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Abstract 

The myocardial infarction (MI) is one of the leading causes of death in the world today. 

Accumulated atherosclerotic plaque occluding cardiac blood vessels results in a lack of oxygen 

supply to parts of the heart, and consequentially the death cardiomyocytes. The damaged area is 

replaced by scar tissue because of the heart’s insufficient regenerative capability, and the 

contraction property of the post-MI heart is therefore compromised. The recent findings of an 

endogenous cardiac progenitor cell (CPC) population gives hope for the establishment of new 

methods for medical treatments of the post-MI heart. Compared to other stem/progenitor cell 

sources, the CPCs are committed to a cardiac fate which places them in the forefront of 

interesting cell sources for regenerative treatments. In this thesis, the distribution of stem cell 

antigen 1 (Sca-1) positive CPCs in the healthy mouse myocardium, as well as the healthy and 

post-MI rat left ventricle was determined and compared to the total amount of nuclei. An 

immunohistochemistry protocol for the detection of Sca-1
+
 cells was established, and the number 

of Sca-1
+
 cells and the total number of nuclei in the different mouse and rat tissue samples were 

counted using laser scanning cytometry (LSC). The results could conclude a significantly higher 

distribution of Sca-1
+
 cells in the mouse atrium compared to the mouse ventricle, and a 

significantly higher distribution of Sca-1
+
 cells in the 8 days post-MI rat left ventricle compared 

to the healthy rat left ventricle. Furthermore, a heterogeneous distribution within the 8 days post-

MI rat left ventricle was observed. 

 

Keywords: Myocardial infarction, cardiac progenitor cell, regenerative medicine, 

immunohistochemistry, laser scanning cytometry.  
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1. Introduction 

1.1 Cardiac development  

The heart is the first functioning organ in the vertebrate body. Contractions in humans start 

already 21 days after conception and subsequently supply blood to the embryo [1]. Heart 

formation initiates from the mesoderm by cardiac precursor cells expressing T-box transcription 

factor Brachyury T and mesoderm posterior 1 (MESP1) [2]. The four-chambered structure of the 

heart is established by the formation of a single peristaltic tube originated from the mesoderm in 

a remodeling process called looping, and the chambers are divided into left and right ventricles 

and left and right atriums through septation [1]. During the development, cardiac precursor cells 

commit to the cardiac lineage as progenitor cells by expressing the developmental transcription 

factors Isl-1 and Nkx2.5 [2]. These progenitor cells primarily differentiate into cardiomyocytes, 

vascular smooth muscle cells and endothelial cells, which, together with cardiac fibroblasts, 

constitute the four major cellular components of the heart [3]. Other components of the adult 

heart include extracellular matrix (ECM), pericytes and different transient cells (e.g. mast cells, 

macrophages and lymphocytes) [4]. During the late prenatal or early postnatal stages of the 

cardiac development, the heart undergoes hypertrophy when cardiomyocytes synthesize DNA 

without cytokinesis resulting in binucleated, trinucleated and tetranucleated cells [5]. In humans, 

the proportion of mononucleated, binucleated, trinucleated and tetranucleated cardiomyocytes are 

74%, 25.5 %, 0.4% and 0.1% respectively [6]. At the same time, cardiomyocytes withdraw from 

the cell cycle and the heart was therefore regarded as post-mitotic for a long time.  

1.2 Cardiovascular disease 

Cardiac malfunctioning is the leading cause of death in the industrialized part of the world 

nowadays. About 17.1 million deaths occur each year and predictions estimate an increase to 23.6 
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million deaths by the year 2030 [7]. The cardiovascular diseases are caused by an accumulation 

of atherosclerotic plaques in the coronary arteries resulting in a shortage of blood supply to the 

cells of the heart (Figure 1.). Consequentially, the reduced oxygenation cause necrosis and 

apoptosis of cardiac cells and lead to an ischemia or, if complete occlusion of the arteries occur, a 

myocardial infarction (MI) [8]. The regeneration potential of the heart is limited, i.e. the rate of 

the renewal of cardiac cells is insufficient after an insult, and a dense fibrotic scar is formed 

where the ischemia arose [9]. The scar formation is a fast response for the healing process of the 

injury. However, the non-contractile properties of the fibrotic scar replacing the cardiac cells 

change important parameters of the heart e.g. contractility and ejection fraction. To compensate 

these alterations the heart might undergo hypertrophy, i.e. a morphological enlargement of the 

cardiac cells, thickening the chamber walls, hence a smaller volume of blood can pass through 

the heart at each heartbeat. Atherosclerosis is to some extent evident in most adults ≥ 40 years of 

age although not causing lesions in every individual [10]. This indicates that ischemia and MI are 

not only due to the occlusion of coronary arteries by lipid plaques. The plaques on the artery wall 

are covered by a fibrous cap that expands over time with accumulation of lipids, minimizing the 

lumen of the artery. Due to factors like plaque growth, inflammation and external sheer stress, the 

fibrous cap might rupture and cause occlusion of the artery by thrombosis.  
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Figure 1. Occlusion of a coronary artery vessel by lipid plaque and thrombosis in a heart ventricle. The lack of 

oxygen causes the death of cardiomyocytes. Figure adapted from National Heart Blood and Lung Institute’s 

web page [11]. 

 

Some risk factors of MI have been identified, however, the increased risk is relatively small when 

compared to a control group regardless of the risk factor. The most significant risk factors are 

aging, diabetes mellitus, hypertension, hyperlipidemia and obesity. Other factors include: 

exposure to pollution, smoking, stress, and drug intake that influence the prevention of 

thrombosis. Moreover, some genetic factors affecting the coagulation system e.g. 

antiphosphilipid syndrome and deficiencies of  von Willebrand factor or factor V Leiden, have 

been associated with elevated risk of MI. The size and location of the plaque is also of great 

importance with higher risk at artery branches where there is a turbulent flow. 

 

There are currently no treatments available to restore cardiac function after an MI except for 

transplantation of a new heart from a donor [12]. However, the number of donated hearts required 
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is far exceeding the number of donated hearts available. The standard procedure to treat post-MI 

hearts is reperfusion of the occluded vessels. Current medicinal therapies focus on the prevention 

of the remodeling of the heart following MI by lowering the heart rate and decreasing the oxygen 

demand with drugs like angiotensin-converting-enzyme inhibitors, beta-blockers and antiplatelet 

agents (i.e. aspirin).  

1.3 Cardiac microenvironment after MI 

Following MI, the cardiac environment undergoes modifications due to mechanical and 

biological stress [9]. The first response is pro-inflammatory and includes mechanical stretching, 

complement activation, release of reactive oxygen species (ROS) and pro-inflammatory 

cytokines (Figure 2.). This stimulates the recruitment of leukocytes e.g. macrophages and T-

lymphocytes that are important to remove necrotic cells and to release cytokines and growth 

factors to promote the migration of stem and progenitor cells to the infarcted area. Although the 

inflammatory phase is important for a rapid healing of the injured part of the heart, the release of 

tumor necrosis factor α (TNF-α) by monocyte-derived macrophages and interferon-γ by T-

lymphocytes reduces the collagen synthesis by VSMCs and degrade the protective fibrous cap 

around the plaque [13]. The release of interferon-γ and interleukin-2 by T-lymphocytes decrease 

smooth muscle cell proliferation and extracellular matrix synthesis. Furthermore, the pro-

coagulant tissue factor produced by macrophages is facilitating thrombosis.  

 

After the acute inflammatory phase, the release of transforming growth factor β (TGF-β) and 

interleukin-10 by macrophages suppresses the inflammation and convert cardiac fibroblast into 

myofibroblast [14]. Myofibroblasts contains collagen, protecting the wound from further 

degradation by granulation tissue formation. Next, the fibrotic tissue is enlarged forming robust 



5 

 

crosslinks between collagen chains creating a strong and dense scar at the place of the cardiac 

cell loss. 

 

Figure 2. Overview of the microbiological development after MI. Extensive cell death occurs hours after the 

insult and continues for weeks. During phase 1, the inflammation phase, pro-inflammatory cytokines and 

matrix metalloproteinases (MMPs) are released stimulating the infiltration of macrophages and granulocytes. 

The granulation tissue formation by myofibroblasts during phase 2 replaces the fibrin cloth of the wound.  

Collagen and matrix crosslinks forms a strong and dense scar to replace the dead cardiomyocytes during 

phase 3. Figure adapted from Pereira et al. (2011) [9].  

 

1.4 The regenerating heart 

Until recently, the thought of the heart as a post-mitotic organ was the central dogma in cardiac 

biology [15]. The cardiac cells established at birth were considered as persistent throughout the 

lifespan of the organ, and the growth of the heart from birth to adulthood was attributed to the 

increase in cardiomyocyte volume [16]. Indeed, regeneration and renewal of cardiomyocytes is 

insufficient to restore cardiac function after MI, but the recent findings of cardiac stem cells 

capable of replacing damaged heart cells, pioneered for the new treatment possibilities. However, 

this paradigm shift was not only met with embraces and great enthusiasm but also with a lot of 
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skepticism and mistrust [17]. In 2009, scientists at Karolinska Institutet in Stockholm could give 

a hard evidence of cardiomyocytes renewal [18]. Elevated levels of carbon-14 in the atmosphere 

due to nuclear bomb testing during the cold war, led to incorporation of carbon-14 in the DNA of 

all living beings. This could be used as a date mark of the birth of human cardiomyocytes and 

concluded that fewer than 50% of the cardiomyocytes are exchanged during the lifetime with an 

annual turnover of 1% at the age of 25, decreasing to 0.45% at the age of 75. However, the 

question whether cardiomyocyte renewal in humans is due to the differentiation and proliferation 

of progenitor cells, or if cardiomyocytes re-enter the cell cycle and differentiate is still under 

debate. Different possible sources of the renewal of cardiomyocytes need to be considered. 

 

The regeneration possibility of the heart in the zebrafish is remarkable, even after removal of 

20% of the ventricle, the heart can undergo complete regeneration [19]. According to a study by 

Jopling et al. (2010) the source of cardiomyocyte renewal in the zebrafish is due to the 

dedifferentiation of adult cardiomyocytes that re-enter the cell cycle, and the contribution of stem 

and progenitor cells is insignificant. Likewise, the removal of the ventricular tissue in 1-day old 

mice results in full regeneration of the heart within 21 days and the regeneration is attributed to 

cardiomyocyte dedifferentiation (Figure 3.) [20]. However, when conducting the same 

experiment on 7-days old mice, regeneration of the heart failed and instead a fibrotic scar was 

formed. This insufficient regeneration potential of adult murine cardiomyocytes is explained by 

their binucleation. In zebrafish, around 95% of the cardiomyocytes are mononucleated compared 

to around 25% in the adult mice [21]. 
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Figure 3. The removal of ventricular tissue in 1-day old mice lead to a blood clot formation 1 day post 

resection (dpr) that is replaced by fibrin 7 dpr. The cardiomyocytes within the cardiac tissue proliferate and 

the scar is replaced by new cardiac tissue 21 dpr. Figure adapted from Kuhl et al. (2011) [20]. 

 

The mechanisms of the heart regeneration in animal models might give insight to the secret 

behind the insufficient heart regeneration in humans. Several laboratories have managed to force 

the cardiomyocyte to reenter the cell cycle in vitro [22] and support for this process occurring in 

vivo has gained support [23], while others regard the claims of in vivo cardiomyocyte renewal in 

humans as erroneous [15]. Nonetheless, scientists agree on the fact that the human heart has got 

some regeneration capability, and recent studies show that this potential might be explained by 

cardiac stem/progenitor cells. In a study by Quanini et al. in 2002, transgender heart 

transplantations with female donors and male recipients were examined [24]. The findings of Y-

chromosomes in some of the highly proliferative undifferentiated cells of the heart were clear 

evidence of the migration of progenitor cells from the receiver to the transplanted heart. 

However, the study does not determine the origin of the progenitor cells. Although some of the 

undifferentiated cells contained Y-chromosomes, indicating an extra-cardiac origin e.g. the bone 

marrow, some of the undifferentiated cells did not contain Y-chromosomes, indicating the 

existence of resident cardiac stem/progenitor cells.  
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1.5 Stem and progenitor cells  

Stem and progenitor cells are able to replace damaged tissue in the body by differentiating into 

various types of cells [25]. The stem cell is characterized by its ability to undergo unlimited self-

renewal as well as symmetrical division (resulting in two new stem cells or two differentiated 

cells) and asymmetrical division (resulting in one stem cell and one differentiated cell). The 

progenitor cell has stem cell-like properties although it is more specialized and the number of cell 

divisions is limited before differentiating into the target cell. Stem cells are located in niches and 

are protected from outer stimuli (e.g. differentiating and apoptotic factors) by niche cells [26]. 

Stem cells can be categorized into three types; embryonic stem cells (ESC), adult stem cells and 

induced pluripotent stem cells (iPSCs).  ESCs are derived from the inner mass of the blastocyst 

and have the unique properties of differentiating into all the cell types of the body [17]. Adult 

stem cells are distinguished by their proliferative capabilities, and among them are;  a) 

hematopoietic stem cells (HSC) that reside in the bone marrow and give rise to all the blood cell 

types; b) mesenchymal stem cells (MSC) that exist in many tissues of the body e.g. bone marrow, 

adipose tissue, nervous tissue, hair follicles and placenta, where they can differentiate into 

various cells including chondrocytes, osteoblasts and adipocytes; and c) endothelial stem cells 

(EPCs) located in the bone marrow, producing endothelial cells [27]. iPSCs, derived from 

somatic cells (e.g. fibroblasts) by the introduction of four genes via retroviruses, can differentiate 

to all the human cell types [28]. All these stem cell types have the properties of producing 

cardiomyocyte in vivo or in vitro. However, the specificity of this differentiation into 

cardiomyocytes is not always efficient enough due to their multipotency. The recent discovery of 

a pool of resident stem cells in the heart, called cardiac progenitor cells (CPCs), that are 

dedicated to the cardiac lineage is therefore of great interest for the field of cardiac regeneration.  
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1.6 The cardiac progenitor cell 

The CPCs are tissue-specific and committed to a cardiac lineage, which places them at the 

forefront of the best candidates for cardiovascular cell therapy. The CPCs have been found in 

different species including mouse, rat, dog, pig and human, but there is no single specific marker 

to distinguish CPCs from other cell types. They are characterized and categorized by the 

expression of different stem cell antigens [7]. These marker antigens are the ATP-binding 

cassette transporter ABCG2, the tyrosine-protein kinase c-kit, the stem cell antigen Sca-1, the 

stage specific embryonic antigen SSEA-1, the insulin gene enhancer protein Isl-1 and the 

embryonic epicardial marker Wt-1. The combination of these markers together with the 

expression of cardiac cell specific markers, or the lack of expression of other cell type specific 

markers, including CD34, CD31, GATA4, Mef2c, Nkx2.5, Lin, CD45, GATA5, TEF-1, OCT 

3/4, Flk-1, Tbx18 and Raldh2, will define the type of CPC. 

 

The different CPCs can be classified into seven groups depending on the expression and 

combination of the different markers (Figure 4). The most predominant CPCs in humans are the 

c-kit
+
 cells, and in mice and rats the Sca-1

+
 CPCs are the most common. The other groups of 

CPCs are the side population (SP) cells, the cardiosphere (CS) cells, the stage-specific embryonic 

antigen-1 (SSEA-1) cells, the isl-1
+
 cells, and the epicardium derived cells (EPDCs). The 

distribution of c-kit
+
 cells in the human heart is according to a study by Arsalan et al. (2012) 

significantly higher in the atriums compared to the left ventricle (4.90 ± 1.29% of mononuclear 

cells in human atriums and  0.62 ± 0.14% of mononuclear cells in human left ventricles) but no 

significant difference exist between the left and the right atriums [29]. In a study by Wang et al. 

(2006), the ratio between Sca-1
+
/CD31

-
 CPCs and cardiomyocyte-free cardiac cells in the mouse 
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heart was about 10.8% in normal hearts with an increase to about 21.8% seven days after the MI 

and then decreasing to normal conditions 14 days post-MI [30]. Interestingly, FACS analyses of 

bone marrow and circulating blood did not show an increase of Sca-1
+
/CD31

-
 CPCs, indicating 

an intra-cardiac expansion of CPCs after MI. 

 

 

Figure 4. The expression of different markers defines the type of CPC. Figure adapted from Bollini et al. 

(2011) [7]. 

 

1.7 Stem cell therapy and regenerative medicine 

With the palliative treatments after MI not being able to restore cardiac function, focus has been 

shifted to the promising areas of stem cell therapy and regenerative medicine. The goal is to 

replace the cardiac tissue with new material and/or to stimulate mechanisms in the tissue to 

promote self-repair. Several aspects have to be considered including stem cell source [17], 

biomaterials for engraftment, differentiation and survival [31], cell culture conditions [8], and cell 

delivery techniques [32]. In general, the most favorable treatment should (1) be safe i.e. not 

create teratomas or arrhythmias, (2) improve heart function, (3) integrate cardiac muscles and 
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vasculature to the host, (4) use harmless transplantation mechanisms, (5) be standardized and 

broadly accessible (6) not cause an immune response and (7) not to be of ethical concerns [28].  

 

ESCs have the possibility to generate all the cells of the body including cardiomyocytes. 

However, the risk of teratoma formation and the induction of an immune response as well as 

ethical issues hold back the use of ESCs for direct transplantation [28]. iPSCs circumvent the 

ethical disputes and the problem of triggering an immune response if generated from the patient’s 

own tissue. Still, the risk of teratoma formation and the time to derive iPSCs from the patient 

complicates the use of iPSCs. Nevertheless, an establishment of a fast protocol for the making of 

iPSCs from the patient followed by expansion and differentiation in vitro into cardiomyocytes or 

cardiomyocyte progenitors could make this stem cell type a candidate for cell therapy. Neither 

ESCs nor iPSCs have so far reached a clinical trial.  

The first cell type to be introduced in clinical trials was the skeletal myofibroblast (SKM) in the 

year 2000. SKMs were isolated and expanded from thigh muscles and injected into the ischemic 

areas. The results revealed some functional improvements of the heart but also the occurrence of 

arrhythmia due to the SKM proliferation into myotubes instead of cardiomyocytes, causing 

blocking of electrical signals between cells. Bone marrow-derived cells (BMCs), a mixture of 

various cell types including small proportions of MSCs, HSCs and EPCs have been tested in 

clinical trials. The availability of these autologous cells is of great advantage as well as the 

previous experiences of bone marrow transplantations. More than 1000 patients in different 

clinical trials have been treated with BMCs and the results indicate modest but positive 

improvements.  
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The engraftment of cells after injection or transplantation in clinical trials has been limited. In 

some cases, only around 1-5% [33] or 5-10% [8] of the introduced cells can be detected hours 

after the surgery. This calls for the design of biomaterials for a more effective engraftment of 

cells. The biomaterial must be able to recreate the cardiac environment e.g. morphological 

structure and biochemical and electromechanical properties, and should also be biocompatible 

and biodegradable [8]. The choice between a natural (e.g. collagen, fibrin, matrigel etc.) and a 

synthetic biomaterial is one important aspect. The advantages of using natural materials are their 

similarities with the native environment. The extracellular matrix (ECM) proteins collagen and 

fibrin can build 3D structures and fibrillar networks for the attachment of cells and are both 

approved by the FDA in other treatments. Decellularized ECM from donor organs is also a 

possibility. By removing the cells but keeping the structure of the ECM, a scaffold with preserved 

biochemical composition and mechanical properties is obtained. With the use of synthetic 

biomaterials, engineering and control of properties like structure and degradation can be 

performed. Polylactic-coglycolic acid (PLGA) and self-assembling peptides are two examples of 

synthetic materials of interest [31]. PLGA, approved by the FDA for drug delivery methods, is 

degradable into nontoxic compounds and the rate of the degradation can be controlled. Self-

assembling peptides quickly form a stable hydrogel of nanofibers at physiological conditions and 

are easily manufactured by chemical peptide synthesis.  

The scaffold structure of the biomaterial affect parameters like proliferation, migration, 

contraction force, calcium transients and differentiation [8]. Preformed scaffolds e.g. sponges and 

decellularized organs provide a large surface area for the cells to be seeded to. Furthermore, the 

potential of engineering optimal patterns and structures for proliferation of cells is a great 

advantage, and sponges have been created using PLGA and collagen. However, the seeding of 
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cells in a way that mimic native heterogeneous distributions is very difficult and the efficacy is 

therefore compromised. A hydrogel is a scaffold containing cross-linked networks of polymer 

chains, have high water content and entrap the cells within the construct. These gels can be 

formed with different shape, stiffness and thickness and be made of natural or synthetic materials. 

The hydrogel can be used by direct injection into the ischemic area for in situ treatment, as well 

as for in vitro cultivation. The drawbacks of the use of hydrogels are, as for the use of preformed 

scaffold, the difficulty of heterogeneous distribution of cells throughout the gel but also the 

differing mechanical properties compared to the native heart.  

The efficiency of differentiation and proliferation of cells rely on the establishment of optimal 

culture conditions [8]. In vitro cultivation using e.g. bioreactors and rotating-wall vessels, offer 

the opportunity of controlling important parameters including, temperature, pH, oxygen 

concentration and nutrient transportation. However, the cardiac environment endure mechanical 

forces and electrical signaling, factors that might be of importance for the optimal cultivation. 

Thus, the application of mechanical stretching and electrical stimulation are therefore interesting 

methods that are being under investigation.  

The delivery mechanism of the cells into the heart can be performed using different techniques 

[34]. The goal is to achieve a high throughput of cells into the area of interest while exposing the 

patient for a minimal risk. The methods used for the treatment of MI are intravenous infusion, 

intracoronary infusion and intramyocardial injection. The intravenous infusion is a non-invasive 

technique where cells are infused through a central venous catheter. The cells then migrate to the 

infarcted area, however, a large portion end up in lungs, liver and spleen and only a few reach the 

infarcted site. Using intracoronary infusion, the cells are delivered to the ischemic area through a 

coronary artery. This procedure ensures the direction of cells into specific regions of the heart 
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with only a small loss of cells. The major disadvantages are the inability of delivering cells 

through occluded arteries and the risk of inducing occlusion if large numbers of cells are injected. 

The intramyocardial injection is a more complicated technique where the cells are injected 

directly to the cardiac tissue and might cause some myocardial damage, hence, a more dangerous 

procedure. However, the injected cells will be localized into the area of interest and will 

circumvent any occluded arteries during the delivery.  
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2. Aims of the thesis 

The aims of this Master’s thesis are: 

1) Characterize and quantify the CPCs in the healthy mouse heart. 

2) Compare the spatial and quantitative allocation of CPCs between the healthy mouse 

atrium and ventricle. 

3) Characterize and quantify the CPCs in the healthy and post-MI rat left ventricle. 

4) Compare the spatial and quantitative allocation of CPCs between the healthy and post-MI 

rat left ventricle. 
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3. System and process 

In the beginning of this project, a time schedule was constructed to attain an overview of the time 

available. A Gantt chart of the original time plan can be viewed in Figure 5. The original idea 

was to create a map of the distribution of stem cells in the healthy mouse heart and compare it 

with the post-MI heart. The project was divided into three different parts where the first part 

needed to be completed in order to start the second part. The first part was to establish a protocol 

for the detection of cells with different stem cell markers in the mice heart using 

immunohistochemistry and confocal microscopy. Several markers were to be tested and a 

protocol for at least one marker needed to be achieved before continuing to the second part. The 

antibodies were first to be tested on cultivated isolated CPCs to see which ones could be used on 

tissue sections and if new antibodies needed to be purchased. The preparation of frozen tissue 

sections from mice hearts, obtained from the animal facility at Linköping University Hospital, 

needed to be conducted in order to stain cardiac mice tissue. As the laser scanning cytometer 

(LSC) is quite an advanced instrument and expert help would be available for a week during the 

first part of the project, some training with the LSC was also to be performed at this stage. The 

first part was also planned to include the gathering of information from literature for the 

introduction of the final report. This part was planned to require half of the time available (10 

weeks) after which a half time seminar was to be held. The second part of the project was 

planned to be dedicated to the spatial and quantitative allocation of the stem cells using the LSC. 

Some further writing about materials and methods and results was also to be included in this part. 

This part was planned to require 8 weeks. The third and final part (2 weeks) was planned to be 

used for the finalizing of the report and to prepare for the presentation of the thesis.  
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Figure 5. A Gantt chart of the original time plan.  
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4. Materials and methods 

4.1 Cell and tissue preparations 

Isolated Sca-1
+
 CPCs from mice were cultured in media containing DMEM/HAM F12 (1:1), 

0.5% DMSO, 10 ng/ml EGF, 10% FCS, 10 mM HEPES, 1x ITS and 1x PEST until confluence.  

Frozen tissue samples, 8 µm thick mounted on slides treated for adherence from healthy ICR 

(CD1) mice atriums and ventricles were purchased from Zyagen (Zyagen Laboratories, USA) and 

stored at -70°C. Paraffin embedded healthy left ventricle tissue samples and 3 days and 8 days 

post-MI left ventricle tissue samples from rat, mounted on slides treated for adherence, were 

supplied by Professor Gershon Golomb (Institute for Drug Research, The Hebrew University of 

Jerusalem) and were stored at -20°C.   

4.2 Immunocytochemistry and immunohistochemistry 

Immunocytochemistry (ICC) and immunohistochemistry (IHC) are methods for the detection of 

cell-specific markers (e.g. stem cell antigens and DNA) in cell or tissue samples. By the design of 

primary antibodies targeting the markers of interest, and secondary antibodies conjugated with 

fluorescent dyes (e.g. Alexa Fluor
®
, FITC and TRITC) targeting the primary antibody, 

fluorescent signals from the specific markers are obtained by the use of a fluorescence 

microscope (e.g. confocal microscope).   

4.2.1 ICC and IHC protocols 

Cultivated Sca-1
+
 CPCs were separated from the cultivation plate with Trypsin-EDTA solution 

and transferred to a vial with DMEM/HAM F12 and centrifuged at 300 rpm for 10 min. The 

pellet was re-suspended in phosphate buffered saline (PBS, Gibco
®
 Life Technologies

™
, UK) and 

centrifuged at 300 rpm for 10 min two more times to remove media and trypsin.  After re-

suspension of the pellet in PBS, the cells were placed on slides treated with poly-L-lysine 
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(Sigma-Aldrich
®
, USA) for adherence, washed in PBS for 1 min and fixed with 4% 

paraformaldehyde (PFA, Santa Cruz Biotechnology, Inc., USA) for 15 min. Frozen tissue 

samples were dried at room temperature (RT) for 30 min and fixed in acetone (Solveco AB, 

Sweden). Paraffin embedded tissue sections were dried for 30 min at RT and deparaffinized in 

Tissue-Tek
®

 Tissue-Clear
®

 (Sakura, The Netherlands) for 3×10 min, washed in PBS for 5 min 

followed by antigen retrieval with proteinase K (Dako, Denmark) for 10 min to break cross-links 

between proteins.  

 

CPCs and tissue sections were washed in PBS for 1×5 min, in PBS + 0.1% Triton X 100 (Merck, 

Germany) for 1×10 min to permeabilize the cell membranes, in PBS for 3×5 min, and blocked 

with 5% goat serum (Jackson ImmunoResearch Laboratories, Inc., USA) in PBS for 30 min at 

RT to minimize unspecific binding of the antibodies. Isolated CPCs were incubated with primary 

antibody rat anti-sca-1 (1:200, BD Biosciences, USA), rabbit anti-c-kit (1:100, Novus 

Biologicals
®
, UK) or rabbit anti-Nkx2.5 (1:200, GeneTex, Inc., USA), all diluted in 3% goat 

serum in PBS, overnight at 4°C. Tissue sections were incubated with primary antibody rat anti-

sca-1 diluted 1:400 in 3% goat serum in PBS for 2 h at RT. After washing in PBS for 5×5 min, 

CPCs and tissues were blocked in 3% goat serum in PBS for 30 min at RT. CPCs were incubated 

with secondary antibody goat anti-rat Alexa Fluor
®
 488 (1:1000, Jackson ImmunoResearch 

Laboratories, Inc., USA) or goat anti-rabbit Alexa Fluor
®
 488 (1:1000, Jackson ImmunoResearch 

Laboratories, Inc., USA), diluted in 3% goat serum in PBS, for 1 h at RT. Tissue sections were 

incubated with secondary antibody goat anti-rat Alexa Fluor 488
®
 diluted 1:2500 in 3% goat 

serum in PBS for 1 h at RT. CPCs and tissue sections were rinsed in PBS for 5×5 min and 

dehydrated in 70% ethanol for 1×3 min and in 100% ethanol for 2×3 min, and finally coversliped 
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with Vectashield
®
 mounting medium with DAPI (Vector Laboratories, Inc., USA) and stored at 

4°C. 

4.3 Confocal microscopy 

A confocal microscope is an instrument used to detect cell or tissue markers conjugated with 

fluorescent dyes. A laser excites electrons in the fluorochrome at a specific wavelength and, 

when relaxation of the electrons occur, emission with a higher wavelength is obtained and 

collected by a filter and processed into an image of the specific marker. By the use of 

fluorochromes with different excitation and emission peaks (i.e. little interference between the 

signals), several lasers and filters can be used to achieve an image of various markers.  

 

CPCs and tissue sections were imaged using the inverted-based Zeiss LSM 700 confocal 

microscope (Carl Zeiss Microscopy GmbH, Germany) with 10x, 20x and 40x objectives. 

Sequential excitation at 405 nm and 488 nm was provided by lasers, and emission filters were 

used to collect signals in different channels and the tissue sections were analyzed using Zeiss Zen 

confocal software (Carl Zeiss Microscopy GmbH, Germany).  

4.4 Laser scanning cytometry 

The laser scanning cytometer (LSC) provides the fluorescence based imaging techniques of a 

fluorescence microscope together with the possibility of using software for cell counting and 

fluorescence intensity measuring applicable in flow cytometry. Moreover, the LSC offers the 

advantage of analyzing cell or tissue samples, fixed or live, without discarding the samples 

afterwards. The scanning process is performed according to a user-defined protocol set-up by 

software, and a number of image processing tools can be applied in the protocol to handle and 

improve the pictures. Examples of tools included are the processes “open” (i.e. the process of 
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erosion followed by dilation of the images to remove excess background noise and sharp edges of 

the putative events) and “watershed” (i.e. the process of using erosion and dilation on a Euclidean 

distance map to separate overlapping putative events). Lasers excite the fluorescent conjugated 

markers of interest and the emitted signals are collected by filters in different channels to make 

up separate images of the markers. The images can later be merged into one single colored image 

of the cells or the tissue. When the voltage of the lasers and the gain of the signals are 

determined, the LSC automatically scans the pre-defined areas of the slide or well and provide a 

series of field scan images. The image from one channel (i.e. one marker) is provided as a grey-

scale image with pixel values ranging from 0 (black) to 16383 (white) depending on the intensity 

of the signal at every pixel (Figure 6.).  

 

Figure 6. A grey-scale image of DAPIstained nuclei. The fluorescent intensity dependent pixel values along the 

purple line are presented in the diagram.  

A threshold with a user defined value creates a binary image of the fluorescent intensity from the 

grey-scale image. “Events” are determined by the software by the application of contours around 

areas with fluorescent intensity above the threshold value (Figure 7). Intensities below the 

defined threshold value are regarded as background signals. The number of events from different 

markers can be counted and, when a background contour is applied at a user-defined distance 



23 

 

from the main contour to remove the background signal from the event, the measurement of 

parameters including fluorescent intensity, maximum pixel value (maxpixel) and total 

fluorescence (integral) of each event is made possible. Two or more events from different 

channels (i.e. different markers) that coincide can be aligned to display the number of cells 

containing more than one marker. For example, the number of DAPI stained nucleus events co-

localized with the fluorescently marked Sca-1 events can be presented. By the use of a peripheral 

contour set on a user-defined range from the main event, the surrounding fluorescence from one 

marker can be analyzed. For example, the Sca-1 expression right outside the DAPI stained nuclei 

can be measured. The different types of contours are presented in Figure 8. 
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Figure 7. Applying contours around DAPI stained nuclei. A: Every pixel in the grey-scale image is attributed 

to a value corresponding to the fluorescent intensity. B: A threshold creates a binary image with pixel values 

above the threshold value in white. C: The open procedure removes background. D: The watershed procedure 

separates overlapping nuclei and the white areas are circumscribed by a contour. E: Every contoured nucleus 

is regarded as an event. 
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Figure 8. An event with multiple types of contours. The threshold contour (red) is applied around events with 

fluorescent intensity above the threshold value. The integration contour (cyan) is applied to measure the total 

amount of fluorescence within the event. The background contours (blue) are applied to measure the 

background fluorescence around the event. The peripheral contours (yellow) are applied to measure the 

fluorescence in the periphery of the event. The distances between different contours are all user defined, 

except for the threshold contour. Figure adapted from the iCys User Guide (2008) [35]. 
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4.4.1 LSC protocols 

Tissue sections on slides (n=10 for healthy mouse ventricles, n=10 for healthy mouse atriums, 

n=4 for healthy rat left ventricles, n=3 for 3 days post-MI rat left ventricles, and n=5 for 8 days 

post-MI rat left ventricles) were mounted in the LSC (iCys
®
 Compucyte, USA) and scanned 

according to a protocol set-up with the iNovator
TM

 toolkit (Compucyte, USA). Two different 

protocols were used; Protocol 1 for mouse tissue and Protocol 2 for rat tissue (Figure 9.). The 

results were analyzed with iCys Cytometric Analysis Software V 2.6.1 (iCys
®
 Compucyte, USA). 

A 10x magnification well image was created by the excitation of fluorescently marked Sca-1 

antigens by an argon laser at 488 nm and DAPI stained nuclei by a helium neon laser at 405 nm. 

The voltage of the lasers was set to produce an overview image of the tissue and to expose the 

heterogeneousness of the fluorescent intensities. From the well image, regions were manually 

defined at several sites where the fluorescent intensities of the staining were similar, and scanned 

with 40x magnification by the excitation of fluorescence marked Sca-1 antigens at 488 nm and 

DAPI stained nuclei at 405 nm. The emissions were collected by the green (530 nm) and the blue 

(463 nm) channels respectively. The voltage of the lasers was set to distinguish the putative 

events from the background. A threshold value was set for the blue channel to localize DAPI 

stained nuclei in both protocols and kept constant for each region image. Contours were applied 

around areas with pixels above the threshold value and considered as events. In Protocol 1, a 

threshold value was also applied in the green channel to contour Sca-1
+
 events. In Protocol 2, 

peripheral contours were set outside the events to measure the fluorescence of Sca-1 at the edge 

of the events. In Protocol 1, overlapping events from the two channels were counted. In Protocol 

2, a scattergram of the Sca-1 maximum peripheral pixel versus the Sca-1 intensity around the 

events was generated and Sca-1
+
 cells were visualized and separated from other nuclei. Results 

were calculated as the number of Sca-1
+
 CPCs versus the number of Sca-1

-
 nuclei.  
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Figure 9. LSC protocols for the detection of nuclei and Sca-1 antigen using the iNovator
TM

 toolkit. The column 

to the left in both protocols represents the 10x magnification well image of the whole tissue segment on the 

slide. The line between “Mosaic Scan” and “Field Scan” indicates a pause after the 10x magnification scan to 

select regions in the well image for the 40x magnification scan. In Protocol 1, the fluorescence collected in the 

Green and Blue 2 channels are thresholded into a binary image. To eliminate some of the background, the 

binary image is opened and a watershed is applied in the Blue 2 channel to separate overlapping nuclei. The 

areas are contoured and regarded as events and association between the events is performed to display co-

localized events. In Protocol 2, a threshold is applied from the Dapi channel to separate the nuclei from the 

background and these areas are contoured and regarded as events. 
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4. 5 Statistics 

Statistical analyzes were performed by one-way ANOVA followed by Dunnett’s test, Tukey’s 

test or t-test between the mean value of the ratio of Sca-1
+
 CPCs in the cardiac tissues, using 

Minitab v. 16.2.1.0 (Minitab
®
 Inc., USA). The results are presented as mean ± standard deviation 

and p-values of < 0.05 were considered as statistically significant.   
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5. Results 

5.1 Isolated mouse CPCs 

In the first approach, the isolated mouse CPCs was analyzed for expression of CPC specific 

markers. The confocal microscope imaging of ICC stained CPCs from mice shows the expression 

of Sca-1, verifying the cells as progenitor cells, and the expression of Nkx2.5, proving that the 

cells are committed to a cardiac lineage (Figure 10.).  

 

 

Figure 10. Sca-1 (A) and Nkx2.5 (B) expressing CPCs isolated from mouse heart tissue. Nuclei are stained 

with DAPI (blue). Original magnification 20x.  
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5.2 Confocal microscope imaging of Sca-1
+
 CPCs in cardiac tissue 

Cardiac tissues from mouse and rat were initially analyzed for Sca-1 expression with a confocal 

microscope (Figure 11 and Figure 12).  

 

Figure 11. Localization of resident CPCs in the healthy ventricular mouse tissue. The Sca-1
+
 CPCs are shown 

(A, green). The red laser was used to validate the specificity of the signal (B). Nuclei are stained with DAPI 

(blue). Original magnification 20x.  
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Figure 12. Expression of Sca-1 (green) on a resident CPC within the healthy rat left ventricle. Nuclei are 

stained with DAPI. Original magnification 40x.  

 

5.3 Distribution of CPCs in the healthy cardiac mouse tissue 

Cardiac mouse tissues were analyzed with the LSC according to Protocol 1. The number of Sca-

1
+
 contours associated with nuclei contours was counted by the LSC software, as well as the total 

number of nuclei (Figure 13), and the ratio was calculated. To validate that the amount of tissue 

analyzed was sufficient, a diagram of the ratio between the number of Sca-1
+
 CPCs and the 

accumulative number of nuclei was constructed (Figure 14.). As the total number of nuclei 

increase, the relative shift in ratio decrease. A boxplot of the distribution of Sca-1
+
 CPCs in 
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healthy ventricles and healthy atriums is presented in Figure 15. We observed a significant 

increase of Sca-1
+
 CPCs in the healthy atriums compared to the healthy ventricles (p-value = 

0,002). 

 

  

Figure 13. Sca-1 expression in the mouse ventricle from the LSC. The image is presented with nucleus contour 

(A), Sca-1 contour (B), merged contours (C) and with arrows indicating Sca-1
+
 CPCs (D). Original 

magnification 40x. 
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Figure 14. Validation diagrams for the amount of nuclei used from the mouse tissues. The ratio between the 

number of Sca-1
+
 CPCs and the number of nuclei stabilizes as the total number of nuclei increases.  

 

 

Figure 15. Distribution of resident CPCs in the healthy mouse heart. 
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5.4 Distribution of CPCs in the healthy and the post-MI left ventricles from rats 

The Sca-1
+
 CPCs in the left ventricle of the healthy and the post-MI rat heart were imaged and 

quantified using Protocol 2 (Figure 16). Next, healthy and post-MI tissue sections of a rat model 

of MI were analyzed by the LSC. A peripheral contour was applied outside the nuclei to analyze 

Sca-1 fluorescence as described in Protocol 2. A validation diagram for the amount of tissue 

analyzed is presented in Figure 17. A peripheral contour was applied outside the nucleus events 

to analyze the Sca-1 fluorescence. The Sca-1
+
 CPCs were separated from other nuclei using 

scattergrams with the maximum pixel of the Sca-1 fluorescence from the peripheral contour 

(CompGreen MaxPixel) plotted versus the intensity of the Sca-1 fluorescence (CompGreen 

Intensity) from the whole event (Figure 18.). A region was conducted around events with a high 

MaxPixel and the images of the cells were presented so that the region could be adjusted to only 

include CPCs. A boxplot of the distribution of ventricular CPCs over time post-MI is presented in 

Figure 19. Dunnett’s test showed significant difference between the control samples and the 8 

days post-MI samples (p-value = 0,015), but not between the control samples and the 3 days post-

MI samples. Tukey’s test showed no significant difference between the 3 days post-MI samples 

and the 8 days post-MI samples. 
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Figure 16. Expression of Sca-1 (green) on cells within the 8 days post-MI rat left ventricle using LSC.  Nuclei 

are stained with DAPI (blue). Original magnification 40x. 
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Figure 17. Validation diagrams for the amount of nuclei used from the rat tissues. The control and 8 days 

post-MI rat left ventricle show some stabilization. A negative trend in the 3 days post-MI rat left ventricle 

indicate an insufficient amount of tissue analyzed.  
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Figure 18. Examples of scattergrams of the events from regions in the control rat left ventricle (A), the 3 days 

post-MI rat left ventricle (B), and the 8 days post-MI rat left ventricle (C). The events in a region (R1) can be 

presented in images to confirm the presence of CPCs.  
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Figure 19. Changes in the number of ventricular CPCs over time after MI.  

 

5.5 Specified distribution of Sca-1
+
 CPCs within the 8 days post-MI sample 

While analyzing the Sca-1
+
 cells within the 8 days post-MI tissue we observed that the 

distribution of CPCs within the 8 days post-MI rat left ventricles was not homogeneous (Figure 

20.) The heterogeneous distribution of Sca-1
+
 cells was evident in 2 of 5 8 days post-MI heart 

sections. The IHC staining quality of the remaining 3 heart sections from 8 days post-MI did not 

allow for detailed analysis of the local CPC distribution.  
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Figure 20. Distribution of Sca-1
+
 CPCs within 2 of the 8 days post-MI left ventricle rat tissue samples. The 

tables provide information about the number of CPCs within each region. Regions highlighted in blue have a 

higher occurrence of Sca-1
+
 CPCs. Images from the LSC with a magnification of 10x. 
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6. Discussion 

The recent findings of the cardiac regeneration potency of CPCs open the possibility for a new 

promising therapy following MI. However, the amounts of CPCs are considered inadequate to 

fully regenerate the adult heart after an injury. This Msc project aims to evaluate the spatial and 

quantitative allocation of the CPCs in the normal versus the post-MI heart. 

Our results conclude a significant difference in the number of CPCs between the ventricle and the 

atrium of the healthy mouse myocardium. The increased number of CPCs in the atrium of a 

healthy murine heart is in agreement with current beliefs that CPCs migrate from the atrium to 

the ventricle after MI.  

In order to investigate changes in the number of CPCs following cardiac injury, the rat model of 

MI was used. A significant increase of CPCs in the 8 days post-MI rat left ventricle comparing to 

the non-MI rat left ventricle was observed. The increase of CPCs following MI is explained by 

the heart’s attempt to renew cardiomyocytes to replace the damaged tissue. The microbiological 

conditions after MI can be of both advantage and disadvantage for the CPCs. Cytokines and 

growth factors are released by macrophages and T-lymphocytes to recruit the CPCs to the 

damaged area, but the hostile anaerobic surroundings of the wound is not a proliferative 

environment for the CPCs. The key to succeed in the field of cardiac regeneration is therefore 

dependent on several aspects where one of the important parts is to improve the cardiac 

environment for the cells to survive and multiply, while at the same time preventing the scar 

tissue formation.  

Furthermore, the heterogeneity of the 8 days post-MI left ventricle, with increased number of 

CPCs within some of the regions of the sample, can be explained by the CPCs migration to the 
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site and the surroundings of the MI. To locate the exact area of the MI, it would be possible to 

use methods for the detection of necrotic muscle or fibrous scar formation.  

Moreover, a new method for the in situ measurement of CPCs has been established as an 

alternative, or a complement, to the otherwise frequently used flow cytometer. The application of 

the LSC offers not only the difference of the distribution between different compartments of the 

heart, but can also determine whether the distribution within a compartment is heterogeneous or 

not. For example, if the location of the MI in the left ventricle is known, it is possible to examine 

the distribution of CPCs in near and remote areas of the damaged tissue. To decide the effect of 

stem cell therapy, where the objective is to improve the number of CPCs in order to help 

regenerating the heart, methods for the quantification of CPCs are important. The LSC provides 

the images of the tissue and the distribution of CPCs within the same sample that is not possible 

with a flow cytometer. It is therefore an instrument well suited for the task although it does not 

preclude the use of other instruments for validation. 
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7. Future perspectives 

The possibility of localization and quantification of CPCs in the healthy and post-MI heart is a 

crucial step for future objectives. The next step is to investigate the presence of CPCs in the 

treated post-MI heart. The inflammatory response induced by macrophages at the site of the MI 

supports the scar formation and could have a negative impact on the proliferation of CPCs. A 

very important factor for the regeneration of the injured heart is to stimulate the formation of new 

blood vessels. Pericytes are known to promote neo-vascularization and to protect endothelial cells 

from apoptosis. Future perspectives in our work are to: 

1) Examine the distribution of CPCs in the macrophage depleted healthy and post-MI heart. 

2) Examine the distribution of pericytes in the healthy and post-MI heart. 
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7. Follow up on system and process 

The cultivation and staining of isolated CPCs went on as planned although the only antibodies 

giving decent results were targeting stem cell antigens Sca-1, c-kit and the cardiac transcription 

factor Nkx2.5. Due to limitations in the number of CPCs available, antibodies targeting the stem 

cell antigens Isl-1 and MDR1 as well as Sca-1, c-kit and Nkx2.5 were tested on tissue sections. 

The results obtained by confocal microscopy after trials with different IHC protocols gave only 

good results for Sca-1 and Nkx2.5. As Sca-1 is more predominant than c-kit in murine hearts the 

idea was to move on with Sca-1 and Nkx2.5. However, when analyzing the tissues in the LSC, 

the fluorescence of Nkx2.5 was insufficient and not detected by the software, possibly due to lack 

of experience operating the instrument. Halfway through the project, a protocol for the detection 

of Sca-1
+
 CPCs was obtained and the original time plan had been followed. 

 

When examining the tissues prepared with a microtome under the microscope, it became evident 

that the morphology of the heart was disrupted. The atriums had collapsed after they were 

removed from the mouse probably due to the loss of blood that keeps the walls intact. This made 

it very difficult to analyze the tissue sections since the nuclei became very dense and hard to 

separate with the LSC software. Some measurements could be performed on healthy ventricles 

and healthy atriums but it was not possible to distinguish between the left and the right parts of 

the ventricles and atriums. When comparison between the healthy heart and the post-MI heart 

was made, it became obvious that the post-MI heart was not from a mouse but from a rat. The 

results between healthy ventricles and atriums however, led to the possibility of obtaining healthy 

and post-MI rat hearts from The Hebrew University of Jerusalem. The rat hearts are bigger with 

less dense nuclei and easier to analyze and the project was now redefined to also include the 
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localization and quantification of the Sca-1
+
 cells in different parts of the healthy and post-MI rat 

heart. Due to a limited time left for the project, the same IHC protocol was used. At this time a 

new improved LSC protocol was developed. The new protocol was slightly different and had the 

advantage of faster and less subjective analyses.  

The main time-consuming part that was not planned from the beginning was the use of the LSC. 

As time went on and analyzes were performed, more and more knowledge about the instrument 

was collected leading to many improvements of the LSC protocol, and the tissues were therefore 

scanned multiple times before a suitable protocol was defined.  
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