(IP) injection of ketamine hydrochloride (100mg/kg) and medetomidine hydrochloride 

(10mg/kg) in a 0.9% saline solution. Anaesthetic depth was monitored by checking the 

pedal reflex every 15 minutes, with anaesthesia maintained as required through IP 

administration. The skin over the left thoracic region and neck were shaved using an 

electric shaver and then a depilatory cream (Veet) was used to remove the remaining hair. 
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These areas were then disinfected with HibiScrub, and the mouse was placed on a 

customised surgical board in a supine position (Figure 2.1A). A heating pad connected to a 

rectal probe was used throughout the surgery to maintain the body temperature at 37oC.  

 

2.1.1.2. Surgical Procedure  

The surgical procedure was performed as previously described [42]. A tracheostomy was 

initially performed to ventilate the anaesthetised mouse artificially. To expose the trachea, 

an initial incision was made in the neck area, and the connective tissue and muscle 

surrounding the trachea were bluntly dissected. A small incision was then made between 

two rings of cartilage. An endotracheal tube, connected to a mechanical ventilator 

(MiniVent rodent ventilator, Biochrom Ltd/Harvard Apparatus, UK), was then placed into 

the trachea and held in place using a 5-0 suture (Ethicon, USA).  This provided medical 

ƻȄȅƎŜƴ ǘƻ ǘƘŜ ŀƴŀŜǎǘƘŜǘƛǎŜŘ ƳƻǳǎŜ ŀǘ ŀ ǊŜǎǇƛǊŀǘƻǊȅ ǊŀǘŜ ƻŦ молbreaths / minute with a 

ǘƛŘŀƭ ǾƻƭǳƳŜ ƻŦ ннл˃[ κ ōǊŜŀǘƘ (Figure 2.1A). Medical oxygen was provided by an oxygen 

concentrator (VetTech, UK).  

In order to facilitate the delivery of antibodies and saline, the left carotid artery was 

cannulated. The artery was initially exposed using blunt dissection and freed from the 

vagus nerve and connective tissue. A 5-0 suture was used to permanently tie off the 

superior end, and the inferior end was clamped using a non-traumatic mini arterial clamp.  

A small incision was then made between the suture and clamp, and a carotid cannula, 

connected to a 1ml saline syringe, was inserted, and secured in place using a 5-0 suture.  
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The clamp was then removed, and a single bolus dose of saline was given to maintain 

hydration during the experiment (5ml/kg) (Figure 2.1A).  

To access the heart, the mouse was placed in a right lateral decubitus position, and an 

incision was made in the left thoracic region to uncover the pectoral muscles. Muscle and 

connective tissue were carefully cauterised to expose the left rib cage. A thoracotomy 

between the third and fourth left ribs was performed, and the pericardium was bluntly 

opened. Surgical retractors were used to hold back the ribs so that the heart could be easily 

accessed.  

Myocardial IR injury of the LV was performed using a well-established model involving 

reversible occlusion of the left anterior descending (LAD) coronary artery [42]. The LAD 

artery was identified, a silk suture (Prolene 9.3mm, W8703, Ethicon) was gently passed 

underneath it and tightened around a piece of plastic tubing (Figure 2.1B & C). The plastic 

tubing applied pressure to the LAD artery and occluded the vessel. A successful occlusion 

was apparent when the apical region of the LV appeared pale (Figure 2.1C). Following 45 

minutes of ischaemia, the ligature was removed, and reperfusion of the myocardium was 

allowed to proceed for either 2 hours for tissue analysis experiments, 2.5 hours for 

intravital observations or 4 hours when measuring infarct size [42].  At the end of these 

various reperfusion durations, mice were culled by cervical dislocation and organs of 

interest were harvested for later use. Mice undergoing sham surgery underwent the same 

procedure as above, which included the passing of the silk suture under the LAD artery. 

However, in sham mice, this was not tightened. For pre-treatment studies, recombinant 

mouse IL-36Ra όмр˃ƎκƳƻǳǎŜύ was injected intra-arterially at both 10 minutes pre-

reperfusion and 60 minutes post-reperfusion. 



 
 

 

  

 

 

 

 

 

 

 
 
 
Figure 2.1. Intravital microscopy of the mouse beating heart microcirculation in vivo. (A) Adult and aged mice underwent sham or ischemia 
reperfusion injury (IRI) surgery. All surgeries involved endotracheal intubation to supply medical oxygen, carotid artery cannulation to deliver 
antibodies and saline, and a sham or left anterior descending (LAD) artery occlusion for 45 minutes prior to reperfusion. (B) Schematic and 
representative image of the heart prior to occlusion. (C) Schematic and representative image of the heart during LAD artery occlusion. (D) 
Representative image of the stabilised heart.  
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2.2. In Vivo Experiments  

2.2.1. Intravital Imaging of the Coronary Microcirculation in the Mouse 

Beating Heart in vivo 

Intravital imaging of the anaesthetised mouse beating heart following myocardial IR injury 

was performed as previously described by the Kalia group [42]. Following the initiation of 

reperfusion, an in-house designed 3D printed stabiliser (internal diameter: 2.25mm and 

external diameter: 4mm) was gently lowered onto the LV using a micromanipulator 

downstream of the occlusion site for the LAD artery and fixed permanently using clinical-

grade surgical glue (Liquid-Skin).  Stabilisation of this area reduced motion sufficiently to allow 

high-quality videos to be captured through the central window, whilst the remainder of the 

heart was able to beat normally. The stabilizer was made of polylactic acid printed on a 

MakerBot 3D printer (Stratasys, USA) and designed using Tinkercard software (Autodesk, 

USA) (Figure 2.1D).  This stabilisation process took place within 5-10 minutes of untying the 

LAD artery suture, meaning the first intravital imaging could only take place at 15 minutes 

post-reperfusion. To prevent moisture loss in the stabilised region, a small piece of saran wrap 

(3cm2) was used to keep the area covered, and 0.9% saline was applied every 15 minutes to 

the central region of the stabiliser.  

A region of the LV within the stabiliser centre was randomly identified, and a first intravital 

recording, lasting for 2 minutes, was captured at 15 minutes post-reperfusion.  Thereafter, 2-

minute recordings were captured every 15 minutes for a duration of 2.5 hours from the same 

pre-selected area. All recordings were captured and stored digitally using Slidebook 6 

software for later offline analysis (Intelligent Imaging Innovations, USA). 
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2.2.1.1. Monitoring Thromboinflammatory Cells and Microvascular Perfusion 

in the Coronary Microcirculation   

In order to intravitally image the kinetics of endogenous thromboinflammatory cells, 20µl of 

phycoerythrin (PE)-conjugated anti-mouse Gr-1 and 20µl of allophycocyanin (APC)-

conjugated anti-mouse CD41 antibodies (100µl with 60µl saline) were injected via the carotid 

artery cannula at 5 minutes pre-reperfusion to label neutrophils (Gr-1 binds to both 

neutrophils and monocytes) and platelets respectively. PE and APC fluorochromes are excited 

at 566nm and 651nm and have emissions at 574nm and 660nm respectively, thus allowing 

neutrophils and platelets to be visualised near-simultaneously in the same mouse. Imaging of 

the beating heart was performed using an upright Olympus microscope (BX61WI, Olympus, 

USA) equipped with a Nipkow spinning disk confocal head (Yokogawa, Japan), an Evolve 

EMCCD camera (Photometrics, USA), and a x10 objective (Olympus, USA) (Figure 2.2A).  

Experiments to investigate microvascular perfusion involved the infusion of 30µl of FITC 

conjugated BSA (in 100µl of saline) via the carotid artery cannula at 120 minutes of 

reperfusion (i.e. at the end of intravital experimentation).  This fluorescein labelled albumin 

was retained within the blood vessels allowing them to be identified against a relatively 

darker, non-fluorescent background.  However, under conditions where the vascular integrity 

was disturbed, FITC-BSA leaked out of the vasculature.  To qualitatively determine vascular 

leakage, a piece of tissue paper was placed between captures in the centre of the stabiliser in 

order to absorb any leaked fluorescent albumin. This was later imaged to detect the transfer 

of FITC-BSA to the tissue paper. FITC-BSA also allowed the qualitative analysis of functional 

capillary density as the dye was only able to perfuse patent, non-occluded vessels. 



  Chapter 2: Materials & Methods 
 

75 
 
 

2.2.1.2. Imaging the Coronary Microcirculation Immediately after Ischaemia  

Due to the time it took to untie the LAD artery suture, subsequently, attach the stabiliser, and 

move the mouse to the microscope stage, the first time point after which intravital imaging 

could technically take place was at 15 minutes post-reperfusion. However, previous 

experiments conducted in the Kalia lab demonstrated that inflammatory events had already 

occurred by this time point [42]. In order to view the thromboinflammatory events taking 

place during the 15 minutes immediately after reperfusion, the existing stabilisation protocol 

described in Section 2.3.1 was optimised. For hyper-acute imaging, the stabiliser was not 

permanently glue-fixed to the LV, a process that was time-consuming, but was applied to the 

same area of interest with very little pressure, but sufficient enough to form a seal. This 

process was performed at 35 minutes of ischaemia rather than after reperfusion. The mouse 

was then transferred to the microscope stage. This modified stabilisation protocol permitted 

a 2-minute intravital recording to be captured during the removal of the LAD ligature. 

Subsequent images were captured at 5-, 10-, and 15-minutes post-reperfusion in addition to 

the routine recordings that were captured every 15 minutes for a duration of 2.5 hours. 

Intravital analysis was then performed as described in Section 2.2.3.1. 

 

2.2.1.3. Topical application of IL-36 Cytokines on the Beating Heart  

The ability of topically applied IL-36 cytokines to directly mediate an inflammatory response 

in vivo in the beating heart was investigated in a separate set of mice. The heart was prepared 

for imaging as described in Section 2.2.1.2, but no sham or IR injury procedure was 
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performed. PE-conjugated anti-mouse Gr-1 and APC-conjugated anti-mouse CD41 antibodies 

were again injected via the carotid artery 5 minutes before the stabilizer was placed on the 

healthy LV. Using a fine-needle (31G) syringe, 2 drops of the cytokine (approximately 20µl at 

a concentration of 200ng/ml - IL-осʰΣ L[-осʲΣ L[-осʴΣ ¢bC-ʰΣ ƻǊ L[-мʲύ ƻǊ t.{ όǾŜƘƛŎƭŜ ŎƻƴǘǊƻƭύ 

were topically applied to the epicardial surface of the heart within the centre of the stabiliser. 

The stabiliser was capable of containing this liquid due to its ring link structure and depth. 

After 15 minutes, the solution within the stabiliser was removed using tissue paper, and a 2-

minute recording was captured. Following capture, the solution was replaced, and this cycle 

of topical applications and recordings were repeated every 15 minutes for a total duration of 

150 minutes. Intravital analysis was then performed as described in Section 2.2.3.1. 

 

2.2.2. Laser Speckle Contrast Imaging  

Laser speckle contrast imaging (LSCI) is a large field-of-view or full-field, non-contact and non-

scanning optical technique used for quantitating blood flow  in real-time.  It has been widely 

used in both pre-clinical and clinical studies to visualise perfusion in many organs. The setup 

is made up of a near-infrared laser diode, which emits a low powered laser after passing 

through a diffuser to illuminate an object. When the laser light hits the object, it is 

backscattered to form an interference pattern on the detector called a speckle pattern. If the 

illuminated object is static, the speckle pattern is stationary. When there is movement in the 

object, such as RBCs in a tissue, the speckle pattern will change.   

The use of LSCI in the beating heart has been very limited due to the fact that the non-static 

physical nature of the heart and the dynamics of microvascular blood flow during systole and 
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diastole present challenges for interpretation of LSCI of ventricular muscle blood flow.  

However, the Kalia group have previously validated this technique in order to quantitate 

blood flow in the anaesthetised mouse beating LV [42]. They demonstrated that although 

some proportion of the flux value was derived from the movement of the beating heart itself, 

the remainder was attributable to the blood flow events taking place in the myocardium.   

LSCI was therefore performed in adult and aged mice undergoing IR injury ± IL-36Ra 

treatment.  Mice underwent surgery as previously described in Section 2.2.1. Once the heart 

was exposed, and prior to inducing ischaemia, a 1-minute capture was recorded (around 1400 

frames) using a moorFLPI-2 laser speckle contact imager (Moor Instruments, UK) and was 

noted as the baseline (Figure 2.3A). Sixty-second video captures were then obtained during 

ischaemia at 1, 5, 10, 15, 30, and 44 minutes and similarly during reperfusion at 1, 5, 10, 15, 

30, 60, 90, 120, and 150 minutes. For treatment studies, recombinant mouse IL-36Ra was 

injected intra-arterially at both 10 minutes pre-reperfusion and 60 minutes post-reperfusion. 

LSCI analysis was then performed as described in Section 2.2.3.2. 
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Figure 2.2. Intravital microscopy of the beating heart microcirculation in vivo. Mice underwent sham or ischaemia reperfusion injury surgery. 
To image the kinetics of endogenous neutrophils and platelets, anti-mouse Gr-1 and anti-mouse CD41 antibodies were injected via the carotid 
artery cannula 5 minutes pre-reperfusion. (A) Representative image of the intravital set up. (B) Representative image of the in-house designed 
software Tify, in which out-of-focus frames are removed. (C) Representative image of Focus Repair, which is used to quantify neutrophils and 
platelet aggregates/microthrombi by first creating a still image and then calculating the integrated fluorescence density.  
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2.2.3. Analysis of In Vivo Experiments   

2.2.3.1. Analysis of Intravital Imaging of the Coronary Microcirculation 

Intravital images captured using Slidebook software were exported and opened using ImageJ 

for off-line analysis. Free-flowing neutrophils were counted manually over the 2-minute 

capture. To analyse adherent neutrophil and platelet presence, captured videos were 

subjected to post-acquisition image repair using machine learning via an in-house designed 

software (Tify; open source, available online: https://github.com/kavanagh21/TifyVBNET) in 

which out-of-focus and blurred frames were removed (Figure 2.2B) [204]. Neutrophils and 

platelet aggregates/microthrombi were then quantitated by first creating a still image using 

a software tool designed to repair partially focused images (Focus Repair; open source, 

available online: https://github.com/kavanagh21/flatZ; Figure 2.2C). A mask was then placed 

around PE-Ly6G+ and APC-CD41+ areas respectively, and the integrated fluorescence density 

was calculated using ImageJ.  

To analyse microvascular perfusion following sham, IR injury, and IL-36Ra treatment in adult 

and aged mice, captured videos were subjected to post-acquisition image repair using Tify. 

FITC-BSA+ vasculature was then quantitated by creating a still image using Focus Repair, and 

a score was given to each blinded image by a blinded external observer (Table 2.4).  

 

 

 

https://github.com/kavanagh21/TifyVBNET
https://github.com/kavanagh21/flatZ
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2.2.3.2. Analysis of Laser Speckle Imaging of the Beating Heart 

Analysis of LSCI was performed using mFLPI-2 software (V5, Moor Instruments, UK) on 

captured videos. Using the freehand selection feature within the software, an area of the 

heart tissue downstream of the LAD artery was drawn to extract flux data using spatial 

processing with a time constant of 0.1s and at a frame rate of 25Hz (Figure 2.3B). This flux 

data were exported into an in-house designed software, Speckle Analyser (SpAn; open source, 

available online at https://github.com/kavanagh21/SpAN) (Figure 2.3C).   

In each cardiac cycle, there are two points at which the heart is still; peak systole and peak 

diastole. At these points, the flux reading from LCSI is likely to be much less dependent on the 

movement of the heart and more clearly driven by blood flow. The blood flow during these 

phases of the cardiac cycle is clearly identified by LSCI as the peaks and troughs on flux 

readouts. SpAn was used to identify and collate these high and low points from flux images.  

In order for the SpAn software to achieve a complete cycle and consider a peak as a high point 

and a trough as a low point, the software must detect at least two concurrent movements 

within the appropriate trajectory (either upward or downward steps), i.e., a low point must 

be preceded by two decreasing points and followed by at least two increasing points. If this 

is achieved, SpAn will mark these high and low points for further analysis (labelling them in 

green and blue circles on outputs).  On the other hand, if this is not achieved, the software 

will omit these points from analysis and mark them in white circles (Figure 2.3D).  

Both systolic and diastolic data were then exported into Excel, and various readings were 

extrapolated for each time point: (i) average flux values from diastole were used to represent 

overall perfusion within the left ventricular myocardial coronary circulation; (ii) the distance 

https://github.com/kavanagh21/SpAN
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between each systolic cycle (between one systolic point and the next) was calculated and 

then averaged for each time point - standard deviation was then calculated to identify any 

arrhythmic pattern between beats; (iii) beats per minute were calculated and represented 

the heart rate; (iv) average flux values from diastole were then compared to the average flux 

values from systole to illustrate the function of the LV during systole and diastole.  
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Score  Description  

5 Well perfused, no areas of poor perfusion at all. Uniform vessel structure across the 
image, which is easy to identify.  

4 Well generally perfused, some patchy areas. Almost all small vessels can be 
identified easily.  

3 Some small areas of poor perfusion, generally good flow. Most small vessels can be 
identified easily. Could be evidence of dye accumulation in vessels. Possibly some 
evidence of leakage.  

2 More significant areas of no perfusion, large areas (>10% of each image) may be 
without flow. Some small vessels can be identified. If leakage is present, it is 
significant despite what appears to be good perfusion.  

1 Large areas without perfusion, regional loss of perfusion, >50% without flow. Large 
vessels may be the only ones visible, difficult to identify others. If leakage is present, 
it is substantial.  

0 Very large areas without perfusion, almost without flow, only big vessels with 
perfusion.  

Table 2.4: Vascular perfusion point-scoring 
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Figure 2.3. Laser speckle contrast imaging of the beating heart. (A) Representative image of the laser speckle contrast imaging set up using a 
moorFLPI-2 laser speckle contact imager (Moor Instruments, UK). (B) Representative image of the mFLPI-2 imager (V5, Moor Instruments, UK) 
analysis software. (C) Representative image of the in-house designed software, Speckle Analyser (SpAn) used to correlate the peaks and troughs 
extracted from the flux data with the myocardial perfusion during left ventricular systolic and diastolic events. (D) In order for the SpAn software 
to achieve a complete cycle and consider a peak as a high point (green) and a trough as a low point (blue), the following two points must be 
within the appropriate trajectory. If this is not achieved, the software will omit these points from analysis and mark them in white circles.  
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2.3. In Vitro Experiments  

2.3.1. Immunofluorescence Assay   

2.3.1.1. Mouse Immunofluorescence Assay   

In order to characterise the expression of IL-36R, IL-осʰΣ L[-осʲΣ /5омΣ ŀƴŘ ±/!a-1 on sham 

and IR injured adult and aged hearts, immunofluorescence was performed. Harvested hearts 

were embedded on corkboard using OCT compound and then snap-frozen in liquid nitrogen 

and stored at -80oC until required. These frozen tissues were then sectioned on a cryostat 

(Bright instruments, UK). In order to avoid freeze-thaw cycles, which could lead to structural 

changes, all transportation was performed in liquid nitrogen. The corkboard was fixed onto 

the cryostat chuck using OCT, and the tissue was sectioned at 10µm thickness. The initial 

50µm section of the hearts were removed prior to acquiring the first section. Sections were 

then transferred onto glass slides which were treated with APES. The slides were then allowed 

to air dry for 10 minutes before being fixed with acetone for a further 10 minutes. Slides were 

then covered with aluminium foil and stored at -20oC until required. Prior to staining, slides 

were thawed to room temperature and were then washed with DPBS.  A water repellent circle 

was drawn around each section on the slides using a wax pen to keep reagents localised on 

the tissue specimen. To prevent non-specific binding, each section was incubated with 100µl 

staining buffer for 30 minutes at room temperature. Sections were then washed with DPBS 

three times.  

Staining of the sections was performed using a two-step method. Firstly, sections were 

incubated with primary antibody solution for IL-36R, IL-осʰΣ L[-осʲ ƻǊ LƎD ŎƻƴǘǊƻƭ όмллҡƭΣ 

1:100 dilution in DPBS). Subsequently, sections were washed with DPBS and then incubated 
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with 100µl of secondary antibody solution conjugated to Alexa Fluor 488 (1:100 dilution in 

DPBS). Each of the primary and secondary incubations were performed in a light-protected 

humidified tray at room temperature and for a duration of 1.5 hours. Additional antibodies 

were added into the second step to determine whether the IL-36/IL-36R staining was vascular 

in nature (CD31; 1:100 dilution in DPBS) and the impact of age and IR injury on inflammatory 

adhesion molecules (VCAM-1; 1:100 dilution in DPBS). The sections were then washed again 

with DPBS and left to air dry. A drop of Immunomount was added in order to help preserve 

the fluorescent signal and help fix the coverslip over the section. Imaging and analysis of slides 

was performed as described in Section 2.3.1.5.  

 

2.3.1.2. Human Immunofluorescence Assay   

2.3.1.2.1. Patient Samples  

All immunofluorescence experiments using human tissue were conducted within the scope 

of the ethical approval obtained by the Human Biomaterial Resource Centre (HBRC) at the 

University of Birmingham (15/NW/0079) and approved by the internal Access Review Panel 

(19-352). From February 2017 to December 2021, heart tissue samples were obtained from 

24 patients undergoing cardiac surgery.  These included 19 patients at Birmingham Children's 

Hospital (BCH) and 5 patients at the Queen Elizabeth Hospital Birmingham (QEHB) (Table 2.5).  

At BCH, tissue samples were collected from neonates (0-4 weeks old), infant/toddlers (1-24 

months old), and older children (2-19 years old) undergoing repair of congenital heart defects 

with routine resection of overtly healthy right ventricular myocardium. The resected 
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specimens were either a transmural disc of the myocardium from the RV free wall or 

hypertrophic muscle bundles from the right ventricular outflow tract (RVOT). At QEHB, 

samples were collected from adults with an age range of 29-65 years old. The resected 

specimens were of LV apex myocardium obtained from patients during LV assist device (LVAD) 

implantation for heart failure. 

 

2.3.1.2.1.1. Obtaining Right Ventricular Samples from Children  

Parental consent to retain resected RV samples from children was obtained by Mr Nigel Drury, 

Consultant in Paediatric Cardiac Surgery at BCH.  All surgical procedures were performed by 

Mr Tim Jones, Ms Natasha Khan, or Mr Phil Botha, Consultant Paediatric Cardiac Surgeons. 

Surgery involved a median sternotomy with cardiopulmonary bypass and cardioplegic arrest.   

 

2.3.1.2.1.2. Neonate Group  

Tissue was collected between August 2017 to December 2020 from neonates undergoing the 

Norwood operation for hypoplastic left heart syndrome (HLHS; N=3) or for complete repair 

of truncus arteriosus (N=3).  Ages at operation ranged from 4 to 16 days (7.8 ± 5.3 days). The 

bƻǊǿƻƻŘ ƻǇŜǊŀǘƛƻƴ ŀƛƳǎ ŀǘ ΨǊŜ-ǇƭǳƳōƛƴƎΩ ǘƘŜ ŎƻƴƎŜƴƛǘŀƭ ŘŜŦŜŎǘǎ ƻŦ ǘƘŜ ƘŜŀǊt in order to help 

it become a more efficient pump [205]. During this procedure, a disc of RV myocardial free 

wall is routinely removed, which was washed in ice-cold saline, placed in a Nunc cryotube 

(Thermo Fisher Scientific, USA) and promptly snap-frozen in liquid nitrogen. 



87 
 

 

Table 2.5: List of patient details - HLSL - Hypoplastic left heart syndrome; TA ς Truncus arteriosus; HD ς Heart failure; TR ς Truncus repair; Inf/Tod 
ς Infant/Toddler; OA ς Older adult; ToF ς Tetralogy of Fallot; PA/IVS ς Pulmonary atresia with intact ventricular septum; IUGR ς Intrauterine 
growth restriction; VSD/DCRV - Ventricular septal defect with double-chambered RV; RVOT ς Right ventricular outflow tract; LVAD ς LV assist 
device.  Ischemia time - ischaemic time to obtaining RV sample; in one patient, the sample was obtained prior to ischaemic arrest

Age & Sex Group Height 
(cm) 

Weight 
(kg) 

Heart Disease Operation Resting O2 
Saturation 

Genetic 
Syndrome 

Drugs Ischaemia 
time (mins) 

4 days F Neonate 48 2.9 HLHS Norwood 95 None Prostin 40 
4 days F Neonate 44 2 TA TR 100 None None 36 
5 days M Neonate 51 3.9 HLHS Norwood 95 None None 24 
5 days M Neonate 61 4 TA TR 88 DiGeorge None 50 
13 days F Neonate 49 3.1 TA TR 93 DiGeorge None 19 
16 days F Neonate 52 3.3 HLHS Norwood 88 None Prostin 7 
3 months M Inf/Tod 60 5.4 ToF ToF repair  86 None Propranolol 12 
3 months M Inf/Tod 63 7.1 ToF ToF repair 97 Xq28 duplication Propranolol 32 
8 months M Inf/Tod 66 7 ToF ToF repair 85 Trisomy 21 None 47 
11 months M Inf/Tod 71 7.2 PA/IVS ToF repair 96 None Propranolol 11 
14 months M Inf/Tod 77 8.2 ToF ToF repair 83 None Aspirin, omeprazole 23 
21 months M Inf/Tod 83 83 ToF ToF repair 78 None Aspirin, propranolol 24 
23 months F Inf/Tod 72 72 ToF ToF repair 90 None Propranolol 35 
7 years M Children 109 26.3 VSD/DCRV RVOT resection 97 MIDAS syndrome Growth hormone, 

hydrocortisone 
11 

8 years F  Children 116 22.9 TA RV-PA conduit  98 DiGeorge Aspirin, furosemide, 
spironolactone 

83 

10 years F Children 138 46 TA RV-PA conduit 95 None Lisinopril 3 
12 years F Children 150 73 TA RV-PA conduit 99 None None 13 
16 years M Children 151 46.4 TA RV-PA conduit 98 Trisomy 21 Aspirin, ranitidine, iron 10 
16 years F Children 159 53.4 TA RV-PA conduit 95 None Furosemide, 

spironolactone 
0 

29 years M OA 177 105 HF LVAD 60 None Mozaminol 78 
42 years F OA 159 78.4 HF LVAD 60 None Metaraminol 102 
50 years M OA 185 103.85 HF LVAD 55 None Mozaminol 92 
54 years F OA 158 76.9 HF LVAD 55 None Mozaminol 90 
65 years F OA 185 83.45 HF LVAD 60 None Metaraminol + Heparin 85 
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2.3.1.2.1.3. Infant/Toddler Group  

Tissue was collected between January 2018 to February 2020 from infant/toddlers 

undergoing either tetralogy of Fallot repair (ToF; N=6) or isolated RV outflow tract muscle 

resection (RVOT; N=1). Ages at operation ranged from 3 to 23 months (11.9 ± 8 months).  

Briefly, closure of the ventricular septal defect in ToF patients was performed using a 

prosthetic patch graft, while relief of RVOT obstruction was performed by resection of 

hypertrophied septoparietal muscle bundles from the RVOT [206]. Again, the resected heart 

sample was washed in cold saline and promptly snap-frozen in liquid nitrogen. 

 

2.3.1.2.1.4. Older Children Group  

Tissue was collected between August 2018 to April 2021 from older children undergoing 

either right ventricular-pulmonary artery (RV-PA) conduit replacement (N=5) or RVOT muscle 

resection with ventricular septal defect closure (N=1). Ages at operation ranged from 7 to 16 

years (11.5 ± 3.9 years). In the RV-PA conduit replacement group, the old conduit was excised, 

and the defect in the RV free wall was enlarged by further resection of muscle to 

accommodate the larger proximal anastomosis [207]. Relief of RVOT obstruction was 

performed by resection of hypertrophied septoparietal muscle bundles from the RVOT [206]. 

Resected samples were washed in cold saline and promptly snap-frozen in liquid nitrogen. 
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2.3.1.2.1.5. Obtaining Older Left Ventricular Patient Samples ς Left 

Ventricular Assist Device Implantation 

All surgical procedures to obtain LV samples from older adult patients were performed by Mr 

Aaron Ranasinghe, Consultant Cardiac Surgeon at QEHB. Tissue was collected between 

February 2021 to December 2021 from older patients (N=5) with heart failure who were 

undergoing implantation of a LVAD, a type of artificial heart pump [208]. Ages at operation 

ranged from 29 to 65 years (48 ± 12 years). Briefly, patients underwent a sternotomy and 

were placed on cardiopulmonary bypass, during which time the LVAD was connected 

between the apex of the heart and the aorta. This involved removing a section from the LV 

apex which was washed in cold saline and promptly snap-frozen in liquid nitrogen. 

 

2.3.1.2.2. Human Immunofluorescence Assay   

To confirm whether IL-36R, IL-осʰΣ L[-осʲ ŀƴŘ L[-осʴ ǿŀǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ƘǳƳŀƴ ƘŜŀǊǘΣ ŀƴŘ 

whether expression differed between young and elderly patients, immunofluorescence was 

also performed on human samples.  In a similar manner to the mouse protocol, human heart 

tissue samples were fixed on to corkboard and sectioned. Sections were then incubated with 

100µl of FcR blocker (CD16/32) for 30 minutes at room temperature to block unspecific 

binding. Staining of the human sections was performed as previously described in Section 

2.4.1.1. Briefly, sections were incubated with primary antibody solution for IL-36R, IL-осʰΣ L[-

36̡ Σ L[-осʴΣ ƻǊ LƎD ŎƻƴǘǊƻƭ όмллҡƭΣ мΥмлл Řƛƭǳǘƛƻƴ ƛƴ 5t.{ύΣ ǿŀǎƘŜŘΣ ŀƴŘ ǘƘŜƴ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ 

100µl of secondary antibody solution conjugated to Alexa Fluor 647 (1:100 dilution in DPBS). 
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Additional antibodies were added into the second step to determine whether the staining 

was vascular in nature (CD31; 1:100 dilution in DPBS), or co-localised with CMs (cTnT; 1:100 

dilution in DPBS). An additional antibody was also added into the second step to assess 

oxidative damage (DNA/RNA damage; 1:100 dilution in DPBS). Each of the incubations was 

performed in a light-protected humidified tray at room temperature for a duration of 1.5 

hours. The sections were then washed again and a drop of Immunomount was added. 

 

2.3.1.3. Frozen Tissue Section Analysis of Immunofluorescence 

Using a x20 objective (Olympus, UK), eight fields of view per section were imaged in a pre-

defined arrangement using a fluorescent microscope (EVOS, ThermoFisher Scientific, USA) 

(Figure 2.4). Fields that contained cracks in the tissue were dismissed and additional fields 

were captured (following the same pre-defined pattern of field-to-field movement). In 

addition, two random fields of view per section were captured using a multiphoton 

microscope (Olympus FVMPE-RS, Olympus, UK) and a x25 objective to capture images with a 

better signal-to-noise ratio and improved resolution.  

Image analysis was performed using Image J (NIH, USA) to quantify the intensity of each image 

using mean florescence intensity (MFI).  An analysis region of a pre-defined size and location 

was applied to each image (width: 900, height: 900, X coordinate: 250, Y coordinate: 50) 

before the MFI was measured. This was used to analyse the intensity for IL-36R, IL-осʰΣ L[-

осʲΣ L[-осʴΣ /5омΣ Ŏ¢ƴ¢Σ ±/!a-1, and DNA/RNA damage separately.  
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In order to further detail whether localisation of IL-36R, IL-осʰΣ ƻǊ L[-осʲ ƻccurred alongside 

CD31+ vasculature, areas on the section containing only microvasculature were imaged 

separately from regions of macrovasculature (mouse experiments only). MFI of the 

microvasculature was measured using a measurement field of pre-defined size and location 

applied to each image (width: 400, height: 400, X coordinate: 500, Y coordinate: 250). Areas 

that contained tears in the tissue or overlapped a large blood vessel, were dismissed and the 

coordinates were moved along to the next clear area. MFI on the macrovasculature was 

measured after large blood vessels were segmented from the field of view using the freehand 

selection feature within ImageJ.  

 

2.3.2. Western Blotting Analysis   

Western blotting was used to qualify and quantify the expression of IL-36R in the sham, and 

IR injured adult and aged mouse hearts as previously described [126]. Hearts were harvested 

as previously described from sham, and IR injured mice in Section 2.5.1.1 and kept on ice 

throughout the experiment. Hearts were placed in a tube containing the cell lysis RIPA buffer 

and homogenized for 30 seconds at a speed of 5.65Hz (Bead Ruptor 12, Omni International, 

UK). Lysates were then clarified through centrifugation at 10,000G for 60 seconds. This 

process was repeated 2 times at 4oC. The remaining lysate was then sonicated (Q Sonica, USA) 

for a further 20 seconds. The protein concentrations of the lysates were determined against 

a BSA protein standard using a BCA assay as a loading control could not be used, whereby 

various concentrations of the sample and protein standard were placed in a 96 well plate. 

Bicinchoninic acid and copper sulphate were then added to the wells to start the chemical 
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reaction. The plate was then placed on a shaker for 5 minutes before being left to warm up 

for 30 minutes. The plate was then taken to a plate reader, and lysates were normalized to 

2mg/ml and stored at -20oC until required.  

SDS-PAGE gel, used to run the samples, was prepared, and consisted of a 10% resolving gel 

(4.1ml distilled water, 3.3ml acrylamide, 2.5ml buffer, 30µl 10% APS, and 5µl TEMED) and 6% 

stacking gel (5.4ml distilled water, 2ml acrylamide, 2.5ml buffer, 30µl 10% APS, and 5µl 

TEMED). Each of the gels were left to set for 30 minutes. During this time, samples were 

placed in a heat block (Grant QBT2 digital block heater, Akribis scientific limited, UK) for 2 

minutes and were then centrifuged alongside the protein ladder at 16,000G for 1 minute at 

23oC. 25µl of each sample was then placed in a well and run at 200V for 35 minutes in a 

container with running buffer. Upon completion, gels were allowed to transfer onto a 

nitrocellulose membrane (sandwiched between sponge and filter paper either side) for 65 

mins at 100V as previously described in a container with transfer buffer [209]. The 

nitrocellulose membrane was then washed twice with TBS buffer and then blocked with 5% 

non-fat milk powder in TBS for an hour while being rotated. The membrane was then 

incubated with the appropriate primary antibody solution for IL-36R (1:200 dilution) 

overnight at 4oC. After three 10-minute washes with 0.1% TBS-tween, the membrane was 

incubated with the secondary antibody solution conjugated to Alexa Fluor 488 (1:1000 

dilution) for an hour. The washing step with 0.1% TBS-tween was repeated, and the protein 

bands were visualized using a fluorescence detection system (ChemiDoc, Bio-Rad, UK). Image 

analysis was performed by measuring the MFI of each band using ImageJ.  
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2.3.3. Expression of IL-36R, IL-осʰΣ and IL-осʲ ƻƴ ±/9/ǎ  

2.3.3.1. Murine VCEC Culture  

In order to characterise the expression of IL-36R, IL-осʰΣ ŀƴŘ L[-осʲ ƻƴ 9/ǎΣ ŎƻƴŘƛǘƛƻƴŀƭƭȅ 

immortalised murine vena cava endothelial cells (VCECs) were used (provided by Dr J Stephen 

Alexander, Louisiana State University, Health Science Centre, USA) [210]. To set up cultures 

for experiments, VCECs were firstly expanded after being thawed and subsequently cultured 

in 10ml of expansion media. Cells were expanded in 25cm3 tissue culture flasks in an incubator 

at 37oC, and 5% CO2 with a change of media and a DPBS wash every 48 hours. Once cells 

reached 95-100% confluency, they were detached from the flask using 1ml Accutase enzyme. 

Further enzyme activity was stopped by the addition of 6ml experimental media. The flask 

was then split into 3 new flasks with 10ml experimental media in each of the new flasks and 

incubated as previously described.  

When VCECs were ready for experiments, they were detached as previously described and 

then centrifuged at 8,000 G for 5 minutes. The pellet was mixed with 1ml of experimental 

media, and cells were counted using a haemocytometer. The pellet was then suspended in a 

volume of experimental media which was determined by the number of cells counted. The 

cell solution was seeded into 24 well plates at a seeding density of 50,000 cells per well, 

incubated and allowed to reach confluency for 48 hours.   

 

 

 

 



  Chapter 2: Materials & Methods 
 

94 
 
 

2.3.3.2. Assessing IL-36R, IL-осʰ ŀƴŘ L[-осʲ 9ȄǇǊŜǎǎƛƻƴ ƛƴ {ǘƛƳǳƭŀǘŜŘ ±/9/ǎ 

The expression of IL-36R after stimulation with either the experimental media (vehicle 

control) or an IL-ос ŎȅǘƻƪƛƴŜ όʰΣ ʲ ŀƴŘ ʴύ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŀƴŘ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ ǿŜƭƭ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜ ¢bCʰΦ ²ƘŜƴ ±/9/ǎ ǊŜŀŎƘŜŘ ŎƻƴŦƭǳŜƴŎȅ ƛƴ нп ǿŜƭƭ ǇƭŀǘŜǎΣ 

cells were washed with DPBS twice and then incubated for 4 hours with 500µl of either: 

experimental media (vehicle), an IL-ос ŎȅǘƻƪƛƴŜ όоΣ олΣ ƻǊ олл ƴƎκƳƭύΣ ƻǊ ¢bCʰ όоΣ олΣ ƻǊ олл 

ng/ml). Subsequently, VCECs were fixed with 2% formalin at room temperature for 10 

minutes, washed with DPBS, and then incubated for an hour with staining buffer at room 

temperature. VCECs were then washed with DPBS before an overnight incubation with 500µl 

of primary antibody solution for IL-36R (1:100 dilution). Next, the VCECs were washed with 

DPBS, and a secondary antibody solution conjugated to Alexa Fluor 488 (1:100 dilution) was 

added before they were washed again. Imaging and analysis of stained cells was performed 

as described in Section 2.3.3.3. 

In a similar manner, the ability of the IL-36 cytokines to stimulate the production of IL-осʰ 

and IL-осʲ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŀƴŘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ ¢bCʰ ǘƻ Řƻ ǎƻΦ ¢Ƙƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ 

in a similar manner to IL-36R expression on VCECs, using the same secondary antibody; 

however, the primary antibodies used were targeted against IL-осʰ ŀƴŘ L[-осʲ ǊŜǎǇŜŎǘƛǾŜƭȅΦ  
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2.3.3.3. Analysis of VCEC Culture Assay 

Using an x25 objective, eight fields of view per well were imaged in a pre-defined 

arrangement using a multiphoton microscope (Olympus FV1000-MPE, Olympus). Areas that 

were not confluent were dismissed and additional fields were captured (following the same 

pattern of field-to-field movement). Image analysis was performed using ImageJ to the 

quantify the MFI for the entire field of view for IL-36R, IL-осʰΣ ŀƴŘ L[-осʲ ǎŜǇarately.  

 

2.3.4. Flow Cytometry Based Experiments  

Flow cytometry studies were performed to determine IL-36R expression and DNA/RNA 

damage on CMs and myocardial ECs in various experimental groups. Hearts from sham, IR 

injury and IR with IL-36Ra treatment surgeries were obtained from adult and aged mice as 

previously described in Section 2.1.1. In addition, mice were culled at 0 minutes of 

reperfusion (ischaemia only), 30 minutes of reperfusion, and 150 minutes of reperfusion for 

further comparisons of how DNA/RNA damage and IL-36R expression develop in response to 

ischaemia alone and IR injury.  
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Figure 2.4. Predefined arrangement for frozen tissue section analysis. Murine or clinical 
heart samples were harvested and snap frozen following surgery. The ventricular sample was 
sectioned using a cryostat into 10µm sections and then immunostained with antibodies or 
IgG controls. Sections were imaged using an EVOS microscope. (A) Schematic of the 
predefined arrangement for imaging the frozen tissue sections, starting from 1 and ending at 
8. Representative image of the IgG control for IL-36 in (B) mouse and (C) clinical sample.  
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2.3.4.1. Digestion of the Mouse Heart  

Following surgeries, hearts were harvested and immediately placed in 3ml of cold PBS in an 

ice box. In a petri dish, excess blood was flushed out by squeezing the fresh hearts using 

surgical forceps. The hearts were then manually minced into very small fragments using a 

scalpel for 5 minutes until they were approximately 1mm3. A few drops of 0.1% collagenase 

solution were added if the tissue became dry.  All tissue was then collected into a 15ml tube, 

and 2ml of 0.1% collagenase solution (diluted in PBS) was added to start the enzymatic 

digestion. The tube was placed on a rotator in a 37oC incubator for 15 minutes. After the initial 

incubation, the suspension was allowed to settle, and the supernatant was removed and 

placed into a 50ml falcon tube containing 10ml MACS buffer on ice, while the remaining tissue 

was re suspended in 2ml of 0.1% collagenase solution and re-incubated. This process was 

repeated twice for a total digestion period of 45 minutes, and then the 50ml falcon tube was 

centrifuged at 20,000 G for 10 minutes. In order to lyse red blood cells, the supernatant was 

discarded, and 2ml of ACK lysis buffer was added to the pellet for 3 minutes. MACS buffer 

(5ml) was then added to stop ACK activity, and the remaining cells were centrifuged at 20,000 

G for 10 minutes into a pellet.  

To achieve a single cell suspension, the supernatant was discarded, the pellet was suspended 

in 20ml of experimental media and run several times through a 70µm strainer. The suspension 

was then centrifuged, supernatant discarded, and the pellet was washed with 20ml PBS; this 

process was repeated 2 times. To prevent non-specific binding, the pellet was incubated with 

5ml staining buffer for 30 minutes in an ice box, and the suspension was then centrifuged.  
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2.3.4.2. Assessing Oxidative Damage and IL-36R Expression in the Mouse 

Heart  

To assess oxidative damage and IL-36R expression levels on myocardial ECs and CMs in the 

experimental groups, fluorescently labelled antibodies against these markers were used. 

Following centrifugation, the supernatant was discarded, and cells were incubated with a 

primary antibody solution for IL-36R (100µl, 1:100 dilution in DPBS). Subsequently, cells were 

washed with DPBS, centrifuged at 20,000 G for 10 minutes, and then incubated with 100µl of 

secondary antibody solution conjugated to Alexa Fluor-647. Additional antibodies were 

added into the second step to assess damage (anti-DNA/RNA damage; 1:100 dilution in DPBS), 

to label  

ECs (CD31; 1:100 dilution in DPBS), CMs (cTnT; 1:100 dilution in DPBS), and dead cells 

(Zombie; 1:500 dilution in DPBS).  

Single colour controls were also performed for each of the fluorescently labelled antibodies 

to be able to compensate for potential fluorescence spillover during analysis. In addition, cells 

were incubated with the appropriate IgG controls for the fluorescently labelled antibodies as 

above. Each of the primary and secondary antibody incubations were performed in a light-

protected icebox placed under slight agitation for a duration of 30 minutes. Following the 

second incubation, cells were fixed using 4% formalin for 10 minutes and were then washed 

with DPBS. The supernatant was discarded, and cells were resuspended in 400µl of DPBS in 

the appropriate flow cytometry tubes ready for acquisition.   
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2.3.4.3. Acquisition and Analysis of Flow Cytometry Studies  

Acquisiǘƛƻƴ ƻŦ ŎŜƭƭǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ /ȅ!ƴϰ !5t ό.ŜŎƪƳŀƴ /ƻǳƭǘŜǊΣ ¦{!ύ ŀƴŘ Řŀǘŀ 

analysis was performed using Summit 4.3 software (Beckman Coulter, USA). Channels used 

to assess the markers described above were FITC (voltage ς 575), PE (voltage ς 600), APC 

(voltage ς 650), Violet 1 (voltage ς 725), and Violet 2 (voltage ς 650).  Forward scatter (FS) 

was set at a gain of 8.0 and side scatter (SS) was set a voltage of 500. For each sample, 250,000 

events were captured and used in the analysis.  

An initial gate was drawn on the SS Lin Vs FS Lin density plot to exclude any debris. A second 

gate was then created to exclude doublets on the FS Lin Vs pulse width plot. The appropriate 

IgG controls for each of the fluorescently labelled antibodies were run and used to determine 

gating for each of these channels (Figure 2.5). These gates were used for all experimental 

groups and repeats. Using the single colour control samples, post-acquisition compensation 

was performed for each sample to minimise any potential fluorescence spillover. This was 

performed by compensating each fluorescently labelled antibody with the other antibodies.  

To determine the cell population counts in each sample, the percentage of CMs, ECs, and 

dead cells were measured. To analyse the oxidative damage levels on each of CMs and ECs, 

previous gating of DNA/RNA damage fluorescence channels was applied on the individual cell 

type channels, and the MFI calculated. Similarity, IL-36R expressions levels were determined 

on each of the cell types.  
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Figure 2.5. Gating strategy for flow cytometry-based experiments. Sham or IRI inducing surgery was performed on adult and aged mice. Mice 
were culled following reperfusion, and hearts were harvested and digested. The cell suspension was stained with an anti-cTnT, anti-CD31, anti-
IL-36R, anti-DNA/RNA damage, zombie dye and IgG control antibodies and acquisition were performed using a /ȅ!ƴϰ !5t ŎȅǘƻƳŜǘŜǊΦ 
Representative density plots showing the (A) initial gate drawn to capture the greatest number of cells whilst ensuring any debris were excluded, 
and (B) the second gate drawn to exclude potential duplicates. Representative histogram of IgG controls for (C) cardiac myocytes, (D) endothelial 
cells, (E) IL-36R, (F) DNA/RNA damage, and (G) Zombie. Abbreviations ς FS: forward scatter, SS: side scatter.  
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2.3.5. Myocardial Infarct Size Analysis  

2.3.5.1. Preparation of Mouse Heart Samples  

Infarct size analysis was used to determine the impact of myocardial IR injury and the 

potential benefit of IL-36Ra as a therapeutic treatment in the mouse heart [211]. Surgeries 

were performed as previously described in Section 2.1.1 in adult and aged mice with a 

reperfusion period of 4 hours. The LAD artery was then re-ligated to occlude blood flow in the 

LV, and 500µl of 0.5% Evans blue dye was retrograde infused via the carotid cannula. Ligation 

of the LAD prevents the dye from entering and staining regions of the heart downstream of 

the LAD artery while staining other vasculature. The area that does not stain is known as the 

area at risk (AAR). The mouse was then immediately culled by cervical dislocation; the heart 

was harvested, wrapped in saran film, and placed in a -20oC freezer for 60 minutes. Sequential 

transverse cuts were then made into the heart using a scalpel to achieve 4 equal sections of 

around 2mm in depth. For treatment studies, recombinant mouse IL-36Ra was injected intra-

arterially at both 10 minutes pre-reperfusion and 60 minutes post-reperfusion. 

 

2.3.5.2. Triphenyl Tetrazolium Chloride (TTC) Staining 

TTC staining solution was used to stain heart sections to determine the extent of infarction 

post-IR injury and treatment. Tissue that is rich in dehydrogenase enzyme/co-factors (i.e., 

likely viable tissue) responds to TTC solution by turning a deep red colour, whilst dead or 

damaged tissue is identified as pale regions.  These pale regions are defined as the infarct 

region. Heart slices were incubated at 37oC in TTC solution for a duration of 20 minutes with 
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continuous agitation. These slices were then removed and fixed in 10% formalin for a further 

20 minutes at room temperature. Slices were washed in PBS and lightly dried and then placed 

on a slide for imaging using a stereomicroscope (Nikon, UK). In order to ensure reliable 

thickness while imaging, a 250g weight was placed at both ends of the slide.  

 

2.3.5.3. Analysis of Infarct Assay 

Images were captured from a stereomicroscope using a standard mobile camera (iPhone X, 

Apple, USA) and were analysed using ImageJ. Prior to analysis, the background was 

subtracted. The area of 3 regions was determined on ImageJ: area not at risk (TTC negative, 

Evans blue positive), AAR (TTC positive red regions, Evans blue negative), and infarcted area 

(TTC negative white regions, Evans blue negative) (Figure 2.6). ImageJ was used to quantitate 

the infarcted area as a percentage of the AAR.  
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Figure 2.6. Myocardial infarct size analysis. Surgery was performed on adult and aged mice. Following 4-hours of reperfusion, the left anterior 
descending (LAD) artery was re-ligated, and Evans Blue was injected. Mice were culled, and the heart was harvested, sectioned, stained with 
TTC and imaged. (A) Representative image of the TTC stained IR injured hearts. The area of 3 regions was determined on ImageJ: area not at risk 
(TTC negative, Evans blue positive), AAR (TTC positive red regions, Evans blue negative), and infarcted area (TTC negative white regions, Evans 
blue negative). (B) Representative image of the threshold colour panel on ImageJ, which was used for the infarct analysis.  
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2.3.6. Multiphoton Imaging of Heart Sections  

Intravital imaging captured microvascular thromboinflammatory events from the surface of 

the beating heart with a depth of approximately 50-60µm. To determine whether these 

events were mirrored throughout the thickness of the ventricular wall, multiphoton 

microscopy was performed on hearts harvested at the end of intravital experiments detailed 

in Section 2.1.1. Following intravital imaging, hearts were harvested, immediately placed in 

3ml of cold PBS in an icebox and were dried. To section the hearts using a tissue vibratome 

(Campden Instruments Limited, UK), hearts were glued using Liquid-Skin to the metal disc 

with the LV facing upwards. The LV was then sectioned into four 300µm sections and imaged 

from the outer epicardial end through to the inner endocardial end using a multiphoton 

microscope (FVMPE-RS Olympus). Z-stacks from the four layers were rendered to form 3D 

stack images, which were processed and displayed using ImageJ (Figure 2.7). In order to 

ensure the tissue was visible for imaging during Z-stack capture, a pre-defined setting was 

used for neutrophils in each of the 4 layers of the heart; Z position 0 ς laser 9% and 550V, Z 

position 50 ς laser 9% and 550V, Z position 100 ς laser 10% and 550V, Z position 150 ς laser 

11% and 590V, Z position 200 ς laser 12% and 636V, and Z position 250 ς laser 12.5% and 

650V. The presence of neutrophils was analysed as the sum fluorescence intensity for each 

section (ImageJ). 
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2.4. Statistical Analysis  

All statistical analysis was performed using GraphPad 7.0 software (GraphPad Software Inc., 

USA). Direct comparisons between ǘǿƻ ƎǊƻǳǇǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ {ǘǳŘŜƴǘΩǎ ǳƴǇŀƛǊŜŘ ǘ-

test. Multiple comparisons between three or more groups were performed by a one-way 

!bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test. For experiments that followed a time course, 

the area under the curve (AUC) was also calculated, plotted into a bar graph, and used for 

subsequent analysis as a summation of the entire period. The n values in the animal 

experiments represent the number of animals used, while in cellular experiments (such as the 

VCECs culturing) it represents the experimental repeat number. All data are presented as 

mean ± standard error of the mean (SEM). Statistical significance was defined when p<0.05. 
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Figure 2.7. Preparing the mouse LV for multiphoton imaging ex vivo. (A) To ascertain whether any thromboinflammatory events imaged using 
intravital microscopy on the surface of the heart were also occurring in the deeper layers of the myocardium, multiphoton microscopy was used. 
The heart was cut in half longitudinally from the base to apex to expose the inner endocardial layer lining the LV chamber. It was then placed on 
a specimen holder and attached to a tissue vibratome to precisely section the LV wall into 4 sections from the outermost layer closest to the 
epicardium throuƎƘ ǘƻ ǘƘŜ ƛƴƴŜǊ ƭŀȅŜǊ ŎƭƻǎŜǎǘ ǘƻ ǘƘŜ ŜƴŘƻŎŀǊŘƛǳƳΦ {ŜŎǘƛƻƴǎ ƻŦ олл˃Ƴ ǘƘƛŎƪƴŜǎǎ ǿŜǊŜ ŎǳǘΦ (B) Representative images of the tissue 
ǎŜŎǘƛƻƴǎΦ aǳƭǘƛǇƘƻǘƻƴ ȊπǎǘŀŎƪǎ ǿŜǊŜ ǘŀƪŜƴ ŦǊƻƳ ŀƭƭ п ƭŀȅŜǊǎΣ ƴŀƳŜƭȅ ǘƘŜ όƛύ ƻǳǘŜǊƳƻǎǘ ƭŀȅŜǊ ŎƭƻǎŜǎǘ ǘƻ ǘƘŜ ŜǇƛŎŀǊŘƛǳƳ ς epi-to-mid (ii) outer 
myocardial layer ς mid-to-mid (iii) inner myocardial layer ς mid-to-mid and the (iv) innermost layer closest to the endocardium ς mid-to-endo, 
ŀǾƻƛŘƛƴƎ ǘƘŜ ƭŀǎǘ ǎŜŎǘƛƻƴ ƛŦ ƛǘ ƘŀŘ ΨƳƛǎǎƛƴƎΩ ƳȅƻŎŀǊŘƛǳƳ ŘǳŜ to sectioning through the actual ventricle chamber. Images from each layer were 
then rendered to form 3D stack images. (C) Representative image of the multiphoton set-up. Imaging was performed using a multiphoton 
microscope (FVMPE-RS Olympus). 
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3.1. Introduction  

Treatment of MI focuses on rapidly re-establishing perfusion following a blockage in one 

or more of the coronary arteries. This can be achieved by a primary PCI using a coronary 

stent to open the culprit artery. Despite these interventions, a significant proportion of 

patients still incur extensive muscle damage and develop heart failure post-MI [212]. This 

is partly due to reperfusion paradoxically leading to additional tissue damage. Indeed, 

restoration of normal epicardial blood vessel flow, but with sub-optimal myocardial 

perfusion, can be observed in up to 50% of patients following PCI, leading to worse 

outcomes than in patients with full perfusion recovery [32]. This suggests tissue damage 

likely occurs subsequent to inadequate coronary microcirculatory perfusion [41, 213]. 

Growing evidence suggests that dysfunction in the coronary microcirculation through 

thromboinflammatory responses and MVO may ultimately be responsible for most of the 

damage attributable to myocardial IR injury [53, 214]. Increased clinical recognition of the 

importance of the coronary microcirculation has meant identifying strategies to improve 

potential perturbations within it has gained recent attention [41, 213]. However, current 

clinical tools cannot resolve coronary microvessels <200mm, and so little is known about 

the full range of cardiac microcirculatory responses to IR injury. This has led researchers to 

ǊŜŦŜǊ ǘƻ ǘƘŜ ŎƻǊƻƴŀǊȅ ƳƛŎǊƻŎƛǊŎǳƭŀǘƛƻƴ ŀǎ ŀ ǊŜǎŜŀǊŎƘ ΨōƭŀŎƪ ōƻȄΩ, with cardiologists having 

focussed on treating the angiographically visible circulation [53, 54].  

Age is a major risk factor for MI, increasing the cardiac damage caused by IR injury 

ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ΨǘǊŀŘƛǘƛƻƴŀƭΩ Ǌƛǎƪ ŦŀŎǘƻǊǎ [215-217]. TƘŜ ǘŜǊƳ ΨƛƴŦƭŀƳƳŀƎƛƴƎΩ describes the 

phenomenon of ageing accompanied by a chronic low-grade sterile inflammation, that 
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persists in the absence of an overt inflammatory stimulus [163]. Inflammaging may 

contribute to enhanced age-related cardiovascular risk and poorer outcomes through 

actions on myocardial microcirculation. However, little is known about how age impacts 

the coronary microcirculation in health and whether it increases the likelihood of 

microvascular disturbances post-IR injury. This chapter therefore focuses on investigating 

microcirculatory disturbances with age and IR injury using in vivo and in vitro methods.  

 

3.1.1. Hypotheses and Aims  

In this chapter, we aim to assess the microcirculatory responses of the healthy uninjured, 

and IR injured aged hearts and compare them with adult hearts in vivo using laser speckle 

and intravital imaging of the beating heart and in vitro using multiphoton microscopy. 

Secondly, in this chapter, we investigate the mechanisms underlying the microcirculatory 

perturbations in adult and aged, sham and injured harvested hearts in vitro using 

immunofluorescence and flow cytometry-based studies. Lastly, in this chapter, we assess 

the impact of IR injury and age on infarct size. We hypothesize: 

1. Overall coronary perfusion is significantly reduced with ageing and IR injury.  

2. Microcirculatory neutrophil and platelet recruitment are increased in healthy aged, 

and IR injured aged hearts when compared to adult hearts.  

3. Microcirculatory perfusion and capillary leakage will be worse in aged IR injured 

hearts compared to adult IR injured hearts.  

4. VCAM-1 expression and oxidative stress will be increased in aged IR injured hearts 

when compared to adult IR injured hearts.  
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3.2. Results  

3.2.1. General Observations 

Aged mice had a few distinct features which were not present in adult mice. During animal 

handling and surgery, the fur of aged mice fell out easily.  They also required more 

maintenance anaesthetic during in vivo imaging procedures.  Other typical senescent 

phenotypes in aged mice such as balding, loss of colour (white/grey) and kyphosis 

(curvature of the spine) were also observed.  Hearts harvested and sectioned from aged 

mice were structurally more fragile and so sometimes had larger gaps between CMs. 

 

3.2.2. Laser Speckle Contrast Imaging (LSCI) Demonstrated a Decreased 

Overall Perfusion of the Aged Heart Post-Reperfusion in vivo   

LSCI was used to firstly investigate the overall perfusion of the left ventricular myocardium 

in response to IR injury in adult and aged female mice. High and low flux points were 

calculated from flux recordings and were attributed to diastolic and systolic events 

respectively (Figure 3.1a-b).  Systolic events were used for comparative purposes between 

different experimental groups. As expected, in both adult and aged hearts, ischaemia 

decreased perfusion following LAD artery ligation (Figure 3.2a). This was rapidly reversed 

as soon as the artery was untied. In adult mice, reperfusion resulted in ventricular 

perfusion returning to the basal levels seen prior to ischaemia (Figure 3.2a). In some 

individual mice, reperfusion was accompanied by an immediate but transient, reactive 
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hyperaemic response.  However, in aged injured mice, perfusion failed to reach basal levels 

(Figure 3.2a) and remained significantly lower than in adult injured hearts (Figure 3.2b).   

To determine whether IR injury impacted perfusion differently during systole and diastole, 

the average flux during these two phases of the cardiac cycle in adult mice was compared 

to the average flux during these phases in aged mice. As expected, ischaemia decreased 

ventricular perfusion during both systole and diastole in both adult and aged mice (Figure 

3.4a-b). However, there was no significant difference in the ischaemic perfusion during 

systole and diastole between adult and aged mice (Figure 3.4c). Again, reperfusion resulted 

in a resumption of ventricular perfusion in systole and diastole in both adult and aged mice. 

However, perfusion was decreased in both systolic and diastolic phases in aged mice when 

compared to adult mice, although this only reached statistical significance in the diastolic 

phase (Figure 3.4c). 

LSCI also allowed ventricular arrhythmia to be investigated from the flux recordings using 

the standard deviation of the inter-beat distance as a means to identify irregularity in the 

rhythm of the heartbeat (Figure 3.3). Both ischaemia and reperfusion resulted in an 

arrhythmic response in adult and aged injured mice. However, there were no significant 

differences between the two groups (Figure 3.2c-d). Similarly, both ischaemia and 

reperfusion resulted in changes in the heart rate in adult and aged injured mice, but again 

there was no significant difference between the two groups. (Figure 3.2e-f). Additional 

differences were observed in some aged injured hearts that were not seen in adult injured 

hearts, which included unusual heart rhythm patterns noted in some aged hearts (Figure 

3.4d). Also, flux/perfusion data showed that prior to induction of ischaemia, adult hearts 

were significantly better perfused basally than aged hearts (Figure 3.4e).  
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Figure 3.1.  Laser speckle contrast imaging (LSCI) allows changes in the overall perfusion of the left ventricle to be quantitated during ischaemia and 
reperfusion in the (A) adult and (B) aged female beating heart coronary circulation in vivo. Flux heat maps show warm colours under basal conditions, cooler 
colours during ischaemia and warmer colours again as reperfusion is initiated.  Note how in this particular aged female mouse heart, the flux heat map colour 
is not as warm at 150 minutes post-reperfusion as its own basal levels, nor as warm as 150 minutes post-reperfusion in adult mice. Note how in this particular 
adult mouse heart, there is a temporary hyperaemic response noted at 30 minutes post-reperfusion. n Җ сκƎǊƻǳǇΦ  
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Figure 3.2. Laser speckle contrast imaging (LSCI) demonstrated a decreased overall perfusion of the aged female heart left ventricle post-reperfusion in 
vivo. Quantitative time-course analysis of LSCI data during systole for (A) flux unit (perfusion) (C) standard deviation of the inter-beat distance (arrythmia), 
and (E) heart rate. Baseline capture prior to ischaemia was used as the baseline reading. Area under the curve (AUC) analysis for (B) flux unit, (D) standard 
deviation of the inter-beat distance and (E) heart rate over a time course of 150 minutes post-reperfusion. Aged mice had significantly less perfusion in the 
ventricle than adult mice post-reperfusion. Although the standard deviation of the inter-beat distance and heart rate changed in both adult and aged mice 
throughout the duration of the experiment, there were no significant differences between the two groups. Statistical analysis was ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ {ǘǳŘŜƴǘΩǎ 
unpaired t-test.  Abbreviations - IRI: ischaemia reperfusion injury, StDev: standard deviation. n Җ 6/group. Mean ±SEM. ****p<0.0001.   
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Figure 3.3. Laser speckle data can be analysed to determine the inter-beat distance and subsequently the standard deviation (SD) of the inter-beat distance.  
The SD of the inter-beat distance can provide an indication of whether there is an irregularity in the heartbeat rhythm. (A-B) Although the inter-beat 
distance (arrows), and thus heart rate, varies between these two examples, the SD of the inter-beat distance would not change as the inter-beat distance 
remains constant for both. Hence, although the heart may be beating faster or slower, the beating pattern is regular. This is indicative of there being no 
ƛǊǊŜƎǳƭŀǊƛǘȅ ƻǊ ŀǊǊƘȅǘƘƳƛŀ ƛƴ ǘƘŜ ƘŜŀǊǘΩǎ ǊƘȅǘƘƳΦ (C) The inter-beat distance (arrows) is different in this example, and so the SD of the inter-beat distance 
would change. Hence, the heart may be beating faster but, importantly, it is also not beating regularly. This is indicative of an irregularity or arrhythmia in the 
ƘŜŀǊǘΩǎ ǊƘȅǘƘƳΦ  
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Figure 3.4. Laser speckle contrast imaging (LSCI) demonstrated a decreased overall perfusion of the aged female heart left ventricle post-reperfusion during 
both systolic and diastolic phases of the cardiac cycle in vivo. A decreased basal perfusion in the aged hearts was also demonstrated. Quantitative time-
course analysis of LSCI data during systole and diastole for flux unit (perfusion) in (A) adult and (B) aged mice. Baseline capture prior to ischaemia was used 
as the baseline reading. (C) Area under the curve (AUC) analysis for systole and diastole flux unit in the ischaemia and reperfusion phases in adult and aged 
mice. Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the following groups: systole adult versus 
systole aged for each of ischaemia and reperfusion, and diastole adult versus diastole aged for each of ischaemia and reperfusion. (D) Representative images 
of LSCI analysis graph at various time points showing anomalies in the aged IR injured beating heart, including a prolonged time to reach ischaemia and 
reperfusion and irregularities in rhythm. (E) Quantitative analysis of LSCI baseline capture prior to ischaemia during systole. Statistical analysis was performed 
ǳǎƛƴƎ ŀ {ǘǳŘŜƴǘΩǎ ǳƴǇŀƛǊŜŘ ǘ-test. Abbreviations - IRI: ischaemia reperfusion injury. *p<0.05. Mean ±SEM.
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3.2.3. Age Increased Thromboinflammatory Disturbances within the 

Healthy and IR Injured Coronary Microcirculation in vivo 

Intravital studies were conducted to assess the impact of ageing and IR injury at a more 

cellular level on thromboinflammatory events in the beating mouse heart. Images were 

taken between 15 and 150 minutes-post reperfusion.  Although some adherent neutrophils 

were observed in adult sham hearts, their presence did not increase with time. However, 

neutrophil recruitment significantly increased with injury in adult mice.  Interestingly, basal 

neutrophil adhesion was significantly higher at all time points in aged sham hearts when 

compared with adult sham hearts (Figure 3.6a-b). However, the greatest level of 

neutrophil recruitment was observed in injured aged mice, reaching almost double that 

seen in adult IR injured mice. This increase was noted at all time points post-reperfusion 

and continued to rise. This was significantly greater than neutrophils numbers in both aged 

sham and adult injured hearts (Figures 3.5 and 3.6a-b). In both adult sham, adult injured, 

and aged sham mice, adherent neutrophils were present primarily within the coronary 

capillaries (Figure 3.5). However, in aged injured hearts, adherent neutrophils were also 

observed within medium-sized blood vessels as well as in the coronary capillaries. 

Individual neutrophils within this group were often difficult to demarcate and appeared as 

clusters (Figure 3.5).  

The number of free-flowing neutrophils observed circulating through the field of view 

decreased in all groups when compared to adult sham hearts (Figure 3.6e-f). However, this 

was only statistically significant in the adult injured and aged sham groups when compared 

to adult sham hearts (Figures 3.6c-d).  In all mice, free-flowing neutrophils were observed 

circulating through coronary capillaries as well as in medium-sized blood vessels.  However, 
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in the medium-sized vessels, neutrophils were also observed to tether and roll along the 

vessel wall (Figure 3.7a).  Interestingly, in one adult injured mouse heart, a large diameter 

epicardial coronary artery was captured serendipitously within the field of view. In this 

large blood vessel, free-flowing neutrophils were observed circulating at very rapid speeds 

but, unlike in medium-sized vessels, no tethering or rolling was observed. Furthermore, 

very large aggregates of platelet-rich and mixed platelet-neutrophil aggregates were 

observed circulating through this blood vessel, presumably having detached from the 

ligation site (Figure 3.7b). 

The presence of adherent platelet aggregates was also significantly increased with injury 

in adult mice when compared to sham adults (Figure 3.6c-d). Interestingly, basal platelet 

presence was also significantly higher in aged sham hearts when compared with adult 

sham hearts and increased further with injury. Indeed, adherent platelet aggregates were 

identified most consistently across all-time points in the injured aged mice (Figures 3.6e-

f). Platelet-platelet as well as platelet-neutrophil aggregates were observed in both 

coronary capillaries and medium-sized blood vessels (Figure 3.5).  

The surgical and stabilisation protocol was optimised to allow the impact of IR injury on 

thromboinflammatory events in the immediate aftermath of reperfusion to be assessed 

rather than after just 15 minutes of reperfusion. Studies were only conducted on adult 

female mice, and intravital images were captured before, during and immediately after 

reperfusion. Prior to reperfusion, only a limited number of neutrophils (and very occasional 

platelet microthrombi) were observed within the coronary microcirculation (Figures 3.8 

and 3.9). However, within minutes of the suture around the LAD artery being untied, 

neutrophil presence increased and continued to increase over the remainder of the imaged 
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150 minutes of reperfusion (Figure 3.9a and 3.9c). In contrast, platelet microthrombi 

presence increased sharply within the first 30 minutes of reperfusion, before decreasing 

and reaching a plateau (Figures 3.9b & 3.9d).  

 

3.2.4. Age Increased Neutrophil Presence within the Deeper Layers of the 

Healthy and IR Injured Myocardium  

Intravital imaging captured microvascular thromboinflammatory events from the surface 

of the beating heart with a depth of approximately 50-60µm. To determine whether these 

events were mirrored throughout the thickness of the ventricular wall, multiphoton 

microscopy was performed on hearts harvested at the end of intravital experiments. 

Minimal neutrophil presence was identified in adult sham hearts throughout the depth of 

the left ventricular wall when imaged ex vivo using multiphoton microscopy. However, in 

adult injured hearts, a significantly increased presence of neutrophils was observed in the 

first three layers of the heart, from the outermost epicardial side inwards, when compared 

to adult sham hearts, with the least neutrophil number present in the layer closest to the 

endocardium (chamber side). However, the largest neutrophil presence in response to 

injury occurred within the outermost 300µm layer. Basal neutrophil presence was also 

significantly increased throughout all four layers of the ventricle in aged sham hearts when 

compared with adult sham hearts. This was further significantly increased in aged injured 

hearts when compared to adult injured hearts, with the greatest presence again noted 

within the outermost layer of the ventricle wall (Figures 3.10 and 3.11).  
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Figure 3.5. Intravital imaging demonstrated that age increased thromboinflammatory disturbances within sham and IR injured beating heart coronary 
microcirculation in vivo. Sham surgery or IR injury was performed in adult and aged female mice.  Representative intravital images are shown over a time 
course of 150 minutes post-reperfusion. Fluorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 
5 minutes before reperfusion. Adherent neutrophils and platelet microthrombi are observed primarily within coronary capillaries in injured hearts.  However, 
in aged IR injured hearts.  Abbreviations - IRI: ischaemia reperfusion injury. Scale bar indicates 100µm. n Җ рκƎǊƻǳǇΦ 
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Figure 3.6. Intravital imaging demonstrated that age increased thromboinflammatory disturbances within sham and IR injured beating heart coronary 
microcirculation in vivo. Sham surgery or IR injury was performed in adult and aged female mice. Quantitative time-course analysis of intravital data for (A) 
adherent neutrophils (C) platelets and (E) free-flowing neutrophils. Area under the curve (AUC) analysis for (B) adherent neutrophils (D) platelets and (E) free-
flowing neutrophils over a time course of 150 minutes post-reperfusion. Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ 
post-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injury, and adult IR 
injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n Җ 5/group. Mean ±SEM. ***p<0.001, ****p<0.0001.   
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Figure 3.7. Intravital images showing neutrophil rolling within medium-sized blood vessels and thromboinflammatory emboli within a large coronary blood 
vessel in vivo. These intravital images are taken from two different adult female mice after IR injury. Fluorescently labelled antibodies against neutrophils 
(green) and platelets (red) were injected via the carotid cannula 5 minutes before reperfusion. Adherent neutrophils are observed primarily within coronary 
capillaries. (A) In this mouse, a medium-sized blood vessel can be seen in which a neutrophil (tracked by the dotted line) can be observed rolling and then 
adhering to the vessel wall. (B) In this mouse, a large diameter epicardial artery, that was downstream of the LAD artery ligature site is demarcated by dotted 
lines. Neutrophils and platelets circulated through it at very high velocities - note the fluorescent streaks they leave behind (arrows in upper panel).  Large 
neutrophil-rich (green), platelet-rich (red) and mixed (yellow) aggregates passed through this vessel immediately after the LAD artery was untied, presumably 
embolising downstream from the ligature site.  The same circulating aggregate is shown in the left and right panels. Scale bar indicates 100µm.  n Җ рκƎǊƻǳǇΦ 
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Figure 3.8.  Intravital imaging demonstrated that a thromboinflammatory response was mediated as soon as reperfusion was initiated. The surgical and 
stabilisation protocol was optimised to allow the impact of IR injury on thromboinflammatory events in the immediate aftermath of reperfusion to be assessed 
rather than after just 15 minutes of reperfusion. Representative intravital images are shown following IR surgery in adult female mice over a time course of 
150 minutes post-reperfusion.  Fluorescently labelled antibodies against neutrophils (green) and platelets (red) were injected via the carotid cannula 10 
minutes before reperfusion and imaged intravitally. Prior to reperfusion, only a limited number of neutrophils (and very occasional platelet microthrombi) 
were observed within the coronary microcirculation. However, within minutes of the suture around the LAD artery being untied, neutrophil presence 
increased within the first 30 minutes post-reperfusion and continued to increase over the remainder of the imaged 150 minutes of reperfusion. In contrast, 
platelet microthrombi presence increased sharply within the first 30 minutes of reperfusion before decreasing to a plateau.  Scale bar indicates 100µm. n= 6.
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Figure 3.9.  Intravital imaging demonstrated that a thromboinflammatory response was mediated 

as soon as reperfusion was initiated. The surgical and stabilisation protocol was optimised to allow 

the impact of IR injury on thromboinflammatory events in the immediate aftermath of reperfusion to 

be assessed rather than after just 15 minutes of reperfusion. IR surgery was performed on adult female 

mice. Quantitative time-course analysis of intravital data in the first 30 minutes of reperfusion for (A) 

adherent neutrophils and (B) platelets. The same data are then provided again for the same mice but 

over a period of 150 minutes post-reperfusion for (C) adherent neutrophils and (D) platelets. Prior to 

reperfusion, only a limited number of neutrophils were adherent. In contrast, platelet microthrombi 

presence increased sharply within the first 30 minutes of reperfusion before decreasing to a plateau.  

n = 6. Mean ±SEM. 
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Figure 3.10. Multiphoton ex vivo imaging demonstrated that age increased inflammatory 
disturbances within sham and IR injured beating hearts even within the deeper layers of the 
myocardium. Sham or IR surgery was performed on adult and aged female mice. Fluorescently 
labelled antibodies against neutrophils were injected via the carotid cannula 5 minutes before 
reperfusion. Mice were culled following 150 minutes of reperfusion, and hearts were harvested. The 
LV was vibratome sectioned into four 300µm sections and imaged using a multiphoton microscope. 
Representative z-stack multiphoton images of neutrophils (green) in the 4 layers of the LV taken from 
the outermost layer closest to the epicardium (1), outer myocardial layer (2), inner myocardial layer 
(3) and the innermost layer closest to the endocardium (4).  Abbreviations - IRI: ischaemia reperfusion 

injury. ƴ Җ рκƎǊƻǳǇΦ Mean ±SEM.
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Figure 3.11. Multiphoton ex vivo imaging demonstrated that age increased inflammatory 
disturbances within sham and IR injured beating hearts even within the deeper layers of the 
myocardium. Sham or IR surgery was performed on adult and aged female mice. The LV was 
vibratome sectioned into four 300µm sections and imaged using a multiphoton microscope. 
Quantitative analysis of the multiphoton data at various depths for (A) adherent neutrophils and the 
corresponding (B) area under the curve (AUC) for adherent neutrophils for all four layers. (C) AUC for 
adherent neutrophils in the outermost first layer. (D) AUC for adherent neutrophils in layers 2-4.  
Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test 
between the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged 
sham versus aged IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia 
reperfusion injury. (1) Outermost layer closest to the epicardium, (2) outer myocardial layer, (3) inner 
myocardial layer and (4) the innermost layer closest to the endocardium. n Җ 5/group. Mean ±SEM. 
**p<0.01, ****p <0.0001.   
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3.2.5. IR Injury Decreased Functional Capillary Density within the Adult and 

Aged Beating Heart Coronary Microcirculation in vivo 

Intravital studies were also conducted to assess coronary microcirculatory perfusion with 

greater resolution than LSCI. An extensive network of FITC-BSA perfused capillaries was 

observed in both adult and aged sham mice. Focussing up and down the field of view revealed 

no evidence of areas devoid of perfusion. Well perfused medium-sized vessels were also 

visible in some fields of view (Figure 3.12a). In contrast, IR injury of adult hearts was 

associated with a significant reduction in perfusion with multiple areas observed where FITC-

BSA did not perfuse the microvessels when compared to the adult sham (Figure 3.12c). This 

resulted in patchy areas devoid of any microvasculature, indicating reduced functional 

capillary density (FCD). This was significantly reduced in aged injured hearts when compared 

with aged sham hearts. Indeed, in some fields of view, up to half of the imaged area appeared 

to lack FITC-BSA perfusion. Interestingly, medium-sized vessels were still readily visible and 

well perfused in both adult and aged injured hearts (Figure 3.12a). 

To determine whether vascular integrity was disturbed, a qualitative assessment of vascular 

leakage was made by using a piece of tissue paper to collect liquid from within the centre of 

the stabilizer between video captures. This was later imaged to detect FITC-BSA fluorescence.  

Both adult and aged sham hearts had little or no leakage throughout the duration of the 

surgery, as determined by no fluorescent dye on the tissue paper. Moreover, only one tissue 

paper section was required every 15 minutes ǘƻ ΨƳƻǇ ǳǇΩ ŀƴȅ ŦƭǳƛŘ ƻƴ ǘƘŜ heart. In contrast, 

injury of adult hearts was associated with extensive leakage of FITC-BSA, which was further 
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exacerbated in aged injured hearts. Indeed, multiple (around 3-6) tissue paper sections had 

to be used every 15 minutes to absorb the leaked fluid (Figure 3.12b).  

 

3.2.6. Age and IR Injury Increased Expression of VCAM-1 and Oxidative 

Damage  

Expression of VCAM-1 was investigated by immunofluorescence on frozen heart sections to 

understand better the inflammatory mechanisms occurring during ageing and IR injury. 

VCAM-1 was expressed on the larger vasculature rather than on coronary capillaries in all four 

experimental groups. However, some capillary staining was observed in the aged inured 

hearts. Expression was seen to increase in a stepwise manner with injury and age (Figures 

3.13a). Indeed, expression of VCAM-1 significantly increased in the aged sham group when 

compared to the adult sham group, as well as in the aged injured group in comparison with 

the adult injured group (Figure 3.13b).  

To further understand the detrimental effects of ageing and IR injury on the coronary 

vasculature, oxidative damage was also investigated by immunofluorescence on frozen heart 

sections using an anti-DNA/RNA damage antibody. This antibody binds with high specificity 

and affinity to various products of oxidative damage induced by ROS including 8-hydroxy-2'-

deoxyguanosine, one of the most widely recognized biomarkers of oxidative damage of DNA. 

Oxidative damage was found to be constitutively present, albeit at very low levels, in adult 

sham hearts, as evidenced by a positive stain on frozen tissue sections, which was not seen in 

the IgG controls (Figure 3.14a). Oxidative damage was significantly increased following injury 
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in adult hearts. IR injury in aged hearts also significantly increased oxidative damage further 

when compared to aged sham hearts (Figure 3.14b).  

Vascular density was also investigated in these same sections by quantifying CD31 expression 

levels. There were no significant differences between the four experimental groups in terms 

of vascular density except for a significant increase in CD31 expression in the aged injured 

group when compared with the adult injured group (Figures 3.14c). Moreover, the merged 

images (anti-CD31 antibody labelling with anti-DNA/RNA antibody labelling) demonstrated 

that oxidative damage was not limited to vascular structures but also to CMs.  

Flow cytometry on collagenase digested hearts, harvested at 150 minutes post-reperfusion, 

was also performed to better quantitate the degree of oxidative damage on CMs and ECs.  

CMs made up around 65% of the total cell population, with ECs making up around 7% in adult 

hearts (Figures 3.15a-f). However, in aged hearts, CMs made up 55% of the total cell 

population which was significantly reduced compared to adult hearts. ECs made up 10% of 

the aged heart population which was not significantly different to the EC population in adult 

hearts. Flow cytometry analysis confirmed the immunofluorescence findings of increased 

oxidative damage with IR injury and ageing, as evidenced by a distinct shift to the right at the 

peak of the histogram plots (Figures 3.16a). Adult sham CMs demonstrated oxidative damage, 

albeit at very low levels. This significantly increased in adult injured CMs when compared to 

adult sham CMs. Aged sham CMs also had significantly greater oxidative damage when 

compared to adult sham CMs. However, the greatest degree of oxidative CM damage was 

noted on aged injured CMs, which was significantly greater than both adult IR injured CMs 

and aged sham CMs (Figure 3.16b). A similar pattern of oxidative damage was demonstrated 

on coronary ECs (Figure 3.16c).  



                                    Chapter 3: Microcirculatory Disturbances in Adult and Aged IR Injured Hearts 
 

129 
 
 

The above flow cytometry data were collected after mice were culled at 150 minutes post-

reperfusion. To better understand when the oxidative damage took place, flow cytometry 

experiments were also conducted on adult and aged injured hearts harvested at 0 (ischaemia 

only), 30 and 150 minutes of reperfusion. Ischaemia alone induced oxidative damage in adult 

CMs, albeit at very low levels. However, ischaemia significantly increased oxidative CM 

damage in aged hearts when compared to adult CMs. Increased oxidative CM damage was 

noted as early as 30 minutes post-reperfusion in both adult and aged hearts which was 

significantly increased in aged CMs at both 30and 150 minutes post-reperfusion when 

compared to oxidative damage in adult CMs at similar time points (Figures 3.17a-c). A similar 

pattern of oxidative damage was demonstrated on coronary ECs, which only reached 

statistical significance between the adult and aged hearts at 150 minutes post-reperfusion 

(Figures 3.17d-f).  

 

3.2.7. Myocardial Infarct Size does not Significantly Increase with Age  

Dual Evans blue and TTC staining were used to determine the impact of IR injury on infarct 

size in three layers of the adult and aged hearts (Figure 3.18a).  Infarct size appeared slightly 

larger in aged mice in all three layers of the heart when compared to adult mice, but this did 

not attain statistical significance. There was a significant increase in infarct size between layer 

1 and layer 3 in the aged IR injured heart (Figures 3.18b and 3.18c). Area at risk (AAR) and 

area not at risk were not significantly different in the various layers within the same age group 

nor between adult and aged injured hearts (Figure 3.18d and e). 
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Figure 3.12. Intravital imaging demonstrated that IR injury decreased functional capillary density within the beating heart coronary microcirculation in 
vivo. Sham or IR surgery was performed on adult and aged female mice. Fluorescently labelled antibody conjugated to bovine serum albumin (FITC-BSA; 
green) was injected via the carotid cannula at 120 minutes post-reperfusion and imaged intravitally. Tissue paper was used to remove any liquid from the 
stabilised region, which was imaged to detect leaked FITC-BSA. (A) Representative intravital images of FITC-BSA perfused coronary microvessels at 150 mins 
in sham hearts or 150 mins post-reperfusion in Injured hearts. (B) Representative fluorescent images of FITC-BSA stained tissue paper (IRI). (C) Quantitative 
analysis of intravital vascular perfusion data. Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the 
following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury. 
Abbreviations - IRI: ischaemia reperfusion injury. *Areas not perfused with FITC-BSA. Scale bar indicates 100µm. n Җ 5/group. Mean ±SEM. ** *p=<0.001, 
****p<0.0001. 
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Figure 3.13. Age and IR injury increases expression of VCAM-1 as determined by immunofluorescence studies on frozen heart sections. Sham or IR surgery 
was performed on adult and aged female mice. Mice were culled following 120 minutes of reperfusion, and hearts were harvested and snap frozen. The LV 
was transversely sectioned using a cryostat into 10µm sections and then immunostained with an anti-VCAM-1 antibody. Sections were imaged using a EVOS 
microscope. (A) Representative images of VCAM-1 (blue) staining of frozen heart sections. Scale bar indicates 200µm. (B) Quantitative analysis of the 
immunofluorescent images of VCAM-1 expression. Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between 
the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR 
injury. Abbreviations - IRI: ischaemia reperfusion injury. n=4/group. Mean ±SEM. *p<0.05, ***p<0.001, ****p<0.0001.   
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Figure 3.14. Age and IR injury increases oxidative damage as determined by immunofluorescence studies on frozen heart sections. Sham or IR surgery was 
performed on adult and aged female mice. Mice were culled following 120 minutes of reperfusion, and hearts were harvested and snap frozen. The LV was 
transversely sectioned using a cryostat into 10µm sections and then immunostained with an anti-DNA/RNA damage antibody and an anti-CD31 antibody. 
Sections were imaged using a EVOS microscope. (A) Representative images of DNA/RNA damage (green) and CD31 (red) staining on frozen heart sections. 
Scale bar indicates 200µm. Quantitative analysis of the immunofluorescent images of (B) DNA/RNA damage and (C) CD31 expression. Statistical analysis was 
performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus 
aged sham, aged sham versus aged IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n=4/group. Mean 
±SEM. *p<0.05, **p<0.01, ***p<0.001.   
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Figure 3.15. Gating strategy for flow cytometry-based experiments on adult and aged collagenase digested hearts. Sham or IR surgery was performed on 
adult and aged mice, and hearts were harvested and digested. The cell suspension was stained with anti-CD31, anti-cTnT, anti-DNA/RNA damage, and zombie 
antibodies and acquisition was performed using a /ȅ!ƴϰ !5t cytometer (100,000 events captured). Representative density plots showing the (A) initial gate 
drawn to capture the greatest number of cells whilst ensuring any debris was excluded, and (B) the second gate drawn to exclude potential duplicates. 
Representative histogram of IgG controls for (C) cardiac myocytes, (D) endothelial cells, and (E) DNA/RNA damage. (F) Quantitative analysis of the CM and EC 
population within the adult and aged samples. Statistical analysis was performed using a one-way ANOVA, followŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the 
following groups: cardiac myocytes versus endothelial cells, cardiac myocytes versus dead cells, and endothelial cells versus dead cells between the adult and 
aged groups; as well as between adult versus aged cardiac myocytes, adult versus aged endothelial cells, and adult versus aged dead cells. Abbreviations ς 
FS: forward scatter, SS: side scatter. Mean ±SEM. *p<0.05, ****p<0.0001.   
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Figure 3.16. Age and IR injury increases oxidative damage on cardiac myocytes and endothelial cells as determined by flow cytometry of digested heart 
tissue.  Sham or IR surgery was performed on adult and aged female mice. Mice were culled following 150 minutes of reperfusion, and hearts were harvested 
and digested. The cell suspension was stained with anti-CD31, anti-cTnT, and anti-DNA/RNA damage antibodies and acquisition was performed using a /ȅ!ƴϰ 
ADP flow cytometer. (A) Representative histogram of DNA/RNA damage marker showing a shift in expression in response to IR injury and age. Quantitative 
analysis of DNA/RNA damage expression on (B) cardiac myocytes, and (C) endothelial cells. Statistical analysis was performed using a one-way ANOVA, 
followed by a ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the following groups: adult sham versus adult IR injury, adult sham versus aged sham, aged sham versus aged 
IR injury, and adult IR injury versus aged IR injury. Abbreviations - IRI: ischaemia reperfusion injury. n=3/group. Mean ±SEM. *p<0.05, **p<0.01, ***p<0.001.   
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Figure 3.17. IR injury induces oxidative damage to cardiac myocytes and endothelial cells within the first 30 minutes of reperfusion in adult and aged mice 
as determined by flow cytometry of digested heart tissue. IR surgery was performed on adult and aged female mice. Mice were culled following 0, 30, or 
150 minutes of reperfusion and hearts were harvested and digested. The cell suspension was stained with anti-CD31, anti-cTnT, and anti-DNA/RNA damage 
antibodies and acquisition was performed using a /ȅ!ƴϰ !5t ŎȅǘƻƳŜǘŜǊΦ Quantitative analysis of DNA/RNA damage on cardiac myocytes in (A) adult mice, 
(B) aged mice, and (C) adult and aged mice. Quantitative analysis of DNA/RNA damage on endothelial cells in (D) adult mice, (E) aged mice, and (F) adult and 
aged mice. Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the following groups (A, B, C, D): 0 
minutes versus 30 minutes, 0 minutes versus 150 minutes, and 30 minutes versus 150 minutes - (E, F): 0 minutes adult versus aged, 30 minutes adult versus 
aged, and 150 minutes adult versus aged. n=3/group. Mean ±SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 3.18. Infarct size following IR injured is not worsened with age. IR surgery was performed on adult and aged female mice. Following 4-hours of 
reperfusion, the left anterior descending artery was re-ligated, and Evans Blue was retrograde injected via the carotid artery. Mice were culled, and the heart 
was harvested, sectioned, stained with TTC and imaged. (A) Representative images of the TTC stained adult and aged IR injured hearts within each layer. 
Layer 1 represents the first layer below the ligature, and layer 3 represents the apex of the heart. Quantitative analysis of infarct size in (B) the individual 
layers of the heart and (C) in all three layers of the heart. Statistical analysis was performed using a one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test 
between the following groups: layer 1 versus layer 2, layer 1 versus layer 3, and layer 2 versus layer 3 for each of the adult and aged IRI groups, as well as 
adult IRI versus aged IRI for each of the three layers. Quantitative analysis of the area at risk in (D) the individual layers of the heart and (E) in all three layers 
of the heart.  Statistical analysis was performed using a {ǘǳŘŜƴǘΩǎ ǳƴǇŀƛǊŜŘ ǘ-test. Abbreviations - IRI: ischaemia reperfusion injury. n Җ 6/group. Mean ±SEM. 
**p<0.01. 
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3.2.8. Age Increases Oxidative Damage in Human Ventricular Samples  

Oxidative damage was also investigated in the young and old human samples using a human 

anti-DNA/RNA antibody. Oxidative damage was found to be constitutively present, albeit at 

low levels, in newborn, infant/toddler and child hearts, as evidenced by a positive stain on 

frozen tissue sections, which was not seen in the IgG controls (Figure 3.19a).  Oxidative 

damage was significantly increased in the adult hearts when compared with younger hearts 

(Figure 3.19b).  

CM density was also determined by quantifying cTnT expression levels. There were no 

statistically significant differences between the groups, except for an increase in cTnT 

expression in the child and older adult group when compared with the infant/toddler group 

(Figures 3.19c).  

Vascular density was also investigated by quantifying CD31 expression levels. There were no 

statistically significant differences between the groups, other than a decrease in CD31 

expression in the infant/toddler and older adult group when compared with the newborn 

group (Figures 3.19d).  
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Figure 3.19. Age increases oxidative damage in human tissue as determined by immunofluorescence studies on frozen heart sections. Clinical samples 
were harvested and snap frozen from young and old patients following surgery. The ventricular sample was sectioned using a cryostat into 10µm sections 
and then immunostained with; the first column: anti-CD31 antibody, second, and third column: anti-cTnT antibody and anti-DNA/RNA damage. Sections were 
imaged using a EVOS microscope. (A) Representative images of CD31 (red: first column), cTnT (red: second and third column), and DNA/RNA damage (blue: 
second and third column) staining on frozen heart sections. Scale bar indicates 200µm. Quantitative analysis of the immunofluorescent images of (C) DNA/RNA 
damage, (D) cTnT, and (E) CD31 expression. Statistical analysis was performed using a one-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ ŀ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc test between the 
following groups: newborn versus infant/toddler, newborn versus child, newborn versus older adult, infant/toddler versus child, infant/toddler versus older 
adult, and child versus older adult. n Җ 5/group. Mean ±SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
























































































































































































































































































































































































