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ABSTRACT 

Over the past decade the use of adult stem cells, particularly human bone 

marrow derived stem cells (BMSC), to safely facilitate recovery of cardiac 

function after myocardial infarctions has received a lot of interest and undergone 

experimentation in both animal models and clinical trials. The exact mechanism 

by which, and which cells of, the bone marrow contribute to this recovery remains 

unknown. This dissertation explores the ability and mechanism of human 

hematopoietic stem (HSC) cells within bone marrow to facilitate the recovery of 

cardiac function in a murine induced myocardial infarction model. We found that 

depleting the relative numbers of HSC in bone marrow by ~10-fold prior to 

transplantation into infarcted hearts resulted in a significant loss of left ventricular 

heart function compared to baseline assessment in vivo, as measured by 

echocardiography (p=0.03). This loss of heart function was indistinguishable from 

the loss experienced in control group that received no cells. In contrast, groups of 

mice that received either the whole bone marrow (WBM) sample of cells, or 

samples that were enriched for relative numbers of CD34+ cells by ~10-fold, 

showed no significant loss of heart function (p=0.19, p=0.08 respectively). The 

size of infarction was reduced in the group receiving HSC-enriched samples 

compared to the groups receiving either WBM (p=0.02), HSC depleted samples 

(p= 0.0001), and the control (p=0.02) group. Revascularization of the border zone 

of infarction by angiogenesis is a proposed mechanism for BMSC facilitation of 

recovery. We found increased capillary density in this border zone in the group 

receiving HSC enriched samples compared to the control (p= 0.0001) group and 

the group receiving HSC depleted samples (p= 0.001), a similar result was 

observed for group receiving WBM samples (p= 0.0003, p=0.006 respectively). 

Together, these results show that treatment of induced myocardial infarction with 

human HSC can prevent the loss of heart function as assessed in vivo and ex 

vivo, and it is likely that angiogenesis-based reperfusion of the ischemic area 

partially responsible. The results imply that the use of autologous BM-derived 

samples enriched in HSC may markedly benefit treatment of heart disease.  
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CHAPTER 1. 

INTRODUCTION 

 

The goals of stem cell based cellular therapy are the same as all regenerative 

medicine strategies, to recover function in a damaged or diseased organ or 

system that lacks sufficient regenerative capacity to heal unaided. Due to their 

status as the most common cause of mortality worldwide, acute and chronic 

heart disease related functional losses are probably the biggest targets of cellular 

therapy research and clinical trials to date. More than a century of research into 

the etiology, pathophysiology and pathology of acute myocardial infarctions has 

given rise to many mechanical and pharmacological approaches to improve the 

quality of life for sufferers and extend their healthy lifespan. These treatment 

methods are limited to delaying or reducing the functional decline experienced by 

patients and cannot restore lost function. Hence the excitement at the possibility 

of genuine recovery offered by cellular therapy. 

Although previous work had suggested that adult stem cells offered myocardial 

regenerative potential, research into the efficacy and mechanisms involved 

exploded only in the last decade. Orlic et al. described the regeneration of 

cardiac myocytes and vascular structure after myocardial infarction by the 

injection of non lineage-determined bone marrow cells in a mouse model (Donald 

Orlic et al., 2001). The highly successful nature of a study utilizing bone marrow 

encouraged other researchers to pursue this work, when previously they may not 

have, for two very important reasons. Firstly bone marrow is an easily available 

and plentiful source of adult stem cells, and secondly it is potentially an 

autologous stem cell source that would not cause any immunological rejection. 

These useful properties of bone marrow were already well known from decades 

of successful bone marrow transplantations in humans, more than half of which 
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were autologous (A. Gratwohl et al., 2010). What enabled the movement towards 

bone marrow use in other cellular therapy was the demonstration of this plasticity 

of the resident stem cells to form cells not traditionally part of their differentiation 

lineages.  

In the intervening years many lines of inquisition have been followed in animal 

models with varying degrees of success. Because of the potentially life-saving 

outcomes, and despite their being no consensus view on the modes of action or 

efficacy of these treatments, human trials have been performed and successfully 

limited loss of heart function. Across all of this work, many different types of cells 

have been trialed, well beyond the phenotypes found within bone marrow. These 

multifaceted experiments have aroused many debates as to which cell 

phenotype has the greatest therapeutic potential. 

The CD34 marker is found on active early progenitor and stem cells in bone 

marrow, and this population has already been trialed in humans for its 

therapeutic potential (Losordo et al., 2007; Michał Tendera et al., 2009). There 

have not, however, been any studies comparing the merits of an enriched 

population of these cells with the total fraction of mononuclear cells from human 

bone marrow. It is possible that late-stage progenitors and terminally 

differentiated cells in the bone contribute paracrine effects to the witnessed 

cardiac regeneration. Considerably less likely, but not entirely impossible, is the 

idea that these cells retain enough fate plasticity to respond to the local 

environment they are transplanted into and transdifferentiate into cardiac cells.  

 

The study of heart physiology 

Heart failure has long been recorded as a leading cause of death, so the study of 

heart physiology in relation to mortality has been of interest for some time. The 

1903 invention by Dutch physician Willem Einthoven of the electrocardiograph, 

which measures electrical activity of the heart through changes in the electrical 

potential of the skin, allowed rapid advancement in more accurate determination 
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of the actual cause of death. Electrocardiography allowed Herrick to accurately 

ascribe changes in heart function to abnormal rhythms caused by myocardial 

coronary occlusion only 9 years later. The prevailing wisdom held that occlusion 

of a major coronary artery resulted in near-immediate death, Herrick accurately 

disputed this and moreover laid down our understanding of the role of 

arteriosclerosis in coronary occlusion that still prevails today (Herrick, 1983 

[reprint]). Another early experiment allowed the development of the non-invasive 

identification of victims of myocardial infarctions through changes to part of the 

electrocardiographic output known as the ST segment (Tennant & Wiggers, 

1935). 

Reperfusion of the ischemic area of a diseased heart by surgery was first 

achieved when Dr Robert Goetz performed the first coronary artery bypass 

surgery in 1960, although the now standard saphenous vein graft was not 

performed until later. This was followed by the world‟s first successful human-to-

human heart transplant in 1967 in Cape Town, South Africa by Christiaan 

Barnard M.D. These stepwise improvements in our understanding have lead to a 

greatly increased ability to treat disruption of normal heart physiology. 

 

The diseased heart 

According to the World Health Organization, cardiovascular diseases (CVDs) 

accounted for 17.1 million deaths worldwide in 2004, making CVDs the number 

one cause of death from disease (“World Health Organization Fact sheet N°317,” 

2011). Of those, Coronary Heart Disease (CHD) deaths made up the largest 

proportion (7.2 million). CHD related deaths result from ischemia, a lack of 

adequate circulation to the cardiac muscle and surrounding tissue. Myocardial 

infarctions (MIs) are considered non-exclusively symptomatic of CHD and are the 

complete loss of circulation leading to the death of heart muscle tissue through 

necrosis and apoptosis. Following myocardial cell death, collagen scarring 

occurs, leading to permanent damage to the heart. MI severity and fatality 

incidence varies depending on the area affected, duration of infarction, and 

http://en.wikipedia.org/wiki/Saphenous_vein
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medical intervention to revascularize the infarct zone. Untreated, MIs can lead to 

loss of heart function through congestive heart failure, arrhythmia, pericarditis, 

and/or myocardial rupture, all of which can result in cardiogenic shock where the 

output of the heart can no longer supply oxygenated blood to the entire body 

(Leone, 1996). 

 

Pathophysiology 

Myocardial infarctions (MI) are a common consequence of cardiovascular 

disease (CVD) and result in either immediate death in the acute phase (AMI) or 

prolonged deterioration of cardiac function that leads to fatal cardiac failure or 

arrest in chronic cases. An MI results from the occlusion of a coronary blood 

vessel, usually by an atherosclerotic plaque. These form when low-density 

lipoprotein builds up on the vessel wall, followed by inflammation and hardening 

of the vessel that result in restricted blood flow. Development of atherosclerosis 

is accelerated by risk factors such as advanced age, diabetes, hypertension, 

smoking and genetic predisposition. This may present first as angina, a chest 

pain on exertion or in the cold caused by the thinning of cardiac arteries so that 

insufficient blood flow is experienced by some part of the myocardium. 

An acute myocardial infarction (AMI) is caused by the complete closure of a 

major cardiac artery either through the conclusion of the gradual process of 

atherosclerosis that terminates in a clotting cascade, or thrombotic occlusion 

caused by a dislodged plaque. The sudden loss of oxygen and nutrients to the 

area of myocardium that received blood downstream of the blockage quickly 

results in ischemic cardiomyopathy, and the loss of cardiomyocytes through 

necrosis. This has resulted in the phrase „time is muscle‟, because the longer the 

period of ischemia and, or, the larger the at risk area during the infarction the 

greater the loss of heart function as a result (Burke & Virmani, 2007). 

The papillary muscles can be also be infracted in transmural infarctions; that is, 

those that cause ischemia across the whole width of the ventricle wall. When this 
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happens it puts the heart at greater risk of failure because there is an increased 

chance of valve failure that can lead to arrhythmia, which with other cardiac 

complications can cause sudden death. Though as previously mentioned, 

because of differences in normal vascular development this is normally seen in 

humans but not mice (Kumar et al., 2005). 

 

Necrosis & apoptosis after ischemia 

Necrosis and apoptosis are two quite different modes of cell death, the latter 

being far more controlled and energy intensive. Necrosis is the sudden loss of 

cellular homeostasis which results in cell membrane rupture and dispersal of its 

contents into the local environment. This induces an overt inflammatory response 

and is responsible for the infiltration of neutrophils, macrophages, lymphocytes 

and fibroblasts after a MI. These cells help clear the cellular debris and 

restructure the tissue. The type of necrosis experienced during AMI is called 

coagulative necrosis, and results in the retention of the tissue architecture. 

However, because the cardiomyocytes do not undergo frequent mitosis, they 

cannot repopulate the necrotic area and fibroblasts lay down a collagen scar 

instead. The scarring of ischemic myocardium causes significant remodeling of 

the heart tissue and disrupts normal function of the entire organ. Necrosis was 

long considered the sole form of cell death in ischemic cardiac tissue, until recent 

studies (e.g. Sam et al., 2000) demonstrated increased apoptosis in ischemic 

hearts. There is still much debate about where cardiomyocytes apoptosis takes 

place in the ischemic heart. Whether in the ischemic region or its border zone, 

also under debate is the role of reperfusion in the induction of apoptosis. A 

review of this literature (Krijnen et al., 2002) highlighted the differences observed 

between apoptosis in human AMI and animal models. The latter showed a higher 

frequency of incidence in the ischemic area and occasionally in remote, non-

ischemic myocardium. A recent study of apoptosis in human myocardium after 

MI confirmed late stage apoptosis-driven removal of cardiomyocytes in ischemic 

areas (Prech et al., 2010). 
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Apoptosis is a much more controlled form of cell death that requires ATP and is 

not generally considered to induce an inflammatory response. Hence it is 

possible that ischemic hearts that undergo higher levels of apoptosis relative to 

necrosis may experience reduced remodeling as a result. So whilst it seems 

undoubtable that apoptosis plays a role in cell death of ischemic myocardium it 

remains unclear exactly what impact that has. 

 

Models of human myocardial infarction in animals 

There are two standard methods for modeling a human myocardial infarction in a 

mouse heart. These are the ligation of the left anterior descending (LAD) artery 

at the point where it emerges from under the left atrium, and the cryoinjury of a 

comparable area of the anterior left ventricle by application of a chilled probe. 

Both methods produce a large ischemic area in the left ventricle which then 

undergoes necrosis and collagen remodeling, results in decreased heart function. 

Both methods are also subject to a certain amount of variability which can 

decrease or mask the significance of different treatments trialed through these 

models. 

Since the publication of a strong correlation between infarct size and ventricular 

function in rats (Pfeffer et al., 1979), the LAD ligation has been the standard 

model for AMI in rodents. A thorough and precise description of the LAD ligation 

model surgery was recently published to facilitate reproducible results for other 

researchers in the field (Tarnavski et al., 2004). A similarly clear and descriptive 

paper outlined the cryoinjury model and compared it to LAD ligation the following 

year (Bos et al., 2005). Both methods were concluded to be highly reproducible, 

clinically relevant models for AMI, as determined by histological evaluation of the 

induced infarction and its progressive remodeling. The cryoinjury study used a 

cryosurgery tool that maintains constant temperature by circulating liquid nitrogen 

through the tip; it is likely this made reproducibility markedly easier than in 

experiments such as this dissertation where probe submersion in liquid nitrogen 

was used. Infarctions produced by this method were seen to affect less of the 
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circumference of the heart and retain thicker ventricular walls when compared to 

the ligation method. 

It is generally considered that the ligation method is the better model due to the 

close mimicking of the effects of coronary occlusion during human AMI. This 

technique also produces drastic physiological changes that are easily monitored 

by non-invasive echocardiograms. Because of this large and immediate impact 

on heart function it can result in undesirably high mortality rates among the test 

mice. In those cases the less damaging cryoinjury model may be more 

appropriate. 

Besides the ligation method, the age of the mice used impacts the response to 

induced MI by LAD ligation (Gould et al., 2002). In this investigation it was found 

that unlike „middle-aged‟ mice, younger mice did not suffer congestive heart 

failure despite having larger areas of infarction. This finding is further illustration 

of the multiple factors to be balanced when deciding on the appropriate model for 

AMI. In favor of the use of cryoinjury model is a recent comprehensive study of 

the impact of cryoinjury on rat hearts (Ciulla, 2004). This study tracked the acute 

changes in coagulation necrosis, inflammation, micro vascular reperfusion, 

scarring and remodeling through to later signs of heart failure. The changes 

showed all the signs of being similar in nature and progression to ischemic 

damage, and a viable model for MI.  

Taken together this collection of perspectives suggests that either standard 

method can be considered to model human AMI in a clinically relevant fashion. 

The most important factors are consistency and the creation of large and easily 

comparable myocardial scars. 

 

The impact of the model systems on heart function and physiology 

For a model system to be translational to clinical practice any differences 

between the human pathophysiology and that of the animal model need to be 

understood. Since study of the progression of human disease under non-fatal 
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conditions is mostly limited to non-invasive testing, there is still much to be learnt 

from animal models. That was the case in a rat model of MI that determined that 

fibroblasts were responsible for collagen deposition-dependant remodeling 

(Cleutjens et al., 1995). Types I and III collagen mRNA and protein where found 

expressed at a much greater levels in the infarcted than uninfarcted myocardium. 

In situ hybridization of these mRNA co-localized them with interstitial fibroblasts 

but not cardiomyocytes. It is likely that a similar process occurs in human AMI; 

such discoveries can lead to future therapeutic approaches. For example, it is 

possible that at some stage an RNA interference molecule could be used to 

target the expression of these collagens to restrict remodeling of the myocardium 

in AMI patients. 

Whilst assessing the impact of the ligation model on wild type mice a distinction 

between the coronary anatomy of mice and men was uncovered. Using the 

standard method of ligating the left descending coronary artery where it emerges 

from under the left atrium, it was observed that unlike in the human disease the 

model is based upon, the intraventricular septum was spared from infarction 

(Kumar et al., 2005). This led to the discovery that branching of the septum artery 

is different in mice than other large laboratory animals and humans. This is an 

example of a difference between a model and the clinical target that could have 

serious implications for translation of successful research. Because of the density 

of Purkinje fibers in the intraventricular septum any ischemia in the area can 

cause serious and life threatening arrhythmias in humans. It is possible that mice 

can survive considerably more severe infarction events than humans can. 

Therefore simply causing the largest infarction that is possible without resulting in 

immediate death is not a good course of action, indeed less severe infarctions 

may prove to be more useful as models in the long run. 
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The differences between human and mouse hearts 

Since any venture into the unknown tends to be fraught with hazards, when 

pushing boundaries in medical science we currently look to non-human animal 

models to safely test our hypothesis. As with the use of any model system, there 

are questions about the validity of such models for comparison to the real world 

applications in human therapies. So, as we would for any other in vivo, in vitro, 

physical or virtual model, it is worth discussing the relevance of the testing of 

novel cardiac therapies for humans in a mouse model. Since this particular work 

involves the xenografting of human tissue into a mouse organ it comes with 

specific considerations which we will discuss here. 

 

Anatomical 

In terms of gross anatomy the most obvious difference between the human and 

mouse hearts are their shape and size. These differences arise not only from the 

size of the animals the organs develop in, but also their physical orientation in 

relation to gravity and the surrounding organs and skeletal structure under 

normal conditions. Whilst the human and mouse skeletal structures of the upper 

torso are essentially comparable, their orientations to gravity are perpendicular. 

In the upright human, the heart forms a pyramid like shape due to the dorsal 

surface abutting the diaphragm, with which it is thus in frequent contact. The 

somewhat elongated rib cage of the mouse, which is longitudinally flush to the 

ground during normal movement, causes less cramping of the pericardial cavity 

compared with humans and allows the murine heart to form a more ellipsoid 

shape. Despite these differences, the heart of each animal constitutes roughly 

0.5% of its body weight.  

Structurally and functionally their hearts are also very similar. The human and 

mouse hearts are both four chambered organs topped by two atria with two, 

more muscular, ventricles beneath them. Both species have distinct walls of 

muscle between each of these, known as septum. The interventricular septum 

and interatrial septum are themselves separated by the atrioventricular septum 
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which is less muscular and more fibrous in the human than the mouse. 

Deoxygenated blood returning from the body is received by the right atria before 

being pumped by the right ventricle to the lungs for oxygenation. On returning 

from the lungs the now oxygenated blood passes through the left atria and is 

pumped throughout the body by the powerful left ventricle. 

Between the atria and ventricles of each hemisphere of the heart are valves to 

prevent backflow of blood during ventricular contraction. In the left is the mitral, 

two leafed valve. And in the right is the tricuspid, three leafed valve. The tips of 

these valves are attached to by way of tendinous cords to the papillary muscles 

of the ventricles, whose role it is to prevent the prolapsed of the valves. These 

tendinous cords are far more pronounced in the human heart, as are the 

differences between the left and right in ventricular myocardial protrusions known 

as trabeculae carneae. The specialized, highly conductive myocytes known as 

Purkinje cells can be found in the form of long thin cords in the apical regions of 

the ventricles in both species. 

The mouse atria are slightly smaller relative to their ventricles than human atria, 

which is probably the result of minor differences in the venous developmental 

morphology. Along with the more prominent and muscular intraventricular 

septum in the human heart this small distinction marks the slight anatomical 

differences between the human and mouse hearts. This is discussed as an 

introduction to the cardiac developmental differences between humans and mice 

in an excellent review from 2003 (Wessels & Sedmera, 2003). 

 

Cellular Composition and Interaction 

To make studies of mouse models as clinically relevant as possible for later 

human trials, as we have for this dissertation work, human cells are injected into 

mice. This is based on the assumption that the grafted human cells will function 

and communicate as they would if they were grafted into a human host. Since 

the graft and host are of different species, which in this case diverged 
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evolutionarily 65 million years ago, this assumption deserves challenging. It 

would not be reasonable to assume that the model is entirely accurate, just as it 

would not be ethical to perform these experiments in humans without some 

assurance of safety and efficacy. 

Due to the specialized contractile nature of cardiac myocytes, a comparative 

study of their intercellular interactions in mice and humans helps justify the base 

assumption. Connexins are an important class of transmembrane channels that 

form gap junctions between cells and allow them to become electrically coupled. 

In a comparison of mouse and human fetuses, the three major cardiac connexins 

Cx43, Cx40 and Cx45 had very similar expression patterns in specific cardiac 

tissues, such as the Purkinje fibers, at comparable development periods between 

species (Coppen et al., 2003). This suggests that these specific cells are not only 

comparable between species, but may also be compatible, allowing conductive 

connections to form that would functionally integrate the human cells into the 

mouse myocardium. 

As with any other disease, the immune system plays a role in myocardial 

infarction. Therefore, differences in the immune systems of the graft and host 

species in these types of studies play significant roles in their outcomes. During 

the ischemic phase of AMI when the majority of cells in the infarcted area are 

entering necrosis, some in the peri-infarct zone are also undergoing apoptosis. 

The former does not signal a phagocytotic immune response, whereas the latter 

does. Following necrosis, macrophage invasion precedes the formation of the 

collagen scarring that reduces contractile function. The Mestas and Hughes 

review discusses how macrophage nitric oxide synthase responds to different 

inflammatory mediators in humans than it does in mice. The FcR receptor family 

of the innate immune system cells, which includes macrophages, act as link to 

the adaptive immune system by recognizing antibody-antigen complexes. There 

are several differences between members of the FcR family in each species with 

mice lacking some of the receptors expressed in humans (Mestas & Hughes, 

2004). 
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It is still unknown what impacts on cellular interaction and retention these 

differences in the human and mouse immune systems have on the integration of 

grafted human cells with the mouse AMI model. Based on our current 

understanding it is fair to assume that a difference may exist between the 

potential of mouse and human BM cells to affect remodeling of the myocardium 

after AMI. Suffice to say that some significant difference exists and we should 

expect new insights to arise when translating animal research to human clinical 

trials. 

 

Biochemical Species Differences 

Even with similar anatomy, the divergence of humans and mice was long enough 

ago to have created significant differences in their metabolisms. These 

differences are evident in the operational biochemistry of each species. Creatine 

phosphate plays a very important role in energy storage for the heart; it allows 

the storage and/or transport of high energy phosphates created by oxidative 

phosphorylation in the mitochondria. Different isoforms of the same enzyme, 

Creatine kinase (CK), catalyze both the phosphorylation and dephosphorylation 

of Creatine by the transfer of a phosphate ion from ATP or to ADP. That shifts 

the chemical energy of the phosphate between a readily accessible form and a 

more stable storage form. Subcellular compartmentalization of the different 

isoforms of CK allows excess energy generated during rest to be stored and then 

consumed in times of need. The resting rate of ATP synthesis by CK is very 

similar in human and mouse hearts, around 3 mol/g/second. The response of 

this turnover rate to similar kinds of cardiac stress in mice and humans is also 

comparable. Both species exhibit about a 50% reduction in ATP synthesis by CK 

during dilated cardiomyopathy in humans and the aortic constriction model in 

mice. Elevated CK levels in the blood are used as a diagnostic indicator of 

different types of muscle damage, including myocardial infarctions when present 

with chest pain.  
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Although Troponin is now more commonly used in these assessments as two of 

its subtypes, I and T, are more sensitive indicators of myocardial infarction 

(Hamlin & Altschuld, 2011). 

Where there is a substantial difference in the bioenergetic chemistry of human 

and mouse hearts is the energy requirement for each heart beat. These are 16 

mJ/g and 6 mJ/g respectively, and appear to indicate an efficiency difference 

between species. Thus whilst in this respect the biochemistry of the two species 

is very similar in many ways, there are some known discrepancies in the 

bioenergetic profiles. What impact the differences in energy requirements of the 

mature cardiomyocytes would have in chimeric tissue can only be guessed at 

today. 

 

Healthy Function 

At their preferred body temperatures, mice and men have resting heart rates of 

approximately 350 and 70 beat per minute respectively. Since the metabolitic 

rate of mice is 8 times that of humans it might be reasonable to expect the 

difference in heart rates to be comparable across the average lifespan. It is in 

fact closer to a 5 fold difference; mice have a total of 700 million heart beats over 

their lifespan, but man, 2.5 billion heart beats (Hamlin & Altschuld, 2011). The 

greater relative energy required by a human heart per beat suggests the human 

heart to be less efficient. This difference in normal heart function is clearly related 

to the differences in bioenergetics and is another reason to question the capacity 

of human cardiomyocytes to functionally integrate into mouse myocardium. None 

of the experiments that utilized human cells in a mouse model and showed them 

contributing to the cardiomyocyte population have reported arrhythmias. This 

implies that despite the species differences mice can be a useful model of AMI 

for studies with human cells. 
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An introduction to stem cells 

Stem cells are a unique type of cell able to undergo continuous self renewal 

through mitotic cell division without entering senescence or differentiating 

terminally. They are also unique in being able to stay in a stable state of potency, 

the degree of which depends on their developmental origin and the host tissue of 

their niche. 

These two properties go hand in hand; during a mitotic division a stem cell has 

three options (Lutolf, 2010). Symmetrical self renewal – both daughter cells 

maintain the same potency as the parent cell. This occurs when there is a need 

to expand the stem cell niche or maintain the population of self-renewing cells in 

the niche due to the loss of other cells. Asymmetrical division – the production of 

two different daughter cells, one that retains the potency of the parent and one 

that begins to differentiate into a cell with fewer terminal differentiation options. 

When progenitor cells of the type produced by the niche are required but the 

niche population is to be maintained this type of division will take place. 

Stochastic differentiation – both daughter cells begin to differentiate into less 

potent cells. During a time of great stress such as injury, or in the absence of 

self-renewal signals, some of the niche population may be sacrificed to produce 

adequate quantities of a desired progenitor population. 

Stem cells have been found throughout the developmental process and across a 

wide range of species from very simple multicellular organisms to complex higher 

mammals such as humans. Because of their unique properties and roles in 

tissue homeostasis and regeneration they have become of great interest to 

medical scientists. All true stem cells retain an unlimited self renewal capacity in 

their native environments or under the same simulated conditions (Suda et al., 

1987). This can be said of embryonic stem cells (ESC), which, when cultured on 

feeder cells will form „colonies‟ of pluripotent cells. Some non-pluripotent stem 

cells do not terminally differentiate and there are multiple levels of potency 

exhibited by adult stem cells.  
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Pluripotent cells are able to differentiate into ectoderm, mesoderm and endoderm 

cell types (Evans & Kaufman, 1981). These cells form at the initiation of 

ontogenesis very early in embryonic development and are found in the epiblast 

tissue of inner cell mass of the blastocyst. This differentiation capacity is lost 

during development and is not found in the adult tissues of higher mammals such 

as mice or humans. Owing to this uniqueness, pluripotent stem cells have 

attracted a lot of attention from people interesting in understanding what enables 

these cells to differentiate into each of three germ layers when other stem cells 

cannot. Since these cells can be maintained and their numbered expanded in 

vitro, if the differentiation of the cells could be controlled then replacement cells 

or entire organs could be produced for clinical therapies.  

Multipotent stem cells are found later in the development of an organism have 

now been found in many adult tissues (da Silva Meirelles et al., 2006). They are 

capable of forming only a limited number of cell types, often providing the 

replenishing source for a category of cells throughout adult life e.g. hematopoietic 

stem cells (HSC). HSC are the major resident population of stem cells in the 

bone marrow and give rise to blood cell progenitors that differentiate into the 

myeloid, lymphoid, and erythroid lineages of cells. Multipotent populations of 

cells, such as HSC, have recently been shown to derive cell types other than 

those in their traditional lineages. This is particularly relevant to this dissertation 

research and will be discussed more later.  

Oligopotent cells are more properly described as progenitor cells because of their 

limited potency. An example of this would be myeloid progenitor cells which give 

rise to monocytes, granulocytes, eosinophiles, dendritic cells, red blood cells, 

platelets, and basophiles, but not T lymphocytes, B lymphocytes, or natural killer 

cells which are part of the lymphoid lineage (K. Akashi et al., 2000). Unipotency 

is possessed by the most differentiated type of cell short of terminal 

differentiation. These are known as progenitor cells, for example hepatocytes, 

which are derived from multipotent hepatic stem cells and allow the adult human 

liver to regenerate (Schmelzer et al., 2007). 
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The use of adult stem cells for clinical applications 

The advantages of adult stem cells over embryonic stem cells 

ESC have the greatest potential utility for clinical application because of their 

unlimited proliferative capacity, theoretically allowing the production of as many 

cells as are required, and the capability to produce any adult cell type. Despite 

this, there are practical barriers that limit the implementation of ESC in therapy. 

Principal among these is their derivation from live embryos, a process that 

destroys the embryo, and arguably terminates a human life. It is not yet known 

whether it would be possible to safely remove a single cell from the inner cell 

mass of a human embryo without affecting its development (Sathananthan, 

2007). 

 

Teratoma formation – A major barrier to the use of pluripotent stem cells 

The gold standard for testing the pluripotency of a derived ESC line is to 

transplant them into a live, immune deficient animal and monitor for teratoma 

formation that consists of cells from all three germ layers (Evans & Kaufman, 

1981). This property gives rise to serious safety concerns when considering the 

use of ESC in regenerative medicine. They are known to form teratocarcinomas 

when transplanted into an adult, and the process by which that happens is still 

poorly understood. Knoepfler (2009) posits that there in a direct correlation 

between the degree of potency of transplanted cells and the degree of risk of 

subsequent tumor formation. That observation forms an important part of the 

argument in favor of the use of adult stem cells for therapy rather than pluripotent 

stem cells. 

 

Avoiding immune rejection – another advantage of adult stem cells 

The transgenic, heart-specific, overexpression of TNF- appears to eliminate the 

tumorigenesis that occurs in wild type mice when ESC are injected into the heart 

(Behfar et al., 2007). By monitoring both the expression levels of cardiac specific 
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transcription factors (Nkx2.5, MEF-2C, GATA4) and the formation of beating cells 

in embryoid bodies, a cardiopoietic window was identified. When exposed to high 

levels of TNF-, the expression levels of these transcription factors doubled. This 

was accompanied by an increase the amount of sarcomeric protein present and 

the proportion of beating cells. This shows us that boasting the tissue specific 

differentiation factors at the time of transplantation with ESC can greatly reduce 

or eliminate the risk of tumor formation. Since genetic modification of humans is 

not a realistic part of any therapies at this time, the use of an autologous tissue, 

such as bone marrow, that contains stem cells is a more achievable approach. 

Whilst tracking the expression of one of these cardiac-lineage specific 

transcription factors (Nkx2.5) in differentiating ESC, retinoic acid was found to 

increase the expression of atrial-specific genes within cells expressing Nkx2.5 (K. 

Hidaka et al., 2003). This information assisted in future attempts to enhance 

cardiopoiesis from human stem cells (Behfar et al., 2010). Additionally it had be 

shown in 2001 (Hiroi et al., 2001) that Nkx2.5 associates with another early 

cardiac lineage transcription factor (Tbx5) to synergistically upregulate the 

expression of the natriuretic peptide pre-cursor type A (Nppa) gene. Nppa has a 

cardiac specific protective role during hypertrophy and remodeling (Franco et al., 

2004). Utilizing these tissue specific factors, or those that are secreted in stem 

cell niches and direct the fate of implanted cells, could improve the success of 

future reprogramming attempts. 

 

Induced transdifferentiation – reprogramming cells to useful phenotypes 

Knowledge of the role of cardiac specific genes may play a role in enhancing 

future adult stem cell therapies for the heart. This area is known as direct 

reprogramming because the cells involved are changed from one type to another 

through exposure to a set of defined factors. This is not, however, an entirely 

new idea. In 1987 the Lassar lab at the University of Washington converted 

fibroblasts into myogenic myoblasts by transfection with a single cDNA (Davis, 

Weintraub, & Lassar, 1987).  
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The Srivastava lab achieved the direct reprogramming of fibroblasts into 

cardiomyocytes with the expression of only three early cardiac lineage specific 

transcription factors, Gata4, Mef2c, and Tbx5 (GMT) (Ieda et al., 2010). When 

virally transduced into the cells, GMT was able to directly reprogram both 

neonatal and adult cardiac fibroblasts into cardiomyocytes. These induced 

cardiomyocytes (iCM) expressed cardiac troponin and -actin and showed 

upregulation in the cardiomyocytes specific genes Myh6 (a-myosin heavy chain), 

Actc1 (cardiac -actin), Actn2 (actinin a2), and Nppa (natriuretic peptide 

precursor type A). Most significantly, iCM showed the same markers of 

cardiomyocytes when generated from fibroblasts with yellow florescent protein 

(YFP) expression tied to cardiac progenitor expressing genes Isl1 and Mesp1, 

and the latter lacked YFP. This demonstrated that during the process of 

reprogramming there was no passage of the cells through a progenitor step with 

subsequent differentiation into cardiomyocytes. The cells directly passaged from 

one cell type to another. 

 

Bone marrow stem cells 

Bone marrow is an extremely complex organ that contains a multitude of cell 

types and niches. The marrow itself consists mainly of two different tissue types, 

hematopoietic and stromal. Each of these tissues is home to important form(s) of 

adult stem cells, hematopoietic (HSC) and mesenchymal (MSC) & endothelial 

progenitor (EPC) respectively. MSC are also known as marrow stromal cells 

because they were originally identified as forming a tiny proportion of the non-

hematopoietic stromal tissue. The rest of the stroma consists of fibroblasts, 

macrophages, adipocytes, osteoblasts & osteoclasts, and endothelial cells. They 

contribute to connective tissue, defense & nutrient delivery, energy storage, bone 

tissue management, and vascular structure respectively. All of which contribute 

in some way to the formation and maintenance of the stem cell niches. In 

particular the osteoblasts, which were determined simultaneously through two 

different experiments to be the key component of HSC niche (Calvi et al., 2003; 
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Jiwang Zhang et al., 2003). The Calvi study was able to demonstrate that active 

osteoblast-specific parathyroid hormone receptor increased the levels of the 

Notch1 ligand, Jagged 1, which increased levels of bone marrow HSC. Calvi et al. 

observed that parathyroid hormone injection increased both osteoblast and HSC 

numbers and improved survival after bone marrow transplantation; they 

determined that the osteoblast cells play an important role in the regulation of the 

HSC bone marrow niche. Solidifying this conclusion was the Zhang et al. work 

that modified a bone morphogenetic protein (BMP) receptors expression. BMPs 

are known to play a role in hematopoiesis during embryonic development and 

they found that inducible knockout of one of the BMP receptors increased the 

population of HSC in mouse femurs. Specifically, the quiescent, long term HSC 

population increase correlated and co-localized with an increase in the number of 

spindle-shaped, N-cadherin expressing osteoblast cells. The cadherin cell 

junction associations between the osteoblasts and long-term HSCs strengthened 

the case for a niche and/or supportive role of these particular cells. 

The endothelial cells of the bone marrow form the sinusoid endothelium, a very 

important type of porous vascular structure that allows proteins and signaling 

molecules easy passage to and from the bone marrow tissue and the circulatory 

system. Associated with this are all the other components of the bone marrow 

including the stromal stem cells (MSC), which it was concluded are resident 

within a perivascular niche because of their expression of perivascular cell 

markers smooth muscle actin and CD146 (Shi & Gronthos, 2003). 

 

Hematopoietic Stem Cells 

Hematopoietic stem cells are multipotent adult stem cells that give rise to all the 

myeloid and lymphoid cells of the blood. Those are the monocytes, macrophages, 

neutrophils, basophils, eosinophils, erythrocytes, megakaryocytes/platelets, and 

dendritic cells; and T-cells, B-cells, and Natural Killer -cells.  
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Their niche is located on the inner surface of the cavity of long bones such as the 

femur; this tissue is known as the endosteum, thus it is called the endosteal 

niche to differentiate it from those HSC found in other body organs i.e. liver and 

spleen. 

Human HSC can be distinguished from other cells by the cluster of differentiation 

cell surface marker combination; CD34+, CD133+, CD38-, Lin-. The last of these, 

Lin-, is an abbreviation of lineage and does not refer to a single marker but rather 

the lack of markers found on cells derived from HSC. The commercially available 

human MACS Lineage Cell Depletion Kit used during the experimental work of 

this dissertation targets mature lymphoid and myeloid cells as well as erythroid 

progenitors. 

 

Mesenchymal Stem Cells 

The important major characteristics of MSC in the bone marrow are their self-

renewal and differentiation potentials. The colony-forming unit (cfu) assay 

discriminates the MSC from HSC in bone marrow because MSC adhere to 

plastic culture plates more readily than HSC. The adherent cells that form stable 

colonies of self renewing cells (hence cfu), i.e. continuously grow in culture, are 

considered to be MSC. These colonies of cells display the ability to differentiate 

into osteoblasts (bone cells), adipocytes (fat cells), and chondrocytes (ligament 

cells). 

 

Endothelial Progenitor Cells 

EPC can contribute to the endothelium and promote angiogenesis in wound 

healing models. They were originally isolated from peripheral blood as 

CD34+circulating progenitor cells (Asahara et al., 1997) and were later 

determined to originate in the bone marrow (Asahara et al., 1999).  
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Hemangioblasts 

Hemangioblasts are a population of multipotent progenitor cells that are able to 

differentiate into both hematopoietic and endothelial lineages. They were 

originally theorized to be present during embryonic development only, but 

recently cells of the same differentiation capacity were isolated from the 

mononuclear fraction of human bone marrow (Pelosi et al., 2002).  

 

Stem Cells and Myocardial Infarction 

Many different approaches to the same goal have been explored following the 

initial publishing of the potential bone marrow has for myocardial infarction 

restitution in the high profile journal Nature (Donald Orlic et al., 2001). Of these, 

the majority have been animal experiments in the very early pre-clinical phases. 

Preliminary experiments concluded that introduction of stem cells to the heart 

could indeed alleviate some of the symptoms of myocardial infarction; although 

there was plenty of disagreement about how and what the stem cells contributed. 

 

Bone marrow cells in previous research on therapeutic potential of stem 

cells in cardiac repair 

Bone marrow mononuclear cells have been the most widely used in both animal 

models and human trials. There has been a steady stream of whole bone marrow 

mononuclear cell fraction and CD34+ cell fractions used in different animal AMI 

models. The fact that the finding of these papers have at times contradicted one-

another illuminates the multifaceted nature of the bone marrow cells. 

Due to the strength of the dogma surrounding the concept of differentiation of 

specific adult stem cells into defined lineages, there was initially resistance to the 

idea of BM stem cells contributing to the myocardium by transdifferentiation. Prior 

to, and concurrent with, other publications that demonstrated the concept in vitro 

and in vivo came publications to explain this observation by other means. 

Uppermost was the idea of cell fusion that resulted in mononucleated cells, this 
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could explain the apparent incorporation of nuclear-green florescent protein cells 

into the myocardium which expressed cardiomyocyte-specific proteins in their 

cytoplasm and on their cell membrane. In vivo experiments appeared to 

separately show both fusion (Alvarez-Dolado et al., 2003; Murry et al., 2004), and 

transdifferentiation (Yeh et al., 2003) of bone marrow derived cells into 

cardiomyocytes. With this issue remaining somewhat controversial, another 

explanation was given for the positive impact of the BM cells, paracrine signaling. 

This suggested that instead of contributing cells to the damaged area, the 

transplanted cells were instead secreting molecular signals that recruited 

endogenous cells to the ischemic area, and they in turn mediated the positive 

benefits of BM transplantation. This hypothesis suggests that the BM cells may 

be signaling the recruitment of other BM cells, such as EPC, either themselves, 

or through cardiac or immune cells affected by the paracrine signaling. It also 

implies that the paracrine signaling could have a direct impact on the remodeling 

of the myocardium through cytoprotective effects (Gnecchi, Z. Zhang, Ni, & Dzau, 

2008).  

It seems likely that paracrine signaling does play an important role in mediating 

endogenous cardiomyocyte survival. Indeed this could explain the reduction in 

infarct seen in the CD34+ enriched treatment group more readily than 

cardiomyocyte formation. After recording the secretion of cell survival factors 

eNOS and Akt in response to anoxia in vitro, mouse BM cells preconditioned to 

that environment exhibited greater extensive cytoprotective effects on peri-infarct 

cardiomyocytes and reduced myocardium remodeling than unconditioned cells 

after injection into ischemic hearts (Uemura et al., 2006). There was also 

evidence of very limited contribution of cardiomyocytes by the BM cells in that 

study, making it clear that the role of BM cells in the ischemic myocardium is 

complicated. Culturing human BM mononuclear cells on a layer of fixed mouse 

cardiomyocytes produced human cardiomyocytes (Fernández-Avilés et al., 2004). 

Thus it is not impossible that transplanted bone marrow cells that are retained in 

the injection site could have formed cardiomyocytes.  



23 
 

Since further surgical intervention is undesirable in patients who have previously 

undergone open heart surgery, therapies that do not involve major surgery may 

stand a better chance for implementation. That is the idea behind the use of 

cytokine treatment to increase the circulating progenitor cells in the blood, some 

of which will hopefully home to the ischemic myocardium. In order to improve the 

targeting of those cells, CD34+ cells isolated from the peripheral were labeled 

with a bispecific antibody for CD45 and cardiac light-chain myosin prior to 

reinjection into the blood stream.  

This proved to be more effective than cytokine treatment alone and 

comparatively enhanced angiogenesis and heart function in recipient rats (Zhao 

et al., 2008). One advantage of this technique over the method we employed is 

that it does not require direct access or interference with the heart to deliver the 

cells. 

CD34+ cells isolated from human peripheral blood will contribute to the 

preservation of left ventricular function in infarcted rats in a dose-dependent 

manner after intramyocardial transplantation (Iwasaki et al., 2006). Expression of 

human specific marker proteins showed that the CD34+ cells contributed 

cardiomyocytes, smooth muscle cells, and endothelial cells. In a similar study 

these peripheral blood CD34+ cells where shown to be more potent than the 

whole mononuclear peripheral blood cell fraction in reducing infarct size and 

inducing angiogenesis (Kawamoto et al., 2006). This is probably the most 

relevant piece of published work in relation to the experiments conducted for this 

thesis. However, this work utilized a different source of cells to those used in 

clinical trials and does not necessarily carry the same clinical relevance as our 

own. 
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Human Clinical Trials using stem cell therapy to treat infarcts and their 

Meta-analysis 

 As mentioned earlier, the promise of an effective cellular therapy that retarded 

the deterioration of heart function associated with myocardial infarction was so 

great that clinical trials began almost as soon the first pre-clinical data was 

released. The benefit of this headlong rush has been the rapid and extensive 

generation of both short and medium term safety data for the use of progenitor 

cells in humans. All the currently reported studies have involved the use of a 

relatively small population of patients, usually <100. Because none of these 

studies have reported any safety concerns associated with the use of progenitor 

cell therapy, most have concluded that further, larger scale studies are warranted 

to properly determine their efficacy. 

Prior to trials involving the heart a feasibility study was conducted in patients with 

a limb ischemia (Tateishi-Yuyama et al., 2002). The study found improved blood 

flow and limb function in the patients receiving peripheral blood mononuclear 

cells significant enough for them to recommend further investigation. Following 

that study a variety of AMI targeting, intracoronary-delivered, bone marrow or 

peripheral blood progenitor clinical trials have been performed. There has been 

mixed results with some studies reporting significant positive retention of heart (B. 

Assmus, 2002; Birgit Assmus et al., 2006; Boyle et al., 2006; M B Britten et al., 

2003; F. Cao et al., 2009; S. L. Chen et al., 2004; Fernández-Avilés et al., 2004; 

S. Fuchs et al., 2003; J. Ge et al., 2006; Herbots et al., 2009; Hirsch et al., 2008; 

H.-J. Kang et al., 2006; Z.-quan Li et al., 2007; Mansour et al., 2011; Meluzín et 

al., 2008; E. C. Perin et al., 2011; Quyyumi et al., 2011; Schaefer et al., 2006; 

Volker Schächinger et al., 2004; Volker Schächinger et al., 2006; Volker 

Schächinger et al., 2006; B. E. Strauer, 2002; A. R. Williams et al., 2011; Wollert 

et al., 2004; Yousef et al., 2009), and some studies that found no significant 

functional improvement (Janssens et al., 2006; Meyer et al., 2009; Schaefer et al., 

2006; Michał Tendera et al., 2009). Even a cursory glance at difference in the 

weight of literature supporting versus opposing the clinical use of bone marrow 

cellular therapy for AMI suggests it is worthwhile. This casual observation it 
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backed by multiple meta-analyses of the published literature that all conclude 

post-AMI intracoronary administration of BMC provide improvement in left 

ventricular function (Abdel-Latif et al., 2007; S. Kang, Y.-J. Yang, C.-J. Li, & Gao, 

2008; Lipinski et al., 2007; S.-ning Zhang et al., 2009). Having said that, there is 

speculation that better results could be obtained from targeting the specific cells 

populations contributing the improvements observed in response to angiogenesis 

(Rosenzweig, 2006; Landmesser, 2009). That is where the research objective of 

this dissertation fits. There have been no studies directly comparing the efficacy 

of whole bone marrow fraction versus the progenitor/stem fraction. Currently 

published research has been performed using individual stem cell populations on 

the assumption that the stem cells are the effectors of ischemic injury 

regeneration. No studies have been performed to investigate whether, within 

bone marrow, the stem cells are the population that induces the functional 

improvements observed following treatment of MI. Determining the responsible 

population of cells could inform the methods employed by future clinical trials and 

may increase the quantifiable improvements in heart function achieved by 

autologous bone marrow treatment of MI.  

 

Specific Aims of the Dissertation Research 

The current clinical research shows that treatment of myocardial infarctions with 

bone marrow has a positive impact on the retention of heart function. This 

dissertation research attempts to assess whether enriching for the primary stem 

cell population of the bone marrow, the HSC, would improve these outcomes. To 

test this hypothesis in the most clinically relevant setting achievable within a 

basic research laboratory, human bone marrow was assessed for its ability to 

facilitate recovery in an established murine induced myocardial infarction model.  
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The research goal of this dissertation is to test the hypothesis:  

Bone marrow derived stem cells are responsible for facilitating recovery 

from induced myocardial infarction following treatment with human bone 

marrow in a murine model. 
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CHAPTER 2.  

METHODS AND RESULTS 

 

Methods 

Bone Marrow Collection 

Samples of human bone marrow were obtained by informed consent from 

healthy donors with the aid of the Hawaii Medical Center – Transplant Center. 

Bone marrow was aspirated from the iliac crest, cryo-preserved, and then stored 

in liquid nitrogen. 

 

Cell Preparation  

Vials of frozen bone marrow were defrosted in a 35°C water bath and 

immediately prepared using the standard protocol for ficoll density gradient 

separation using the GE Ficoll-Paque PREMIUM™ (Pittsburgh, PA) product. 

Briefly, the bone marrow suspension was diluted to a 2X volume with sterile 

Dulbecco's PBS in a 15ml centrifuge tube. Using a syringe and needle, a ¾ 

volume of Ficoll-Paque PREMIUM™ was gently and slowly added down the 

sidewall of the tube so that two distinct layers formed without mixing. The sample 

was then centrifuged at 400 x g for 30 min at 20°C. Following gradient based 

separation four distinct layers form with the mononuclear cells second from the 

top. This layer was carefully pipette out to a separate sterile tube without 

disturbing the plasma layer above or the ficoll layer below. 

Mononuclear cell count was obtained with a hemocytometer and used to obtain 

appropriate dilution volumes for the MACS™ Lineage Cell Depletion Kit or CD34+ 

Microbead Kit (Miltenyi Biotec; Auburn, CA) for human hematopoietic cells. 

Standard protocol for the kits were followed to isolate either the lineage depleted 

(CD34+Lin-) or stem cell depleted (CD34-, Lin+) populations of cells using a MS 
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column (Miltenyi Biotec™, handles up to 200 million cells). Following successful 

isolation and enrichment, cells were concentrated by centrifugation and 

resuspension in PBS with 2% serum to desired levels for injection. Samples were 

retained on ice throughout the experiment.  

 

Flow Cytometric Analysis and Sorting 

Samples were stained with phycoerythrin (PE)-conjugated anti-human CD34 

monoclonal antibody, Cy3-PE lineage cocktail, and LiveDead™ (Invitrogen; 

Carlsbad, CA) to allow identification and/or purification of the HSC population, 

and cell viability respectively. Dead cells where gated from the pool of cells 

analyzed for the CD34 marker during FACS. All FACS analysis and cell sorting 

was performed with a BD FACSAria™ II Cell Sorter.  

 

Cardiogenic Reprogramming 

HSC cells were transduced using a lentiviral expression vector to allow 

constitutive expression of the cardiac lineage-specific gene Nkx2-5. Cells were 

cultured for 10-12 days in DMEM/F12 + 10% FBS prior to fixation and staining. 

 

Mice 

Prkdcscid Severe Combined Immune Deficient (SCID) mice from the Jackson 

Laboratory were used in all these experiments. The mice were fed with a 

standard diet and maintained in a temperature and light-controlled room (22°C, 

14L:10D, light starting at 0700 h), in accordance with the guidelines of the 

Laboratory Animal Services at the University of Hawaii and the Committee on 

Care and Use of Laboratory Animals of the Institute of Laboratory Resources 

National Research Council (DHEW publication 80–23, revised in 1985).  
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Due to their immune deficiency the mice were housed with autoclaved cages, 

bedding, food and water and always handled aseptically inside clean flow hoods 

separately from other mice. 

 

Cardiomyocyte Isolation 

Cardiomyocytes where isolated from neonatal (d1-4) wild-type (B6) mice for 

immunohistochemistry. Briefly, the heart was excised following euthanasia by 

anesthetic overdose; the ventricles were separated and minced. Individual cell 

suspension was achieved by digestion with Collagenase isoforms types I & II 

(Liberase DH™, Roche Applied Science) at 37°C. Cells were plated for 2hrs in 

cardiac myocyte media (ScienCell) to separate the fibroblasts by culture plate 

adhesion. The remaining suspended cells were transferred to 6-well culture 

plates containing fibronectin (BD Biosciences) coated microscope cover slips and 

cultured overnight in preparation for fixation and immunohistochemical staining. 

 

Echocardiography 

Echocardiograms of unanaesthetized mice were obtained with a Vevo2100™ 

ultrasound device (Visual Sonics™) using an 18 MHz transducer. Images were 

taken of the short axis in M-mode. Echocardiograms were taken 1 day prior to 

cryoinfarction surgery, 1 week after, and 1 day prior to sacrifice. In all cases the 

animals were handled before the echocardiograms to accustom them to the 

procedure and avoid unnecessary stress. 

The following measurements were taken via the software on the Vevo2100™ 

machine (all in mm): interventricular septum depth during diastole (IVS;d), left 

ventricular internal diameter during diastole (LVID;d), left ventricle posterior wall 

depth during diastole (LVPW;d), interventricular septum depth during systole 

(IVS;s), left ventricular internal diameter during systole (LVID;s) and left 

ventricular posterior wall depth during systole (LVPW;s).  At each time point, ten 

separate heartbeats per mouse were analyzed to determine left ventricular 
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ejection fraction (LVEF) as well as fractional shortening (FS).  First the volume of 

the left ventricle during diastole and systole, LV Vol;d and LV Vol;s respectively, 

were determined, and those values were then used to calculate LVEF and FS. 

 

LV Vol;d = ((7.0/(2.4 + LVID;d))*LVID;d3)  

LV Vol;s = ((7.0/(2.4 + LVID;s))*LVID;s3) 

LVEF% = 100*((LV Vol;d – LV Vol;s)/LV Vol;d)  

FS% = 100*((LVID;d – LVID;s)/LVID;d) 

 

Intubation 

Mice were weighed and anaesthetized with 5% isoflurane, then intubated and 

transferred to artificial ventilation using a small rodent ventilator (Harvard 

Apparatus™). Volume and stroke rate were set by the ventilator according to 

animal weight. Whilst on artificial ventilation, animals received 0.8-1.0% 

isoflurane and oxygen. 

 

Cryoinjury 

The area of surgery was prepared by disinfection with bleach, then 70% ethanol 

and all tools were autoclaved prior to use. Between animals, tools were heat 

sterilized in a glass bead sterilizer and kept on a clean surface. 

The area of the chest that was dehaired for surgery was wiped twice with 70% 

ethanol before being covered with a sterile gauze pad which had a small hole to 

allow access to the chest. Surgery was performed under a dissecting scope to 

aid visualization of the thoracic cavity. 

A thoracotomy was performed through the fourth left intercostal space, the 

pericardium was separated and opened, and the heart exposed. Cryoinfarction 
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was produced by applying a liquid nitrogen chilled probe of 2 mm in diameter to 

the anterior LV free wall for 10 s. The exact position of the probe was carefully 

set using the left atrium and branches of the left cardiac vein as anatomic 

landmarks. 

Approximately 1 minute after the cryoinjury, 1.5 x 105 cells in suspension or an 

equivalent volume of sterile PBS was injected into the peri-infarct myocardium in 

at least three positions using 30 gauge insulin needles. 

The thoracic cavity was closed, then the intercostal opening and epidermis layers 

closed with separate 6-0 sterile sutures. The animals were removed from 

ventilation and placed in a bleach sterilized, heated recovery chamber supplied 

with oxygen until they regained consciousness. A progression of images showing 

the surgery can be seen in figure 1. 
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Figure 1. Images of the mouse heart at different stages of cryoinfarction 

surgery show the formation of the scar and cell transplantation. In the 

image of the exposed heart the left cardiac vein branches (black arrows) that are 

used in conjunction with intraventricular septum (orange arrow) to guide the 

positioning of the cyroprobe are visible. Highlighted in the bottom left image is the 

cryo-lesion immediately after infarction (red circle). The final image shows the 

needle entering the myocardium to transplant cells into the peri-infarct zone. 

 

Histology and Immunohistochemistry 

Thirty days after cryoinfarction, hearts were excised following euthanasia by 

overdose of Avertin anesthetic. They were transferred directly into 5.4 mM KCl at 

4°C to arrest the heart. Hearts were then washed with fresh 4% PFA and fixed at 

room temperature for 6 hours prior to overnight storage in 70% ethanol. Prior to 

paraffin embedding the following day, hearts were visualized for macroscopic 
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indications of the size and position of the infarct which were recorded for later 

sectioning guidance. Clusters of ten successive 5m sections collected on 5 

slides were taken at intervals through the heart to obtain sections from the center 

of the infarction. 

Successive slides were stained with either Mason‟s Trichrome or Isolectin B4 

(Griffonia simplicifolia , Invitrogen™) using standard histochemical protocols for 

paraffin sections. Mason‟s Trichrome is a commonly used staining method for 

assessing the fibrosis resulting from infarctions because it clearly highlights the 

healthy tissue in red and fibrotic tissue blue. Clear delineation of these tissues 

was used to obtain standard area and length based measurements and an 

adjusted length based measurement. Isolectin B4 is a 114 kDa glycoprotein 

isolated from the seeds of the tropical African legume Griffonia simplicifolia along 

with four other isolectin isotypes in its protein family.  It is a reliable histochemical 

probe for vascular endothelial cells in mice (Ismail et al., 2003). 

Images of the stained sections were taken on an Olympus™ BX41 microscope 

using Pictureframe™ software (version 2.3), and quantified and analyzed using 

ImageJ (version 1.44n). Capillary densities were assessed on isolectin stained 

slides by averaging the number of capillaries counted in five, separate, 0.1 x 0.1 

mm squares within the peri-infarct zones of each infarcted heart. Area and length 

based measurements were assessed from trichrome stained slides using the 

„wand‟ tracing tool and hand drawn lines respectively. Quantitative analysis for all 

histology was performed on the following number of samples per group, Control 

n=7, HSC-depleted n=10, WBM n=9, HSC-enriched n=10. 

For cells in vitro, both isolated neonatal cardiomyocytes and transformed BM 

cells were stained for cardiac Troponin T and counterstained with DAPI. Cultured 

cells were fixed with ice-cold methanol and blocked with fish-skin gelatin. 

Overnight incubation with the primary antibody (Abcam) at 4°C was followed by 

thirty minutes of incubation with an Alexa 568 conjugated secondary antibody 

(Invitrogen) at room temperature.  
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The cover slips were then transferred to microscope slides and mounted with 

Vectashield Mounting Media with DAPI™ (Vector labs). Slides were imaged with 

the same instruments as the histological stains.  

 

Statistical Analysis 

1-way ANOVA was employed to assess variance across the treatment groups 

within the different assessment tools. Since each ANOVA gave F values greater 

than their F critical values with a confidence interval of 95% and p values less 

than 0.01 these were followed by Student‟s t-test comparisons of each treatment 

group within the data categories. 

Since we had no preliminary data regarding the cells used on the mouse model 

employed for these experiments, power analysis could not be performed to 

assess a suitable sample size at the beginning of this study. 

 

Results 

Analysis of the effects of bone marrow derived stem cells on in vivo heart 

function recovery after induced myocardial infarction. 

To determine whether the HSC population of bone marrow potentially contributes 

to functional recovery after myocardial infarction we separated the cells into 

different populations; HSC depleted, untreated whole bone marrow (WBM), or 

HSC enriched. Fluorescence-activated cell sorting (FACS) was used for all 

samples to determine the relative number of CD34+ cells within each population. 

LiveDead™ (Invitrogen) staining showed greater than 90% cell viability. 

Percentages of HSC in the whole bone marrow fraction were observed at the 

expected level of ~0.1% after collection of the mononuclear layer from ficoll 

density gradient separation. FACS analysis of the different samples showed an 

~10-fold reduction or increase in the relative HSC numbers in the depleted and 

enriched samples respectively (figure 2).  
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Figure 2. Sample FACS analysis of the different bone marrow derived 

samples used in this study. The red square represents the CD34+ cells as 

determined by fluorescent activity of their conjugated antibody tag. Relative 

numbers of HSC are expressed as a percentage of the total number of live cells, 

dead cells having already been gated out of this population. 

 

In order to establish whether these treatments have a restorative ability after 

induced myocardial infarction we wanted to assess functional changes in the 

heart. To determine the effects of the different samples, heart function was 

monitored by echocardiography. M-mode measures the motion of the heart walls 

over time from multiple images of the heart, these data are used to extrapolate 

information about heart function. When the ventricles contract to pump blood 

through the body, the action is known as systole, and the opposing reaction, 

relaxation of the ventricles and their filling with blood again, is known as diastole. 
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LVEF is the measurement of the volume of blood pumped from the left ventricle 

during each stroke, and is expressed as a percentage of the total volume within 

that cavity. Similarly FS is the difference in diameter of the left ventricle over the 

course of a stroke, and is also expressed as a percentage. A decrease in the 

percentage of blood pumped from the left ventricle (LVEF) or the percentage of 

contraction of the left ventricle (FS) indicates a weakened heart. 

 

 

Figure 3. Sample image of an M-mode recording of heart function using the 

Vevo2100™ software. In the upper portion the space in the middle of the image 

is the left ventricle cavity that is being measured. The lower portion of the image 

shows the combined multiple images of the heart as it moves. In green lettering 

are the measurements described in the methods section that are used to 

generate the left ventricular ejection fraction. 
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 Baseline measurements were taken from the pool of mice used in the 

experiment and endpoint measurements were taken one day prior to euthanasia 

(figure 3). Baseline data pooling was performed because ANOVA revealed there 

to be no significant difference in the groups at that time point (F=2.6 < Fcrit=2.9). 

There was a significant decrease in the LVEF of the control group and the group 

receiving HSC depleted samples at four weeks after cryoinfarction compared to 

the baseline for all experimental mice (p=0.03 for both groups). In contrast, no 

significant change was noted for groups receiving WBM or HSC-enriched 

samples (figure 4). Fractional shortening of the left ventricle revealed changes 

identical to ejection fraction, with declining function observed in the groups 

receiving the control or HSC-depleted samples (p=0.05 , and p=0.04 

respectively) but not the groups receiving WBM or HSC-enriched samples(figure 

5). For both methods of assessment of cardiac function, a very small but 

significant decline occurred only in the groups not treated with bone marrow stem 

cells. 
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Figure 4. Quantitative analysis of in vivo heart function using 

echocardiography to assess the left ventricular ejection fraction. No change 

was recorded for the groups receiving whole bone marrow (p=0.19, n=6) and 

HSC-enriched (p=0.08, n=10) samples. A significant decrease in heart function 

was recorded in the groups receiving control (*p=0.03, n=6) and HSC-depleted 

(**p=0.03, n=10) samples. 
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Figure 5. Quantitative analysis of cardiac function before cryoinfarction 

and four weeks after, as assessed by left ventricular fractional shortening. 

Significant decline in contractile function was observed in the groups receiving 

control (*p=0.05, n=6) and HSC-depleted (**p=0.04, n=10) samples, but not the 

groups receiving WBM (p=0.20, n=6) or HSC-enriched (p=0.14, n=10) samples. 

 

Analysis of the effect of bone marrow derived stem cells on tissue recovery 

following induced myocardial infarction. 

It is well established that myocardial infarction is associated with weakening and 

thinning of the left ventricular wall. We wished to assess whether the different 

samples could facilitate recovery of cardiac wall thickness after an induced 

infarction. Infarct size was assessed by Mason‟s Trichrome staining of the 

collagen deposition (figure 6), midline infarct lengths and epicardial:endocardial 

infarct lengths were measured as previously described (Bos et al., 2005; Pfeffer 

et al., 1979). The midline lengths of infarction showed a significant reduction in 
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infarct size in the group receiving HSC-enriched samples when compared to 

each of the other groups (p=0.02 for WBM and Control, p=0.0001 for HSC-

depleted; figure 7). The ratio of epicardial to endocardial infarct circumference 

showed significant repair of the infarct zone for the group receiving HSC-

enriched samples compared with all other groups (p=0.003 for WBM, p=0.0001 

for HSC-depleted, and p=0.00003 Control; figure 8). With this measurement, a 

greater ratio of external (epicardial) to internal (endocardial) infarct lengths 

indicates greater infarct reduction in the HSC-enrichment sample group.  

 

Figure 6. Representative section of hearts from each treatment group 

stained with Mason’s trichrome showing Epicardial:Endocardial infarct arc 

lengths and the midline infarct lengths. Arrows depict the endpoint of the arcs, 

green for the epicardial and yellow for the endocardial, midline measurements 

were taken between the yellow arrows. Scale bars (1mm) are for their 

corresponding individual heart sections. 
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Figure 7. Quantitative analysis of infarct size as assessed by measurement 

of the midline lengths of the infarct zone. Hearts with smaller midline infarct 

lengths after 30 days show greater healing. The group receiving HSC-enriched 

samples had significantly less scarring compared with the groups receiving 

Control (*p=0.02), HSC-depleted (**p=0.0001), and WBM (***p=0.02) samples. 
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Figure 8. Quantitative analysis of infarct size as assessed by the ratio of 

the lengths of epicardial:endocardial circumference infarcted. Hearts with 

larger internal infarct lengths after 30 days show less healing and give smaller 

ratios. The group receiving HSC-enriched samples had significantly less scarring 

compared with the groups receiving Control (*p=0.00003), HSC-depleted 

(**p=0.0001), and WBM (***p=0.003) samples. 

 

Analysis of the mechanism of post myocardial infarction recovery 

facilitated by bone marrow derived stem cells. 

Previous studies have suggested that bone marrow derived stem cell samples 

used to treat myocardial infarction promote angiogenesis, and that the resultant 

revascularization may be responsible for the regenerative effects of these 

treatments (Iwasaki et al., 2006; A. Kawamoto et al., 2006; Kwon et al., 2011; 

Valina et al., 2007). To determine more conclusively whether the stem cell 
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population was responsible for angiogenesis we analyzed the density of 

capillaries in the peri-infarct zone of infarcted hearts one month after treatment. 

Side by side comparisons of isolectin and trichrome images show how the peri-

infarct zone was delineated for capillary density analysis. The microvesicles that 

make up a large proportion of the peri-infarct neovasculature were only visible for 

counting at higher magnifications (figure 9).The density was measured as the 

mean number of capillaries per 100 square micrometers ± standard error. There 

was no difference between either the groups receiving control and HSC-depleted 

samples (p=0.09), or WBM and HSC-enriched samples (p=0.37). There was a 

significant difference between the groups receiving HSC-enriched samples and 

both the HSC-depleted (p=0.002) and control (p=0.0001) sample receiving 

groups, and also between the WBM sample group and both the HSC-depleted 

(p=0.006) and control (p=0.0003) sample receiving groups (figure 10). The 

significance of the difference between the groups is summarized in table 1. 
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Figure 9. Analysis of capillary density within the infarct zone. Examples of 

Isolectin and Mason‟s trichrome staining side by side illustrate how the latter was 

used to identify the peri-infarct zone for capillary density analysis. The boxed 

inset in the center shows a high magnification image of an isolectin stained 

section showing vascular structure (blue arrows) in the peri-infarct zone. Note the 

large difference in the diameters of the blood vessels highlighted, the smaller 

microvesicles likely represent the majority of neovasculogenesis in this zone. 
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Figure 10. Quantitative analysis of the mean capillary density in the peri-

infarct zone. There was no difference between the groups receiving control and 

HSC-depleted samples (p=0.09), or WBM and HSC-enriched samples (p=0.36). 

Significant difference were seen between the groups receiving HSC-enriched 

and control samples (ǂp=0.0001), and HSC-enriched and HSC-depleted samples 

(ǂǂp=0.002). There were also significant differences between the groups 

receiving WBM and control samples (*p=0.0003), and WBM and HSC-depleted 

samples (**p=0.006).  
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Table 1. Results of the Student t-test comparisons of the average capillary 

densities for each group expressed as p-values. This table illustrates that 

there was a significant difference between each of the treatment groups except 

the comparisons of the groups receiving, Control and HSC-depleted samples & 

WBM and HSC-enriched samples. This data strongly suggests that the HSC 

contribute to angiogenesis in peri-infarct zone of the cryoinfarcted hearts. 

 

  

T-test p values Control Depleted Whole BM Enriched 

Control 
 

0.09 0.0003 0.0001 

Depleted 
  

0.006 0.002 

Whole BM 
   

0.37 

Enriched 
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CHAPTER 3.  

DISCUSSION 

 

After assessing the relative ability of bone marrow derived stem cells to facilitate 

recovery from induced myocardial infarction this study showed that the progenitor 

population of cells, i.e. HSC, is the fraction of bone marrow that contributes to the 

recovery promoting effects of bone marrow samples used to treat ischemic 

cardiac injury. We can reject the null hypothesis tested by this dissertation 

research and state that the bone marrow derived stem cells are the cells 

responsible for facilitating recovery from induced myocardial infarction following 

treatment will bone marrow. The inherent variability of the cryoinjury model or an 

insufficient degree of injury led to variability in the results between the different 

assessment methods. Neither in vivo analysis of heart function or capillary 

density data showed a significant quantitative difference between the groups 

receiving WBM samples and HSC-enriched. There were a greater number of 

capillaries counted in the peri-infarct zone of hearts that received HSC-enriched 

samples and perhaps with a reduction in the variation between individual induced 

infarctions this difference would become significant. This proposal is supported 

by the infarct size data which showed a significant reduction in the group 

receiving HSC-enriched samples compared to all other groups. Previous 

investigation (Iwasaki et al., 2006) has found a dose dependant relationship 

between CD34+ peripheral blood cells and capillary density under similar 

conditions. In addressing our first specific aim we have confirmed that HSC from 

bone marrow contribute to vasculogenesis in a similar fashion, and furthermore 

show that enrichment of these cell correlates with reduced infarct size. 
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Evaluation of the ability of bone marrow stem cells to reprogram to the 

cardiac lineage. 

To begin to assess the potential ability of cells reprogrammed towards the 

cardiogenic lineage to facilitate recovery from myocardial infarction we attempted 

to redirect HSC to a cardiac fate. After transducing the cells with a gene 

expressed in the early embryo and responsible for early cardiac development 

(Nkx2-5) we assessed the expression of the cardiomyocyte-specific marker, 

cardiac Troponin T (cTNT), in the cells. Immunohistochemical staining was 

performed on the reprogrammed cells using an antibody to the cardiomyocyte 

specific marker cTNT. Cells were identified by positive DAPI staining, of these 

~1% expressed cTNT. No cTNT staining was observed in HSC control samples 

transduced with an empty vector. When compared to neonatal mouse 

cardiomyocytes these cells did not appear to show the complete sarcomeric 

protein structure associated with mature cardiomyocytes (figure 11). These 

results show that by transformation with the cardiac lineage gene Nkx2-5 bone 

marrow cells can be pushed at least partially to a cardiac lineage. Over the 

course of the experiment these cells did not form beating cardiomyocytes but 

may be able to over a longer time frame or when transplanted into the 

myocardium. 
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Figure 11. Analysis of cTNT staining in Nkx2.5 reprogrammed HSC cells. 

Sample images of cTNT staining in Nkx2.5 reprogrammed human HSC cells 

(left) compared with cTNT staining in neonatal mouse cardiomyocytes (right). 

The sarcomeric cTNT (red) can be seen in similar relative juxtapositions to the 

nuclear DAPI (blue) in both sets of images.  

Transduction with a gene that is expressed early in the differentiation of the 

cardiac lineage showed it was possible to persuade HSC to form to cells 

expressing cardiac phenotype. It was clear from the results that cTNT had not 

taken its mature morphological structure and that at the time when we ended the 

reprogramming the cells had not formed mature cardiomyocytes. Attempts to 

reprogram the HSC to the cardiogenic lineage with growth factors were 

unsuccessful. Due to the very small percentage of cells that took a cardiac 
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phenotype, and loss of mice during experimentation, we were unable to 

successfully test the ability of these cells to facilitate recovery from an induced 

infarction. It does however show promise for future research, partially because of 

how our observation of cardiac lineage commitment without complete 

differentiation relates to previous experimentation with lineage committed cells 

used in other studies. How these findings relate to the published literature is 

discussed further later in this chapter.  

 

History of Therapeutic Approaches 

Before relating our results to previous findings it is worth reviewing the 

progression of the various different experiments, categorized into their animal 

and human groupings, to illuminate the progress towards our current 

understanding. Following that we will further discuss the relevance of our results 

to this basic field of research and its clinical application. 

 

Therapeutic interventions prior to the use of stem cells 

The earliest use of cell grafting to treat a heart condition was in 1965 and was an 

attempt to treat the congenital heart defect Tetralogy of Fallon. Among other 

defects of the heart, there is a ventricular defect that causes a mixing of 

oxygenated and deoxygenated blood leading to cyanosis. There is also a 

narrowing of the right ventricular outflow tract (Pulmonary stenosis) which causes 

hypertrophy in the right ventricle. In an effort to combat this, a portion of the right 

atrium was grafted onto the right ventricle in a canine model (Swenson, Gale, 

Bancroft, Beattie, & Alpert, 1965). Fibrosis occurred around the graft which 

showed abnormal conduction from the epicardium to endocardium. Whilst this 

attempt at cellular therapy may have been unsuccessful it did show that grafts 

could successfully survive the process, indicating vascular integration. 

Interest in the possibility of cellular grafts as a therapy was revived in the 1990s 

when research into MI treatments was expanding. Grafts of murine tumor-derived 



51 
 

cardiomyocytes into the ventricular myocardium of healthy syngenic (closely 

related) mouse hearts showed long term survival but no gap-junction connection 

with the host myocardium (Koh et al., 1993). The use of syngenic fetal 

cardiomyocytes in a similar experiment lead to successful formation of gap-

junction structures between the grafted cells and the host myocardium (Soonpaa 

et al., 1994). Neither of these experiments showed fibrosis or remodeling in the 

host myocardium, suggesting that such strategies could yield successful future 

therapies to address myocyte loss without exacerbating existing problems. 

However the function of engrafted cells was still an uncertainty, as seen with the 

original canine atrial grafts the cells may not functionally integrate with the host 

myocardium. 

Fetal rat cardiomyocytes injected into a hind-limb ischemia model integrated into 

the host vasculature by angiogenesis and exhibited contractile patterns of the 

myocardium (Li, Mickle, Weisel, Zhang, & Mohabeer, 1996). The same group 

showed these cultured rat fetal cardiomyocytes could restrict the loss of cardiac 

function after cryoinjury infarction (Li, et al., 1996). Whilst this was a great step 

forward in cell therapy for the heart it did not provide an open avenue for clinical 

translation. At this point there was no viable source of allogenic human 

cardiomyocytes at an early stage of development that could be used in such a 

manner. ESC research and directed differentiation yet to be combined with 

efficient protocols for the generation of large numbers of cells of a desired 

phenotype. This roadblock may have been part of the reason for many 

researchers to switch to stem cells in this area. Whilst there are limited reports of 

similar experimentation continuing (Roell et al., 2002), it now seems an unlikely 

avenue for further major investigation. 

 

Stem cells trialed in animal models 

The earliest example of successful stem or progenitor use in the exploration of 

myocardial regeneration was the transplantation of skeletal muscle progenitor 

satellite cells into a cryoinfarcted heart (Zibaitis et al., 1994). The satellite cells 
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are responsible for the singular regenerative abilities of skeletal muscle; and 

although this experiment produced a mixture of results, some cells derived from 

the satellite cells exhibited cardiomyocyte features. This showed that it was 

possible to coax adult stem cells to produce cells with some phenotype 

properties different from their traditional lineages. 

The newly discovered EPC were the next to be tested in a myocardial ischemia 

model, although this experiment was more directed to demonstrating their ability 

to contribute to angiogenesis than an attempt to test a therapeutic strategy 

(Takayuki Asahara et al., 1999). That would come later, in the same year as the 

seminal Orlic paper, 2001. Over a relatively short period of a few months several 

papers using different populations of cells from, and into, different species all 

showed the potential for adult stem cells to assist in reducing the functional 

decline associated with myocardial infarction. In the order they were published 

these experiments included; human PB-derived EPC transplanted into rat 

myocardium (Kawamoto et al., 2001), human Lin-, c-kit+ bone marrow cells 

transplanted into mouse myocardium (Donald Orlic et al., 2001), GCSF-mobilized 

CD34+ human bone marrow cells transplanted into rat myocardium (Kocher et al., 

2001), porcine BM mononuclear cells transplanted into pig myocardium 

(Kamihata et al., 2001), mouse BM side population (SP) cells transplanted into 

the bone marrow of lethally irradiated mice, followed by myocardial infarction 

(Jackson et al., 2001), and BM cells were mobilized in infarcted rats by injection 

of rat stem cell factor and human GCSF (Orlic et al., 2001). N.B. the SP cells are 

a highly enriched population of CD34- hematopoietic cells that have been shown 

to be able to contribute to the regeneration of skeletal muscle. Since they 

represent a very small proportion of the HSC, which themselves only comprise 

around 0.1% of the bone marrow, considerable expansion of this population 

would be required prior to transplantation. With time being a massively important 

factor in treatment of AMI, any delays between diagnosis and therapy are highly 

undesirable. All these different sub populations would be present within the HSC 

enriched samples used in our transplantations and could each have contributed 

to the observed regenerative effects. Here we have built off the foundation of 
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previous research into the regenerative capacity of bone marrow stem cells in the 

context of induced myocardial infarction and shown it to be effective in a clinically 

relevant setting. 

All of these experiments showed the engraftment of different stem cell 

populations into an infarcted heart to be safe, and variously degrees of 

contribution to the cardiac myocyte and new vascular endothelium were 

observed. These encouraged further experimentation with other specific stem 

cell populations to see if they too could contribute to the myocardium and 

possibly be useful after AMI. Further non-clinical investigation of EPC continued 

(A. Kawamoto et al., 2002), with demonstration of their ability to form 

cardiomyocytes when co-cultured in contact with them (Badorff et al., 2003). 

Ironically it was discovered that pharmaceuticals commonly used in the treatment 

of MI, angiotensin converting enzyme (ACE) and 3-hydroxy-3-methylglutaryl- 

coenzyme A (HMG-CoA) reductase inhibitors (statins), increase levels of 

circulating endothelial progenitor cells (EPC) through non-targeted effects on 

bone marrow homeostasis (Thum et al., 2006). Even after a decade of research 

into their utility and inclusion in clinical trials, understanding of basic EPC 

development from BM is still lacking (Maltais, Perrault, & Ly, 2010). Insights into 

their basic biology, maintenance in the bone marrow, and release in response to 

pathological stress is being gained (Kwon et al., 2011); though much work is still 

required for proper utilization of their angiogenic capacity. Given the enormous 

potential of EPC and the implication of their role in the efficacy of traditional 

treatments it seems likely that use of these cells will continue to gain interest. 

Given their small population in the bone marrow we cannot say for sure to what 

degree these cells may have contributed to the increased angiogenesis in the 

infarcted hearts of mice receiving stem cell containing samples. It seems likely 

that co-enrichment of EPC with the HSC would be therapeutically valuable. 

BM MSC have been thoroughly explored for their potential and action in affecting 

the repair of cardiac tissue after AMI. Small numbers of human BM MSC 

survived in a mouse host and formed cells expressing cardiac markers (Toma et 
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al., 2002), mouse BM MSC showed the same capacity and also produced 

endothelial cells (Gojo et al., 2003) which could assist angiogenesis. Despite 

human BM MSC being able to differentiate into cardiomyocytes in vitro (W. Xu et 

al., 2004), their rat counterparts showed no contribution to heart function or 

differentiation into cardiomyocytes when injected into ischemic rat myocardium 

(Agbulut et al., 2006). This may have been due to poor timing of the intervention, 

syngenic MSC were seen to have the most effect on infarct size and cardiac 

function when transplanted 1 week after MI in rat hearts (Hu et al., 2007).  

The value of MSC was further raised when human BM MSC were observed to 

have a better impact on infarct size and heart function than gene therapy 

treatments with angiogenic growth factors angiopoietin-1 (Ang-1) or vascular 

endothelial growth factor (VEGF) in a mouse AMI model (Shyu et al., 2006). 

However, when compared to the total BM mononuclear fraction, murine MSC did 

not persist as long in the infarcted heart, nor contribute to the preservation of 

heart function. This suggests there may be factors or contribution by other cells 

of the bone marrow that affect therapeutic outcome. More recently MSC have 

been seen to regulate the secretion of collagen by cardiac fibroblasts and reduce 

fibrosis of the infarcted rat heart (Mias et al., 2009), which may play a role in their 

demonstrated superiority over HSC in that role (Armiña et al., 2010). Their 

efficacy can be furthered by guiding them towards cardiac cell lineages with 

cytokines and growth factors (Behfar et al., 2010). The role of MSC in this 

dissertation research is unknown, and given that the observed effects can be 

attributed to the much more abundant HSC, it seems unlikely that they 

contributed much. Future investigations will test whether our cTNT expressing 

transduced HSC are able to facilitate recovery from induced myocardial 

infarctions in a similar manner to the MSC that where guided towards 

cardiopoiesis. 

Other cell types explored have included novel sub-populations of human 

multipotent progenitors from bone marrow (Yoon et al., 2005), adipose tissue 

(Yamada et al., 2007; Valina et al., 2007; L. Wang et al., 2009; Léobon et al., 
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2009), dental pulp (Gandia et al., 2008), and cord blood (N. Ma et al., 2005). 

Embryonic stem cells in either their undifferentiated form (Singla et al., 2007; 

Leor et al., 2007; Caspi et al., 2007), or differentiated in vitro or in vivo through 

the use of cytokines and/or growth factors (Behfar et al., 2007; Caspi et al., 2007; 

Leor et al., 2007) have also been tested. With ESC it was discovered to be 

necessary to encourage differentiation of the cells towards cardiac lineages to 

avoid teratoma formation. This was also seen in the hearts of rats injected with 

iPSC (Nelson et al., 2009), and with skeletal myoblasts after reprogramming to 

pluripotency, but not with transplantation of cardiomyocytes derived from them 

(Ahmed et al., 2011). 

In conclusion, a vast array of different pluripotent and multipotent stem cells have 

be applied to animal models of AMI. Many different stem cells seem to have 

some way of contributing to maintaining the function of cardiac tissue after MI, 

which individual type or combination is most effective still remains to be seen. 

Furthermore, at this stage none of these studies can practically inform adaption 

of clinical therapies because they lack data comparing them to the whole bone 

marrow cells currently used. Here we have shown that the most prevalent form of 

stem cells in human bone marrow, the HSC, contribute to recovery of the 

myocardium and demonstrate that enriching this population could be a fast an 

effective way of increasing the efficacy of current treatments.  

 

Non-cellular therapies involving cell engineering 

Non-cellular approaches that are believed or known to recruit endogenous stem 

cells have been trialed. These can be categorized under scaffold, and non-

scaffold methods. Scaffold methods provide a material to replicate the 

extracellular matrix function, and may or may not include the use of cell growth 

stimulants to encourage adjacent tissue to expand into them. Examples of this in 

the heart would be; the use of hydrogels containing antithrombogenic factors 

inserted into the heart to encourage site-specific angiogenesis (Noishiki, 2006), 

or the sequential delivery of vascular endothelial growth factor (VEGF) followed 
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by platelet-derived growth factor (PDGF) in hydrogels into the peri-infarct zone 

(Hao et al., 2007). One study showed that simply the addition of an alginate gel 

similar to extracellular matrix into the infarcted zone could positively impact scar 

formation and limit remodeling (Leor et al., 2009). As with other stem cell 

treatments, delivery methods will benefit from the identification of the most 

functionally effective stem cells. The demonstration of the value of CD34+ 

enrichment of bone marrow cells in this dissertation could contribute to moving 

this forward. 

A few non-scaffold methods to improve clinical outcomes have been explored. 

These include searching for cytokines with superior bone marrow mobilization 

properties, such as erythropoietin, which increased the number of ischemia 

homing stem cells released from the BM (Brunner et al., 2009). Virally delivered 

vectors that enhance expression of angiogenic factors (Tao et al., 2011), or cell 

cycle modulating genes (Tamamori-Adachi et al., 2008), have been used to 

promote revascularization of ischemia or cardiomyocyte proliferation respectively. 

Small molecule inhibitor based methods to promote cardiomyocyte proliferation 

were found effective (Kompa et al., 2008), but could be enhanced by co-

treatment with fibroblast growth factor to promote angiogenesis (Engel et al., 

2006).  

The non-cellular strategies compose an even more nascent research area than 

cellular therapies and seem unlikely to become part of their own clinical trials 

soon. That is because, unlike stem cell therapies, these methods often involve 

the use of biological products, viruses, or gene therapies that have not yet been 

tested for safety in humans. Whilst not all safety concerns, especially long term 

ones, have been addressed with stem cell therapy, there is already much more 

positive clinical safety data to rely on than for the non-cellular therapies.  
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Of course the implementation of any therapy depends on a large number of 

factors including, but not limited to:  

Pre-clinical efficacy; non-primate and primate safety testing; government 

regulations; size, location and demographic of target patients; development time 

and costs; availability of raw materials; complicity of implementation; and initial 

clinical trials.  

Since a cure-all option does not seem to be on the near horizon it seems likely 

that the successful forms of these therapeutic technologies will be combined for 

future treatments. This has been the case with pharmaceutical products, and it 

seems reasonable to assume that the same will be true of future products. 

 

Our results contribute to previous clinical research and suggest 

improvements for future investigations 

Two recent pre-clinical publications, one specifically targeting the use of CD34+ 

bone marrow cells, suggest a possible mode of action for the observed effects. In 

most progenitor experiments, the percentage of donor-derived cardiomyocytes 

that did not result from cell fusion has been very low. In these cases it was not 

enough to indicate that transdifferentiation was mainly responsible for 

improvements to heart function. To determine the fate of CD34+ cells, Jingxiong 

Wang et al., (2010) used luminescence, CT, and PET to track to the fate of 

luciferase transduced human peripheral CD34+ cells in the infarcted hearts of 

recipient SCID mice. MRI analysis showed the changes in heart function during 

the experiment. When combined with immunohistochemical data, this determined 

that the peripheral blood CD34+ cells were contributing to angiogenesis but not 

myogenesis. The ventricular wall thickness improvements witnessed in multiple 

studies may be explained by the recruitment of an endogenous population of 

myogenic stem cells (Loffredo et al., 2011).  
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These findings fit well with our own, but in doing so furthermore suggest that the 

cells resident in the bone marrow not released into the peripheral blood by 

cytokine signaling also do not contribute to myogenesis in their native state.  

A recent animal experiment with small sub-populations of BM HSC in a hind limb 

ischemia model demonstrated a role for these cells in revascularization of the 

ischemic tissue by angiogenesis (Kwon et al., 2011). HSC contributed to the 

newly formed vascular structures, although the authors speculated that paracrine 

signaling may have also played a role in the neovascularization. Our results 

showed that removal of the HSC population from bone marrow used in the 

treatment of induced MI eliminated the angiogenic benefits of BM treatments. 

Previously published preclinical and clinical data point to the likely reasons for 

this; the use of the CD34+ enriched mononuclear bone marrow fraction 

introduced HSC, hemangioblasts and EPC which all contributed to angiogenesis 

in the peri-infarcted region of the heart. As previously discussed, HSC and EPC 

are known to be able to differentiate into endothelial cells which can contribute to 

angiogenesis. Hemangioblasts in theory could also contribute to adult 

angiogenesis because of their differentiation capacity (Pelosi et al., 2002). 

Despite the fact that the target of our enrichment was the HSC population, the 

methods we used did not exclude the possibility of other angiogenic progenitor 

cells being retained in the mixed population. Since the MACS lineage depletion 

kit target markers do not coincide with those expressed by either EPC and 

hemangioblasts, and both are CD34+, it seem reasonable to assume that these 

cell could have contributed to the observed effects. This is the important 

distinction between our work and the previously described comparison of 

mobilized peripheral blood CD34+ cells and the total peripheral blood 

mononuclear cells. By enriching the bone marrow it is probable we have 

introduced larger numbers of angiogenic stem cells, possibly with different 

differentiation and renewal capabilities, than would be achieved through 

enrichment of the peripheral blood. 
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Due to the variable nature of cryoinjury model and the small area of necrosis it 

was not possible to determine any difference in angiogenesis between the 

different degrees of CD34+ enrichment. A small clinical study recently attempted 

to compare the total mononuclear fraction of BM cells to a selected population of 

CD34+CXCR4+ BM cells (Michał Tendera et al., 2009). The selected 

CD34+CXCR4+ population of cells express both cardiac and endothelial surface 

markers and are positively correlated to LVEF (Wojakowski et al., 2006). This 

clinical trial found no difference between the two treatments and significant 

improvements in heart function only in the subset of patients that started the trial 

with the lowest LVEF. It is possible that the discrepancy between the number of 

mononuclear cells (1.78x108) and CD34+CXCR4+ cells (1.90x106) transplanted 

during the trial represented too small a degree of enrichment and prevented the 

exhibition of a difference between these treatments. However, it is clear from our 

findings that transplanting a population of cells enriched for the HSC portion of 

bone marrow into the myocardium will promote neoangiogenesis. This is known 

to assist in the recruitment of autologous cells and contribute to improved cardiac 

function. We showed that the under clinically relevant conditions the use of HSC 

enrichment does significantly reduce the size of the infarction compared with the 

use of an unenriched population of cells. Therefore the impact on recovery of 

HSC enrichment in bone marrow cell therapy for myocardial infarction may be 

two-fold and warrants further investigation, perhaps in a limited human trial. 

 

Suggestions for improvements to future pre-clinical research 

Transthoracic echocardiography is a commonly practiced procedure used to 

assess heart function in humans that has been adapted for use with a variety of 

small animals including mice for pre-clinical cardiac research. Echocardiography 

was used in this research to obtain two different types of heart function data from 

M-mode readings, left ventricular ejection fraction (LVEF) and fractional 

shortening (FS). It is possible to obtain left ventricular wall thickness data from 

echocardiograms; attempts to do so were not successful during these 
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experiments. Having observed the small size of the infarcts obtained by 

cryoinfarction in histological section it seemed clear that the tiny differences in 

heart function were a result of this. In large infarcts there can be up to a 30% 

difference in the LVEF and FS values over the course of an AMI study. 

Cryoinfarction was chosen as the disease model for this round of 

experimentation in part because of the high mortality rates experienced after the 

ligation of the coronary artery in SCID mice during the initial phase. It is likely 

more information could be deduced from future models employing the ligation 

method if sufficient numbers of mice can be made to survive the surgery. Under 

those circumstances, greater differences may be observed between the groups 

receiving different cell samples, although that remains to be seen. 

Isolectin staining was determined to be the most appropriate method for 

assessing neoangiogenesis when euthanizing animals 30 days after treatment. 

Immunological identification of new endothelial vascular cells is possible with the 

CD31 surface antigen, however expression of this marker diminishes sharply 

from around one week after cell treatment and is could not be positively identified 

on sections of the hearts collected during this study. Related to this is 

identification of any remaining transplanted cells in the end-point myocardium. 

Since we transplanted human cells into mouse tissue, immunohistochemical 

staining of human nuclei should identify any remaining cells regardless of how 

they have integrated into the myocardium. For future studies we would hope to 

overcome the technical problems that prevented successful use of human 

nuclear antigen to identify these cells during the course of the experiment. 

Human adipose derived stem cells are known to have a high degree of 

differentiation plasticity and we hoped to test their ability to facilitate recovery 

within our infarct model system during the course of this dissertation. The 

acquisition of human adipose-derived stem cells for this project relied on a 

collaboration that has only recently reached fruition. Therefore this is an element 

of the research that we hope to explore within an improved model system during 

the course of future research.  
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