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ABSTRACT OF THE DISSERTATION 

 

MECHANISMS OF POST-MYOCARDIAL INFARCTION 
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Professor Andrew D. McCulloch, Chair 

Professor Jeffrey H. Omens, Co-Chair 

 

Acute survival and chronic healing after myocardial infarction (MI) depend on a 

myriad of processes that begin within hours of the injury and can continue in the form 

of remodeling even years thereafter. The myocardium has very little self-renewal 

capability, and tissue lost to MI is replaced with a collagenous scar. There are currently 

no clinical therapies that directly target myocardial healing, due in part to the 

pleiotropic effects and redundancy of signaling factors released after injury. In addition, 

xiii 



 

some processes such as the inflammatory response are required for acute healing to 

proceed, but can also precipitate chronic deleterious remodeling and heart failure. A 

better understanding of the contributors to myocardial healing in both the acute and 

chronic phases is crucial in the search for clinical therapies that will improve the heart’s 

response to MI injury. 

 In this work, we investigated the mechanisms of post-MI healing by studying 

two murine models of altered myocardial wound repair. We first studied infarct scar 

formation in mice lacking a proteoglycan with a role in collagen fibril assembly, and 

found that this deficiency altered infarct scar structure and mechanical properties 

compared to controls. Next, we investigated acute and chronic healing in a strain 

capable of myocardial regeneration after cryoprobe injury. Our results showed that this 

strain survives the acute phase and heals in the chronic phase post-MI better than a 

control strain, and that these differences could be attributed to reduced acute apoptosis 

and inflammation. The results presented here provide new insight into the mechanisms 

of post-MI survival and healing, and will be useful for future studies designed to 

improve mammalian cardiac repair. 

 

 



 

 

 

 

 

 

 

 

1 Introduction 

Heart disease is the leading cause of death in the United States 1, often a 

debilitating long-term result of myocardial infarction (MI). Coronary artery blockage, 

and the subsequent death of cardiac myocytes cut off from their blood supply, is a major 

cause of MI events. Only a small fraction of myocytes can divide 2,3, and healing 

consists largely of replacing necrotic cells with a collagenous scar 4,5. Early 

complications can include pump failure and ventricular rupture, the latter accounting for 

up to 10% of acute mortality 6. Forced to compensate for the loss of contractile tissue, 

the remaining myocardium experiences increased mechanical load, inducing global 

hypertrophy and dilation of the left ventricular (LV) cavity 4,7. Although this 

remodeling process is initially successful in preserving some degree of cardiac function, 

the additional load imposed by LV enlargement can lead to further dilation 7 and a poor 

prognosis such as heart failure 4,5. Because of its impact on public health, post-MI 

healing has been studied for several decades. This research has painted an increasingly 

complex picture of post-MI healing as a process that depends on a delicate balance 

1 
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between myriad signals in the ischemic milieu. Here we review the time course of post-

MI healing, with emphasis on events influencing the acute survival of the host and the 

formation of the collagenous infarct scar. Animal models with heightened and 

dysregulated healing processes will also be discussed. 

 

1.1 Phases of Post-MI Healing 

Healing after MI can be thought of as occurring in several overlapping phases, 

divided according to the timing and nature of the major processes involved 8,9, similar to 

classical wound healing 10-12. The acute phase begins immediately after the cessation of 

blood flow to the region downstream of the blockage, and is characterized by cellular 

responses including myocyte necrosis, apoptosis, and robust inflammation, as well as 

thinning and expansion of the infarct. As part of the inflammatory response, cytokines 

and chemokines recruit neutrophils and macrophages to clear the infarct area of necrotic 

myocytes and extracellular matrix (ECM) debris. In experimental rodents, the acute 

phase lasts for roughly 4-7 days. Next, the injured heart enters the granulation and early 

remodeling phase, where new fibrous tissue begins to form after repression of 

inflammation. After approximately 21 days, mature collagen has been deposited and 

organized into a scar, but the late remodeling phase continues for weeks to months with 

a progressive decline in LV function if the infarct is large.  
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1.1.1 The Acute Phase 

1.1.1.1 The Inflammatory Response 

The complex post-MI healing response begins within hours of the ischemic 

insult 10,13-16. One of the earliest events, between several hours to 1 day post-MI, is the 

release of pro-inflammatory cytokines and chemokines. Myocyte necrosis and the 

subsequent release of cellular contents triggers the complement cascade, activates 

pathways dependent on nuclear factor (NF)-κB and toll-like receptor (TLR), and 

generates reactive oxygen species, all of which contribute to inducing an inflammatory 

response 9. Cytokines and chemokines exert a variety of effects on the myocardium in 

addition to attracting leukocytes to the infarct region (reviewed in Frangogiannis 9 and 

Nian et al. 10). These effects can be beneficial and promote myocyte survival and wound 

healing 17, but also trigger apoptosis 18 and the recruitment of additional inflammatory 

mediators 19. Robust inflammation induces matrix metalloproteinase (MMP) activity 

that in turn can lead to acute ventricular rupture 6,8,20,21, while chronic inflammation is 

associated with severe LV remodeling 21,22 and heart failure 22. 

 The post-MI inflammatory response is global, affecting the infarct region and its 

border, but also the remaining perfused area of the LV. In the first hours to 1 day post-

MI in rodents, messenger RNA (mRNA) expression of cytokines, including tissue 

necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β), and interleukin 6 (IL-6), is 

upregulated up to 50-fold in the infarct region and 15-fold in the uninjured region of the 

LV 13,19. Chemokines such as macrophage inflammatory protein (MIP)-1α, MIP-1β, 

and monocyte chemoattractant protein (MCP)-1 also appear to be markedly induced. 
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Increased expression of these factors has direct effects on cardiac myocytes and other 

cell types. 

Inflammatory cytokines have been shown to influence cardiac myocyte survival 

in post-MI hearts, providing signals that promote or inhibit apoptosis. It appears that 

even individual cytokines are capable of providing both survival and death signals, and 

the balance between them determines the cell’s fate. TNF receptor (TNFR1/TNFR2) 

knockout mice had larger infarct sizes and increased myocyte apoptosis compared to 

wildtype controls, suggesting a cytoprotective role for TNF-α in post-MI healing 17. In 

contrast, TNF-α knockout mice had decreased myocyte apoptosis in the non-infarct 

region of post-MI hearts, as well as reduced LV dysfunction and a lower rate of LV 

rupture 21. The effects of IL-6 and IL-1β on myocyte survival have been less well 

studied. Signal transduction upon binding of IL-6 to its receptor activates pathways 

including phosphatidylinositol-3 kinase 23, which provides cytoprotective signals. Mice 

with a targeted deletion of IL-6 were recently shown to have impaired cardiac function, 

increased interstitial fibrosis, and severe ventricular dilation 24. However, an earlier 

study using mice lacking IL-6 did not find differences in infarct scar sizes or changes in 

cardiac function compared to wildtype controls after permanent coronary artery ligation 

25, so the role of IL-6 with respect to cardiac myocyte survival remains unclear. Another 

cytokine which may influence myocyte survival after MI is erythropoietin (EPO). Mice 

injected with recombinant human EPO at the time of coronary artery ligation had a 50% 

reduction in apoptosis after 24 hours and significantly decreased infarct scar sizes 8 

weeks later 26. 

 



5 

In contrast to the cytokines’ direct action on cardiac myocytes, chemokines 

attract leukocytes to the infarct region. The CXC subfamily of chemokines contains 

neutrophil chemoattractants, while the CC subfamily recruits mononuclear cells 9. 

Easily visible using routine hematoxylin and eosin (H&E) staining, neutrophils infiltrate 

the infarct border in great numbers, peaking approximately 2 days post-MI in the mouse 

12. Excessive neutrophil accumulation has been observed in the vicinity of ventricular 

ruptures compared to non-ruptured infarcts 27, suggesting a possible deleterious effect of 

neutrophils on myocardial injury. In fact, neutrophils are believed to be a major source 

of MMPs that have critical roles in causing ventricular rupture 28-30. Macrophage 

infiltration peaks approximately 4 days post-MI in the mouse 12. These cells are 

responsible for the phagocytosis of cell debris 16, and are also believed to be the source 

of some MMPs 30. 

1.1.1.2 The Matrix Metalloproteinases 

MMPs (reviewed by Spinale 31) are responsible for degrading the proteins of the 

ECM left behind by necrotic myocytes, a process that must occur before the fragments 

can be accessed and phagocytosed by macrophages during healing. Members of the 

tissue inhibitor of metalloproteinase (TIMP) family are endogenous inhibitors of the 

MMPs 31, and the balance between MMP activity and TIMP expression determines the 

amount of ECM degradation. It has become well established that the MMPs and TIMPs 

play critical roles in cardiac pathology 6,8,28,29,32-40, with TIMP-1 and the gelatinases 

MMP-2 and MMP-9 being the most prominent in the setting of acute MI. 
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The gelatinases, MMP-2 (gelatinase A) and MMP-9 (gelatinase B) degrade 

denatured fibrillar collagens which have been cleaved at specific sites 33, as well as 

basement membrane components and other collagen types 31. MMP proteins are 

expressed in pro-enzyme form, requiring cleavage by serine proteases to become active 

30. One of these serine proteases is plasmin, which has its own activators (urokinase and 

tissue-type plasminogen activator, uPA and tPA) and inhibitor (plasminogen activator 

inhibitor 1, PAI-1) that compose the plasminogen system 41. After Heymans et al. 20 

reported that MMP-2 or MMP-9 gene deletion protected against ventricular rupture, as 

did gene transfer of TIMP-1, many investigators began to characterize the time course 

of MMP and TIMP expression in the acute phase of MI. Ventricular rupture is a 

consequence of excessive infarct expansion 4, first described by Hutchins and Bulkley 

as thinning and elongation of the infarct that could not be explained by additional 

myocyte necrosis 42. Histological examination revealed that myocyte bundles slipping 

relative to each other are responsible for the phenomenon 43. Infarct expansion begins 

within 24 hours 43 and continues through the acute phase before extensive collagen 

deposition has occurred 4, a period when the ventricular wall is particularly vulnerable 

to mechanical deformation 44. 

In the mouse, MMP-9 activity has been observed within 24 hours of the onset of 

ischemia, primarily in neutrophils 8,28,29, and continues to increase through day 3 post-

MI 21. MMP-9 activity begins to decline after this point, while MMP-2 activity begins 

to rise on day 4, peaks by day 7, and remains elevated for at least 2-4 weeks 8,29. The 

sources of MMP-2 appear to be macrophages, fibroblasts, and myocytes 8,30,35. Elevated 
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MMP activity is also present after MI in humans 6,36. Perhaps not surprisingly, the time 

course of MMP activation correlates with inflammatory cell infiltration and the risk of 

ventricular rupture in mice, which is greatest between 3 and 5 days post-MI 8. Genetic 

deletion of both MMP-2 35,39,40 and MMP-9 20 has been shown to protect against 

rupture. In humans, ruptured infarcts exhibit increased MMP-9 activity compared to 

infarcts that do not rupture 6. 

Early increases in TIMP-1 mRNA expression have been reported, with 

expression rising by 3 days post-MI 45,46 and peaking by day 7 46. However, TIMP-1 

protein is not significantly expressed until 2 weeks post-MI, indicating the presence of 

post-translational regulation 46. Taken together, these studies suggest that excessive 

ECM degradation, mediated by MMPs released from infiltrating neutrophils and 

macrophages with little inhibition from TIMPs, occurs in the acute phase of post-MI 

healing and increases the risk of ventricular rupture. 

1.1.1.3 Apoptosis 

 Cell death is clearly a prominent consequence of MI. Many myocytes, lacking a 

sufficient oxygen supply, die by necrosis and elicit an inflammatory response 9. 

However, apoptosis is also an important feature of acute MI observed both 

experimentally and in humans (reviewed in Takemura and Fujiwara 47), and occurs 

within hours of the ischemic insult 48,49. As mentioned above, cell survival or death 

depends on the balance between multiple competing signals. One of the best-studied 

pathways leading to apoptosis is the death receptor pathway 50, which includes TNF 

signaling. The death receptor pathway involves the activation of Fas by binding of its 
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ligand (Fas ligand), which has been implicated in cell death after MI 51,52. However, Fas 

activation has also been linked to induction of a transcription factor associated with 

hypertrophy 53. Apoptosis can also be initiated in a mitochondrial-dependent manner. 

Regardless of the mechanism of activation, whether the apoptotic cascade continues or 

is inhibited may be subject to regulation by the Bcl-2 family of proteins, growth factors 

such as IGF-1, heat shock proteins, calcium-related effectors, and antioxidants 

(reviewed in Gill et al. 50). 

 Various researchers have studied apoptosis in the setting of MI. Bialik and 

colleagues 48 showed that in the mouse, apoptosis is evident beginning about 4 hours 

after permanent coronary ligation and remains prominent through 2 days post-MI, 

declining thereafter. Terminal deoxynucleotidyl-transferase-mediated dUTP nick end 

labeling (TUNEL)-positive cells, those likely to be undergoing apoptosis due to the 

presence of DNA strand breaks, were found only in the hypoxic region. After 18 hours, 

about 9% of all nuclei counted in apical, midventricular, and basal sections (including 

both hypoxic and perfused regions) were TUNEL-positive. Other groups have reported 

the percentage of TUNEL-positive cells in the infarct region 24 hours after permanent 

occlusion: in mice, up to 55% 54, and in rats, up to 36% 26. After ischemia/reperfusion, 

apoptosis is even more prominent than necrosis 55 and also occurs in the region 

surrounding the infarct 56. Reductions in apoptosis early after MI have been shown to 

improve cardiac function and reduce adverse remodeling 26,57, so targeting apoptosis is 

becoming a therapeutic goal 50. 
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1.1.1.4 Limiting Myocardial Damage by Attenuating the Inflammatory Response, 

MMP Activity, or Apoptosis in Animals and Humans 

 Because of the heart’s limited self-renewal capability, most myocytes lost to 

necrosis or apoptosis are replaced by non-contractile scar tissue that continues to 

remodel well past the time of initial injury. Viewed in this light, therapies administered 

in the early phase post-MI to limit myocardial damage may be the most promising 

strategies to improve patient outcome after MI. However, due to the pleiotropic effects 

and overlapping events of the major acute healing processes discussed above, care must 

be taken when attempting to alter them. 

 Inhibition of the inflammatory response has had considerable success in animal 

models 54,58-60 (and reviewed by Frangogiannis 9). Many of these approaches directly 

target neutrophils (reviewed by Vinten-Johansen 61). Depletion of neutrophils by 

specific filters or antibodies inhibiting adhesion has been shown to reduce infarct size of 

up to 50%. Of particular interest, a number of pharmacological anti-inflammatory 

agents have been used to limit neutrophil activation as well as neutrophil-mediated 

injury. In the 1980s, the non-steroidal anti-inflammatory drugs (NSAIDs) ibuprofen and 

cyclo-oxygenase inhibitors were successfully tested in animal models. However, 

clinical testing of some NSAIDs was quite the opposite. Patients receiving ibuprofen 

had greater infarct thinning and lengthening than patients not receiving anti-

inflammatory therapy 62, and some patients receiving high doses of methylprednisolone 

suffered ventricular aneurysm and rupture 61,63. These results indicate that even though 

post-MI inflammation is associated with deleterious effects, it remains an important 

 



10 

process necessary for proper infarct healing. More recently, the clinical trials LIMIT-MI 

64 and HALT-MI 65 failed to show any difference in infarct size after treatment with 

antibodies intended to limit neutrophil adhesion, which had been successful in animal 

experiments. This suggests that important components of the inflammatory response in 

animals may not necessarily be relevant in humans. 

 Much effort has also been put into the limitation of plasminogen and MMP 

activity in the acute phase post-MI, whether by gene deletion or pharmacological 

inhibition, to reduce ventricular rupture and adverse remodeling 20,32,35,37-40,66. One of 

the earliest studies of plasminogen activator and MMP gene deletion in mice reported 

complete protection against ventricular rupture in uPA-/- mice, and partial protection in 

MMP-9-/- mice 20. Additional studies using MMP-2 gene deletion 39,40 and 

pharmacological inhibition 40 have shown that lack of MMP-2 activity may also protect 

against rupture in mice. However, lack of rupture is not always associated with a 

desirable outcome. Wound healing was severely impaired in uPA-/- mice; inflammatory 

cell infiltration was reduced by nearly 50%, necrotic myocytes had not been 

phagocytosed even 5 weeks after MI, and there was very little new collagen deposition 

20. Another study showed that deletion of the plasminogen gene also prevented proper 

wound healing after MI 66. These results highlight the need for at least some 

plasminogen-MMP system activity to successfully repair the injured heart. In a similar 

vein, selective MMP inhibition using pharmagological agents has been attempted in 

non-rodent animals 67,68 and humans 38. Administered 1 day post-MI in rabbits, selective 

MMP inhibition reduced ventricular wall thinning and dilation 4 weeks later 67. In pigs, 
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the inhibitor was administered either 3 days before or 3 days after MI, and the pre-MI 

administration was associated with impaired wound healing compared to the post-MI 

administration 68. These studies show that selective MMP inhibition may have 

therapeutic potential, but that the timing of inhibitor administration should be carefully 

considered. However, a study of selective inhibition of MMPs in humans did not find 

any significant differences in clinically relevant endpoints such as left ventricular 

volume and ejection fraction 38. In experimental animals, endogenously inhibiting the 

plasminogen-MMP system using PAI-1 or TIMP-1 has been shown to protect against 

rupture 20. This therapeutic approach does not appear to be proceeding in human trials. 

 Reduction of apoptotic cell death in the acute phase post-MI may be another 

therapeutic avenue to reduce adverse ventricular remodeling due to loss of myocytes. 

Heat shock proteins (Hsps) and their cofactors, which play numerous roles in protein 

folding and trafficking, have been shown to inhibit both apoptotic and necrotic 

pathways 69. Overexpression of Hsp70 reduced infarct size and improved cardiac 

function after ischemia/reperfusion (I/R) 70. Lack of CHIP, a cochaperone that interacts 

with Hsp70, resulted in decreased survival, larger infarct size, more apoptosis, and 

poorer functional outcome after I/R 71. CHIP interacts with Hsp70 to re-fold proteins 

damaged by stress, such as ischemia, and also acts as a ubiquitin ligase 71. Proteins too 

damaged to be re-folded are then destroyed via proteasome-dependent pathways. 

Through these activities, cochaperones and heat shock proteins may assist in increasing 

survival and reducing infarct size by limiting apoptosis. Other studies designed to affect 

myocyte survival post-MI showed that administration of recombinant human 
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erythropoietin (rhEPO) markedly attenuated apoptosis in models of permanent coronary 

occlusion 26 and I/R 72, in addition to reducing infarct size and improving LV function. 

Antioxidants, IGF-1 and the Bcl-2 family of proteins may also affect apoptotic 

pathways in the heart (reviewed in Gill et al. 50). In humans, an increased level of serum 

EPO has been associated with smaller infarct size as measured by serum creatine kinase 

level 73. Safety and feasibility pilot studies of EPO administration have been conducted 

in patients with MI 74 and non-ST segment elevation myocardial injury 75, and four 

larger phase II randomized, controlled trials are underway 76. 

 From the above, it is clear that the acute phase of post-MI healing can be altered 

to improve survival and healing in experimental animals. However, since processes 

such as the inflammatory response and ECM degradation mediated by the plasminogen-

MMP system are required for proper healing, it is important to avoid abolishing them 

completely. The timing of interventions designed to interfere with acute healing 

processes is also critical, due to the sharp increase in apoptosis just hours to one day 

post-MI and the different waves of inflammatory infiltration and MMP activity. 

Therapies targeting the acute healing phase hold great promise, but much more research 

must be done before clinical benefits can emerge. 

 

1.1.2 The Granulation and Early Remodeling Phase 

 Beginning about 4-5 days post-MI in mice, granulation tissue rich in ECM 

proteins begins to form as myofibroblasts and endothelial cells proliferate, and 

macrophages continue to phagocytose the remaining necrotic myocardium 77. As 
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healing continues, myofibroblasts deposit collagen that will be organized into the infarct 

scar, and the granulation tissue begins to be reabsorbed 30. By about 21 days post-MI, 

granulation tissue absorption is complete and a collagenous scar remains. 

 In order for healing to proceed optimally, continuous leukocyte infiltration and 

cytokine/chemokine expression must be suppressed to avoid further injury 9. Several 

processes may be important in the transition from inflammation to fibrous tissue 

deposition. The anti-inflammatory cytokine IL-10 inhibits the production of several pro-

inflammatory cytokines 78 and may also stimulate TIMP-1 synthesis 79, promoting 

decreased ECM degradation. Phagocytosis of apoptotic neutrophils by macrophages 

leads to the release of tissue growth factor (TGF)-β, an important pro-fibrotic cytokine 

which also aids in inflammatory resolution 80. 

TGF-β signaling may be critical in the setting of early post-MI remodeling. 

Inhibition of its signaling activity by adenoviral transfection of TGF-β receptor type II 

(TBR-II) exacerbated the decline in LV function 9 hours after MI in mice, accompanied 

by decreased survival, increased neutrophil infiltration, and enhanced cytokine 

expression compared to animals with MI and no TBR-II treatment 81. However, after 28 

days chronic LV dilation was attenuated and ventricular function was improved. These 

results support the idea that TGF-β signaling is beneficial in early post-MI remodeling 

as a suppressor of the inflammatory response. Additionally, its signaling activity may 

promote the deposition of the granulation tissue itself by stimulating fibroblasts to 

deposit ECM proteins such as collagens, proteoglycans, fibronectin 82, osteopontin, and 
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thrombospondins 83, as well as by inducing the expression of proteinase inhibitors such 

as TIMP-1 and PAI-1 82. 

MMPs remain active during the early remodeling phase. After peaking in the 

acute phase, MMP-9 and MMP-2 activity both decrease but are still significantly 

elevated through 2 weeks post-MI 8,20,39,46. MMP-8, which degrades fibrillar collagen, is 

significantly expressed after 2 weeks and remains elevated thereafter 46. Several other 

MMPs are also expressed 30. A complement of active MMPs capable of degrading 

collagens and the granulation tissue in the healing infarct balances the expression of 

TIMPs and collagen deposition by myofibroblasts, enabling a dynamic and continuous 

remodeling process. 

 

1.1.3 The Late Remodeling Phase 

By 21 days after MI, the granulation tissue has been resorbed, many 

macrophages and myofibroblasts have undergone apoptosis 84, and the healed infarct 

becomes a collagenous scar. However, the heart is not in a static state. Under the 

influence of continued inflammation, expression of MMPs 85, apoptosis 50, and 

mechanical factors 4,7, ventricular remodeling continues for months to years after the 

initial injury in both the infarct and non-infarct regions and often leads to heart failure.  

The processes of inflammation, MMP activity, apoptosis, and collagen 

deposition are closely intertwined. In the early stages of heart failure, inflammation 

stimulates increased MMP activity analogous to that observed after MI, but prolonged 

exposure appears to induce TIMP and TGF-β expression, shifting the balance toward 
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collagen deposition 86. Cytokines such as TNF-α may stimulate apoptosis after MI 21, 

and cell death has been observed in heart failure 87,88. 

Even after the resolution of the inflammatory response in the early remodeling 

phase, hearts with large infarcts or other stressors are vulnerable to a second wave of 

inflammation in the non-infarct region that precipitates remodeling. Cytokine gene 

expression is significantly elevated in the non-infarct region compared to the infarct 

region 20 weeks post-MI in rats 89. Further, cytokine expression levels are positively 

correlated to LV end-diastolic diameter, and IL-1β expression is correlated with 

interstitial fibrosis in the non-infarct region. In addition to the influence of mechanical 

factors, studies using transgenic mice overexpressing TNF-α have shown that cytokine 

is capable of stimulating myocyte hypertrophy 90,91. In these models, apoptosis was 

increased 90, as was collagen deposition and TGF-β expression 91. 

The infarct scar itself is a living tissue that can dynamically remodel well after 

the initial injury 92. Myofibroblasts are thought to be the primary source of collagen 

deposited in the infarct region, as well as TGF-β during the late remodeling phase, 

while cardiac fibroblasts are thought to be responsible for collagen deposition in the 

non-infarct region 92. Myofibroblasts are phenotypically modified cardiac fibroblasts, 

stimulated to transform by TGF-β 93, TNF-α, and IL-1β 86, that express α-smooth 

muscle actin and mediate contraction of the scar into a more compact structure as it 

matures. The immature scar is composed of mostly type III collagen, which is more 

distensible than the type I collagen deposited at later stages 85. After about 13-15 weeks, 

the type I/type III collagen ratio has increased and cross-links have formed, further 
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strengthening the scar 85. Some collagen turnover still occurs after this time; 

myofibroblasts have been detected up to 17 years after MI in humans 94.  

The presence of a non-contractile, stiff scar segment in the LV myocardium 

increases the stress experienced by the healthy tissue, which dilates to preserve stroke 

volume, further increasing wall stress 95. The severity of dilation depends on the size of 

the initial infarct 96, and is due to a rearrangement of myofibrils rather than stretching of 

sarcomeres 4. In response to the loss of contractile mass, the remaining healthy 

myocytes undergo hypertrophy 97. However, this compensatory process often fails with 

large infarcts since too many myocytes have been lost 97, and could also be related to 

energy wasted stretching the scar during systole 95. These hearts are at greatest risk of 

pump failure. In patients, LV dilation is associated with increased mortality 4,22. 

 

1.2 Dysregulated Collagen Assembly and its Effect on Wound 

Healing 

 As discussed above, collagen deposition is an integral part of scar formation 

after MI. Beside the contribution of cytokines, MMPs, and TIMPs to overall collagen 

content, the assembly of the collagen molecule is itself regulated. Here we briefly 

discuss the regulation of collagen assembly, or fibrillogenesis, and how defects in this 

regulation affect wound healing in the heart and other tissues. 

 The collagen molecule is translated as three separate peptide α chains that 

assemble into a superhelix structure 98. These structures aggregate to form collagen 

microfibrils, and further to become fibrils. Many different collagen types are found in 
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various tissues, but the fibrillar type I and type III collagens constitute the bulk of the 

cardiac ECM, with type I accounting for about 85% and type III for about 11% of the 

collagen content 85. 

 Small leucine-rich proteoglycans (SLRPs) have been shown to regulate collagen 

fibril assembly in vivo 29,99-101, and all tissues contain at least one member of this family 

102. Decorin and biglycan, the best-studied of these ECM macromolecules, have been 

shown to bind type I collagen 103 and likely affect lateral aggregation of collagen fibrils 

104, thereby regulating their diameter. The effects of genetic SLRP deletion have been 

investigated in several studies. Biglycan/fibromodulin double knockout mice had 

mechanically compromised patellar tendons, developed tendon ossification, and had 

severe osteoarthritis 99. In the same study, electron microscopy showed that biglycan-

null and double-knockout quadriceps tendons had smaller collagen fibril diameters. In 

the endometrium of the uterus, the loss of thin collagen fibers and an increase in thick 

fibers has been correlated with the appearance of biglycan and the loss of two other 

SLRPs, decorin and lumican 101. Differing fibril diameters have also been observed in 

the proximal predentin of biglycan-null mice 100, and in decorin-null hearts 29. Biglycan-

null mice have an osteoporosis-like phenotype 49,105 and the males are susceptible to 

aortic rupture 106, and decorin-null mice have fragile skin with reduced tensile strength 

107. 

 Deficiency in SLRPs can also lead to cardiac effects that have only recently 

been investigated 29,108. Decorin-null mice subjected to permanent coronary occlusion 

had a wider distribution of collagen fibril diameters present in the infarct scar compared 
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to wildtype mice, and this was accompanied by significantly larger infarct scar size, LV 

dilation, and depressed systolic function 29. In biglycan-null mice, coronary occlusion 

did not lead to larger infarct scars, but the scars were stiffer and had a tighter 

distribution of collagen fibril diameters than the wildtype 108. This study will be 

discussed in detail in Chapter 2. 

 

1.3 Heightened Wound Healing and Regeneration 

 The adult mammalian heart has very little capacity for self-renewal 3, in contrast 

to organisms such as the urodele newt 109 and zebrafish 110. However, fetal mouse hearts 

in culture are capable of regenerating linear wounds up to about embryonic day 14 111, 

suggesting that the ability to regenerate exists but is suppressed in adult tissues. The 

discovery that the adult mammalian heart may in fact have a resident progenitor cell 

population 112-117 has spurred efforts to coax it into activity after injury 112,118-120. Here 

we briefly discuss regeneration and efforts to apply it to mammalian tissues, and 

introduce a mouse strain that may lend insight into the possibility of mammalian 

regeneration. 

 Regenerative wound healing is characterized by a proliferative response 109,110 

rather than inflammation and scarring as in most adult tissues 121, resulting in a 

recapitulation of normal tissue architecture. Stem cells have been a focus of recent 

research because of their ability to proliferate and differentiate into multiple lineages, 

raising the possibility of exploiting those properties to regenerate adult tissues. 

Mounting evidence suggests that mammals, including humans, have a population of 
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endogenous cardiac progenitor cells (CPCs) that can differentiate into myocytes 112-117, 

smooth muscle cells, and endothelial cells 115,119. Though there are different populations 

of cells in the myocardium that express stem cell markers (c-kit, Sca-1, MDR-1) and are 

not blood-derived (lineage negative, Lin-) 112,119, the most recent research has focused 

on the Lin-c-kit+ population 115,118. Studies have shown that CPCs are responsive to 

stimulation by hepatocyte growth factor (HGF) and insulin-like growth factor 1 (IGF-

1), which promotes the survival, proliferation, and migration of the CPCs 112,120. 

Intramyocardial injection of HGF and IGF-1 in mice 120 and dogs 112 has been shown to 

induce CPCs to reconstitute myocytes and coronary vessels following MI, reducing the 

scarred area. In mice, this treatment also increased survival 120. 

 In the last 10 years, a strain of mice with the intriguing ability to regenerate 

different tissue types has received attention. An accidental discovery first revealed that 

the lymphoproliferative (lpr) Murphy Roths Large-Faslpr (MRL- Faslpr) mouse and its 

control, the MRL/MpJ (MRL), are capable of regenerating through-and-through ear 

punches used for colony marking 122. Healing was accompanied by normal tissue 

growth, including angiogenesis and chondrogenesis, and perhaps the most striking, a 

blastema-like structure reminiscent of amphibian limb regeneration. Subsequently, 

Leferovich and colleagues reported that MRL mice are capable of regenerating right 

ventricular myocardium after cryoprobe injury 123, and found that up to 20% of 

myocytes in the wound region were positive for 5-bromo-2’deoxyuridine (BrdU), a 

marker of cell division, compared to a maximum of 4% in the C57BL/6J controls. The 

source of the BrdU-positive cells is unknown, but could potentially include a population 
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of CPCs. Replacing the bone marrow of lethally irradiated female MRL mice with bone 

marrow from male MRL mice yielded no double labeling for BrdU and Y chromosome 

after cryoinjury, suggesting that the cells contributing to regeneration are not 

hematopoietic 124. Several groups have studied the more clinically relevant model of 

coronary artery ligation 125-130. Results indicated that the MRL heart heals with a scar 

after MI, but there was evidence for increased survival, stabilization of cardiac function, 

and BrdU-positive myocytes 130. The response of the MRL mouse to coronary artery 

ligation will be discussed in detail in Chapter 3. 

 

1.4 Conclusions 

 A large body of work has advanced understanding of the biological processes 

involved in post-MI healing. In the acute phase, cell death by necrosis and apoptosis is 

prominent, and these are accompanied by a robust inflammatory response and MMP 

activity. Resolution of the inflammatory response and collagen deposition begin in the 

early remodeling phase. Collagen deposition and degradation continues through the 

later remodeling phase, when the granulation tissue has been replaced with a scar. 

 The acute phase of post-MI healing has been studied extensively to determine 

the time course of events, and the importance of major biological processes such as 

inflammatory infiltration, apoptosis, and MMP activity. Each of these is induced soon 

after ischemic injury. Studies have shown that interventions attempting to attenuate or 

eliminate the activity of inflammation and MMPs must carefully consider the timing 
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and breadth of inhibition to avoid impairing wound healing. Experiments designed to 

attenuate apoptosis have been promising and are progressing in clinical trials. 

 The processes mentioned above can also be important in the late remodeling 

phase if the infarct is large, and acute interventions that reduce the severity of the initial 

response to injury may also attenuate ventricular remodeling. The regulation of collagen 

fibrillogenesis may contribute to the severity of remodeling by altering the scar 

microstructure, rendering it more susceptible to distension. The presence of 

proteoglycans may be critical for proper scar organization. 

 The MRL mouse may provide a new avenue to study post-MI healing in both 

the acute and chronic phases, by virtue of its unusually high acute survival rate and 

increased chronic BrdU incorporation. Investigating the mechanisms underlying its 

survival, which are likely to include alterations in one or more of the above biological 

processes, may lead to new insights into methods of improving early post-MI survival. 

Studying chronic healing in the MRL may contribute to our understanding of 

regeneration in mammalian tissues. 

 

1.5 Scope of the Dissertation 

 The objective of this dissertation was to investigate the role of abnormal 

regulation of wound healing in post-myocardial infarction cardiac repair. Specifically, 

we studied the effect of deleting an ECM proteoglycan on chronic healing, and 

investigated the mechanisms that could be responsible for heightened acute survival and 

healing in a model of myocardial regeneration. 
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 Chapter 2 describes the first characterization of the role of the proteoglycan 

biglycan in post-MI healing. This involved creating MI in biglycan-null mice, and 

studying the structural and mechanical properties of the infarct scar. 

 Chapter 3 describes the elucidation of the mechanisms that could be responsible 

for increased survival in the MRL mouse, and the characterization of its chronic healing 

capability. This involved comparing post-MI survival and healing in the MRL and two 

other strains of mice, including the major genetic background of the MRL. Hypotheses 

regarding increased survival mechanisms were generated using a microarray analysis, 

and confirmed with tissue-level assays. Chronic infarct scar size and cell proliferation 

were also compared. 

 Chapter 4 summarizes these studies and their contributions to our understanding 

of post-MI survival and remodeling, and provides a perspective on how their results 

could impact the design of therapies to improve cardiac healing. 

 

 



 

 

 

 

 

 

 

 

2 Effects of Biglycan Deficiency on Myocardial 

Infarct Structure and Mechanics 

 

2.1 Abstract 

Biglycan, a small leucine-rich proteoglycan, has been shown to interact with 

extracellular matrix (ECM) collagen and may influence fibrillogenesis. We 

hypothesized that biglycan contributes to post-myocardial infarction (MI) scar 

development and that the absence of biglycan would result in altered scar structure and 

mechanics. Anterior MI was induced in biglycan hemizygous null and wild-type mice 

by permanent ligation of the left coronary artery. The initial extent of ischemic injury 

was similar in the two groups, as was the infarct size after 30 days, although there was 

some tendency toward reduced expansion in the biglycan-null. Electron microscopy 

revealed that collagen fibrils had a smaller average diameter and a narrower range in the 

biglycan-null scar, as well as appearing more densely packed. In vivo strain analysis 
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showed that biglycan-null scars were stiffer than the wild-type. Remote LV collagen 

concentration tended to be reduced in biglycan-null hearts, but the difference was not 

statistically significant. Null-expression of biglycan may alter collagen fibril 

ultrastructure, and thereby influence scar mechanics and remodeling. 

 

2.2 Introduction 

Under normal and pathological conditions, the structure and mechanics of the 

mammalian heart depend critically on the extracellular matrix (ECM). Collagen, a 

major component of the ECM, is organized in an intricate three-dimensional network 

surrounding and connecting the muscle fibers. This network facilitates the transmission 

of forces between fibers, and across the ventricle walls during the cardiac cycle 131,132. 

In addition to its role as a force transmitter, the collagen ECM supplies the structural 

stability and elasticity necessary for proper pump function. 

The death of myocytes during myocardial infarction (MI) induces major 

structural alterations collectively known as ventricular remodeling. During the acute 

phase after injury, necrotic tissue and its ECM are resorbed while a fibroproliferative 

response produces a scar rich in Type I collagen to preserve the tensile strength of the 

ventricle wall 5. The extent of remodeling in the ischemic region depends on the balance 

between these two processes. Imperfect coordination can result in thinning and 

elongation of the infarct region before extensive collagen deposition has occurred 5. The 

stiffness of the mature scar depends on collagen type, crosslinking, arrangement, and 

size and number of fibers 95,133. Because it is thin and has a high local radius of 
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curvature, the stresses observed in the scar are considerably greater than those in the 

unaffected region of the ventricle 95. Interestingly, in passively inflated hearts the scar 

was found to be anisotropic, resisting circumferential deformation more so than 

longitudinal or radial. Most large collagen fibers were aligned with the circumferential 

axis, suggesting that increased stiffness in the circumferential direction may help 

maintain proper ventricular mechanics 95. Thus scar structure is organized to 

accommodate the stresses imposed during the cardiac cycle. 

There is substantial evidence that the regulation of fiber assembly and 

organization of fibers in infarct scar tissue, as well as other collagenous tissues, depend 

in part on a group of ECM macromolecules known as proteoglycans 29,103,134,135. One 

such macromolecule is the small leucine-rich proteoglycan (SLRP) biglycan. Biglycan 

is a widely expressed protein localized to the interstitium and cell surface 136. 

Depending on the tissue type, the biglycan core has one or two chondroitin sulfate or 

dermatan sulfate groups at the amino terminus 137. 

Little is known about biglycan’s function and its role in collagen fibrillogenesis, 

especially in the heart. However, biglycan binds collagen type I and TGF-β1, an 

important factor in driving fibrillogenesis 103,138. The physiological or 

pathophysiological roles of biglycan in the heart are largely unknown, though some 

evidence suggests a possible function in post-MI healing. Biglycan mRNA has been 

shown to increase in the rat heart 2 days post-MI, with a 13-fold peak by day 14, and to 

co-localize with collagen type I mRNA 139. 
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Our lab has previously studied the role of another SLRP, decorin, in post-MI 

healing. Infarct scars of transgenic mice lacking decorin were structurally dysregulated, 

and collagen fibrils had non-uniform diameter. This may have compromised the scar’s 

ability to resist stress, and resulted in the observed infarct expansion. Increased left 

ventricular dilation also led to greater hypertrophy of the remote, uninjured region 29. 

Since decorin has a similar structure to biglycan, even competing for binding sites on 

type I collagen 101, we hypothesized that similar structural dysregulation would occur in 

biglycan-null mice after experimental MI, and that the infarct scar mechanical 

properties would also be affected. In the present study, we induced MI in biglycan 

hemizygous-null mice and found altered collagen fibril structure in infarct scar tissue, 

and changes in scar mechanics compared with wild-type controls. There was evidence 

that lack of biglycan actually allows a denser scar with smaller, more uniform collagen 

fibrils that are more resistant to expansion. 

 

2.3 Methods 

2.3.1 Animals and Surgery 

All animal studies and husbandry were conducted under approved University of 

California, San Diego Animal Subjects Protocols in AAALAC-approved facilities. 

Breeding pairs of female homozygous biglycan-deficient (Bgn-/-, strain name: 

C3.129S4(B6)-Bgn tm1Mfy/Tac ) and male hemizygous biglycan-deficient (Bgn-/0) mice 

were obtained from the Mutant Mouse Regional Resource Centers through Taconic 

Farms, Inc., and bred at our breeding facility. Since the biglycan gene is located on the 
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X chromosome, male biglycan-null mice are referred to as hemizygous. Male 12-18 

week-old Bgn-/0 mice were used for this study. Male age-matched C3H mice (Bgn+/0), 

also obtained from Taconic, were used as controls. The C3H strain is the background of 

the biglycan-null, and the recommended control. 

MI surgery was performed using a procedure similar to that described by Weis 

et al. 29. Mice were anesthetized with the inhalant anesthetic isoflurane at 5.0% in 100% 

oxygen, and maintained at 2.0% delivered to the spontaneously breathing animal 

through a nose cone. The trachea was surgically exposed, the tongue was retracted, and 

intubation was performed with a 20-gauge angiocatheter. The animal was placed on a 

rodent ventilator (Harvard Apparatus, Model 687), and ventilated with 2% isoflurane in 

95% oxygen at a flow rate of 1 L/min and a stroke volume of 0.5 ml at 85 breaths/min. 

A 1.5 cm vertical left parasternal skin incision exposed the underlying pectoralis 

muscles, which were then retracted. The heart was exposed by entering the chest cavity 

through the third intercostal space and retracting adjacent ribs. The left coronary artery 

was ligated with 7-0 silk suture approximately 2 mm below the edge of the left atrial 

appendage. Ischemia was verified visually by the appearance of paleness on the surface 

of the left ventricle distal to the ligation. The lungs were overinflated, and the chest 

cavity was closed by suturing the adjacent ribs together with 6-0 prolene. The chest and 

neck skin incisions were then closed with prolene suture. Animals received 0.1 mg/kg 

buprenorphine intraoperatively for analgesia. After removal from the ventilator, animals 

awakened on a water-circulating heating pad (K Module, American Pharmaseal) and 
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were placed in a clean, heated cage to recover. Surgery was performed with the aid of a 

stereomicroscope (Leica Microsystems MZ6). 

 

2.3.2 Initial infarct size 

A subset of animals (7 Bgn+/0 and 9 Bgn-/0) was studied one day after MI to 

determine the initial infarct size. Animals were anesthetized with isoflurane, the 

thoracic cavity was opened, and the hearts were arrested with an ice-cold, hyperkalemic 

Krebs-Henseleit buffer containing 2,3,5-Butanedione monoxime to delay the onset of 

contracture. The atria and right ventricle were removed, and the left ventricle (LV) was 

wrapped in plastic wrap, then placed in a -20˚ C freezer for 1 hour. The LV was then 

placed in a cutting fixture with slits spaced 1 mm apart, and sliced into 1-2 mm short 

axis sections.  The slices were stained with triphenyl tetrazolium chloride (TTC), then 

squeezed between two Plexiglas plates with 1mm spacers. This apparatus was placed in 

a shallow tray of water and photographed with a digital camera (Nikon Coolpix 4500) 

mounted on a Leica MZ6 stereomicroscope 140,141. Healthy tissue stains dark red, while 

unstained tissue marks the infarct area. Using ImageJ (NIH), total tissue area and infarct 

area were measured for both sides of each LV section and averaged. Infarct size was 

expressed as a percentage of infarct volume to total LV tissue volume. 

 

2.3.3 Histology and light microscopy 

A second group of 7 Bgn+/0 and 8 Bgn-/0 mice was studied 30 days after MI for 

measurement of infarct size. Animals were anesthetized with isoflurane, and the 
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thoracic cavity was opened to expose the heart. Hearts were removed and arrested with 

the same Krebs-Henseleit buffer, then rinsed and prepared for paraffin embedding. 

Short axis sections 10 µm thick were taken from apex to base and stained using 

picrosirius red as previously described 142. A light microscope (Olympus BH-2) with a 

2X objective was used in conjunction with a Spot-RT camera to obtain digital images. 

Infarct size was determined using a technique modified from Pfeffer et al. 5. Image J 

measurements of eight to ten equally spaced sections were used to determine the infarct 

size, expressed as a percentage of infarct area to total LV tissue area. 

 

2.3.4 Transmission electron microscopy 

Infarct scar tissue from 2 animals of each genotype was isolated from the rest of 

the heart 30 days post-MI. The tissue was prepared as previously described 29, and 

imaged with Jeol-100CX microscopy to obtain cross-sectional and longitudinal views of 

collagen fibrils at 20,000 and 50,000× magnification. Cross-sectional diameter 

measurements were made with ImageJ. 

 

2.3.5 Biochemistry 

30 days post-MI, the remote LV was removed from 6 Bgn+/0 and 4 Bgn-/0 hearts. 

Collagen concentration, as measured by hydroxyproline content, was determined using 

the method of Woessner 143. Pyridinoline content was quantified to measure 

nonreducible crosslinks, using a method modified 144 from Eyre et al. 145. 
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2.3.6 Pressure and strain measurements 

Four animals of each genotype were anesthetized and intubated as described 

above, and the right carotid artery was isolated. A 1.4 french Mikro-Tip catheter (SPR-

839, Millar instruments) was advanced down the right carotid artery to the aorta and 

then the LV. Continuous LV pressure was recorded at steady-state conditions, with the 

animal’s body temperature closely monitored and maintained at 37˚C with a water-

circulating heating pad (K Module, American Pharmaseal). The chest was then opened 

to expose the heart. Titanium dioxide markers were placed on the infarct scar and 

videotaped using a CCD camera (COHU Inc.). Temporal resolution was increased to 60 

Hz by splitting the videotape frames into fields with Scion Image (Version Beta 4.0.2). 

To stabilize the heart for videotaping, cotton was used as an added support and the 

ventilator was briefly turned off. Three marks on the infarct scar were used to determine 

two-dimensional epicardial area strain throughout the cardiac cycle, defined as the 

product of the two principal stretch ratios. The field with minimum distance between 

the points was used as a reference. Frame markers recorded along with the LV pressure 

allowed the identification of a pressure for each recorded frame 146. 

 

2.3.7 Statistics 

All data were analyzed with one- or two-way ANOVA or Student’s t tests, with 

Welch’s correction if necessary, at a significance level of 0.05. Data are presented as 

mean ± SEM. 
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2.4 Results 

2.4.1 Infarct size 

As assessed by TTC staining, there was no significant difference in the initial 

infarct size distribution one day post-MI between genotypes (Bgn+/0 32.2 ± 4.7%, n=7 

vs. Bgn-/0 35.1 ± 5.2%, n=9; P=0.6, Figure 2.1). Infarct sizes were also not significantly 

different after 30 days, as determined by histological analysis (Bgn+/0 43.1 ± 1.9%, n=7 

vs. Bgn-/0 40.2 ± 2.8%, n=8; P=0.4, Figure 2.2). The change in infarct size from 1 to 30 

days post-MI was twice as great in Bgn+/0 hearts compared to Bgn-/0 hearts, but since it 

was not possible to study the same animals at the two time points, this difference was 

not significant (P~0.5). 

 

2.4.2 Infarct scar ultrastructure 

The ultrastructure of Bgn+/0 and Bgn-/0 infarct scars was investigated using 

electron microscopy. A longitudinal view of collagen fibrils from each genotype is 

shown in Figure 2.3. No differences were observed in the longitudinal structure of the 

individual fibrils and the arrangement of fibrils forming the scar tissue. However, a 

cross-sectional view revealed that collagen fibril diameter was smaller in Bgn-/0 scars 

(Figure 2.4B) than in Bgn+/0 scars (Figure 2.4A). Measurement of a random sample of 

100 fibrils from 2 animals of each genotype showed that both their diameter and cross-

sectional area were significantly smaller in Bgn-/0 than Bgn+/0 scars (diameter: 37.7 ± 

0.6 nm vs. 46.9 ± 0.8 nm, P<0.0001; area: 1138 ± 33 nm2 vs. 1773 ± 55 nm2, P<0.0001; 

Figure 2.4C, D). Interestingly, the variance in fibril diameter and cross-sectional area 
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was significantly smaller in Bgn-/0 scars (P<0.005). Histograms showed that the two 

highest frequency bins (35 and 40 nm) comprised 68% of Bgn-/0 fibril diameters (Figure 

2.4F), while the two Bgn+/0 high frequency bins (45 and 50 nm) included only 48% of 

fibrils (Figure 2.4E). From the representative images in Figure 2.4A and B, it appears 

that the fibrils are more closely packed in Bgn-/0 than Bgn+/0 scars, though this was not 

quantified. 

 

2.4.3 LV collagen concentration 

Collagen concentration was measured in both the infarct and non-infarct region 

of the LV in both genotypes (Figure 2.5), and crosslinking was quantified in the infarct 

region. The concentration is expressed as a percentage of total non-infarcted LV dry 

weight. Collagen concentration was not significantly different in the infarct region of 

Bgn+/0 and Bgn-/0 hearts (30.02 ± 1.95%, n=6 vs. 32.95 ± 3.00%, n=7, P=0.4; Figure 

2.5A). There was a trend toward greater collagen concentration in the remote region of 

Bgn+/0 hearts compared to the Bgn-/0 hearts (1.80 ± 0.12%, n=6 vs. 1.47 ± 0.07%, n=4, 

P=0.07; Figure 2.5B). Collagen crosslinking, as determined by pyridinoline content, 

was not significantly different between genotypes (0.43 ± 0.15%, n=3 vs. 0.34 ± 0.7, 

n=7, P=0.6; data not shown). 

 

2.4.4 Strain analysis 

In vivo strain analysis was performed directly on the infarct scar 30 days post-

MI in Bgn+/0 and Bgn-/0 mice. Averaged area strain for 4 animals of each genotype over 
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approximately 4 cardiac cycles is shown in Figure 2.6. ANOVA showed a significant 

difference between the curves; strain was significantly smaller in Bgn-/0 than in Bgn+/0 

scars (P=0.005). Consistent with the collagen fibril diameter results presented above, 

the variability in strain was smaller in Bgn-/0 scars than in Bgn+/0 scars. Simultaneous 

conductance catheter pressure measurements were averaged in a similar manner and 

plotted against strain; Figure 2.7 depicts the pressure-strain curve for each genotype. 

Two-way ANOVA showed that Bgn-/0 scars were significantly stiffer (P=0.01). 

 

2.5 Discussion 

This study investigated the role of the SLRP biglycan in post-myocardial 

infarction healing and remodeling. Collagen fibril diameter and cross-sectional area 

were significantly smaller in Bgn-/0 infarct scars 30 days post-MI than in Bgn+/0 scars. 

Fibrils were also more closely packed, which may have led to the significantly 

increased stiffness and reduced variability of Bgn-/0 scars observed during in-vivo strain 

analysis. These scars expanded half as much as their Bgn+/0counterparts. However, 

owing to the inherent variability of infarct size in coronary ligation studies, and since 

we did not have a means for longitudinal measurement of infarct size in vivo throughout 

the study period, the sample size was not large enough for this difference in post-infarct 

remodeling to achieve statistical significance. A trend toward reduced collagen 

concentration in the remote LV further supported this reduction in remodeling severity. 

Here we show for the first time that lack of biglycan induces ultrastructural changes in 

the mouse heart, and that these may lead to a stiffer scar that resists expansion more 
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effectively than the wild-type, thereby reducing the severity of remodeling in the 

chronic phase of MI. 

Little research exists on the collagen ultrastructure of the biglycan-null mouse, 

but there are some similarities between the present study and previous reports 99,100. 

Smaller collagen fibril diameters were observed in the proximal predentin of Bgn-/0 

mice compared to Bgn+/0, while other regions had larger diameters 100. Ameye and 

colleagues 99 reported that patellar tendons from biglycan/fibromodulin double-

knockout mice had a significantly different range and distribution of collagen fibrils 

than wild-type, and that double-knockout fibrils were smaller. In the endometrium of 

the uterus, the loss of thin collagen fibers and an increase in thick fibers was correlated 

with the appearance of biglycan and the loss of two other SLRPs, decorin and lumican 

101. Finally, the reported range of collagen fibril diameters in the normal mammalian 

heart is 30-70 nm 147, consistent with the Bgn+/0 infarct scars in the present study. 

Our laboratory has examined another SLRP, decorin, and its role in post-MI 

healing. Decorin-null infarct scar ultrastructure was clearly dysregulated compared to 

wild-type controls, and we hypothesized that this altered the scar mechanical properties, 

thereby causing severe infarct thinning and expansion 29. Decorin-null collagen fibrils 

had a larger range of diameters, and were more loosely packed than their wild-type 

counterparts. The reason for the disparity between decorin- and biglycan-null scars may 

lie in the two SLRPs’ collagen-binding properties. Decorin and biglycan have been 

shown to compete for binding sites on type I collagen 103. Furthermore, the association 

of decorin with type I collagen produces thinner fibrils, possibly because it inhibits 
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lateral aggregation during their formation 104. Together, these data suggest that the 

removal of biglycan frees additional binding sites for decorin, which then prevents the 

enlargement of fibril diameter to the extent biglycan would allow. 

Collagen type I is the major structural component of the mature infarct scar, and 

the scar mechanical properties depend on a variety of characteristics of the collagen 

molecule, fibril organization, and the arrangement of scar fibers 95,148. It could be 

expected that tissue with predominantly smaller diameter collagen fibrils may be less 

stiff, and this has been demonstrated in biglycan/fibromodulin double-knockout patellar 

tendons compared to the wild-type 99.  However, the data presented in the present study 

indicate Bgn-/0 scars were actually stiffer than Bgn+/0. A greater density of fibrils may 

have compensated for this. The number of fibrils per unit area was not quantified, but 

inspection of representative cross-sectional EM images in Figures 2.3A and B shows 

that greater fibril density is likely in Bgn-/0 scars. 

Collagen fibril organization could be another important factor in the stiffness 

and integrity of Bgn-/0 scars. Fibrils of decorin-null scars were loosely packed and 

disorganized, and significant infarct expansion was observed 29. Similar disorganization 

did not occur in Bgn-/0 scars. Proper fibril orientation may be required for the scar to 

withstand the deformations imposed by the cardiac cycle. Holmes and colleagues found 

that fibril orientation is an important factor in the strain distribution of infarct scars—

the largest fibrils were found in the direction of smallest strain 95. Since there was no 

apparent disruption of fibril organization in Bgn-/0 scars, their integrity was likely 

maintained. 
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In contrast to the decorin-null, Bgn-/0 infarcts did not expand compared with the 

wild-type, and may have even expanded less. This could be related to the stiffness of 

the scar. Models have shown that stiffer scars can restrict systolic stretching 149, while 

compliant scars have more negative effects on systolic function 150. These data suggest 

stronger infarct tissue may be less affected by the stresses that lead to infarct expansion 

and remodeling. The change in infarct size from day 1 to day 30 post-MI was twice as 

large in the Bgn+/0 as the Bgn-/0, but the difference was not statistically significant. 

However, because of the variability in infarct size that is common in MI studies, it 

would be extremely difficult to show a difference without a method of measuring 

infarct size in the same animals at different time points, such as delayed contrast-

enhanced magnetic resonance imaging, even by increasing the number of animals. 

Fibrosis of the remote LV is another important component of post-MI 

ventricular remodeling. Global ventricular collagen deposition is commonly observed 

with the increase in wall stress resulting from pressure overload and MI. An increase in 

biglycan expression has been reported in animal models of both pathologies 36,151. In an 

aortic banding study, banded rats with carotid pressures of 162 ± 3 mmHg compared to 

133 ± 4 mmHg in sham-operated rats showed increased expression of biglycan by 

fibroblasts 151. Rats in heart failure as a result of MI showed global cardiac induction of 

biglycan, which the authors hypothesized may have enhanced TGF-β activity and 

increased collagen deposition 36. They also presented evidence that Angiotensin-II 

induces biglycan in heart failure, and that this induction can be blocked with an AT1 

receptor antagonist, a drug known to slow pathological remodeling. These findings 
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support the trend toward the reduced remote collagen concentration observed in Bgn-/0 

left ventricles. Ventricular wall stress may not have reached the level present in heart 

failure, which could explain the lack of statistical significance. This potential for 

attenuated global cardiac collagen deposition may confer a functional advantage to Bgn-

/0 hearts and delay the onset of failure, mimicking the therapeutic actions of AT1 

antagonists. In fact, increased liver weight, a manifestation of the systemic congestion 

that is a hallmark of heart failure, was observed in Bgn+/0 but not Bgn-/0 mice 30 days 

post-MI. Further study will be necessary to discover if heart failure is actually 

postponed in Bgn-/0 mice. 

In this report, we show for the first time that null expression of the SLRP 

biglycan is associated with altered collagen ultrastructure and mechanical properties in 

the mature post-MI scar. This model may also provide a novel avenue for studying the 

relationship between scar mechanics and the possibility of delayed onset of heart 

failure. 
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Figure 2.1: One day following MI, infarct size as measured by TTC staining was not significantly 
different between genotypes (Bgn+/0: n=7, Bgn-/0: n=9, P=0.6). 
Figure 2.1: Initial infarct scar size 
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Figure 2.3: Collagen fibril ultrastructure 
Figure 2.3: There were no apparent differences between genotypes in longitudinal collagen fibril 
ultrastructure of the scar 30 days post-MI. Representative electron micrographs (20,000×) of Bgn+/0 (A) 
and Bgn-/0 (B); bar=200 nm. 
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e 2.4: Collagen fibril quantitative characteristics 
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Figure 2.5: Collagen concentration 
Figure 2.5: Collagen concentration, measured by hydroxyproline content, in the infarct region 30 days 
post-MI was not significantly different between genotypes (A, Bgn+/0 n=6, Bgn-/0 n=7, P=0.4). Bgn-/0 left 
ventricles tended to have less collagen deposition in the remote region (B), but the difference was not 
statistically significant (Bgn+/0: n=6, Bgn-/0: n=4, P=0.07). 
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Figure 2.6: In vivo area strain 
Figure 2.6: Average in vivo area strain over the beat cycle, measured by surface markers placed directly 
on the scar. 4 beats from each of 4 Bgn+/0 and 4 Bgn-/0 hearts were averaged. Strain was smaller in Bgn-/0 
scars (P=0.005). The variability in strain was also smaller in Bgn-/0 scars. 
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Figure 2.7: In vivo pressure-strain curves 
Figure 2.7: Average in vivo pressure-strain curves, measured by a conductance catheter and surface 
markers. 4 beats from each of 4 Bgn+/0 and 4 Bgn-/0 hearts were averaged. Bgn-/0 scars were significantly 
stiffer (P=0.01). 
 

 

 Chapter 2, in full, is a reprint of the material as it appears in: Campbell PH, Hunt 

DL, Jones Y, Harwood F, Omens JH, McCulloch AD, Molecular and Cellular 

Biomechanics 5(1):27-35, 2008; copyright Tech Science Press. Used with permission. 
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3 Mechanisms of Increased Acute Post-

Myocardial Infarction Survival and Enhanced 

Chronic Healing in a Murine Model of 

Myocardial Regeneration 

 

3.1 Abstract 

The Murphy Roths Large (MRL) mouse, a strain capable of rapid ear wound 

healing and right ventricular regeneration, has been shown to survive myocardial 

infarction (MI) induced by permanent coronary artery ligation at a significantly higher 

rate than C57BL6/J (C57) controls. We discovered that the great majority of this 

difference occurs in the first 5 days post-MI. The biological processes responsible for 

the MRL’s acute survival advantage are unknown. To assess the effect of genetic 

43 
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background, we performed a survival study that included the LG/J strain, which 

contributes 75% of the MRL’s genetic background and is also a rapid ear wound healer. 

After 5 days, 91% of MRL mice had survived, while C57 survival dropped to 69% (P < 

0.05). LG/J survival was intermediate at 75% (P = NS). The most common cause of 

death in C57 and LG/J mice was left ventricular rupture, while MRLs appeared to 

succumb to pulmonary congestion. After 30 days, survival proportions were 88%, 66%, 

and 75% in MRL, C57, and LG/J mice, respectively. Because infarct size was similar 

between the strains after 1 day (P = 0.67) and 5 days (P = 0.97), the MRL’s increased 

survival relative to the C57 could not be attributed to less severe ischemic injury. To 

gain mechanistic insight into the difference in survival, we performed a microarray 

study at acute timepoints. Analysis of microarray data and annotation with Gene 

Ontology terms revealed a significantly attenuated apoptotic (P < 0.05) response in 

MRL hearts 1 day post-MI compared to the C57, as well as a delay in the expression of 

stress response transcripts. Supporting the microarray results, there was an 8-fold 

decrease in TUNEL-positive cells 1 day post-MI in MRL infarcts compared to the C57 

(P < 0.05). Additionally, there was a 4-fold decrease in the number of CD45-positive 

inflammatory cells per square millimeter of tissue in the MRL infarct border zone (P < 

0.01). Chronically, MRL hearts had smaller infarct scars 30 days post-MI than C57 

hearts (P < 0.05), and attenuated indices of left ventricular dilation and expansion (P < 

0.01). We conclude that the MRL’s early post-MI survival advantage over the C57 is 

mediated at least in part by reductions in apoptosis and inflammatory infiltration, and 

that this may influence chronic remodeling. The LG/J’s intermediate survival rate 
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suggests the MRL’s high tolerance for MI may be derived from its shared genetic 

background with the LG/J, but the absence of ventricular rupture may be indicative of 

additional pro-survival mechanisms at work in the MRL. 

 

3.2 Introduction 

Heart disease remains the leading cause of death in the industrialized world, 

with myocardial infarction (MI) as one of its major causes. Because of the cardiac 

myocyte’s limited self-renewal capability, wound repair consists largely of replacing 

necrotic myocardium with collagenous scar tissue 4,5. Early complications can include 

pump failure and myocardial rupture, the latter accounting for up to 10% of acute 

mortality 6. Chronically, large infarcts cause progressive ventricular dilation 7, leading 

the heart into a “vicious cycle” of decompensation and eventual failure. 

In contrast to this mammalian paradigm of post-MI healing, urodele newts and 

zebrafish can completely regenerate cardiac tissue after amputation of the ventricular 

apex 109,110. This is accomplished by adult cardiac myocytes that re-enter the cell cycle 

and proliferate into the wounded area 109,110. Though recent evidence has pointed to the 

existence of a cardiac progenitor cell population in mammals 112-114,119, including 

humans 152, without intervention such as delivery of growth factors 118 very little 

renewal occurs 3. 

The MRL mouse has emerged as an intriguing, if somewhat controversial, 

model to study regenerative cardiac healing. Now bred as a wildtype control for the 

lymphoproliferative MRL-Faslpr, the MRL/MpJ was generated through a series of 
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crosses with LG/J (75%), AKR/J (12.6%), C3H/HeDi (12.1%), and C57BL/6J (0.3%) 

153. Its potential for regenerative healing was discovered when through-and-through ear 

hole punches used for colony marking healed rapidly and closed fully within 30 days, 

with complete replacement of normal tissue architecture 122. The LG/J shares this fast-

healing trait, though ear punch wounds do not close completely 154. Leferovich et al. 123 

were the first group to report that MRL mice are capable of regenerating right 

ventricular (RV) myocardium after cryoprobe injury. Subsequent studies have both 

reproduced this result 155 and failed to observe regeneration 128,129. Several groups tested 

the MRL’s response to a more severe myocardial injury in the form of MI, either by 

ischemia/reperfusion 126 or permanent coronary ligation 125,127-129,155. In contrast to RV 

cryoinjury, complete regeneration of left ventricular (LV) myocardium was not 

observed. However, Naseem et al. 155 reported the presence of myocytes undergoing 

cell division in the infarct border zone, as well as significantly increased chronic 

survival compared to C57BL/6J (C57) controls. The reasons for this difference are 

unknown. 

The purpose of the present study was to elucidate the biological processes 

responsible for the MRL’s increased post-MI survival, and to investigate whether its 

major genetic background, the LG/J, also displays heightened survival and healing 

traits. Here we show that the MRL’s increased acute survival results from the absence 

of ventricular rupture, and may be a consequence of decreased apoptosis and 

inflammatory infiltration compared to the C57. The LG/J is also susceptible to rupture, 

but survives at a rate between the C57 and the MRL. Chronically, MRL hearts heal with 
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reduced infarct scar size and indices of LV dilation and infarct expansion compared to 

C57s. 

 

3.3 Methods 

3.3.1 Animals and Surgery 

Male C57BL6/J, MRL/MpJ, and LG/J mice were obtained from the Jackson 

Laboratories and housed in a vivarium according to institutional guidelines. Animals 

were between 15 and 21 weeks old at the time of surgery. All animal studies and 

husbandry were conducted under approved University of California, San Diego Animal 

Subjects Protocols in AAALAC-approved facilities. 

Coronary artery ligation surgery was performed as described previously 108. 

Briefly, animals were intubated, mechanically ventilated, and left thoracotomy was 

performed under isoflurane anesthesia. Buprenorphine (0.1 mg/kg) was given after 

intubation as a post-operative analgesic. After retracting the pectoralis muscles, the 

heart was exposed through the third intercostal space, the pericardium was retracted, 

and the left coronary artery was ligated with a 7-0 silk suture. The appearance of 

paleness distal to the suture confirmed ischemia. The lungs were overinflated, the ribs 

closed, and the pectoralis muscles returned to their original position. Skin incisions 

were closed with tissue glue (VetBond, 3M). Animals were rehydrated with warm 

saline, removed from the ventilator, and allowed to recover on a water-circulating 

heating pad with access to oxygen. After regaining consciousness, mice were 
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transferred to a clean cage and monitored for signs of distress. An additional dose of 

buprenorphine was given the following day if indicated. 

 

3.3.2 Survival studies 

The MI procedure described above was performed on C57, MRL, and LG/J 

mice. Subsets of all three strains that were sacrificed after 1, 2, 5, or 30 days became 

censored subjects in a Kaplan-Meier survival analysis. Deaths were recorded on a daily 

basis. Subsets of the day 30 post-MI groups and non-operated controls were 

continuously administered 1% 5-bromo-2’deoxyuridine (BrdU, Sigma) ad libitum in the 

drinking water. 

 

3.3.3 Initial infarct size 

Animals were anesthetized with isoflurane as described above, and maintained 

at 5% to ensure deep anesthesia. A thoracotomy was performed, the heart was removed, 

and immediately immersed in an ice-cold, hyperkalemic Krebs-Henseleit buffer 

containing 2, 3, 5-butanedione monoxime (BDM, Sigma) to stop beating and delay 

contracture. Hearts were rinsed in fresh buffer, trimmed of collagenous adhesions, and 

photographed. The atria were removed and weighed, and the ventricles were weighed 

after removal of the great vessels at the base. The right ventricle was trimmed away, 

and the left ventricle (LV) was wrapped in plastic wrap or foil and placed in a –20°C 

freezer for 1-2 hours. The LV was cut into slices 1 mm thick using a cutting fixture with 

evenly spaced slits, and the slices were incubated in buffered 2,3,5-triphenyl tetrazolium 
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chloride (TTC, Sigma) at 37°C for 20 minutes, agitating frequently. The slices were 

then fixed in 10% zinc formalin (Electron Microscopy Sciences) and stored in PBS. 

Using this technique, viable myocardium stains dark red, while the unstained infarct 

region remains pale. Slices were pressed between two plastic plates spaced 1 mm apart 

with glass slides, and the entire apparatus was submerged in water to fill the space 

between the slices, enabling clearer imaging. Slices were imaged on both sides with a 

Coolpix 4500 camera and a Leica MZ6 stereomicroscope. Using ImageJ, the infarct and 

non-infarct areas were measured for both sides of each slice and averaged. Infarct size 

was expressed as the ratio of total infarct area to total non-infarct area. 

 

3.3.4 Histology and immunohistochemistry 

Hearts were harvested as described above, and the ventricles were left intact. 

Ventricles were either fixed in 10% zinc formalin for 24 hours and embedded in 

paraffin, or fresh frozen in Optimal Cutting Temperature compound (OCT, Tissue-Tek) 

in 2-methylbutane cooled by dry ice. Fixed hearts were processed in graded ethanols, 

embedded in paraffin, and sectioned at 10 µm. For hearts isolated on day 2 post-MI, 10 

µm sections were obtained at the midventricular level and immunohistochemically 

stained for CD45 to quantify inflammatory cell infiltration 20. Sections were dewaxed 

and microwaved for 10 minutes in citrate buffer. Endogenous avidin/biotin and 

peroxidases were blocked, and a biotinylated mouse anti-CD45 (BD Biosciences) was 

applied at a 1:100 dilution. CD45 staining was detected with streptavidin-horseradish 

peroxidase and AEC substrate. Nuclei were counterstained with hematoxylin. Stained 
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sections were observed under brightfield illumination at ×400 (Zeiss Axio 

Observer.D1), and 6-7 non-overlapping images covering both infarct border regions for 

each heart were obtained (AxioCam HRc with AxioVision software). Blinded observers 

counted the number of CD45+ cells in each image. The area of tissue in each image was 

calculated by first performing a Gaussian blur with a radius of 2 to eliminate speckling, 

then separating the image into RGB channels and thresholding the blue channel using 

Image J. Data from the 3 hearts were averaged for each strain, and reported as the 

number of CD45+ cells per mm2 of tissue. 

 

3.3.5 Detection and quantification of BrdU incorporation 

Frozen hearts from the animals administered BrdU were stored at –80°C until 

needed, then sectioned at 5 µm for immunolabeling. Midventricular sections were 

stained using the BD BrdU In Situ Detection Kit according to the manufacturer’s 

instructions. Nuclei were counterstained with hematoxylin. 6 images covering the 

infarct border regions were acquired at ×400 as above from each heart. BrdU-positive 

nuclei in each image were counted using ImageJ and averaged over the 6 images per 

heart to obtain the number of BrdU-positive cells per ×400 field. 

 

3.3.6 Infarct size quantification and morphometric measurements 

 For hearts isolated on day 5 or day 30 post-MI, 8-10 evenly spaced sections 

from apex to base were stained for infarct size measurement. Day 5 post-MI hearts were 

stained with H&E or Masson’s trichrome, and day 30 post-MI hearts were stained with 
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Masson’s trichrome. Infarct size was determined using a method modified from Pfeffer 

et al. 5. Endocardial perimeters of the infarct and non-infarct regions were measured for 

each section using ImageJ and multiplied by the section’s distance from the apex, 

yielding infarct and non-infarct areas for each slice. Infarct size was expressed as a ratio 

of the sum of infarct areas to the sum of non-infarct areas over all slices. Infarct 

thickness was measured for day 5 and day 30 post-MI hearts; LV dilation and infarct 

expansion indices 156,157 were also calculated for the day 30 post-MI hearts. Infarct 

thickness was measured at 3 locations across the scarred LV wall in each of 2-3 sections 

1-2 mm from the apex, and averaged. The LV dilation index was calculated as the ratio 

of LV cavity area to total LV area in one section 1.6-1.8 mm from the apex, near 

midventricular level. The infarct expansion index was defined as the LV dilation index 

multiplied by the ratio of the septal wall thickness to the infarct thickness. 

 

3.3.7 Apoptosis detection and quantification by TUNEL assay 

 24 hours after MI, mice were sacrificed and the hearts frozen in OCT as 

described above. The day before the staining procedure, 5 µm sections were cut at the 

mid-papillary level and allowed to dry overnight. Apoptosis detection was performed 

the following day by a Terminal deoxynucleotidyl Transferase (TdT) dUTP Nick End 

Labeling (TUNEL) assay (CardioTACS In Situ Apoptosis Detection Kit, R&D 

Systems) according to the manufacturer’s instructions. Sections were slightly 

overstained with Nuclear Fast Red so that cell morphology was visible. Stained sections 

were observed at ×400 under brightfield illumination, and 20-23 randomly chosen, non-
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overlapping images covering the infarct and border regions were acquired. Blined 

observers counted the number of TUNEL-positive nuclei and TUNEL-negative nuclei 

in each image. Only those TUNEL-positive nuclei closely associated with myocytes 

were counted. An apoptotic index, expressed as percent TUNEL-positive nuclei to total 

nuclei, was calculated for each heart by dividing the sum of TUNEL-positive nuclei in 

all images by the sum of total nuclei in all images. Once all images were analyzed, 

apoptotic indices for C57 and MRL mice were compared. 

 

3.3.8 Gene expression analysis with MOE430A microarrays 

Animals were anesthetized with isoflurane as described above, and a 

thoracotomy was performed. The heart was removed and arrested, and the right 

ventricle was quickly dissected away. A cut through the posterior septal wall enabled 

the LV to spread flat, and the infarct (including the border zone) and non-infarct areas 

were carefully separated using a 6mm biopsy punch. Tissue pieces were separately 

snap-frozen in liquid nitrogen and stored at -80°C. Total RNA was isolated by Berlex 

Biosciences (Richmond, CA; now Bayer HealthCare Pharmaceuticals) and shipped to 

Expression Analysis, Inc. (Durham, NC) for hybridization to Affymetrix MOE430A 

microarrays. Affymetrix Microarray Suite 5.0 was used to generate .cel files. 

 

3.3.9 Comparisons, statistical analysis and HOPACH clustering 

Affymetrix .cel files were quality controlled with R (www.r-project.org) 

packages available from the bioconductor 158 website (www.bioconductor.org). We 
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used the affyQCReport to quality control arrays and determined that two arrays 

corresponding to a C57 control infarct and a C57 control non-infarct had large 

hybridization anomalies, so these samples were excluded from subsequent 

normalization and analysis. All other sample groups had 4 experimental replicates. To 

generate log2 expression signal values, we used the gcRMA package 159. We then 

generated two separate sets of moderated F-statistics 160 with the limma package to 

determine if genes were differentially expressed (i.e., had significant interaction P 

values) between C57 and MRL samples in the infarct or the non-infarct regions across 

the time course (0, 1, and 5 days post MI). Limma uses linear models to analyze 

expression datasets 160. We filtered the data set for interaction P < 0.05 in either the 

infarct or the non-infarct regions (1005 probe sets) and at least a 50% fold change in 

any comparison of baseline to post-infarct time for each genotype (MRL, C57) for each 

region (infarct, non-infarct), including baseline expression differences between the two 

mouse lines (739 probe sets). These were filtered to remove duplicate gene symbols 

(688 probe sets), and were then clustered using the HOPACH clustering algorithm 161. 

 

3.3.10 MAPPFinder results 

 Second-level clusters obtained using the HOPACH algorithm were annotated 

with Gene Ontology (GO) terms (www.geneontology.org) using the MAPPFinder 

program 162. These results were filtered to include terms with at least 3 changed genes 

and a Z score of 2 or greater (approximately equivalent to P < 0.05). Groups of parent-
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child relationships were identified and reduced so that only the term with the highest Z 

score is reported. 

 

3.3.11 Real-time quantitative RT-PCR 

Isolated hearts with and without MI were separated as described above, and 

infarct and non-infarct areas were stored separately in RNALater (Qiagen). Total RNA 

was isolated using the RNeasy Midi kit (Qiagen) according to the manufacturer’s 

instructions. cDNA was synthesized from 100 ng of RNA using SuperScript II reverse 

transcriptase (Invitrogen) according to the manufacturer’s instructions. Oligo(dT)12-18 

was used as a primer solution. Real-time quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR) was performed (Applied Biosystems 7300) using 90 ng of 

cDNA per reaction well in a final volume of 25 µl, with glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as an internal control. Primer/probe sets were obtained from 

Applied Biosystems. Fold induction or repression was calculated relative to uninjured 

(day 0) controls of the same strain and region after adjusting for GAPDH expression, 

using the comparative Ct (∆∆Ct) method: ∆∆Ct = [Ct(gene of interest, MI) - Ct(gene of 

interest, control)] – [Ct(GAPDH, MI) – Ct(GAPDH, control)], and fold change = 2-∆∆Ct 

163. 

 

3.3.12 Statistics 

Data were analyzed using GraphPad Prism 4 software. Survival curves were 

generated according to the Kaplan-Meier method, and a logrank test was used to check 
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for differences between strains. Data including 3 or more groups were analyzed by one- 

or two-way ANOVA and Tukey or Bonferroni post-hoc tests. Two-group analysis was 

performed using an unpaired, two-tailed t-test. The significance level was set at α = 

0.05. All data are reported as mean ± SEM. 

 

3.4 Results 

3.4.1 Initial infarct size 

 Infarct size 1 day after surgery, determined by TTC staining, was not different 

between the strains (C57: 37.5 ± 3.6%, n = 10; MRL: 35.6 ± 4.6%, n = 9; LG/J: 43.0 ± 

5.0%, n = 3; P = 0.67; Figure 3.1A). 

 

3.4.2 MRL mice have a survival advantage compared to C57 mice 

 Of the animals that underwent MI surgery, 76% of C57, 84% of MRL, and 36% 

of LG/J mice had successful MI and were included in a survival study (Figure 3.2 and 

Table 3.1). Hearts were excluded (17% of total) if the ligature was too close to or too 

far away from the left atrium when MI was present, or if there was only trace ischemia, 

indicating unsuccessful ligation. Approximately 8% died during surgery, and about 3% 

succumbed to respiratory failure within 1 hour of surgery. Of the animals included in 

the study, 91% of MRL mice had survived after 5 days, while C57 survival dropped to 

69% during the same time (P < 0.05, Figure 3.2). The major risk period for C57 deaths 

was between 2 and 5 days post-MI, but most died on days 3 and 4. LG/J survival was 

intermediate at 75% after 5 days (P = NS). There was a significant trend in survival by 
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strain (P < 0.01). The cause of death in most C57 and all LG/J mice that died during this 

period was left ventricular rupture, determined by the presence of blood in the chest 

cavity at necropsy. The site of rupture was sometimes visible as a tear in the 

myocardium. The few MRLs that died in the first 5 days appeared to succumb to 

pulmonary edema, diagnosed by the presence of fluid in the lungs. After 30 days, 

survival proportions were 88%, 66%, and 75% in MRL, C57, and LG/J mice, 

respectively (Figure 3.2). 

In a cohort of animals, we measured infarct size and thickness on day 5 post-MI 

to determine if the MRL’s increased survival could be related to attenuated infarct 

expansion 42 or preserved thickness compared to C57 or LG/J hearts (Figure 3.1B, C). 

Hearts from C57 and LG/J mice that died of rupture before day 5 were also included. 

There were no significant differences in infarct size between groups (C57: 48 ± 7%, n = 

5; C57 ruptured hearts: 53 ± 4%, n = 3; MRL: 55 ± 3%, n = 4; LG/J: 48 ± 8%, n = 4; P 

= 0.86; Figure 3.1B), so the MRL’s acute survival advantage could not be attributed to 

attenuated infarct expansion. There were also no significant differences in infarct 

thickness between the groups (C57: 0.76 ± 0.12mm; C57 ruptured hearts: 0.50 ± 

0.03mm, n = 6; MRL: 0.56 ± 0.05mm, n = 3; LG/J: 0.63 ± 0.05mm; LG/J ruptured 

hearts: 0.62 ± 0.02mm, n =2; P = 0.17; Figure 3.1C), but some trends were apparent. 

C57 survivors tended to have thicker infarcts than those that ruptured, but MRL infarcts 

tended to thin nearly as much as the C57 ruptured infarcts, and there was no difference 

in infarct thickness between LG/J survivors and ruptured hearts. These trends suggest 

that infarct thinning may be an important determinant of rupture risk in the C57 but not 
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in the LG/J, and that the MRL’s increased survival cannot be attributed to preserved 

infarct thickness. 

 

3.4.3 Enhanced reparative response in MRL infarcts 

To generate hypotheses regarding which biological processes could contribute to 

the MRL’s increased survival, we analyzed gene expression before (day 0) and 1 and 5 

days after MI in the infarct and non-infarct regions of C57 and MRL hearts (n = 3-4 per 

group), using a total of 48 genome-wide Affymetrix MOE430A microarrays. Out of the 

>22,000 transcripts represented on the arrays, 688 met our filtering criteria of P < 0.05 

by a permuted F test and absolute value of fold change greater than 1.5 in any 

comparison. HOPACH clustering 161 of this group identified nine second-level clusters 

with characteristic gene expression patterns (Figure 3.3). Cluster 1 encompassed genes 

with a pattern of repression in the MRL after MI compared to day 0, with weaker 

repression in the C57, and induction in the MRL on day 0 compared to the C57 (R-

MRL cluster). Cluster 2 included genes with a pattern of repression in both MRL and 

C57 after MI, with stronger early repression in the C57 infarct (R-C57/MRL cluster). 

Genes in Cluster 3 were progressively repressed in the C57, with little change in the 

MRL (PR-C57 cluster). Cluster 4 included genes with a pattern of progressive induction 

in the MRL infarct and non-infarct, with a weaker and later induction in the C57 (PI-

MRL cluster). Cluster 5 genes were repressed in the MRL day 1 infarct and induced 

later (day 5) in the C57 (LI-C57/R-MRL cluster). Cluster 6 genes were unchanged in 

the MRL and induced late in the C57 infarct (LI-C57 cluster). Cluster 7 genes showed a 
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pattern of progressive induction in the C57 infarct and non-infarct regions, while 

induced only slightly in the MRL (PI-C57 cluster). Cluster 8 genes were induced early 

(day 1) in the C57 infarct and non-infarct regions with a decline on day 5, while the 

MRL showed a weaker induction on day 1 and slight repression on day 5 (EI-C57/MRL 

cluster). Finally, Cluster 9 genes showed early induction in the C57 infarct and non-

infarct regions (day 1), and repression in the MRL day 1 infarct (EI-C57/ER-MRL 

cluster). 

Using MAPPFinder 162, we annotated the 9 second-level clusters with Gene 

Ontology (www.geneontology.org) terms (Figure 3.3) to understand the functional 

significance of the changed genes. The GO terms most closely related to known effects 

of MI injury appeared in the PI-MRL and EI-C57/MRL clusters (Table 3.2). These 

clusters had a characteristic set of terms in common that appeared to be related to the 

MI injury itself, suggesting that some aspects of the reaction to MI are similar in the 

MRL and the C57, though the pattern of induction was progressive in the MRL and 

early in the C57. These characteristic terms included “response to stress” (n = 15 

associated transcripts in PI-MRL, P < 0.001 and 11 in EI-C57/MRL, P = 0.001) and its 

children “response to wounding” (n = 8, P = 0.001 and 5 transcripts, P = 0.01, 

respectively), “immune response” (n = 12, P = 0.001 and 8 transcripts, P < 0.01, 

respectively), and “inflammatory response” (n = 4, P < 0.05 and 3 transcripts, P = 0.05, 

respectively). However, there was also clear differential regulation. The EI-C57/MRL 

cluster contained transcripts associated with “induction of apoptosis” (n = 3, P < 0.05) 

and “negative regulation of cell proliferation” (n = 3, P < 0.05) that were not present in 
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the PI-MRL cluster. Apoptotic transcripts were also present in the PI-C57 cluster (n = 3, 

P < 0.05). In contrast, the PI-MRL cluster contained numerous transcripts related to 

reparative processes, including those associated with the GO terms, “positive regulation 

of development” (n = 4, P < 0.001), “positive regulation of cell differentiation” (n = 3, 

P < 0.01), and “cell motility” (n = 6, P < 0.05); cellular constituents such as 

“extracellular matrix” (n = 6, P = 0.005) and “actin cytoskeleton” (n = 5, P < 0.01); and 

biological processes such as “angiogenesis” (n = 3, P < 0.05). 

To validate this analysis, we chose three transcripts to quantify with real-time 

PCR (Figure 3.4). Platelet-derived growth factor beta (Pdgfb), a cell survival factor 164, 

and chondroitin sulfate proteoglycan 4 (Cspg4), a mediator of cell adhesion and 

proliferation 165, were members of the PI-MRL cluster. Fas death domain-associated 

protein (Daxx), a pro-apoptotic factor 166, was a member of the PI-C57 cluster. The 

expression patterns of these genes using qRT-PCR (Figure 3.4B) were similar to the 

patterns we observed in the microarray data (Figure 3.4A). 

In summary, MRL and C57 hearts both appear to express transcripts associated 

with a characteristic response to MI injury, but differential regulation is also apparent. 

MRL hearts may express more transcripts associated with reparative processes, while 

C57 hearts may express more transcripts associated with deleterious processes such as 

apoptotic cell death. 
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3.4.4 MRL infarct tissue is less susceptible to early cell death 

To test the hypothesis suggested by our microarray analysis that differential 

regulation of apoptosis could be a significant factor in the MRL’s increased survival, we 

performed a TUNEL assay 1 day after coronary ligation in C57 and MRL hearts (n = 3 

for each group; Figure 3.5A, B). We observed an 8-fold decrease in the number of 

TUNEL-positive cells closely associated with myocytes in the MRL infarct region 

compared to the C57 (4.3 ± 0.7% vs. 34 ± 8.0%, respectively; P < 0.05; Figure 3.5D). 

We did not observe TUNEL-positive cells in remote LV myocardium or the 

interventricular septum of either strain (Figure 3.5C), or in uninjured controls (not 

shown). 

 

3.4.5 MRL hearts have an attenuated inflammatory response 

Our microarray analysis results suggested that the MRL inflammatory response 

could be delayed compared to the C57, due to the progressive pattern of induction in the 

PI-MRL cluster compared to the EI-C57/MRL cluster. We investigated the 

inflammatory response in C57 and MRL mice on day 2 post-MI (n = 3 for each group) 

by immunohistochemical staining for CD45, which labels all leukocytes 167. There was 

a 4-fold decrease in the number of CD45+ cells in the MRL infarct border zone 

compared to the C57 (34.5 ± 7.6 vs. 146 ± 20 cells/mm2, respectively; P < 0.01; Figure 

3.6). 

 

 



61 

3.4.6 MRL hearts have smaller infarct scars and attenuated 

remodeling 

 To determine if there was a differential chronic response to MI injury between 

the strains, a subset of MRL, C57, and LG/J mice were sacrificed after 30 days (n = 14, 

13, and 2, respectively). The majority of MRL and C57 animals (n = 11 and 10, 

respectively) were used for mature infarct scar size measurement, while the remainder 

of the 30-day subset was continuously administered BrdU in the drinking water over the 

30-day period in order to study cellular proliferation. Controls were administered BrdU 

but did not receive MI injury. In the infarct size measurement group, MRL scars were 

significantly smaller than C57 scars (37 ± 3% vs. 48 ± 3%, respectively; P < 0.05; 

Figure 3.7A, B). Indices of LV dilation (0.30 ± 0.04 vs. 0.50 ± 0.05, respectively; P = 

0.01; Figure 3.7C) and infarct expansion (1.59 ± 0.14 vs. 3.00 ± 0.34, respectively; P = 

0.001; Figure 3.7D) were also attenuated. There was a trend toward increased scar 

thickness in the MRL, but the difference did not reach statistical significance (0.23 ± 

0.02mm vs. 0.19 ± 0.01mm, P = 0.08, data not shown). In the BrdU group, there was no 

difference in the number of BrdU-positive cells per field between MRL and LG/J hearts 

before (14.9 ± 0.9 cells/field, n = 3 vs. 12.2 ± 1.4 cells/field, n = 3, respectively, P = 

NS; Figure 3.8C, D) or after MI (30.0 ± 4.9 cells/field, n = 3 vs. 35.4 ± 16.9 cells/field, 

n = 2, respectively, P = NS; Figure 3.8A, B and quantified in D), though MI induced a 

significant increase in BrdU-positive cells in both strains compared to their uninjured 

controls (P < 0.05). Uninjured C57 hearts had 17.7 ± 2.8 BrdU-positive cells/field 
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(Figure 3.8D). We were not able to obtain BrdU incorporation data for C57 hearts post-

MI, so this strain was excluded from the statistical analysis. 

 

3.5 Discussion 

 Here we have shown that increased survival in the MRL mouse compared to the 

C57 was due to the absence of ventricular rupture in the acute phase post-MI, and that 

its major genetic background, the LG/J, was also susceptible to rupture. Lack of rupture 

in the MRL could not be attributed to smaller infarct size, increased infarct thickness or 

attenuated infarct expansion. We performed a microarray study to generate hypotheses 

that could potentially explain the MRL’s survival advantage, and our analysis suggested 

that even acutely after MI, MRL hearts began to express transcripts associated with 

wound repair, while C57 hearts expressed transcripts associated with cell death. This 

was confirmed with PCR and tissue level assays, the latter showing significantly fewer 

TUNEL-positive cells as well as less CD45+ inflammatory infiltration in the MRL 

infarct. Chronically, MRL infarct scars were smaller than C57 scars 30 days post-MI, 

which could not be attributed to attenuated infarct expansion. 

 Numerous researchers have reported the presence of ventricular rupture in the 

C57BL/6J inbred strain during the first week after permanent coronary occlusion 

8,20,21,27,39,40,168, which our results reproduced. Infarct thinning in the C57 appeared to be 

an important determinant of the likelihood of rupture, since survivors on day 5 tended to 

have thicker infarcts than those that died of rupture. This was not true in the MRL since 

those infarcts thinned to a similar degree without rupturing. To determine the 
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uniqueness of the MRL’s survival trait, we searched for reports on rupture rates in other 

inbred strains. Gao and coworkers 27 studied the strain-and gender dependence of 

rupture in FVB/N, C57BL/6J, and 129sv mice. In male mice, rupture rates were 3%, 

27%, and 59%, respectively. These results suggest that rupture is a common acute 

complication of MI in mice, and its rate is strain-dependent. Although the FVB/N 

rupture rate was just 3%, this strain was quite susceptible to acute heart failure; 45% of 

males died from this complication in the first 7 days. Based on these results, the male 

MRL’s acute death rate of 9% reported here is remarkable. However, the presence of a 

significant trend in survival from the MRL to the LG/J to the C57 in the present study 

suggests that the MRL’s survival trait may be derived in part from the genetic 

background it shares with the LG/J. Wound healing in the LG/J has been analyzed in a 

study comparing ear punch healing in 20 inbred strains of mice, including the MRL and 

the C57 154. Both the LG/J and the MRL displayed rapid wound healing kinetics, with 

the 2mm hole beginning to close quickly after 5 days and reaching complete or nearly 

complete closure by 30 days. In contrast, C57 wounds still had a diameter of slightly 

less than 1mm after 30 days. These results suggest that the LG/J could contribute some 

of the MRL’s fast-healing genes. To our knowledge, the present study is the first to 

examine the LG/J’s cardiac phenotype. That theLG/J is susceptible to rupture post-MI 

while the MRL is not implies there may be additional pro-survival mechanisms at work 

in the MRL. 

 Because the MRL’s increased survival was likely to be a complex trait, we 

performed a microarray study at times before (day 1) and toward the end (day 5) of the 
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risk period of C57 deaths, and compared gene expression in the infarct and non-infarct 

regions of MRL and C57 hearts to uninjured (day 0) tissue from the same area. Upon 

clustering and annotating the significantly changed transcripts with GO terms, we found 

both co-regulation and differential regulation. MI appeared to induce a characteristic 

response in both MRL and C57 infarcts, described by GO terms such as “response to 

stress,” that might be delayed in the MRL compared to the C57. However, C57 hearts 

expressed transcripts associated with apoptosis, while MRL hearts expressed transcripts 

associated with wound repair. 

To investigate these results at the tissue level, we first performed a TUNEL 

assay 1 day post-MI and observed an 8-fold decrease in the number of TUNEL-positive 

cells closely associated with myocytes in the MRL infarct compared to the C57 infarct. 

It is currently unknown whether apoptosis contributes to rupture after permanent 

coronary occlusion. However, a new study investigating the effect of EPO 

administration after permanent occlusion in C57 mice 169 reported a significant 

reduction in TUNEL-positive myocytes 2 days post-MI in EPO-treated mice, as well as 

significantly increased survival compared to saline-treated mice. The bulk of the 

difference in survival occurred during the first 6 days. The percentage of TUNEL-

positive myocytes in saline-treated animals was comparable to that we found in the 

present study (37.8 ± 2.2% vs. 34.0 ± 8.0%, respectively), and agrees with previous 

reports 26,54. 

 Next, we performed immunohistochemical staining for CD45 on day 2 post-MI, 

to determine if the delay in the induction of stress response transcripts suggested by the 
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microarray data would lead to a difference in inflammatory infiltration. Indeed, there 

was a 4-fold decrease in CD45+ cells/mm2 in the MRL infarct border zone compared to 

the C57. Excessive inflammation post-MI has been linked to rupture in mice 

overexpressing TNF-α 21, and has been observed at the site and time of rupture 20,27. 

Depletion of leukocytes has been shown to protect against rupture 20. Moreover, the 

neutrophils likely to compose the majority of the CD45+ cells on day 2 post-MI 8,12,20 

are thought to be the source of matrix metalloproteinase (MMP)-9 8,28,29, which may 

have a prominent role in degrading the existing ECM and precipitating rupture 8,20. 

Though mRNA expression of the cytokines TNF-α and IL-1β were not different 

between the strains, the potent neutrophil chemoattractant Cxcl7 170 was strongly 

induced (48-fold) in the C57 day 1 infarct and not in the MRL. Together, these studies 

and our data suggest that reduced inflammatory infiltration could contribute to the 

MRL’s increased survival by providing some protection against rupture. 

 Our data also showed that MRL hearts healed with smaller scars and attenuated 

remodeling than C57 hearts after MI. The MRL’s attenuated scar formation could 

possibly be derived from the reductions in apoptosis and inflammation early after MI. 

Reduced acute apoptosis 26,59,60,72,171,172 and inflammation 54,58-60 have been shown to 

reduce infarct scar size after MI. We did not observe a difference in BrdU incorporation 

between strains before MI, or between the MRL and LG/J infarct border zones after MI. 

BrdU-positive myocytes have been observed in the MRL after cryoinjury 123 and MI, 130 

but other reports have questioned the presence of BrdU-positive myocytes after MI 

128,129, and have not observed a difference in cell proliferation between C57 and MRL 
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hearts 127-129. Further study will be needed to determine if any of the BrdU-positive cells 

in the present study were myocytes. 

 A number of other groups have studied post-MI healing in MRL mice 125-130. 

Our finding of increased acute survival in the MRL confirms and extends that of 

Naseem and colleagues. 130, who reported a drop in C57 survival after 1 week, and our 

data provide possible mechanisms of attenuated apoptosis and inflammatory infiltration. 

However, our chronic healing results diverge from previous studies, which have not 

found a difference in infarct scar size 126-130. Two of these used female MRL and C57 

mice 127,128. Because infarct healing is a sexually dimorphic trait 27,173, as are ear punch 

174 and cryoinjury 124 healing in the MRL, these studies cannot be directly compared to 

ours. Another study used ischemia/reperfusion injury, which resulted in an average 

infarct size of less than 20% 126. Larger infarct sizes as in the present study may be 

necessary to observe differential healing in the MRL. Finally, two studies used male 

MRL mice and permanent coronary occlusion 129,130. In the first, there was no difference 

in survival between MRL and C57 mice; both survived about 90% of the time 129. This 

high rate of survival in C57 mice is inconsistent with many other studies 

8,20,21,27,39,40,168,173, and the only repeated difference appears to be the vendor the animals 

were purchased from: Harlan 129 vs. Jackson Laboratories 8,20,130,173. Further 

investigation would be necessary to determine if there is a difference in post-MI 

survival between mice of the C57BL/6J strain purchased from different vendors. If 

rupture is abolished, chronic remodeling could be similarly improved. Finally, Naseem 

et al. 130 reported a decrease in LV dilation in MRL mice, which is consistent with our 
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findings, but no difference in infarct scar size. A reason for this could be differing group 

sizes: n = 3 in Naseem et al. vs. n = 10-11 in the present study. 

 The results presented here lend credence to the idea of the MRL mouse as an 

intriguing, but complex, model of improved post-MI survival and healing. Our data 

suggest that these phenotypes could be derived in part from reductions in apoptosis and 

inflammatory infiltration. The LG/J’s intermediate survival indicates that its genetic 

background could contribute to the MRL’s traits. This model could be useful for future 

studies designed to augment cardioprotection in the mammalian heart. 
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Figure 3.1: Acute infarct sizes and thicknesses 
Figure 3.1: A, there was no difference in initial infarct sizes 1 day post-MI in each of the 3 strains. B, 
infarct size after 5 days in survivors and hearts that ruptured. C, infarct thickness after 5 days in survivors 
and hearts that ruptured. 
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Figure 3.2: Kaplan-Meier survival analysis of all 3 strains through 30 days post-MI. There was a 
significant trend in survival by strain (P < 0.01), and MRL mice survived MI better than C57 mice (P < 
0.05). There were no differences between the other groups. *, P < 0.05. 
Figure 3.2: Survival analysis 
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Table 3.1: Animal numbers for each set of experiments 
Table 3.1: Animal numbers for each set of experiments 
 

 C57 MRL LG/J 
Acute mortality (% of total, 

excluding censored subjects) 21 (34%) 4 (9%) 2 (25%) 

Initial infarct size    
24h permanent occlusion 10 9 3 

Microarray analysis    
Day 0 infarct, non-infarct 3 4 ND 
Day 1 infarct, non-infarct 4 4 ND 
Day 5 infarct, non-infarct 4 4 ND 

qRT-PCR    
Day 0 infarct, non-infarct 3 3 ND 
Day 1 infarct, non-infarct 3 3 ND 
Day 5 infarct, non-infarct 3 3 ND 

TUNEL staining    
Non-operated 3 3 ND 
24h permanent occlusion 3 3 ND 

CD45 staining    
Non-operated 3 3 ND 
2 days permanent occlusion 3 3 ND 

Infarct scar thickness    
5 days permanent occlusion 11 (6 ruptured) 3 6 (2 ruptured) 
30 days permanent occlusion 10 11 ND 

Infarct scar size    
5 days permanent occlusion 8 (3 ruptured) 4 4 
30 days permanent occlusion 10 11 ND 

BrdU incorporation    
Non-operated 3 3 3 
30 days permanent occlusion ND 3 2 
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Figure 3.3: Clustering and annotation results 
Figure 3.3: HOPACH clustering and MAPPFinder annotation results. Green, downregulation; red, 
upregulation. Changed/measured, number of genes in cluster/number on array. Z-score explained in ref. 
162. 
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Figure 3.4: Validation of gene expression using Affymetrix MOE430A microarrays (A) with 
quantitative real-time PCR (B). 
Figure 3.4: qRT-PCR validation 
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4 Summary and Conclusions 

 The objective of this dissertation was to investigate the role of abnormal 

regulation of wound healing in post-myocardial infarction cardiac repair. We studied 

the effects of deleting an ECM proteoglycan on chronic remodeling, and investigated 

the mechanisms that could be responsible for heightened acute survival and healing in 

a model of myocardial regeneration. 

 

4.1 Effects of ECM Proteoglycan Deletion on Post-

Myocardial Infarction Remodeling 

 Proteoglycans of the ECM may regulate the assembly of collagen fibrils, 

thereby affecting the structure of the collagenous infarct scar. A previous study using 

mice lacking the proteoglycan decorin 29 had shown that decorin was essential for 

proper scar formation after MI. The role of other proteoglycans in post-MI healing was 

unknown. 
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 In Chapter 2, we discussed post-MI healing in mice lacking the small leucine-

rich proteoglycan biglycan. We found that biglycan had a significant influence on the 

formation of collagen fibrils in the infarct scar. Fibrils in biglycan-null scars were 

smaller, more closely packed, and had a narrower range of diameters than fibrils in 

wildtype scars. We also found that biglycan scars were stiffer, by constructing 

pressure-strain curves using in vivo measurements of strain on the scar surface. There 

was no difference in the size of the infarct scar between genotypes, but biglycan-null 

hearts tended to have less collagen deposition in the surviving myocardium, suggesting 

that chronic deleterious remodeling could be attenuated. This was supported by data 

indicating biglycan-null mice had significantly reduced liver weight compared to 

wildtype mice. We concluded that the biglycan-null mouse might serve as a model of 

attenuated progression to heart failure, though further study for a longer time period 

would be needed. 

 This work contributes to our understanding of the cardiac ECM as a critically 

important and dynamic structure during post-MI remodeling. Under normal conditions, 

the ECM facilitates the force transmission that enables the heart to function as a pump 

131,132. Studies have shown that disruption of or discontinuities in ECM components, 

such as fibrillar collagens, collagen crosslinks, and integrins, may have significant 

effects on remodeling in the diseased heart 175-177. These alterations result in myocyte 

fascicles being subjected to abnormal patterns of stress and strain during the cardiac 

cycle due to the loss of structural support provided by the ECM, which directly 

precipitates changes in myocardial geometry and function 31. More recent evidence has 
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pointed to a role for proteoglycans in remodeling, as our group previously 

demonstrated with mice lacking decorin 29. These mice had severe defects in collagen 

fibril organization and assembly in the infarct scar, leading to increased ventricular 

dilation and depressed cardiac function compared to controls. In the present work, we 

have shown that the lack of biglycan also induces changes in the collagen ultrastructure 

of the infarct scar, but these changes do not have the same effect as the lack of decorin, 

and might even delay the onset of heart failure 108. These studies provide a starting 

point for understanding the importance of proteoglycans in the cardiac ECM. Future 

therapies could target ECM proteoglycans such as biglycan by controlling their 

expression levels to ensure mechanical integrity of the infarct scar. 

 

4.2 Mechanisms of Improved Post-Myocardial Infarction 

Survival and Healing in the MRL Mouse 

 Tissue regeneration was once thought to be confined to the limbs of amphibians, 

but it has been shown that those animals, zebrafish, and recently the MRL mouse are 

capable of regenerating myocardial tissue. The prospect of heart regeneration in 

mammals is tantalizing, and research has been undertaken to further investigate cardiac 

injury in the MRL. The results of this work indicate that the MRL is not capable of 

completely regenerating myocardium after MI and still heals with a scar, but it survives 

the MI injury at a greater rate than C57BL/6J controls and may not be as susceptible to 

deleterious remodeling. Evidence of dividing myocytes has also been presented. 
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 In Chapter 3, we investigated the mechanisms of improved survival and healing 

in the MRL. We confirmed that MRL mice survive MI significantly better than C57 

controls, and that the majority of this difference occurred in the first 5 days post-MI as a 

result of the absence of ventricular rupture in the MRL. We investigated survival in the 

LG/J strain, the major genetic background of the MRL, and discovered that it was 

susceptible to rupture, but had a survival rate between that of the C57 and the MRL. 

This suggested that the MRL’s increased survival may be derived in part from its shared 

genetic background with the LG/J. To investigate the mechanisms of this improved 

survival in the MRL compared to the C57, we performed a microarray analysis at acute 

time points. We discovered that attenuated aopotosis and inflammatory infiltration 1 

day after MI were likely to contribute to the MRL’s increased survival, and that by day 

5 post-MI the MRL expressed transcripts associated with wound repair that were absent 

in the C57. Chronically, MRL infarct scars were smaller than C57 infarct scars and had 

attenuated indices of left ventricular dilation and infarct expansion. We speculated that 

the attenuation in apoptosis and inflammatory infiltration could contribute to reduced 

chronic infarct scar size in the MRL. We concluded that attenuated apoptosis and 

inflammatory infiltration could be the source of the MRL’s survival and healing 

phenotypes, but may be derived in part from its shared genetic background with the 

LG/J. 

 This work contributes to our understanding of the components of the acute post-

MI healing response that affect both early survival and long-term healing, and illustrates 

the utility of genome-wide analysis to gain mechanistic insight into these traits. 
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Analysis of gene expression using targeted or genome-wide microarrays has become an 

important tool in cardiovascular research 178. Profiling thousands to tens of thousands of 

genes allows an unbiased view of the transcriptional signature unique to a particular 

disease state. But because hundreds of genes can meet the criteria for significant 

expression, methods to divide them into groups based on function and/or expression 

pattern are quite useful. Functional analysis of gene expression data using MAPPFinder 

162 and the Gene Ontology (www.geneontology.org) has been used to characterize 

pressure overload-induced hypertrophy 179 and doxorubicin-induced cardiomyopathy 

180. Hierarchical clustering has been used to investigate gene expression patterns in 

diseases such as heart failure 181 and ischemic and non-ischemic cardiomyopathy 182. 

Here we have combined these methods in a manner similar to Zambon and colleagues 

183 to first group genes according to their expression patterns, and then to assign 

functional significance to these groups by annotating them with Gene Ontology terms, 

using MAPPFinder. 

 The results of this analysis and subsequent tissue-level assays have contributed 

to existing evidence that targeting specific components of the acute post-MI healing 

response may influence survival and remodeling, as discussed in Chapter 1. Post-MI 

healing begins with myocyte necrosis, an inflammatory response, apoptosis, and the 

degradation of existing extracellular matrix. Deposition of granulation tissue as a 

provisional matrix accompanies the resolution of the inflammatory response. Collagen 

deposition accompanies apoptosis of the granulation tissue, and continues along with 

myocyte hypertrophy and global remodeling of the left ventricle as the infarct scar 
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matures. In agreement with previous reports 20,26,54,58-60,72,169,171,172,184, we have shown 

that reductions in acute apoptosis and inflammatory infiltration (in MRL hearts) are 

associated with both increased early survival and attenuated chronic remodeling. In 

conjunction with our microarray analysis, these results could be used in the future to 

therapeutically target the genes or pathways responsible for attenuated apoptosis and 

inflammation in this model of post-MI healing. 

 

4.3 Limitations and Future Directions 

 There are several limitations in the design of these studies, some of which could 

be addressed in future work. First, in order to perform tissue-level assays at different 

time points, it is necessary to sacrifice a cohort of animals at each time point. This 

means that quantities measured over time are measured in different animals at each 

endpoint. Ideally, we would like to know how a quantity such as the expression of 

certain mRNA transcripts varies over time in the same animals, but it is impossible to 

directly measure mRNA expression without sacrificing the animal. The same limitation 

applies to infarct size. Techniques such as delayed contrast-enhanced magnetic 

resonance imaging do not provide high enough resolution to precisely measure infarct 

size in mice, so the time course of infarct size must be measured in a different cohort of 

animals at each endpoint. We have attempted to ameliorate this problem by measuring 

initial infarct size after 1 day to show that, on average, animals receive the same size 

infarcts. 
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 In our study of post-MI healing in biglycan-null mice, we relied on tracking 

surface markers on the infarct in vivo to measure the strain experienced by the infarct 

over the cardiac cycle. This assumed that the 3 points chosen for analysis remained in 

the plane of video capture during that time, and that the only movement relative to each 

other was due to stretch or compression in that plane. We attempted to stabilize the 

hearts while recording these data to minimize the effect of out-of-plane motion while 

the hearts were beating, but it is possible that there were artifacts added to the data due 

to the heart rolling relative to the video capture plane. A more accurate measurement of 

infarct scar stiffness might be gained by isolating the hearts and subjecting them to an 

inflation pressure 148, thereby avoiding movement due to beating. The study could also 

be improved by lengthening the post-MI time period so that the mice have the 

opportunity to descend into heart failure. This would allow the testing of the hypothesis 

that biglycan is protective in the setting of failure. Functional measurements such as 

ejection fraction and LV end-systolic and end-diastolic diameters would also be useful 

to determine if LV pump function is improved in biglycan-null mice. 

 In our study of survival and healing in the MRL, we did not measure the 

gelatinolytic activity of MMP-2 and MMP-9, enzymes which are widely believed to 

play a causal role in ventricular rupture. These enzymes must undergo post-translational 

processing before becoming active, so measurement of mRNA levels is not sufficient. 

Possible future results of reduced MMP-9 activity in the first 2-4 days after MI in the 

MRL would provide additional support to our conclusion that increased survival in the 

MRL is due to mechanisms that prevent rupture. Increasing the number of LG/J animals 
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would enable a more accurate picture of its rupture rate, and determine if it is 

significantly different from either the C57 or the MRL. MMP activity could also be 

investigated in LG/J animals. These additional studies at acute endpoints would enable 

a better characterization of how much the LG/J’s genetic background contributes to the 

MRL’s increased survival. 

 Finally, future studies could investigate the source of the BrdU-positive cells in 

the C57 and MRL myocardium. This could involve additional immunolabeling for a 

marker of cardiac muscle, as well as markers for cardiac progenitor cells as discussed 

earlier. The results of this experiment would provide new information on whether adult 

myocytes are induced to divide, or if any BrdU-positive myocytes could have arisen 

from a known population of resident progenitor cells.
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