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Abstract 

Ischemic cardiomyopathy remains the primary cause of heart failure worldwide. A 

disintegrin and metalloproteinases (ADAMs) are a family of membrane-bound 

proteases with diverse functions. ADAM15 is expressed in the myocardium and 

is involved in mechanisms associated with ischemic heart disease pathology, 

however, its function in ischemic heart disease remains unexplored. We 

investigated if ADAM15 is involved in the remodeling of the left ventricle after a 

MI was induced. 

 

The research presented in this thesis identified the role of ADAM15 in left 

ventricular remodeling following myocardial infarction. Adult male wildtype (WT) 

and ADAM15-deficient (Adam15-/-) mice were subjected to myocardial infarction 

(MI) by permanent ligation of the left anterior descending (LAD) artery. LV 

structure and function were assessed by echocardiography. Adam15-/- mice 

exhibited significantly compromised survival post-MI, mainly due to LV rupture. 

Cardiac contractility was reduced in Adam15-/-- compared to WT-MI mice. Hearts 

were assessed at 3-days or 1-week post-MI, the start and end of the time period 

for LV rupture incidents, respectively. Collagen fibers in the scar tissue were 

distorted and scarce in Adam15-/--MI hearts (second harmonic generation 

imaging), associated with reduced levels of lysyl oxidase-1 (LOX-1), a major 

collagen cross-linking enzyme, and expression of fibronectin, a key extracellular 

matrix (ECM) protein. In vitro adult cardiac fibroblasts from Adam15-/- hearts 

showed impaired myofibroblast transformation under ischemic conditions 
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(hypoxia+nutrition deletion), suggesting attenuated fibroblast activation. In vivo 

and in vitro molecular analyses revealed that interaction of ADAM15 with p21-

activated kinase (PAK1) is required for induction of LOX-1 and fibronectin which 

are critical in optimal scar formation post-MI.   

 

In summary, the research described in this dissertation demonstrates that 

ADAM15 is required for optimal scar formation following myocardial infarction. 

ADAM15-deficiency suppresses fibroblast activation and induction of LOX-1 and 

fibronectin, thereby impairing wound healing post-MI, by preventing FB activation 

leading to deleterious remodelling and LV rupture. 
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1.1 Introduction 

Cardiovascular diseases and their associated morbidities and mortalities are a 

major health issue worldwide, and with an aging global population the impact 

these diseases have on society is increasing.1 Maintaining healthy heart function 

is a result of a complex interaction between cardiomyocytes and non-

cardiomyocytes via the extracellular matrix (ECM). The ECM present in the heart 

is constituted of the fibrillar component, the basement membrane and the 

proteoglycans. As a result of a cardiovascular disease, such as ischemic 

cardiomyopathy, the heart undergoes adverse changes to the heart structure, 

function and cellular makeup. These microscopic and macroscopic changes 

contribute to the development of heart failure, ergo, a cessation or attenuation of 

these changes will be vital in mitigating to the damage caused by an ischemic 

event to the myocardium. 

 

1.2 Anatomy of the Heart 

The human heart is a muscular organ situated in a fluid filled sac called the 

pericardial cavity located in the thoracic cavity. The tip of the heart, known as the 

apex, rests above the diaphragm. The base of the heart is attached to the aorta, 

pulmonary artery, pulmonary vein, and vena cava. The heart is a circulatory 

pump which delivers deoxygenated blood from the right side of the heart to the 

lungs, and oxygenated blood returning from the lungs from the left side of the 

heart to the body via the aorta.  
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The heart wall consists of three muscular layers. Briefly, the pericardium is a thin 

covering that segregates the heart from other organs inside the thoracic cavity. 

The myocardium is the muscular middle layer of the heart wall responsible for 

heart contractions and blood flow. The endocardium is the innermost layer of 

tissue that lines that chambers of the heart, and is primarily made up of 

endothelial cells. This layer allows blood cells and platelets to flow through the 

heart without attaching to the heart’s walls. 

Four chambers make up the heart: the right atrium, right ventricle, left atrium and 

left ventricle. Atria are smaller in size compared the ventricles, and passively and 

actively fill the ventricles with blood. The larger ventricles act to carry blood away 

from the heart. The right side of the heart (pulmonary circulation) is smaller than 

the left side of the heart (systemic circulation) due to the hemodynamic 

requirements placed on each side of the heart. 

The cardiac cycle of diastole (relaxation of the heart) and systole (contraction of 

the heart) contains five phases: isovolumic relaxation, ventricular filling, atrial 

contraction, isovolumic contraction, and ventricular ejection. 

During isovolumic relaxation, the pressure inside of the ventricles decreases as 

the heart relaxes. The atrioventricular valves (AV) valves and semilunar valves 

remain closed during this phase, preventing blood flow to the ventricles. As the 

pressure continues to drop the AV valves open and blood enters the ventricle 

passively. Following passive filling the atria contract and actively fill the 

ventricles. The atria relax and the next phase starts. Isovolumic contraction 
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begins when the heart starts to contract. As pressure builds in the ventricle the 

AV valves close and prevent blood flow into the ventricles. As pressure builds in 

the ventricles, the semilunar valves open allowing blood to leave the heart during 

the ventricular ejection phase. The ventricles begin to relax and the cycle 

restarts. 

 

1.3 Cell types in the heart 

The human heart consists of different cell types (i.e. cardiomyocytes and non-

myocyte cells). Cardiomyocytes constitute 25-30% of all cells in the heart.2 The 

non-myocyte cells consist of endothelial cells, hematopoietic-derived cells and 

fibroblasts. Endothelial cells represent over 60% of the cardiac non-myocyte cell 

population, hematopoietic-derived cells represent 5-10% and fibroblasts 

represent under 20%.2 

The cardiomyocytes are the contracting cell of the heart and are interconnected 

via gap junctions which facilitate the propagation of action potentials, and 

excitation-contraction coupling. The sarcolemma layer, sarcoplasmic reticulum 

and sarcomere are integral for excitation-contraction coupling. 

The sarcolemma layer is the cell membrane of the cardiomyocytes and contains 

ion pumps, exchangers, and transmembrane receptors. L-type calcium channels 

initiates excitation-contraction coupling, while Na+/Ca2+ exchanger transports the 

aforementioned ions across the cell membrane. The Ca2+-ATPase system pumps 

the calcium ions slowly out of the cardiomyocytes into the interstitial space. 
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The sarcoplasmic reticulum is primary storage site for Ca2+ in the cardiomyocyte 

during contraction. The SERCA2A pump is an ATP-dependent Ca2+ pump that is 

responsible for the reuptake of intracellular Ca2+ and enables cardiomyocyte 

relaxation. Activation of ryanodine receptors occurs when voltage-gated L-type 

Ca2+ channels are activated by an action potential. This facilitates the movement 

of Ca2+ into the cardiomyocyte and combines electrical events into chemo-

mechanical events. Incoming Ca2+
 activates the ryanodine receptors creating a 

release of Ca2+ into the cytosol. Un-phosphorylated phospholamban inhibits 

SERCA2A and attenuates its ability to uptake cytosolic Ca2+, which enables Ca2+ 

to act on sarcomere proteins, in turn facilitating chemo-mechanical events.  

The sarcomere is the main contractile unit of the cardiomyocytes and contains 

actin, myosin, troponin complex, and tropomyosin. These proteins act in concert 

with Ca2+ to contract the cardiomyocytes. 

Non-myocardial cells such as endothelial cells are found in both the myocardium 

and endocardium. Coronary arteries are comprised of endothelial cells and 

smooth muscle cells that regulate vascular tone and blood flow to the 

myocardium. Cardiac fibroblasts are cells that produce various ECM products, 

commonly collagens, which gives stability to cells found in the heart and 

promotes correct structural form and functionality of the heart. 
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1.4 Ischemic Cardiomyopathy 

Cardiomyopathies are a group of diseases that negatively affect the heart and its 

function. Hypertrophic cardiomyopathies, dilated cardiomyopathies, and ischemic 

cardiomyopathies reduce heart function and may result in death. 

 

Hypertrophic cardiomyopathy is the most common cardiomyopathy and is 

defined by left ventricular hypertrophy without chamber dilation.3 This can be 

attributed to a variety of sarcomere gene mutations and 60% of patients with 

hypertrophic cardiomyopathy have a familial disease.4 One of the most common 

genes affected in hypertrophic cardiomyopathy encodes myosin binding protein-

C.5 Mutations affect the ability of myosin binding protein-C to limit cross-bridge 

interactions that facilitate cardiomyocyte contraction.6 Mutations of this protein 

result in augmentation of myosin contractility and cardiac hypertrophy.6 

 

Dilated cardiomyopathy is characterized by ventricular chamber enlargement and 

systolic dysfunction. Dilated cardiomyopathy can be attributed to a variety of 

gene mutations involving proteins in the sarcomere, nuclear envelope, and cell 

membrane.7-9 Up to 40% of dilated cardiomyopathy may be inherited.10 In the 

normal heart the basement membrane interacts with fibrillar collagen and the 

cardiomyocyte. A key component in this interaction is the dystrophin-glycoprotein 

complex (DGC). In short, the DGC is made of a series of transmembrane 

proteins that interact with the sarcolemma of the cardiomyocyte and the 

extracellular milieu.11 Mutations of proteins in the DGC, such as dystrophin, can 
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lead to dilated cardiomyopathy by impairing the formation of the DGC.12, 13 This 

results in an uncoupling of the sarcomere and the ECM, leading to increased 

membrane instability and cardiac remodeling. Ischemic cardiomyopathy, 

described below, is a multifactorial disease that is influenced by environmental 

factors as well as genetic factors.14 

 

Ischemic cardiomyopathy results from damage to the myocardium due to a 

narrowing or blockage of the coronary arteries, which causes a reduced blood 

supply, nutrients and oxygen to the myocardium. In the response to this ischemic 

insult happening (i.e. in the LV), the LV dilates and enlarges. This reduces the 

pumping ability of the heart and is labelled LV remodeling. A complete blockage 

of a coronary artery is called a myocardial infarction (MI), or in popular vernacular 

a heart attack. In response to a blockage, areas downstream of the blockage 

begin to undergo a number of molecular and cellular events which include cell 

death, apoptosis, inflammation, reduced angiogenesis, eccentric cardiomyocyte 

growth, and fibrosis. These events combine to develop adverse LV remodeling 

by dilating the LV, thinning the myocardium, and the formation and expansion of 

the infarct. To summarize, ischemic cardiomyopathy affects overall heart 

morphology and pumping function and can lead to heart failure. 

 

 1.4.1 Epidemiology 

Data acquired on the prevalence, incidence and all cause mortality in 

Canada highlights sex differences in how often and the outcome of an ischemic 
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event in the heart can affect different individuals. These data were extensively 

covered in the Report from the Canadian Chronic Disease Surveillance System: 

Heart Disease in Canada, 2018.15 Below is a summary of the relevant findings 

pertaining to this thesis. 

Occurrence of a MI was higher among men than woman in Canada. As 

men and women age, the prevalence of a MI increases and the gap between the 

sexes narrows. The incidence for MI is 2.1 times higher for men than women on 

average, with women tending to develop heart disease 10 years later than 

men.15, 16 The difference in incidence also decreases as men and women age. 

This sex difference may be explained by the presence of sex hormones in pre-

menopausal woman, as estrogen may have a cardioprotective effect in 

woman.16-18 The rise in post-menopausal women experiencing an ischemic event 

can also be explained by a decrease in estrogen.15, 17, 18 However, this 

mechanism is not fully understood. Young women with estrogen deficiency have 

a sevenfold increase in coronary artery risk.19 Estrogen impacts liver lipid 

metabolism as liver genes involved with triglyceride and cholesterol metabolism 

vary with estrous cycle in mice.20 Estrogen can also inhibit IL-6 expression by 

inhibiting NFkB through the binding of estrogen receptor-α to NFkB, and by doing 

so can limit an inflammatory response.21 Estrogen may play a vital role in 

preventing the accumulation of cholesterol, thereby attenuating plaque formation 

and myocardial infarction.22 

Men diagnosed with ischemic heart disease were more likely to die of any 

cause than women. However, women were more likely to die of any cause after a 
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MI.15 This could be due to a number of causes. One such cause is 

misdiagnosis.23 Women typically present with fewer typical symptoms than men, 

and they are more likely to present at the hospital without chest pain or having 

mild chest pain leading to a misdiagnosis.24 Because women experience milder 

outward symptoms, women wait longer to seek medical care which could lead to 

a poorer outcome.23 

 

1.4.2 Risk factors 

Reducing or eliminating risk factors in everyday life is beneficial for both 

men and women. These risk factors include: age, as having a MI increases with 

age;25 tobacco use, including smoking and exposure to second-hand smoke;26 

high blood pressure, as increased blood pressure can damage arteries and if in 

accompaniment with other conditions (i.e. obesity, high cholesterol, or diabetes) 

can increase the risk of a MI even more.26, 27 High levels of low-density 

lipoprotein cholesterol and high levels of triglycerides increases the risk of a MI.28, 

29 Obesity has been linked to high cholesterol, high triglycerides, high blood 

pressure and diabetes.30 All of which increase the risk of having a MI. A lack of 

response to elevated glucose levels, as seen in diabetes, increases MI risk.31 

Metabolic syndrome occurs in response to obesity, high blood pressure and high 

blood sugar, and increases the chances of developing heart disease twice as 

likely compared to a person without metabolic syndrome.32 A lack of physical 

activity, stress, and illicit drug use all increase the chance of a MI. Genetics also 

play a role, as people related to individual who had an early MI (before age 55 for 
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men and 65 for women) are more likely to also have a MI.33 Women with a 

history of preeclampsia are more vulnerable as well.34 Autoimmune diseases 

such as rheumatoid arthritis or lupus also increase the risk of a MI.35, 36 

 

 1.4.3 Pathogenesis 

Cardiac repair post-MI results from a complex series of events, beginning 

with an inflammatory response that digests and clears the damaged cells and 

ECM from the infarcted area. This is followed by a reparative phase with the 

resolution of inflammation, the proliferation of myofibroblasts, fibrosis and scar 

formation, and neovascularization. Early inflammation is required for necessary 

wound healing. Appropriate and timely resolution of inflammation can determine 

how successful the wound healing can be. An excessive inflammatory response 

can augment the deleterious effects brought about by the infiltration of 

inflammatory cells, such as improper scar formation, and infarct expansion 

leading to adverse remodeling and chamber dilation. 

As a result of an ischemic event in the LV, myocardium downstream of the 

blockage are not perfused with oxygenated blood resulting in a hypoxic 

environment. Hypoxia impairs vascular endothelial permeability, which facilitates 

the infiltration of leukocytes.37 In response to prolonged ischemia (lack of 

nutrients and oxygen), cell necrosis begins.37 Necrotic and damaged cells, 

including cardiomyocytes and damaged ECM, release danger-associated 

molecular patterns (DAMPs) that act on the innate immune system on surviving 
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resident macrophages and infiltrating leukocytes.38, 39 This robustly activates a 

cascade of inflammatory mediators. 

Pro-inflammatory cytokines such as IL-1, TNFα, IL-6, and IL-18 are 

secreted early after MI and are key propagators of the inflammatory response.40-

43 These cytokines act to amplify the inflammatory response by activating the 

NFB inflammatory pathways.44-46 They also create a local paracrine milieu of 

pro-inflammatory molecules that can act on present and infiltrating cells.47 They 

also serve in the recruitment of leukocytes by upregulating adhesion molecules 

to facilitate infiltration.48 Il-1r-deficient mice and wild-type mice treated with anti-

TNF antibodies exhibit smaller infarcts, reduced leukocyte infiltration, and lower 

expression of adhesion molecules.49, 50 Inhibition of CCL2 (another pro-

inflammatory chemokine), or Ccl2-deficient mice or mice deficient in CCR2 (a 

receptor for CCL2) also have reduced infarct size and inflammatory cell 

infiltration.51-54 

Cardiomyocytes provide the stimulus for post-MI inflammatory reaction. As 

stated above, necrotic cardiomyocytes produce DAMPs in the infarcted area. 

However, surviving cardiomyocytes surrounding the infarcted area also promote 

inflammation by secreting pro-inflammatory cytokines and adhesion molecules in 

response to IL-1 and TLR ligands (i.e. DAMPs).55-57 

Endothelial cell activation of transcription factor forkhead box O4 (FoxO4) 

after infarction promotes neutrophil infiltration into the infarcted heart.58 DAMPs 

induce upregulation of adhesion molecules, such as P- and E-selectin in 
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endothelial cells.59-61 Once expressed, these adhesion molecules bind to their 

leukocyte ligands to promote adhesion and mediate rolling along the 

endothelium.62 Activated endothelial cells are also a source of cytokines and 

chemokines.63, 64 

Neutrophils are the first inflammatory cell to infiltrate the infarcted region in 

response to the abundance of DAMPs, cytokines and chemokines, and adhesion 

molecules.65-68 Activated neutrophils express ligands for the selectins and bind to 

the activated endothelial cells to enable infiltration.69 Extravasation requires the 

binding of leukocyte integrins and endothelial adhesion molecules, and adhesion 

molecules with junctional proteins.70-73 Upon infiltration into the infarcted region, 

neutrophils release proteolytic enzymes and contribute to wound clearance by 

digesting dead cells and ECM debris.74 Neutrophils can also extend the 

inflammatory response and augment the ischemic injury by cytotoxic actions on 

viable cardiomyocytes.75-77 

Monocytes are also recruited in a similar way to neutrophils. Pro-

inflammatory monocytes are recruited via the CCL2/CCR2 axis.52 These 

activated M1 macrophages are pro-inflammatory, anti-fibrotic, and anti-

angiogenic. These macrophages work to clear the wound of debris, and can 

originate from bone marrow, as well as the spleen.78 Resident macrophages play 

a protective role post-MI. Deletion of resident macrophages resulted in impaired 

cardiac function and promoted adverse remodeling post-MI, which highlights a 

non-redundant, cardioprotective role.79 
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Fibroblasts can also be stimulated by DAMPs, reactive oxygen species 

and IL-1.80, 81 In response to this activation, fibroblasts gain a pro-inflammatory 

phenotype and secrete cytokines and chemokines. IL-1 signaling in fibroblasts 

inhibits α-smooth muscle actin (αSMA) expression, which impedes the 

transformation of fibroblasts into myofibroblasts.81 This pathway may prevent a 

premature activation of myofibroblasts, and an early fibrotic response that could 

be damaged by the presence of neutrophils and macrophages or impeded by 

dead cells and debris. 

As both cardiomyocytes and non-cardiomyocytes are surrounded by ECM 

proteins, damage to the ECM also activates the inflammatory response. Collagen 

and fibronectin fragments are implicated in the activation and recruitment of 

inflammatory cells.82-84 

Neutrophils are typically short-lived cells that undergo cell death primarily 

via apoptosis.66, 85 Late-stage apoptotic neutrophils promote inflammation 

resolution by the release of mediators that attenuate neutrophil transmigration 

and entry, and promote neutrophil apoptosis and digestion by macrophages.66-68, 

85 Apoptotic neutrophils also express scavenger receptors for cytokines and 

chemokines to facilitate tissue depletion of these molecules. 43-45 Apoptotic 

neutrophils also express signals that attract digestion by macrophages. 43-45 

This phagocytic activity by macrophages on apoptotic neutrophils 

facilitates a phenotypic switch in macrophages from a M1 phenotype that is pro-

inflammatory to a M2 phenotype that is anti-inflammatory and pro-fibrotic.86 M2 
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macrophages secrete IL-10, an anti-inflammatory cytokine, and transforming 

growth factor-β (TGF-β).87, 88 TGF-β suppresses inflammation and promotes 

tissue repair and fibrosis.89, 90 M2 macrophages promote angiogenesis via 

increased expression of vascular endothelial growth factor (VEGF).91-93 

Tissue neovascularization resupplies the infarcted zone with oxygen and 

nutrients which is crucial for wound healing post-MI. This occurs during the 

inflammatory response as well as contributes to the resolution of inflammation. 

Newly formed blood vessels lack a pericyte and smooth muscle cell layer.94, 95 

This serves to promote hyperpermeability of the vessels and promotes 

extravasation into the infarcted area. However, during the later stages of infarct 

healing the blood vessels mature and gain the pericyte and smooth muscle cell 

layer. Platelet derived growth factor (PDGF) acts on its receptor PDGFRβ on 

both pericytes and smooth muscle cells to accomplish this.95 Attenuation of this 

process results in prolonged inflammation and poorer infarct healing. The 

importance of pericytes is highlighted by the effects of pericyte transplantation. 

Human pericyte transplantation into the peri-infarcted zone of mice reduces 

vascular permeability and leukocyte infiltration, promotes angiogenesis and 

improves LV remodeling.96, 97 

Upon resolution of inflammation, collagen is deposited by myofibroblasts 

to form the scar. Myofibroblasts are fibroblasts that develop stress fibers and 

express contractile proteins such as αSMA, and this cellular change mark the 

start of the proliferative phase of cardiac repair.98-101 Myofibroblasts can originate 

from resident quiescent fibroblasts that originated in the heart or they could 
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originate from circulating bone marrow progenitors.102, 103 Another source of 

myofibroblasts is from mesenchymal transdifferentiation, in which endothelial 

cells and pericytes transform into myofibroblasts.104, 105 In summary, fibroblasts 

that survive the ischemic environment and cells recruited from the surrounding 

tissue can transdifferentiate into myofibroblasts in response to bioactive TGFβ. 

Myofibroblast conversion is dependent on a number of factors. TGFβ-

mediated myofibroblast conversion of fibroblasts requires an outside-in signal 

from fibronectin.106, 107 Transient receptor potential C6 (TRPC6), an ion channel, 

is critical for myofibroblast differentiation.108 Absence of TRPC6 is associated 

with attenuated fibroblast function and increased cardiac rupture.109 

Following myofibroblast activation, the myofibroblasts produce ECM 

proteins starting from the peri-infarcted area and progress to the core infarct area 

along the newly synthesized ECM matrix.110 Myofibroblasts produce large 

amounts of collagen which is crucial for increasing tensile strength and 

preventing ventricular rupture. Myofibroblasts also secrete fibronectin and 

various other matricellular proteins to promote myofibroblast migration and 

recruitment for wound healing.111 Collagen fibers are cross-linked by lysyl 

oxidase, and cross-linking is a requirement for the tensile strength of the scar.112 

Fibronectin also promotes activation of lysyl oxidase.113 As the new collagen-

based ECM is established, pro-fibrotic growth factors and matricellular proteins 

are depleted.80 In turn, this leads to the partial removal of myofibroblasts from the 

infarcted area.  
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Unfortunately, the cardiac remodeling that occurs post-MI causes 

deleterious long-term effects on the heart during the maturation phase of cardiac 

wound healing. Due to the fibroblast-mediated expansion of the ECM, surviving 

cardiomyocytes undergo hypertrophy to compensate for the increased 

workload.114 Excessive cross-linked collagen attenuates the diastolic function of 

the heart leading to heart failure.115 Because of the compromised function of the 

hypertrophic cardiomyocytes in the non-infarcted region, mechanical stress is 

increased and latent TGFβ is activated.80 This mechanism promotes fibrosis in 

the non-infarcted region and further impediment of the surviving cardiomyocytes. 

As more surviving cardiomyocytes die, they are replaced with collagen which 

further impairs the surrounding cardiomyocytes causing more cell death. In turn, 

the infarcted area expands beyond what was initially damaged by the ischemic 

event. This cycle repeats itself indefinitely as activated myofibroblasts are found 

in the hearts of MI patients’ years after the initial ischemic insult.80, 116 

The role of fibronectin in post-MI wound healing cannot be understated. 

Fibronectin is a protein found in a subcategory of the extracellular matrix called 

the basement membrane. The basement membrane serves as the interface 

between cardiomyocytes and other cells and the interstitial ECM.117 Fibronectin 

plays a role in this process by binding to cell surface receptors and other ECM 

proteins such as collagens (Figure 1). Fibronectin (FN) is produced by a variety 

of cardiac cell-types and as stated before, promotes myofibroblast 

transformation. Fibroblasts attach to FN via integrin α4β7, and blocking this 

interaction limits the ability of fibroblasts to adhere to fibronectin.118 The action of 
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fibroblast adherence to fibronectin promotes myofibroblast differentiation through 

the MAPK-ERK1/2 pathway.118 Inhibition of MEK1/2 inhibited fibronectin induced 

αSMA expression.119 TGFβ is unable to cause myofibroblast differentiation by 

itself and requires fibroblast adherence to fibronectin.120 FN deposition is 

increased in the infarcted area following a MI.121 Inhibition of FN polymerization 

attenuated myofibroblast activation and limited the resulting fibrotic deposition.122 

The transition of fibroblasts to myofibroblasts and the cross-linking of collagen is 

mediated by fibronectin. 

 
Figure 1. Schematic of integrin, fibronectin and collagen interactions. 

Illustration of how fibronectin facilitates the interactions between collagen and the 

cell. Adapted from Nature Education, 2010.123 

 

 1.4.4 Treatment of MI 

Initial treatment of a MI involves coronary reperfusion strategies that focus 

on removing the blockage and resupplying the ischemic area with blood. This is 
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done by fibrinolytic therapy (FT) and Primary Percutaneous Coronary 

Intervention (P-PCI), with P-PCI being superior. However, delays in door-to-

balloon time are associated with increased mortality so the timely administration 

of some form of reperfusion therapy is optimal.124-127 Administration of pre-

hospital FT results in reduced mortality, and immediate FT may be advantageous 

even if the wait time for P-PCI is short.128-130 Dual antiplatelet therapy should be 

administered prior to FT, and continue for at least 1-year post-MI regardless of 

reperfusion technique.131, 132 Anticoagulants are also used in both the short and 

long term of MI patients.133 

P-PCI administration in a timely manner is superior to FT and has lower 

rates of post-intervention complications such as recurrent ischemia, reinfarction, 

emergency repeat revascularization procedures, and death.134, 135 A 

phenomenon called “no reflow” can occur where myocardial perfusion is 

inadequate for the heart tissue after the blockage has been removed.136 This can 

occur as a result of a combination of factors such as endothelial injury, edema, 

vasospasm, myocyte reperfusion injury and inflammation.136 Compared to 

balloon angioplasty, metal stents have been shown to reduce the rates of 

reinfarction; however, this has not reduced mortality.137 Drug eluting stents 

reduce the need for reintervention and it significantly reduced the rate of 

restenosis and stent thrombosis.138-140 
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1.5 Disintegrin and Metalloproteinases: ADAMs 

A disintegrin and metalloproteinases (ADAMs) are Zn2+-dependent 

transmembrane proteins with homology to the adamalysin metalloproteinase 

family, a group of proteins found in snake venom that act as integrin ligands.141 

The ADAMs family share a highly conserved structural homology and are 

composed of a N-terminal pro-domain followed by a metalloproteinase domain, a 

disintegrin domain, a cysteine-rich region, an EGF-like domain, a transmembrane 

domain, and a C-terminal cytoplasmic tail (Figure 2). 
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Figure 2. Structure of ADAMs. Linear structure and domain organization in 

ADAMs (a disintegrin and metalloproteinase). Adapted and used with permission 

from Chute et al. 2018.142 

 

 1.5.1 Pro-domain 

The N-terminal pro-domain contains a signal peptide and a pro-domain. 

The pro-domain functions to keep its respective ADAM in a catalytically inactive 

state, by physically blocking the metalloproteinase catalytic site. This is 

accomplished by a cysteine-switch mechanism, in which a cysteine residue in the 

pro-domain forms a complex with Zn2+ in the metalloproteinase domain.141, 143, 144 

The pro-domain ensures proper protein folding prior to entry into the secretory 

pathway, and prevents protein degradation during transport through the secretory 

pathway.145 Pro-domains that have been synthesized or purified can act as 

potent inhibitors of their respective active ADAMs.146, 147 

The signal peptide directs intracellular trafficking of an ADAM from the 

endoplasmic reticulum to the late Golgi.148 Here the pro-domain is proteolytically 

cleaved by furin-like proprotein convertases.148 

 

 1.5.2 Metalloproteinase 

Attached to the pro-domain is the metalloproteinase domain. Humans 

have 20 functional ADAMs with 12 of them being catalytically active (i.e. ADAMs 

8-10, 12, 15, 17, 19-21, 28, 30, and 33).141 Mice, however, have 17 proteolytically 

active ADAMs.141 Through the use of cell-based shedding experiments, in vitro 
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cleavage assays, or genetic models have elucidated the degradome for 

ADAMs.149 The cleavable substrates for ADAMs include growth factors, 

cytokines and/or their receptors, and cell adhesion molecules.141 Substrates for 

ADAMs also include soluble proteins like insulin-like growth factor-binding 

proteins 3 and 5, or are a part of the ECM like collagen IV and fibronectin.150, 151 

 

 1.5.3 Disintegrin domain 

Downstream of the metalloproteinase domain is the disintegrin domain. 

The disintegrin domain enables ADAMs to interact with integrins via a disintegrin 

loop.152 ADAMs can interact with various integrins through the disintegrin loop, 

and the different residues within the loop interact with different integrins.153, 154 

This action enables the regulation of cell adhesion, cytoskeleton reorganization 

and cell polarity.155 In human ADAM15, a RGD sequence is present in the 

disintegrin domain.156 The RGD sequence is also found in snake venom 

disintegrins and may aid in integrin binding. Other ADAMs, including mouse 

ADAM15, do not contain this sequence and may limit the number of integrins that 

can be bound.156 

 

 1.5.4 Cysteine-rich region 

All ADAMs contain a cysteine-rich region and this region may affect ADAM 

function. ADAM12, for instance, interacts with syndecans through the cysteine-

rich region.157 This interaction enables further engagement to β1-containing 

integrins.157 ADAM13 interacts with fibronectin through the disintegrin/cysteine-
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rich domains.158 It was also found through domain deletion analysis that ADAM17 

requires the cysteine-rich region to shed IL-1 Receptor-II but not for its ability to 

shed TNFa.159 These findings, among others, suggest that the cysteine-rich 

region is important for biological functions such as integrin-binding, cell adhesion, 

and protease activity. 

 

 1.5.5 EGF-like domain 

Most ADAMs, excluding ADAM10 and ADAM17, have an EGF-like 

domain.160 This domain is placed between the cysteine-rich domain and the 

transmembrane domain. Though the exact mechanism of action is unknown, it is 

thought that this domain acts to conform the shape of ADAMs into a C-shaped 

arm composed of the metalloproteinase domain, the disintegrin domain and the 

cysteine-rich domain.161 This structure may enable substrate recognition by 

allowing individual domains to interact with the same protein.  

 

 1.5.6 Cytoplasmic tail 

The cytoplasmic tails of ADAMs differ in terms of lengths and composition. 

Many cytoplasmic tails contain a Src homology 3 domain (SH3) binding sites or 

sites for phosphorylation.141 Binding partners to the cytoplasmic tail affect 

protease activity, intracellular transport, localization and cell signalling. A detailed 

list of binding partners for ADAM9, ADAM10, ADAM12, ADAM13, ADAM15, 

ADAM17 and ADAM22 has been previously documented.141 Phosphorylation of 

the cytoplasmic tail could regulate maturation, trafficking, membrane localization 
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and proteolytic activity of ADAMs. Cytoplasmic domain variants of ADAM15 in 

breast cancer indicate isoform specific associations with clinical outcome as well 

as effects on cell adhesion and migration.162 

 

1.6 ADAM15 

The particular ADAM that is being focused on for the following research is 

ADAM15 due to the ability of ADAM15 to impact transendothelial migration.163 

ADAM15 was first found to be expressed in human endothelial cells and then 

subsequently in animal vasculature.164, 165 It was found to have increased 

expression in the heart following MI.166 During atrial fibrillation, ADAM15 

expression was increased compared to during sinus rhythm in the human 

heart.167 ADAM15 has been linked to a endothelial permeability as 

overexpression of ADAM15 in human umbilical vein endothelial cell monolayers 

facilitated transendothelial migration of neutrophils.168 It was also involved in a 

vascular endothelial growth factor amplification loop that promoted ocular 

neovascularization.169 ADAM15 has also been linked to atherosclerosis by 

impairing endothelial permeability, and facilitating neutrophil and monocyte 

infiltration.163 ADAM15 has also been involved in vascular leakage during 

sepsis.170 

 

1.7 Rationale 

Although ADAM15 is involved in numerous processes that occur during a MI 

such as inflammation, this is the first attempt to study the role of ADAM15 in 
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ventricular remodeling following a MI. ADAM15 has been implicated in 

augmenting endothelial permeability, and this mechanism may play a role in 

post-MI remodeling by limiting the infiltration of inflammatory cells into the 

infarcted region.163, 168 

 

1.8 Hypothesis 

Absence of ADAM15 will preserve endothelial barrier and reduce the 

inflammatory response to an ischemic insult, and therefore be beneficial for post-

MI remodeling by reducing infarct expansion. 

 

 

 

1.9 Objectives 

Objective 1: To characterize the functional and structural changes in Adam15-/-

mice post-MI. 

Objective 2: To determine the role ADAM15 plays in affecting transmigration and 

leukocyte phenotypes. 

Objective 3: To identify the role ADAM15 plays in collagen deposition and scar 

formation. 

Objective 4: To determine the effect ADAM15 deletion has on fibroblast function. 

Objective 5: Identify a possible mechanism by which ADAM15 acts in a post-MI 

heart. 
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Chapter 2  

 

Materials and Methods 
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2.1 Animals and surgical procedure 

Myocardial infarction (MI) was induced in 11-13 week old male C57BL/6 (Wild-

type; WT), and A disintegrin and metalloproteinase-15 deficient mice (Adam15-/-

)165. Adam15-/- were purchased from Carl P. Blobel and bred in Health Sciences 

Laboratory Animal Services facilities at the University of Alberta.165 Mice were 

anesthetized and intubated prior to surgery by Dr. Faqi Wang, a technician in the 

Kassiri Lab. Mice underwent a left thoracotomy in the fifth intercostal space. The 

pericardium was opened to expose the LV and the LAD was ligated under the tip 

of the left atrial appendage. Muscle and skin was closed in layers with the use of 

a 6-0 silk suture.  Parallel sham-operated mice from each genotype served as 

controls. Heart function was assessed by echocardiography and speckle-tracking 

strain analysis at 3-day and 1-week post-MI/sham as before.171 Hearts were 

excised, flash-frozen in OCT medium, fixed in 10% formalin and processed for 

immunohistochemical analyses, or separated into infarct, peri- and non-infarcted 

regions and flash frozen for molecular analyses. All experiments were conducted 

in accordance with the guidelines of the University of Alberta Animal Care and 

Use Committee (ACUC) and the Canadian Council of Animal Care. 

 

2.2 Human explanted heart tissue 

Cardiac tissues from patients with post-MI heart failure were collected from the 

explanted hearts at the time of cardiac transplantation as part of the Human 

Explanted Heart Program (HELP) at the Mazankowski Alberta Heart Institute 

(Edmonton, AB). Non-failing control hearts were obtained through the Human 
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Organ Procurement and Exchange (HOPE) program (Edmonton, AB). All 

experiments were performed in accordance with the institutional guidelines and 

were approved by Institutional Ethic Committee. Informed consent was obtained 

from all subjects. 

 

2.3 Echocardiography and strain assessments 

Cardiac structure and systolic function were determined by noninvasive 

transthoracic echocardiography in anesthetized mice (0.75-1% isoflurane). Mice 

were placed on a heating pad while anesthetized, and mouse temperature and 

heart rate was constantly monitored during imaging. Ultrasound gel was applied 

to the chest, and the ultrasound probe was placed in contact with the ultrasound 

gel and scanning was performed over 30 minutes. Images were obtained through 

the use of a 30-MHz transducer (RMV-707B, Visual Sonics, Toronto, ON 

Canada) in conjunction with the Vevo 3100 imaging system (Visual Sonics, 

Toronto, ON Canada) Modified parasternal long axis EKV loops were also used 

to measure ejection fraction (EF) by Simpson’s method. M-mode images were 

used to measure left ventricular (LV) chamber sizes and wall thicknesses. 

Fractional area change (FAC), a measure of LV global systolic function, was 

measured by two-dimensional echocardiography in the apical four-chamber view 

by measuring the functional change in the area described by the LV endocardium 

at peak diastole and peak systole.171 The wall motion score index (WMSI) was 

calculated based on the American Society of Echocardiography recommended 

assessment of wall motion function.172 An increase in WMSI (>1) indicates 
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suppressed LV systolic wall motion. Strain analysis was performed using a 

speckle-tracking software (Vevo Strain Analysis Software). Hearts were manually 

traced and the software automatically calculated global longitudinal strain as well 

as segment specific longitudinal strain. These segments were defined as the 

posterior (apex, mid, base) and anterior (apex, mid, base). 

 

2.4 Histochemical and immunostaining analysis 

For histological analyses, freshly excised hearts were arrested in diastole in 1M 

KCl, fixed in 10% formalin and paraffin-embedded. Trichrome staining was used 

to identify morphological changes at 3 days and 1-week post-MI. Masson 

Trichrome staining was stained at the Alberta Diabetes Institute, Histology Core, 

University of Alberta, Edmonton, AB, Canada. All images were captured with a 

Leica DM4000B microscope using Infinity Capture Software (Lumenera, Ottawa, 

ON, Canada). 

 

Hearts excised 3-days post-MI were arrested in KCl, frozen in OCT medium, and 

sectioned using a microtome to 5 µm thick before being placed on a glass slide. 

stained for neutrophils (Ly-6B.2, AbD Serotec, MCA771GA), macrophages 

(CD68, AbD Serotec, MCA1975GA), fibronectin (Abcam, ab2413) and fibroblasts 

to detect inflammation and fibrosis. Cultured adult cFBs (cardiac fibroblasts) were 

fixed at the experimental endpoints, and stained for alpha-smooth muscle actin 

(Abcam, ab5694) to determine differences in fibroblast activation. Cells and heart 

sections were fixed in 4% paraformaldehyde, washed with PBS, permeabilized 
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with 0.1% Triton X-100 and incubated with 4% bovine serum albumin for non-

specific blocking. Antibodies were then added to sections and cells and 

incubated overnight at 4˚C. Sections were then washed with PBS (3 x 5 minutes) 

and incubated with fluorescent secondary Cy3 antibody at 37˚C for 1 hour. 

Sections were washed and mounted with Prolong Gold antifade mounting 

medium containing DAPI (Life Technologies). The sections were imaged using a 

fluorescent microscope and Metamorph Basic software (version 7.7.0.0) and 

quantification was completed using the same software. 

 

The Duolink Proximity Ligation Assay (PLA, Sigma Aldrich, DUO92105) was 

used to identify proteins that are less than 40 nm apart (signifying an interaction) 

and was completed using the manufacturer’s protocol. ADAM15 (Kerafast, 

EHS005) and p21-activated kinase-1 (PAK1, MyBioSource, MBS420711) were 

used as primary antibodies. OCT frozen heart sections from WT and Adam15-/- 

were fixed in 4% paraformaldehyde for 20 minutes and washed with PBS for 3 x 

5 minutes. The sections were permeabilized with 0.1% Triton X-100 for 5 minutes 

and blocked with Duolink blocking solution and incubated for 30 minutes at 37˚C. 

The primary antibodies listed above were added to the sections and incubated 

overnight at 4˚C. Sections were washed with Duolink II Wash Buffer A (2 x 5 

minutes). The PLA probes were diluted to the manufacturer’s specifications and 

were added to sections to be incubated at 37˚C. Sections were then washed with 

Wash Buffer A (2 x 5 minutes) and incubated with the ligase-ligation solution 

(prepared as per the manufacturer’s instruction) for 30 minutes at 37˚C. The 
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amplification solution was added to the sections and incubated at 37˚C for 100 

minutes. The sections were washed with Duolink Wash Buffer B for 10 minutes 

and mounted with Duolink II mounting medium and DAPI. Images were taken in 

the same manner as the aforementioned immunofluorescent imaging. 

 

2.5 Protein and mRNA extraction and analysis 

Flash-frozen hearts were segmented into infarcted, peri-infarcted, or non-

infarcted regions in MI hearts and used for protein and RNA extraction. Total 

protein was extracted from frozen tissues using Sigma Extraction Buffer 

(CellLytic, C2978) with protease inhibitors (Calbiochem, 539134, 524628) and 

phosphatase inhibitor cocktails (Sigma Aldrich, P5726) using a mechanical lyser. 

Samples were centrifuged at 14,000g for 15 minutes and total protein containing 

supernatant was then transferred to a new tube. Total protein concentration was 

determine using Bio-Rad DC protein assay using a clear flat bottom 96-well plate 

and spectrophotometric plate reader at 750 nm. SDS based electrophoresis was 

used to run protein samples and for transfer of loaded protein from gel to 

polyvinylidene fluoride (PVDF) membrane. The appropriate amount of protein 

concentration was prepared by combining the calculated volume of protein 

extract, PBS and loading dye buffer and boiled for 5 minutes. After running the 

SDS gel, proteins were then transferred to the PVDF membrane at 250 mA for 2 

hours at 4˚C. Membranes were blocked with 3% BSA for 2 hours at room 

temperature. Primary antibodies (ADAM15, Kerafast, EHS005; ADAM15, R&D 

Systems, MAB945-SP; LOX-1, Abcam, ab31238; Fibronectin, Abcam, ab2413; 
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PAK1, Cell Signaling Technology, 2602S) were then added to the membrane 

overnight at 4˚C at concentrations ranging from 1:1000 to 1:2000 in 3% BSA. 

The membranes were washed with Tris-buffered saline with 0.1% Tween, 

followed by incubation with the appropriate species based horse radish 

peroxidase-linked secondary antibody at room temperature for 1 hour. 

Membranes were then washed with the tris-buffered saline with 0.1% Tween, 

and Enhanced Chemiluminescence (ECL Prime, GE Amersham, Baie d’Urfe, QC 

Canada) was added to the membrane. The PVDF membrane was imaged using 

a luminescent image analyzer with a chemiluminescence-sensitive camera (GE 

Image Quant 4000, GE). The PVDF membrane was then stripped with a stripping 

buffer for 20 minutes at room temperature for subsequent immunoblotting of the 

membrane. Membranes were stained with a membrane stain (memcode, 

Thermofischer, 24580) and used as loading control. Band intensity was 

quantified using ImageQuant TL software (Version 7.0, GE healthcare) and 

normalized to loading control. 

 

Total RNA was extracted using TRIzol Reagent (Life Technologies) according to 

the manufacturer’s protocol and TaqMan RT-PCR was used for quantification as 

before.171 Tissue samples were homogenized in 500 µL of TRIzol in RNAase free 

centrifuge tubes in a tissue lyser (Qiagen, Germany, 85300), followed by 

centrifugation at 12,000 x g at 4˚C for 10 minutes. The supernatant was 

transferred to another RNAase free tube and 200 µL of chloroform was added. 

The tubes were shaken vigorously for 10 seconds, incubated at room 
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temperature for 3 minutes and centrifuged at 12,000 x g at 4˚C for 15 minutes. 

The upper colorless aqueous phase containing RNA was transferred to an 

RNAase free tube and 500 µL of isopropanol was added prior to overnight 

incubation at -20˚C. The samples were then centrifuged at 12,000 x g at 4˚C for 

10 minutes and the supernatant was discarded. The pellet was washed with 75% 

ethanol and then the tubes were centrifuged at 7,500 x g at 4˚C for 5 minutes. 

The supernatant was removed, the pellet was air-dried for 10 minutes and then 

dissolved in 20 µL of RNAase free water for quantification using the Nanodrop 

1000 spectrophotometer (Nanodrop, Wilmington, DE, USA). Reverse 

transcription was performed on RNA samples to generate complementary DNA 

(cDNA). For each gene, mouse brain cDNA samples were used to generate a 

standard curve of known concentrations. TaqMan primer/probe cocktails were 

purchased from Life Technologies Corporation. Hypoxanthine-guanine 

phosphoriobsyltransferase (HPRT) and 18S (Ribosomal RNA) was used as an 

internal control.173 TaqMan assay ID for all genes are listed in Table 2.1. All 

values were expressed as relative expression (R.E) and samples were run in 

triplicate in 384-well plates. 
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Table 2.1 Mouse assay IDs for TaqMan real-time PCR 

Gene Name Protein Name Assay ID 

Adam9 A disintegrin and metalloproteinase 9 Mm01218460_m1 

Adam10 A disintegrin and metalloproteinase 10 Mm00545742_m1 

Adam12 A disintegrin and metalloproteinase 12 Mm00475719_m1 

Adam15 A disintegrin and metalloproteinase 15 Mm00477328_m1 

Adam17 A disintegrin and metalloproteinase 17 Mm00456428_m1 

Ccl3 Chemokine (C-C motif) ligand 3 Mm00441259_g1 

Ccl5 Chemokine (C-C motif) ligand 5 Mm01302428_m1 

Cd38 Cluster of differentiation 38 Mm01220906_m1 

Cd168 Cluster of differentiation 168 Mm00469183_m1 

Cd206 Cluster of differentiation 206 Mm01329362_m1 

Col1α1 Collagen type I alpha 1 chain Mm00801666_g1 

Col1α2 Collagen type I alpha 2 chain Mm00483888_m1 

Col3α1 Collagen type 3 alpha 1 chain Mm00802300_m1 

Egr2 Early growth response protein 2 Mm00456650_m1 

Fn-1 Fibronectin Mm01256742_m1 

Hprt Hypoxanthine-guanine 
phosphoribosyltransferase 

Mm03024075_m1 

Il-1ß Interleukin 1 beta Mm00434228_m1 

Il-6 Interleukin 6 Mm00446190_m1 

Lox-1 Lysyl oxidase 1 Mm00495386_m1 

Mcp-1 Monocyte chemoattractant protein 1 Mm00441242_m1 

Tnfα Tumor necrosis factor alpha Mm00443258_m1 

Ym1 Chitinase 3-like 3 Mm00657889_mH 

αSma Alpha smooth muscle actin Mm01546133_m1 

 

2.6 Hydroxyproline assay 

Frozen LV tissue was lyophilized, weighed (dry weight), pulverized, resuspended 

in 1M NaCl with protease and phosphatase inhibitors, tumbled overnight at 4°C, 

and centrifuged. The supernatant contained the NaCl-soluble collagen (non-

crosslinked collagen), while the pellet contained the NaCl-insoluble collagen 

(mature cross-linked fibrillar collagen). For the subsequent steps, each collagen 

fraction was processed separately. Collagen fractions underwent complete acid 

hydrolysis with 6N HCl for 18 hours at 120°C, then neutralized to pH 7 with 12N 
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NaOH. For 50uL of sample fraction, 25uL of 1.4% chloramine T solution 

(dissolved in 50% n-propanol, and 1M citrate buffer, pH 6.5) was added at 1:5 

ratio for hydroxyproline oxidation, and incubated for 20 minutes at room 

temperature. Ehrlich’s reagent (60% perchloric acid, 15mL n-propanol, and 3.75g 

p-dimethyl-amino-benzaldehyde) was added to neutralize the chloroamine T (20 

minutes, 60°C). Absorbance was measured at 558 nm. Soluble and insoluble 

collagen fraction contents are reported as micrograms of hydroxyproline per 

milligram LV dry weight (µg/mg tissue). Total collagen content was calculated as 

the sum of the soluble collagen and the insoluble collagen. 

 

2.7 Second harmonic generation 

Whole frozen mouse heart tissues were thawed at room temperature and 

immobilized on a flat surface inside a small dish. These unstained unfixed heart 

tissues were washed several times with the phosphate buffed saline (PBS) solution 

and finally immersed in the same PBS solution. Second harmonic generation 

(SHG) and multiphoton excitation fluorescence (MPEF) microscopy methods were 

used to show the structural remodeling of the collagen matrix in these ex-vivo 

mouse heart tissues. The nonlinear optical imaging methods are as described 

previously.174 Specifically, a femtosecond IR laser source can induce harmonic 

generation signals from fibrillar collagens, enabling direct visualization of fibrillar 

collagens without the use of exogenous probes, histological sectioning or staining. 

The laser used for SHG as well as the endogenous fluorescence emissions was a 

mode-locked femto-second Spectra-Physics InSight DS femtosecond single-box 
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laser system with automated dispersion compensation tunable between 680-1300 

nm (Spectra-Physics, Mountain View, CA). The laser output was attenuated using 

AOTF and the average power was consistently maintained below the damage 

threshold of the samples. The power attenuated laser was directed to a Nikon scan 

head coupled with Nikon upright microscope system (Nikon Instruments, New 

York). The laser beam tuned to 880 nm was then focused on the specimen through 

a high numerical aperture, low magnification, long working distance, dipping 

objective, CFI75 Apo Water 25X/1.1 LWD 2.0mm WD specifically designed for 

deep tissue imaging and other ex vivo / in vivo/ in vitro imaging.  Upon entering the 

microscope, the laser beam was directed to the scanning mirrors and subsequently 

focused on the specimens. The backscattered emission from the sample was 

collected through the same objective lens. Nikon Element Software was used for 

the image acquisition. In the reflection mode, non-descanned high-sensitivity 

GaAsP detectors were used for very efficient SHG and endogenous fluorescence 

signals. A 750 nm Dichroic was used to prevent the scattered IR laser radiation 

from reaching the detector and a 460 nm long pass dichroic beam splitter (460 

XLRU, Chroma Technology, USA) was used to separate SHG signal from the other 

endogenous fluorescence signals.  

 

For 3D image data set acquisition, the multiphoton excitation beam tuned to 880 

nm was first focused at the maximum signal intensity focal position within the tissue 

sample and the appropriate detector levels (both the gain and offset levels) were 

then selected to obtain the pixel intensities within range of 0-4095 (12-bit images) 
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using a color gradient function. Later on, the beginning and end of the 3D stack 

(i.e. the top and the bottom optical sections) were set based on the signal level 

degradation. The 3D stack images with optical section thickness (z-axis) of 

approximately 1.0 µm were captured from tissue volumes. For each tissue volume 

reported here, z-section images were compiled and finally the 3D image 

restoration was performed using VOLOCITY (Perkin Elmar, UK). We calculated 

the voxel volume of the 3D image data set occupied fibrillar collagens using the 

following procedure.  The volume estimation was performed on the 3D SHG image 

data sets recorded from at least 5 different areas. The depth of the tissue subjected 

to the analysis ~200 µm thickness. We applied a noise removal filter whose kernel 

size of 3X3 to remove noise, and the lower threshold level in the histogram was 

set to exclude all possible background voxel values. Sum of all the voxels above 

this threshold level is determined to be total fibrillar collagens volume.  We then 

systematically compared 3D image volume of tissues generated using similar 

imaging conditions. Student t-tests were used to evaluate statistical significance 

with a p < 0.05 considered to be statistically significant. 

 

 

 

2.8 Adult cardiac fibroblast isolation and culture 

CFBs (cardiac fibroblasts) were isolated from adult WT and Adam15-/- mice. 11-

13 week old mice were injected with 0.05 mL of 1000 USP/mL heparin for 15 

minutes prior to being anesthetized with 2% isoflurane. The heart was excised 
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and perfused at a constant flow (4 mL/min) with perfusion buffer followed by 

digestion solution containing collagenase type 2 (Worthington). The LV was 

separated and dissociated into small pieces using forceps and a transfer pipette 

in stopping buffer (perfusion buffer + 10% fetal bovine serum [FBS]). 

Cardiomyocytes and cFBs were separated by differential centrifugation. The cFB 

fragment was centrifuged (1500 rpm) and plated in culture dishes coated with 1% 

gelatin (Sigma). cFBs were cultured in DMEM + 10% FBS (Gibco) in a humidified 

incubator (37C, 5% CO2), and were used in the described experiments at 

passage 2. Prior to experiments, cells were cultured under serum-deprived 

conditions for 24 hours. The cFBs were randomized into 2 groups and treated for 

24 hours: (1) Control, cells were changed to fresh Eagle’s DMEM and incubated 

under normoxic conditions (21% Oxygen); (2) Nutrient deprivation, cells were 

incubated in Kreb’s modified buffer (120.4mM NaCl, 14.7mM KCl, 0.6mM 

KH2PO4, 0.6mM Na2HPO4, 1.2mM MgSO4- 7H2O, 10mM Na-HEPES, 4.6mM 

NaHCO3 and 1mM CaCl2) and incubated under normoxic conditions (21% 

oxygen) [5]; (3) Hypoxic, cells were incubated in fresh Eagle’s DMEM and 

incubated under hypoxic conditions (1% Oxygen); (4) Ischemia, cells were 

incubated in Kreb’s modified buffer (120.4mM NaCl, 14.7mM KCl, 0.6mM 

KH2PO4, 0.6mM Na2HPO4, 1.2mM MgSO4- 7H2O, 10mM Na-HEPES, 4.6mM 

NaHCO3 and 1mM CaCl2) and incubated under hypoxic conditions (1% oxygen). 

At the end of the protocol cFBs were fixed for immunostaining with 4% 

paraformaldehyde, or harvested for protein or mRNA analyses as before.175 
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2.9 Statistical Analysis 

All statistical analysis was performed using the IBM SPSS software. All data 

were tested for normal distribution by the Shapiro-Wilks Normality Test. The 

comparison among groups was performed using two-way ANOVA followed by 

the Bonferroni post-hoc test. Unpaired student’s t-test was used for comparison 

between two groups. Averaged values are presented as Mean ± SEM. Statistical 

significance was recognized at p < 0.05. 
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Chapter 3 

Results 
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3.1 Loss of ADAM15 impairs recovery from myocardial infarction 

We investigated the role of ADAM15 in post-MI remodeling in response to a 

permanent ligation of the LAD. Protein levels of ADAM15 were decreased in the 

infarcted region of WT mice following MI compared to the WT sham group 

(Figure 3Ai). The peri-infarcted and non-infarcted region of the WT hearts had 

similar protein levels of ADAM15 as the WT sham group. In the ischemic heart of 

humans, ADAM15 was decreased when compared to the non-failing control 

(Figure 3Aii). After 1 week of ligation Adam15-deficient mice had 28 cumulative 

(out of 49 total mice) LV rupture deaths compared to 2 LV rupture deaths in WT 

mice (out of 21 total mice) (Figure 3B). Trichrome staining highlights the dilation 

and subsequent infarct expansion in the WT and Adam15-/- mouse hearts at 3 

days and 1-week post-MI (Figure 3C). Ultrasound analyses at 3d post-MI 

indicated reduced LV function in Adam15-/- mice. Adam15-/- mice show higher 

WSMI (2.2 vs 1.8), and less EF (24% vs. 30%) compared to WT; but this 

difference goes away at 1 week, perhaps because the susceptible mice die of 

rupture between days 3 and 7 post-MI (Table 3.1). The left atrial size was 

increased in both genotypes following MI and the Adam15-/- 1-week post-MI 

showed the largest increase. Both systolic and diastolic volume were increased 

post-MI for both genotypes, which illustrates the extent of LV dilation. At 3 days 

post-MI, Adam15-/- mice had a reduced cardiac output compared to both 

Adam15-/- sham and the corresponding WT group. This rebounded at 1-week 

post-MI as both Adam15-/- and WT mice had similar cardiac outputs compared to 

their respective shams. Both 3 days and 1-week post-MI mice experienced a 
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drastic decrease in the fractional area change. The heart wall parameters (IVS, 

LVID, LVPW) highlight the drastic thinning of the heart wall and expansion of the 

LV chamber that occurs post-MI for both genotypic mice. The isovolumic 

relaxation time and isovolumic contraction time are both impaired post-MI with 

Adam15-/- 3 days post-MI having a more severe impairment than the WT 

counterpart. The E-wave and A-wave are decreased in both Adam15-/- and WT 

mice following MI, which indicates impaired LV filling and diastolic dysfunction. 

The global longitudinal strain (GLS) is impaired post-MI as the less negative a 

number the worse the impairment. 

 

Although GLS did not show a difference between genotypes post-MI, it is 

possible to analyze specific segments of the heart for their own longitudinal 

strain. These segments are the anterior base, anterior mid, anterior apex, 

posterior base, posterior mid, and posterior apex. As the infarct expands in post-

MI hearts it begins to occupy more of the previously mentioned segments, 

limiting their movement. As shown in Figure 4A, the strain analysis indicates an 

increasing ventricular dyssynchrony with time post-MI. It also highlights how 

different segments are affected with infarct expansion. Figure 4B is the 

quantification of the peak longitudinal strain present during a heartbeat for each 

segment. Following MI, both WT and Adam15-/- mice have impaired strain in the 

anterior and posterior apex, the anterior and posterior mid, and the anterior base. 

The key finding was that the endocardial side of the posterior base in the 

Adam15-/- mice post-MI was drastically worse than the WT mice at both 3 days 
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and 1-week MI. This could be due to an increased infarct expansion into the 

region. 

 

 

Figure 3. Absence of Adam15 leads to left ventricular rupture. (Ai) 

Representative immunoblot analysis for ADAM15 in the heart from WT and 

Adam15-/- mice following sham or MI surgery. (Aii) Representative immunoblot 

analysis for ADAM15 from human heart samples. (B) Kaplan-Meier survival 

curve showing the percentage of survival after surgery for each genotype. (C) 

Representative trichrome staining of whole hearts from WT and Adam15-/- mice 

at specified time-points 

 

C 
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Figure 4. Loss of Adam15 impairs contraction of the posterior base at 3 

days and 1-week post-MI compared to sham groups. (B) Strain quantification of 

different areas of strain analysis of the LV. Averaged values represent Mean ± 

SEM. Sample size n=7-13 hearts/genotype/group. #p < 0.05 vs corresponding 

WT group. 

 

 Sham 3-day MI 1-week MI 

Parameters WT ADAM15KO WT ADAM15KO WT ADAM15KO 

n 10 14 9 8 12 12 

LV Systolic 

Volume, µL 

27.7 ± 

2.8 

25.8 ± 1.5 64.9 ± 

5.7* 

69.8 ± 5.2* 106.0 ± 

9.4* 

110.6 ± 10.7* 

LV Diastolic 

Volume, µL 

65.7 ± 

4.3 

61.7 ± 2.9 91.7 ± 

5.7* 

91.2 ± 6.5* 139.1 ± 

9.2* 

142.6 ± 11.3* 

LV Ejection 

Fraction, % 

58.3 ± 

2.4 

58.0 ± 1.8 30.1 ± 

2.1* 

21.4 ± 1.6#* 24.9 ± 

2.1* 

23.3 ± 1.8* 

CO, mL/min 18.0 ± 

1.4 

16.7 ± 1.2   14.0 ± 

0.7* 

10.2 ± 0.8#* 17.4 ± 

1.2 

16.1 ± 1.5 

FAC, % 47.7 ± 

3.5 

50.2 ± 2.5 15.7 ± 

3.2* 

11.8 ± 2.1* 7.8 ± 

1.8* 

10.9 ± 2.7* 

Heart Rate, 

beats/min 

467 ± 

16 

466 ± 9 522 ± 

21 

466 ± 8# 500 ± 

13 

482 ± 18 

WMSI 1.00 ± 

0.00 

1.00 ± 0.00 1.83 ± 

0.04* 

2.10 ± 

0.05#* 

2.05 ± 

0.08* 

2.11 ± 0.06* 

GLS, % -21.6 ± 

1.00 

-24.2 ± 2.22 -6.57 ± 

1.12* 

-3.91 ± 

1.01* 

-4.06 ± 

1.12* 

-3.01 ± 0.73* 

Left Atrial 

Size, mm 

1.98 ± 

0.08 

1.89 ± 0.1 2.64 ± 

0.11* 

2.75 ± 0.18* 2.16 ± 

0.12* 

2.64 ± 0.12#* 
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IVSd, mm 0.83 ± 

0.13 

0.69 ± 0.03 0.66 ± 

0.05* 

0.64 ± 0.11 0.56 ± 

0.04* 

0.76 ± 0.09 

IVSs, mm 1.00 ± 

0.03 

1.05 ± 0.06 0.80 ± 

0.07* 

0.71 ± 0.12* 0.63 ± 

0.05* 

0.94 ± 0.13 

LVIDd, mm 3.78 ± 

0.07 

3.90 ± 0.10 4.61 ± 

0.16* 

4.66 ± 0.12* 5.79 ± 

0.18* 

5.26 ± 0.29* 

LVIDs, mm 2.73 ± 

0.07 

2.69 ± 0.07 4.01 ± 

0.23* 

4.36 ± 0.12* 5.45 ± 

0.19* 

4.73 ± 0.38* 

LVPWd, mm 0.74 ± 

0.05 

0.80 ± 0.03 0.80 ± 

0.08 

0.59 ± 

0.05#* 

0.75 ± 

0.06 

0.84 ± 0.09 

LVPWs, mm 1.06 ± 

0.06 

1.15 ± 0.03 0.94 ± 

0.08 

0.65 ± 

0.06#* 

0.86 ± 

0.07* 

0.98 ± 0.12 

E-wave, 

mm/s 

481.1 

± 44.2 

457.6 ± 20.2 359.6 

± 30.5* 

269.6 ± 

17.3* 

342.3 ± 

36.5* 

317.0 ± 42.2* 

A-wave, 

mm/s 

330.1 

± 38.2 

305.4 ± 22.9 203.2 

± 55.7 

155.9 ± 

14.1* 

180.2 ± 

15.4* 

125.4 ± 41.6* 

DT, ms 17.4 ± 

1.1 

15.3 ± 1.5 8.5 ± 

1.7* 

10.8 ± 1.6 11.5 ± 

1.8* 

6.7 ± 1.3# 

IVRT, ms 14.0 ± 

0.9 

13.2 ± 0.50 18.1 ± 

0.9* 

22.0 ± 0.5#* 22.4 ± 

1.7* 

22.5 ± 1.6* 

IVCT, ms 12.6 ± 

0.9 

12.5 ± 0.7 19.6 ± 

1.0* 

20.5 ± 1.2* 19.7 ± 

1.4* 

23.8 ± 1.7 

E/A 1.5 ± 

0.1 

1.6 ± 0.1 2.5 ± 

1.4 

1.6 ± 0.3 2.3 ± 

0.2* 

2.1 ± 0.6 

E’, mm/s 19.7 ± 

2.3 

19.9 ± 1.4 14.4 ± 

1.6 

9.5 ± 1.7* 14.1 ± 

1.6 

12.3 ± 2.0 

A’, mm/s 15.0 ± 

0.1 

16.0 ± 1.0 11.6 ± 

1.2* 

8.3 ± 1.3* 14.3 ± 

1.2 

12.5 ± 2.2 

E’/A’ 1.4 ± 

0.1 

1.2 ± 0.05 1.3 ± 

0.1 

1.3 ± 0.3 1.0 ± 

0.1* 

1.0 ± 0.07* 
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A’/E’ 0.8 ± 

0.06 

0.8 ± 0.03  0.8 ± 

0.06  

1.0 ± 0.2 1.1 ± 

0.1 

1.06 ± 0.11 

E/E’ 26.6 ± 

2.8 

22.0 ± 1.3 26.9 ± 

3.1 

34.6 ± 6.1 29.7 ± 

3.3 

29.3 ± 3.7 

Table 3.1 Echocardiographic assessment of heart function in WT and 

Adam15-/- mice and corresponding shams at 3 days and 1-week post-MI. 

LV=Left ventricle; CO=Cardiac output; FAC=Fractional area change; WMSI=Wall 

motion score index; GLS=Global longitudinal strain; IVS=Interventricular septum 

at the end of systole (IVSs) or diastole (IVSd); LVID=LV internal diameter at the 

end of systole (LVIDs) or diastole (LVIDd); LVPW=LV posterior wall thickness at 

the end of systole (LVPWs) or diastole (LVPWd); E-wave=early transmitral peak 

velocity; A-wave=transmitral inflow velocity due to atrial contraction; 

DT=deceleration time of E-wave; IVRT=Isovolumic relaxation time; 

IVCT=Isovolumic contraction time; E’=Early tissue Doppler velocity; A’=Tissue 

Doppler velocity due to atrial contraction.  #p < 0.05 between corresponding 

genotypes. *p < 0.05 between corresponding sham group. 

 

3.2 Impact of Adam15-deficiency in inflammatory response following  

myocardial infarction 

One of the aforementioned characteristics of MI pathogenesis is the infiltration of 

myocardium by inflammatory cells to clear debris and cells to prepare the 

myocardium for scar formation. Because ADAM15 has been linked to endothelial 

permeability and subsequently affects inflammatory infiltration, we investigated if 
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the severity of inflammation or subpopulations of inflammatory cells in the 

myocardium post-MI were altered with Adam15-deficiency. 

 

Immunohistochemical staining of post-MI hearts using a neutrophil (Ly-6B.2; AbD 

Serotec) and macrophage (CD68; AbD Serotec) specific antibodies indicated that 

both the neutrophil and macrophage populations increased in number in the 

infarcted and non-infarcted region. However, there was no difference between 

genotypes. (Figure 5A-B). Using Taqman RT-PCR, we quantified the relative 

expression of pro-inflammatory, antifibrotic M1 (IL-1β, IL-6, Ccl3, Mcp-1, Cd38, 

Tnfα) and anti-inflammatory and profibrotic M2 (Cd168, Cd206, Egr2, Ym1, Ccl5) 

macrophage phenotypes (Figure 5C-D). IL-1β was increased in both the infarcted 

and peri-infarcted regions of the heart in both genotypes, but the increase of IL-

1β in infarcted region of the WT mice was not mirrored to the same extent in the 

Adam15-/- mice. IL-6, Ccl3, and Mcp-1 were increased globally throughout the 

hearts of both Adam15-/- and WT mice following MI with the infarcted region 

showing the greatest increase. Ccl3, like IL-1β, was decreased in the infarct of 

Adam15-/- mice compared to the infarcted region of the WT mice. Tnfα was 

increased in both the infarcted regions Adam15-/- and WT mice but there was no 

genotype specific differences. Cd168 was increased globally post-MI. Adam15-/- 

mice had less expression of Cd168 in their peri-infarcted region than the WT 

mice. Cd206 was also increased globally following MI, but no region specific 

increases were identified. Egr2 expression was similar to Cd168 in that Egr2 was 

globally increased but there was a significant difference between Adam15-/- and 



48 

WT mice in the peri-infarcted region. Ym1 showed regional specificity with 

increases in the infarcted region, and similar increases between the peri-infarcted 

and non-infarcted regions of both mice. Adam15-/- mice had less of an increase in 

the peri-infarcted region that the WT mice. Ccl5 indicated the most drastic 

difference between genotypes with Adam15-/- mice having significantly less Ccl5 

expression in all regions post-MI when compared to WT mice. Although Ccl5 

showed signifcant differences between genotypes, there was not enough 

evidence to conclude that there was a difference in macrophage subpopulations 

between Adam15-/- and WT mice following MI.  
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Figure 5. Absence of ADAM15 does not affect the inflammatory response 

post-MI. (A) Representative images of macrophage staining with CD68 primary 

antibody with DAPI nuclear staining. Quantification was done by counting 

overlaying red and blue stains per field of view. (B) Representative images of 

neutrophil staining with Ly6 B.2 with DAPI nuclear staining. Quantification was 

done by computer analysis that counted red pixels that indicated neutrophil 

positive staining per field of view. (C) mRNA expression of M1 macrophage 

markers. (D) mRNA expression of M2 macrophage markers. Averaged values 

represent Mean ± SEM. N.D. = not detectable. R.E. = relative expression. 

#p<0.05 vs. corresponding WT group. 

 

3.3 Absence of ADAM15 markedly impairs collagen fiber organization and 

assembly 

Having identified that the inflammatory response could not explain the increased 

rupture rate of Adam15-/- mice, the next logical progression was to identify 

whether or not fibrosis was the underlying culprit. Fibrosis occurs after the 

resolution of inflammation. As M1 macrophages phagocytize the remaining 

neutrophils, they undergo a phenotypic switch to become M2 macrophages.176 

These macrophages release TGF-β and cause cardiac fibroblasts to activate and 

become cardiac myofibroblasts. These myofibroblasts produce and secrete 

collagen into the interstitium to fill in the space created by the absence of 

cardiomyocytes. As we could not identify a specific inflammatory factor that could 

mediate a difference in LV rupture between genotypes, fibrosis (or lack thereof) 

could be the mediating factor. Following this process of fibrosis, we decided to 
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examine the protein and mRNA expression of collagen, collagen cross-linking 

enzyme lysyl oxidase-1 (LOX-1), the separate fractions of cross-linked versus 

noncross-linked collagen, the activation of myofibroblasts, and the morphology of 

the collagen present using second harmonic generation (SHG) of the WT and 

Adam15-/- mice post-MI. 

 

We found that the collagen fibers in the infarct region of Adam15-/- mice were 

more sparse and more disarrayed compared to WT mice, as shown by SHG 

imaging and quantification (Figure 6A). Using a hydroxyproline assay, we 

separated the cross-linked (insoluble) and noncross-linked (soluble) collagen 

fractions. Adam15-/- mice had decreased cross-linked collagen and increased 

noncross-linked collagen (Figure 6B). Total collagen (soluble + insoluble 

collagen) was decreased in the infarcted region of the Adam15-/- hearts, similar to 

the SHG imaging. LOX-1, a collagen cross-linking enzyme, had reduced 

expression and protein levels in the Adam15-/- mice post-MI compared to the WT 

mice (Figure 6Ci/ii). This may be the protein responsible for the reduced cross-

linking seen in the hydroxyproline assay.112 mRNA expression of Col1α1 and 

Col1α2 were reduced in Adam15-/- mice hearts post-MI in the peri-infarcted and 

non-infarcted regions, whereas Col3α1 was increased in the non-infarcted region 

of Adam15-/- mice hearts compared to the WT mouse hearts (Figure 6D). This is 

also a contributing factor to rupture, as with less collagen expression there will be 

less scar formation and increased rupture susceptibility. αSMA expression, a 

marker of cardiac myofibroblast transformation, was decreased in the hearts of 
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Adam15-/- mice compared to the WT mice post-MI in the peri-infarcted and non-

infarcted regions (Figure 6D). As it was not different between genotypes in the 

infarcted area, this may suggest that myofibroblast transformation has multiple 

pathways that are activated without the presence of ADAM15 in a severely 

damaged area such as the infarct zone. However, these pathways may not 

activate in less damaged areas, such as the peri- and non-infarcted regions, and 

the loss of ADAM15 is noticeable on myofibroblast transformation. This 

difference is also reflected in collagen expression in these hearts, where the 

increased presence of myofibroblasts in the infarcted area mirrors the increased 

expression of collagen. 

 

 



52 

 

Figure 6. Absence of ADAM15 attenuates fibrotic response to a myocardial 

infarction. (A) Representative second harmonic generation (SHG) images, and 

their quantification after sham or MI surgery. (B) Hydroxyproline assay results 

quantifying the cross-linked (insoluble), noncross-linked (soluble) and total 

(insoluble + soluble) collagen in the heart post-MI. (C) Representative 
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immunoblots, quantification and expression of collagen cross-linking enzyme 

LOX-1. (D) TaqMan mRNA expression of fibrotic markers in the heart after MI in 

the indicated groups. HPRT=Hypoxanthine-guanine phosphoribosyltransferase. 

LOX-1=Lysyl oxidase-1 (protein); Lox-1=Lysyl oxidase-1 (mRNA). 

Col1α1=Collagen type I alpha 1 chain (mRNA); Col1α2=Collagen type I alpha 2 

chain (mRNA); Col3α1=Collagen type III alpha 1 chain (mRNA); αSMA=alpha 

smooth muscle actin. Averaged values represent Mean ± SEM. #p<0.05 vs. 

corresponding WT group. 

 

3.4 Reduced fibronectin content in the Adam15-deficient infarcted 

myocardium 

Activation of myofibroblasts is a critical step in fibrosis, and as such we looked for 

a possible link between ADAM15 and this activation process. Reduced 

myofibroblast activation leads to reduced collagen production, cross-linking and 

deposition. As shown previously through αSMA expression, Adam15-/- mice 

hearts post-MI have reduced myofibroblast activation in the peri-infarcted and 

non-infarcted regions as compared to WT counterparts. Fibronectin (FN) has 

previously been found to be necessary for myofibroblast activation following an 

ischemic event in the heart, and that FN is elevated in post-MI hearts.177 We 

found that Adam15-/- mice post-MI had reduced fibronectin protein levels in the 

infarcted myocardium in vivo (Figure 7Ai) and reduced mRNA expression of Fn-1 

in the infarcted and peri-infarcted regions (Figure 7Aii) compared to the WT mice. 

Fibronectin protein and expression was elevated in both Adam15-/- and WT mice 
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in the infarct moreso than the peri-infarcted regions. Immunostaining was 

performed, and the reduction in fibronectin in the infarcted regions of the 

Adam15-/- mice hearts was visualized (Figure 7B). The higher magnification 

insets highlight the disparity between the infarcted regions of the Adam15-/- and 

WT mice, while the sham, peri-infarcted, and non-infarcted regions are less 

easily distinguished between the genotypes. 
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Figure 7. Adam15-deficient mice have reduced fibronectin expression and 

secretion. (Ai) Representative immunoblot and quantification of fibronectin. (Aii) 

Quantification of fibronectin expression in vivo. (B) Representative 

immunofluorescent staining for fibronectin after sham or MI surgery. Insets show 

higher magnification image. HPRT=Hypoxanthine-guanine 
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phosphoribosyltransferase. FN-1=Fibronectin (protein); Fn-1=Fibronectin 

(mRNA). Averaged values represent Mean ± SEM. #p<0.05 vs. corresponding 

WT group. 

 

3.5 In adult cardiac fibroblasts lacking ADAM15, activation in response to 

ischemia is suppressed 

To assess the possibility that ADAM15 can influence the activation of 

myofibroblasts, we isolated cardiac fibroblasts (cFBs) from both Adam15-/- and 

WT hearts to assess the possible role of ADAM15. Using an in vitro ischemia 

model (hypoxic environment with a lack of nutrients, e.g. glucose, amino acids, 

etc.), our goal was to eliminate other external influences and have the cells 

subjected to experimentation generate their own microenvironment within the cell 

culture dishes in response to the experimental stimuli. We found that WT cFBs 

showed decreased ADAM15 protein levels in the nutrient deprivation and 

ischemia groups compared to the normoxia group (Figure 8A). We surmised that 

ADAM15 plays a role in myofibroblast activation, and that it could be through 

fibronectin. Fibronectin protein and expression is decreased in both Adam15-/- 

and WT cFBs in the ischemia group, with Adam15-/- cFBs having less fibronectin 

protein and mRNA than WT cFBs (Figure 8B). Adam15-/- cFBs did not undergo 

transformation into myofibroblasts whereas the WT cFBs showed marked 

increase in αSMA in response to ischemia (Figure 8C). Normoxia and nutrient 

deprivation did not affect αSMA staining in either genotype, but both hypoxia and 

ischemia groups increased αSMA staining in the WT but not Adam15-/- cFBs. 

This highlights the activation of fibroblasts in response to the in vivo related 
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experimental ischemic group. LOX-1 was decreased uniformly in the ischemic 

group of both genotypes as compared to the normoxia treated cFBs (Figure 8D).  
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Figure 8. Presence of ADAM15 promotes activation of fibroblasts. (A) 

Representative immunoblot, and quantification of ADAM15 in cardiac fibroblasts 

in their respective experimental conditions in vitro. (B) Representative 

immunoblot, quantification, and expression of fibronectin in cardiac fibroblasts in 

their respective experimental conditions in vitro. (C) Representative 

immunofluorescent staining of α-smooth muscle actin (αSMA; red), a marker for 

myofibroblast transformation, of cardiac fibroblasts in their respective 

experimental conditions in vitro. Insets show higher magnification image. (D) 
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Representative immunoblot, quantification, and expression of lysyl oxidase-1 in 

cardiac fibroblasts in their respective experimental conditions in vitro. Averaged 

values represent Mean ± SEM. #p<0.05 vs. corresponding WT group. 

 

3.6 ADAM15 initiates activation of PAK1 and induces expression of 

Fibronectin and Lox1 in vivo and in vitro 

We identified p21-activated kinase-1 (PAK-1) as a possible protein to link 

fibronectin to ADAM15. PAK-1 is a transcription factor that promotes fibronectin 

transcription.178 As such, we began looking at the protein expression of PAK-1. 

We found that PAK-1 is decreased, compared to WT mice, in the infarcted, peri-

infarcted and non-infarcted regions of Adam15-/- mice post-MI (Figure 9A). It is 

also decreased in vitro in the ischemic group of isolated cardiac fibroblasts from 

Adam15-/- mice (Figure 9B). This led us to determine whether ADAM15 interacts 

with PAK-1. Using a proximity ligation assay (PLA) on histological samples, we 

found that ADAM15 physically interacts with PAK-1, with more interactions 

occurring in the infarcted and peri-infarcted region of the WT mice (Figure 9C). 

This highlights that ADAM15 is required for PAK1 to induce fibronectin 

expression and cause myofibroblast transformation. 
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Figure 9. ADAM15 interacts with PAK1. (A) Representative immunoblot and 

quantification of PAK1 in sham and MI hearts. (B) Representative immunoblot 

and quantification of PAK1 protein levels in primary cardiac fibroblast culture. (C) 

Representative immunostaining of proximity ligation assay images for the 

interaction of PAK1 and ADAM15 in heart samples. In vitro ischemia was 

achieved by nutrient and oxygen depletion. Averaged values represent Mean ± 

SEM. #p<0.05 vs. corresponding WT group. 
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Chapter 4  

Discussion 
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4.1 Discussion 

Myocardial remodeling after MI is a multifactorial process involving numerous 

cellular and molecular events. As blood flow is stopped to the myocardium, 

cardiomyocytes begin to undergo necrosis triggering an influx of inflammatory 

cells. Neutrophils and macrophages clear the wound of debris and 

dead/damaged cardiomyocytes. The inflammatory response is resolved when 

neutrophils have undergone apoptosis, and this process facilitates scar formation 

to replace the dead cardiomyocytes. Cardiac fibroblasts transform into 

myofibroblasts and begin to deposit collagen to form the scar. Patient treatment 

post-MI has focused on preventing further ischemic events and restoring blood 

flow to the previously ischemic area. Many studies have focused on reducing the 

long-term impact of the ischemic event on the surrounding, unaffected 

myocardium as reactive fibrosis can cause damage to this myocardium.179-182 

ADAM15 has been involved in the role of angiogenesis and endothelial 

permeability and this was the initial reason to investigate the role of ADAM15 in 

post-MI remodeling. ADAM15 promotes endothelial permeability and a deletion 

of ADAM15 could limit inflammatory cell infiltration into the infarcted area and the 

collateral damage inflammation induces.163 

 

4.2 The increased rate of LV rupture in Adam15-/- mice post-MI is not the 

result of heightened inflammatory response 

Contrary to our initial hypothesis, Adam15 deletion is not beneficial in a 

permanent ligation model of MI. Adam15-/- mice had a marked increase in the 
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rate of LV rupture compared to the WT mice, and Adam15-/- mice had reduced 

LV functionality compared to their WT counterpart at 3 days post-MI as assessed 

by ejection fraction. The rupture rate of the Adam15-/- mice was not associated 

with an increase in the inflammatory response which has previously been 

associated with LV rupture.183 An increased neutrophil population has previously 

been associated with LV rupture in humans.184 Selective depletion of M2 

macrophages post-MI resulted in a nine-fold increase in cardiac rupture.185 

Unmitigated IL-1 signaling following MI in a mouse model resulted in poor cardiac 

remodeling.186 High serum levels of IL-6 have been found in patients with 

myocardial infarction and correlate with infarct size.42, 187 IL-6 upregulation and 

increased activation of its common receptor, glycoprotein-130, promotes an 

increased inflammatory response and LV rupture in mice.188 All of these markers 

of inflammation were not affected by the deletion of Adam15. It is also important 

to note that although ADAM15 has been previously linked to endothelial 

permeability, we did not observe a decrease in inflammatory cell infiltration in the 

Adam15-/- mice.168 This could be due to a pro-inflammatory state, in the case of 

chronic LAD ligation, as a result of constant DAMP signaling from damaged cells 

outweighing any possible benefit of ADAM15 deletion.189 It could also be due to 

other mechanisms affecting endothelial permeability, such as intracellular 

adhesion molecule (ICAM)-1 that facilitates cell adhesion and leukocyte 

infiltration, that contribute to leukocyte infiltration more than a deletion of Adam15 

attenuates it.  ICAM-1 is an adhesion molecule that is upregulated by pro-
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inflammatory cytokines.190 It promotes adhesion of leukocytes to endothelial cells 

and endothelial permability.191  

 

In summary, through analyzing the expression of various inflammatory markers 

and cells we established that the rupture rate seen in Adam15-/- mice was not 

attributable to inflammation. 

 

4.3. ADAM15 plays a key role in myocardial fibrosis in response to a MI 

ADAM15 has yet to be identified as a regulator of a fibrotic response, and this is 

the first report on its role in myocardial fibrosis. At 3 days post-MI in mice, the 

resolution of inflammation occurs and the reparative phase begins in which 

fibrotic depositions form a scar in the infarcted region. It was at this transitionary 

period that Adam15-/- mice began to show increased rates of LV rupture, which 

has also been identified by other studies.192, 193 We found that loss of ADAM15 

impacted the ability of cardiac fibroblasts to transform into myofibroblasts. This 

attenuated the required fibrotic response to replace the damaged 

cardiomyocytes, and left the damaged myocardium susceptible to rupture. 

Adam15-/- mice with the reduced presence of myofibroblasts, produced less 

collagen, and had less cross-linked collagen, via attenuated production of the 

cross-linking enzyme LOX-1. The results in this thesis have highlighted the 

necessity of a fibrotic response in MI, but other studies have shown the 

deleterious affect excessive fibrosis can have. LOX-1 expression is increased in 

the post-MI infarcted area.112 Type I collagen, secreted by myofibroblasts, 
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confers tensile strength to the infarct if multiple fibers are cross-linked via LOX-

1.194 Increased collagen cross-linking in the infarct region has been associated 

with adverse LV remodeling in the non-infarcted region as well.116 Inhibition of 

LOX-1 has been associated with improved LV function and reduced infarct 

expansion post-MI in a murine model.112 While excessive collagen cross-linking 

is detrimental to LV remodeling post-MI, it is also required to prevent rupture as 

shown in the results section. 

 

The reduced fibronectin observed in the Adam15-/- mice post-MI serves two 

functions in this regard. First, fibronectin interacts with LOX-1 to facilitate its  

activation and to serve its purpose in cross-linking collagen strands prior to 

deposition.113 Secondly, a reduction in fibronectin impacts the transformation of 

cardiac fibroblasts into myofibroblasts.180 Fibronectin is upregulated in the infarct 

of human MI patients and is produced by fibroblasts and endothelial cells.177, 195 

This multicellular expression of fibronectin explains why the in vitro data showed 

a decrease in the protein levels of fibronectin in response to ischemia yet an 

increase in fibronectin in vivo post-MI as fibroblasts are not the only cell to 

produce fibronectin in response to an infarct. Fibronectin expression precedes 

collagen expression in an ischemic area, further highlighting the fact the 

myofibroblast transformation is not required for initial fibronectin deposition.196, 197  

 

ADAM15 regulates fibronectin expression by interacting with PAK1, likely through 

its cytosolic domain (Figure 10). Once activated, PAK1 attaches to the fibronectin 
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promotor region and increases fibronectin transcription.178 Without this 

interaction, PAK1-mediated fibronectin transcription is attenuated and the 

resulting transformation of cardiac fibroblasts does not happen as shown in the 

results. This impairs scar formation and leads to LV rupture. Our study shows a 

physical interaction between ADAM15 and PAK1, however it may not be as 

simple as a 1-to-1 interaction. Both the ADAM15 cytoplasmic tail and PAK1 have 

SH3 binding domains.198, 199 This may mean that ADAM15 and PAK1 bind a 

similar protein to facilitate the ADAM15/PAK1 interaction. Possible proteins that 

could mediate the interaction include Lck, Fyn, Abl, and Src.200-203  
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pPAK1 NFkB 
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Figure 10. Schematic representation of ADAM15 interaction with PAK1 and 

and PAK1 regulation of fibronectin via PAK1-NF-kB-p65. Schematic showing 

how ADAM15 interacts with PAK1 and facilitates FN transcription. 

 

The results described in this thesis show a novel role for ADAM15 in fibrosis. 

This mechanism could provide therapeutic implications for diseases 

characterized by an overabundance of fibrotic deposition such as idiopathic 

pulmonary fibrosis, liver cirrhosis, cardiovascular fibrosis, systemic sclerosis and 

nephritis.204 It may be possible to develop drugs to target the extracellular 

domain of ADAM15 and cause a conformational change in the protein structure 

so that the cytoplasmic tail is unavailable for interaction. Pharmacological 

inhibition of PAK1 has been shown to attenuate liver fibrosis in a mouse model 

by preventing myofibroblast activation.205 It also stands within reason that 

attenuating fibronectin secretion and polymerization would be beneficial in fibrotic 

disease by preventing fibroblast attachment and activation as has already been 

shown to be effective in mouse models of liver, heart and kidney disease.180, 206, 

207 
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Chapter 5 

Limitations and Future Directions 
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5.1. Limitations 

 5.1.1. Disease model for heart failure 

Using mouse models for heart failure studies is widely accepted. The 

models are advantageous because of the availability of genetically modified mice 

and greater litter size. In this research we used a chronic ligation of the LAD to 

model an ischemic insult. While this allows us to study the severity of post-MI 

remodeling, only 7% of patients are not treated with a reperfusion technique such 

as P-PCI.208 The chronic ligation model produces the most severe disease type, 

and this may mask other underlying mechanisms by which ADAM15 could act. 

This reason may explain why Adam15-deficiency did not alter the inflammatory 

response in a meaningful way, as the MI could be too severe to elucidate any 

nuanced inflammatory response. It is also possible that the way the tissue was 

harvested may affect the results. The infarcted, peri-infarcted, and non-infarcted 

regions of the heart are separated manually; therefore, it is feasible human error 

could factor into the results. 

5.1.2. Ischemia models in vitro 

The ischemia model used in this paper was adjusted from the oxygen 

glucose deprivation (OGD) model used to mimic ischemic conditions in vitro. This 

model deprives the cultured cells from glucose and oxygen (through the use of a 

hypoxic chamber) to affect the electron transport chain which causes cells to 

change their metabolic mechanism.209 Previous studies have shown this model 

to be viable for inducing an ischemia insult in cultured fibroblasts.210, 211 The 

issue with this model is that it isolates the cell from its natural environment. The 
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heart produces mechanical loads that fibroblasts are responsive to and in turn 

fibroblasts turn mechanical signals into biological events such as gene 

expression, including extracellular matrix proteins.212 Altered mechanical 

environment affects fibronectin gene expression in fibroblasts in vivo and in 

vitro.213-215  This may explain the differences seen in the above data where 

fibronectin was decreased in fibroblasts in the presence of an in vitro ischemic 

insult whereas fibronectin was increased in response to MI in vivo.  

The OGD model also does not reflect cell-cell interactions. 

Cardiomyocytes and fibroblasts can interact in a number of ways including 

biochemical and biomechanical. A biochemical interaction between 

cardiomyocytes and fibroblasts involves TGF-β. The loss of TGF-β signalling in 

cardiomyocytes in vivo is sufficient to reduce fibrosis in a pressure overload rat 

model.216 Another form of biochemical signaling that is relevant to MI is the effect 

of lactate on fibroblasts. Lactate is generated in response to a hypoxic 

environment and it was found that lactate acting on fibroblasts promoted the 

myofibroblast response.217, 218 Fibroblasts are the primary cell type that produce 

and secrete ECM products such as collagen and fibronectin. These ECM 

components can also be sensed by other cells such as cardiomyocytes.219-222 

Excessive ECM production due to cardiac fibrosis can lead to impaired 

cardiomyocyte connectivity and function.223 

In summary, the OGD single cell type model excels at looking at 

fibroblasts and how those fibroblasts respond to stimulus. However, it fails to 

take into account other factors at work that could influence how the fibroblasts 
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behave in a system and this may have unintended consequences on the results 

of experimentation. 

 

5.2. Future directions 

 5.2.1. Role of ADAM15 in an ischemia/reperfusion model 

Because of the aforementioned severity of MI induced by permanent 

ligation of the LAD, examining the role of ADAM15 in a less intense model may 

show that ADAM15 inhibition/deletion is beneficial for LV remodeling. As 

previously discussed, fibronectin plays an important role in myofibroblast 

transformation and fibrosis. In a I/R model, Adam15 deletion could limit the 

extent of fibrosis and lead to better LV remodeling post-MI. 

 

5.2.2. Elucidate sex differences in Adam15-deficient mice 

We found stark differences in male and female Adam15-/- mice responses 

to MI. The results are preliminary but female Adam15-/- mice exhibited no LV 

rupture, and no decrease in the amount of LOX-1 present in post-MI hearts 

(Figure 11). This difference could be due to the actions of sex hormones and 

may aid in understanding the sex differences present in ischemic 

cardiomyopathies.  

 

Estrogen was initially found to enhance the proliferation of cardiac 

fibroblasts, and in turn may affect ECM composition through the number of 

cardiac fibroblasts.224 However, it was found more recently that activation of 
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GPR30, a g-coupled receptor that responds to estrogen, prevented cardiac 

proliferation and fibrosis both in vitro and in vivo.225 Estrogen may also inhibit 

fibrosis through its actions on cardiac fibroblasts. Estrogen was found to prevent 

cardiac fibrosis by blocking the effects of angiotensin II and endothelin-1, two 

profibrotic molecules.226 In a transverse aortic constriction model of heart failure 

in male mice, exogenous estrogen administration was found to improve ejection 

fraction, cardiac hemodynamics, and reverse the fibrotic scarring observed in 

heart failure.227 One of the key mechanisms of this action is the stimulation of 

angiogenesis, as in the presence of an angiogenesis inhibitor estrogen failed to 

rescue heart failure.227 Estrogen can also inhibit IL-6 expression by inhibiting 

NFkB through the binding of estrogen receptor-α to NFkB, and by doing so can 

limit an inflammatory response.21 Estrogen may play a vital role in preventing the 

accumulation of cholesterol, thereby attenuating plaque formation and 

myocardial infarction.22 What may be occurring in female Adam15-/- mice is that 

while loss of ADAM15 is deleterious to cardiac remodeling post-MI, the presence 

of estrogen may counteract that deleterious effect.  
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Figure 11. Loss of ADAM15 in female mice does not alter LOX-1 

upregulation post-MI as compared to the female WT counterpart. 

Representative immunoblot and quantification of LOX-1 in female Adam15-/- 

post-MI. Averaged values represent Mean ± SEM. 
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