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1. INTRODUCTION

1.1 The role of c-kit* cells in the heart

According to the World Health Organization, cardiovascular diseases are the number
1 cause of death globally. [1] Coronary artery disease can lead to the constriction of
blood supply to the heart which in turn can cause a severe loss of cardiomyocytes,
e.g. after myocardial infarction. The mammalian heart has a very limited regenerative
capacity to replenish the lost cardiomyocytes, which result in a persistent scar in the
ischemic area. Surgical procedures aimed to revascularize the heart, such as
percutaneous coronary intervention and coronary artery bypass surgery, are clinically
used to restore blood supply to the myocardium. On the other hand, the recently
successful applications of stem cell therapies in other fields [2] have spurred
enthusiasm in developing cell-based regenerative therapies to repair the injured

heart.

However, the long-held view that the adult mammalian heart is a postmitotic,
terminally differentiated organ that has minimal regenerative capacity has been
actively debated for over 150 years. [3] New approaches such as isotope dating [4],
genetic fate mapping [5]-[7] and identification of supposedly resident cardiac stem
cells have accumulated contradictory data over the years. The regenerative capacity
of the adult heart was denoted from almost not existing to significant. [3] In the early
2000s, potential cardiac stem cells were identified as c-kit* cells with properties such
as self-renewal, clonogenicity, and ability to differentiate into adult cardiac lineages.
[8]-[12] However, subsequent independent studies were unable to confirm the ability
of adult c-kit* cells to differentiate into cardiomyocytes. [13][14] One of the main
reasons for such contradictive results is the lack of proper methods to identify cardiac
c-kit* cells in vivo, due to technical challenges concerning the specificity of c-kit
antibodies especially in the adult heart. More recently, the roles of c-kit* cells in heart
development and regeneration were directly examined by adopting the Cre-lox based
genetic fate mapping method to trace the fate of adult c-kit" cells. [15]-[17] These
studies have reported 8 independently designed gene-targeted mouse models in
total to carefully and exhaustively assess the identity of c-kit* cells in the heart and
essentially disproved previously claimed roles of cardiac c-kit* cells. In light of these
new evidences, a general consensus about the current controversy over the function

of c-kit" cells emerged in the field of heart regeneration in 2017, which stated the
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contribution of bone marrow derived c-kit* cells and other types of resident

stem/progenitor cells to cardiomyocytes to be minimal in adulthood. [18]

1.2 SCF/c-kit signalling

Although the controversy over the role of cardiac c-kit* cells in cardiac regeneration
mostly settled, whether c-kit signalling plays important roles during repair after
myocardial infarction is largely unclear. The two main components of SCF/c-kit
signalling are the cytokine ligand, stem cell factor (SCF) and the receptor tyrosine
kinase, c-kit. In mice, SCF is encoded by nine exons and two main mRNA transcripts
are expressed, that are translated into a soluble- and a membrane-bound form of
SCF by alternative splicing (Fig. 1.1A). [19] The soluble form contains exon 6 which
encodes a 28-amino acid proteolytic cleavage site and which is spliced out in the
membrane-bound form. Cleavage at this site generates soluble SCF without a
transmembrane domain (Fig. 1.1B). [20] However, the regulation of SCF expression
on the gene level is currently unclear. Both forms of SCF can bind to c-kit and trigger
downstream signalling. [21] Well-established downstream signalling proteins of c-kit
include phosphatidylinositol 3’-kinases, tyrosine kinases of the Src family, mitogen-

activated protein kinases, and phospholipases. [22]
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Fig. 1.1 Schematic representation of SCF splice isoforms (modified from Lennartsson et. al. 2012
[22]):

A) SCF protein is produced as two transmembrane isoforms due to alternative splicing of exon 6:
SCF220, and SCF248. In SCF248, exon 6 is present and encodes a proteolytic cleavage site,
generating the soluble SCF165. B) SCF220, lacking the cleavage site, is translated to the membrane-
bound SCF, and SCF248 is processed to SCF165 that is translated to soluble SCF.

1.3 Biological functions of SCF and c-kit

Many naturally occurring mutants of SCF and c-kit discovered in early studies, known
as steel locus mutations (sl) [22][23] and white spotting locus mutations (W) [25][26]
respectively, provided much information about the main function of SCF/c-kit



signalling in vivo. These loss-of-function mutations in SCF or c-kit produce many
allelic phenotypes in the hematopoietic system, germ cell development and skin
pigmentation. [24], [27]-[30] Many mutations in sl and W loci severely diminish
primordial germ cells and result in infertility. [28] Heterozygous mutations of SCF and
c-kit adversely affect melanogenesis and create white spots in the fur on the trunk.
[31] Targeted gene deletions of SCF and c-kit are perinatal lethal due to severe
anaemia. [32] Recently, several studies applied Cre-loxP based conditional knockout
mouse models to advance the understanding of SCF/c-kit function in adulthood.
[33][34] The advantages of these loxP based knockouts is that it can avoid perinatal
lethality and interferences from developmental defects and made it possible to test
the hypothesis, that SCF* cells serve as stem cell niches in various organs. Stem cell
niches are specialized micro-environments that regulate the maintenance of their
associated stem cells via intercellular interactions. The concept of stem cell niches
and/or their function(s) in health and disease is still somewhat controversial and their
molecular characterization is for most of the systems incomplete. [35] Most
information is currently available from the bone marrow. For instance SCF* bone
marrow endothelial cells and reticular perivascular stromal cells are thought to be
vital for maintaining hematopoietic stem cells (HSCs). [33] This was demonstrated by
a conditional deletion of c-kit in HSCs, which resulted in adhesion failure between
HSCs and SCF*-niche cells and eventually depletion of HSCs. [34] A relatively well
characterized niche in the bone marrow is the osteogenic niche, in which SCF
production by bone marrow cells is necessary to maintain homeostasis of niche cells
such as osteoblasts, bone marrow stromal cells and sinusoids. [36]—-[40] In addition,
SCF* vascular endothelial cells (VECs) in thymus were found to serve as a vital
niche for the earliest thymocyte progenitors [41] and SCF* progenitor cells in the hair
shaft provide an important niche for the maintenance of differentiated melanocytes.
[42] Furthermore, c-kit" crypt base secretory cells in the colon serve as niches for
intestinal stem cells in a SCF-c-kit dependent manner. [43] These recent studies
have provided experimental evidence that SCF/c-kit signalling constitutes an
important signalling pathway for cellular communication between stem cells and their

niches.

1.4 Functions of SCF in the cardiovascular system
The functions of SCF are well characterized in the hematopoietic system. [33]
However, the roles of SCF in the cardiovascular system during physiological and
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pathological conditions are poorly understood. A study using a closed chest model of
murine cardiac infarction/reperfusion showed that releasing soluble SCF by bone
marrow cells was necessary to activate c-kit* cells in the bone marrow which induced
bone marrow progenitor cell mobilization after ischemic cardiac injury. [44] It was
also shown that mice carrying loss-of-function mutations in either SCF or c-kit
developed cardiac failure after myocardial infarction and that this striking phenotype
could be rescued by bone marrow transplantation from wild type mouse donors. [44]
However, these results have not been reproduced by other laboratories and therefore
need to be taken with caution. In addition, cardiomyocyte-specific overexpression of
human SCF using a genetic mouse model was shown to improve myocardial function
and survival after myocardial infarction in mice. [45] Mechanistically it was proposed
to be the result of increased neovascularization and recruitment of endothelial
progenitor cells by SCF action. Adenovirus based gene transfer of SCF into
cardiomyocytes was reported to improve cardiac function and repair in rats and
swine, but the underlying mechanism(s) of this effect is/are not clear. [46][47]
Besides basic mechanistic studies, a recent clinical survey also showed that
decreased plasma SCF levels in patients are associated with higher risks of
cardiovascular disease and death. [48] The study further showed that lower SCF
levels were associated with more severe carotid disease, less fibrous atherosclerotic
plagues and an increased incidence of heart failure. [49] Furthermore, inhibition of
SCF/c-kit signalling by tyrosine kinase inhibitors, such as Nilotinib, which is used in
the treatment of chronic myeloid leukemia, has been shown to cause coronary artery
diseases in some of the patients. [50]-[52] These clinical studies collectively indicate
that SCF plays an important role for cardiovascular functional integrity, but lacked
mechanistic insights.

Despite these very interesting correlations to the relevance of SCF function for the
cardiovascular system relatively little information is currently available about SCF’s
expression pattern and its cell specific functions during development, postnatal
growth and disease. Early studies in the 1990s used in situ hybridisation to analyse
SCF expression during embryonic development and revealed high SCF expression in
the developing brain, lung, guts, liver and gonads. However, due to technical
shortcomings at the time, such as insufficient resolution, the cellular expression
pattern of SCF in the cardiovascular system could not be revealed in detail. [53]—[55]

These studies consistently showed very low to no expression of SCF in the entire
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embryonic heart from €9.5 to e13.5. There was only one study suggesting high SCF
expression in the developing valves of el11.5 hearts. [53] Unfortunately there are
currently no additional tools such as highly specific antibodies against SCF and/or its
splice variants available so that genetic tools need to be used in order to gain
detailed information on the expression pattern and potential function(s) of this
important molecule/pathway. In recent years, genetic mouse models expressing
reporter genes under SCF promoter control were generated and led to the discovery
of SCF expressing cell populations in bone marrow [33] and thymus [41]. These new
mouse models provide new opportunities to systematically characterize the SCF*
cells in the heart during embryonic development, postnatal growth and pathological

remodeling.

1.5 Embryonic development of the heart.

Proper heart development is critical to embryogenesis, because a pumping heart is
vital for the survival of the embryo. Understanding the developmental programs of
heart formation can deepen the understanding of congenital heart disease and
provide valuable insights into heart diseases. [56] As an example, characterization of
c-kit" cells in the developing heart has provided valuable clues about the
controversial role of cardiac c-kit+ cells in adult. During embryonic development c-kit*
cardiac cells have bipotential differentiation capacity for cardiomyocytes and smooth
muscle cells. [57] However these embryonic c-kit* cardiac cells, which originate from
neural crest, have very limited cardiomyogenic capacity due to the nonpermissive
milieu in the embryonic heart. [57][58] These studies directly challenged the notion
that c-kit* cardiac cells contribute to the formation of new cardiomyocytes after
myocardial infarction in the adult heart (see 1.1). Since embryonic cells are generally
more potent in terms of differentiation and lineage transition than their adult
derivatives, understanding the phenotypic properties of embryonic cells could provide
much information about the biological functions of their adult lineages. According to
this, the identification of SCF* cells in the embryonic heart could provide important
insights into their potential roles in the adult heart during physiological and

pathological conditions.

The heart is the first organ to form shortly after gastrulation and a functional
cardiovascular system is, together with a working placenta, vital for the survival of the

embryo. [59][60] Gastrulation of the mouse embryo happens approximately at day
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6.25 of embryonic development (e6.25), which is the major morphogenetic event that
leads to the formation of the three germ layers: endoderm, ectoderm and mesoderm.
[61] At €6.5-7.0, the newly formed pre-cardiac mesodermal cells, which are located
at the anterior part of the primitive streak, migrate towards the future anterior part of
the embryo (splanchnic/visceral mesoderm) to form the cardiac crescent (Fig.1.2A).
[62] The cardiac crescent consists of two distinct territories of cardiac progenitor cells
which form the first and secondary heart fields (FHF and SHF). [63] At about €8.0,
the cardiac crescent fuses at the ventral midline to form the primitive heart tube
(Fig.1.2B). Cells that initially contribute to the primary heart tube arise to form the
FHF. The FHF occupies a distinct anterior-lateral territory within the cardiac crescent
and can be identified by the expression of HCN4. [63][64] Multipotent cardiac
progenitors originating from the SHF and locating to the medial and posterior part of
the cardiac crescent also contribute to heart tube formation. [65] These cardiac
progenitors gradually add cardiomyocytes to the primary heart tube which acts as a
scaffold for heart tube elongation from both the arterial and venous pole (Fig. 1.2C).
[66] SHF cells are marked by the persistent expression of ISL1 and constitute a
reservoir of undifferentiated cardiac progenitors within the pharyngeal mesoderm.
[67] The FHF will give rise to the left ventricle and parts of the atria, while the SHF
will give rise to the right ventricle, the sinus venosus and parts of the atria. After initial
contributions of cardiac progenitors from FHF and SHF, heart growth is driven by the
proliferation of cardiomyocytes and endocardial cells until the perinatal stage. [66]
Concurrent with its elongation, the primitive heart tube starts to loop rightward at
€8.25-9.0 (Fig. 1.2D). The looped heart at €9.5-10.5 is segmented into the atrium and
ventricle, separated by the atrioventricular canal (AVC) and the outflow tract (OT) at
the arterial end (Fig. 1.2E). [59] Endocardial cushions are formed in the lumen of the
AVC and in the proximal OFT by the accumulation of abundant extracellular matrix
(cardiac jelly) between the endocardial and myocardial layer. The endocardial cells
undergo epithelial-to-mesenchymal transition (EMT) and migrate into the endocardial
cushions to populate the cardiac jelly. [68] The lumen of the distal OT undergoes a
similar swelling process but its endocardial cushion is populated by mesenchymal
cells originating from the neural crest. [69] During development of these cushions,
the proepicardial organ near the sinus venosus starts to gradually spread out and
grows over the heart surface to form the epicardium. [70] The AVC endocardial

cushions develop into the mitral and tricuspid valves, whereas the OT endocardial



cushions develop into the aortic and pulmonary valves. [71] By the end of e13.5, the
septation of the atrial and ventricular chambers is complete. At el4.5, the four-
chambered heart looks very similar to the adult heart with the exception of the
trabeculae carneae in the ventricles (Fig. 1.2.F). The trabeculae carneae consist of
myocardial protrusions which extend on the luminal side of the free ventricular walls
and are covered by endocardial cells. These structures will disappear to form

compact ventricular walls shortly after birth.

A e70 B e75

‘\ Key

B FHF

Il SHF
Epicardium

I Neural Crest

—FHF
T SHF

Cardiac neural /
crest cells /

Fig. 1.2. Embryonic development of the mouse heart (adapted from Santini et. al. 2016 [72]):

A) During gastrulation at about e7.0, mesodermal cells, including heart progenitors from FHF (red)
and SHF (green), undergo lateral migration (blue arrows) away from the primitive streak (black line).
B) During the cardiac crescent stage at e7.5, the location of FHF and SHF are shown in red and
green. C) During the formation of the early heart tube at €8.0, FHF descendants first differentiate into
primitive heart tube and some of the SHF descendants start to contribute to the primitive heart tube
from arterial and venous poles of the heart tube (blue arrows). D) Frontal and lateral views of the heart
region at €9.0 showing the looped heart tube. Dashed arrows indicate migration of cardiac neural crest
cells into the heart. E) The chambered heart at €10.5; the contributions of FHF and SHF cells are
shown in red and green. F) The chambered heart at e14.5; the contributions of FHF and SHF cells are
shown in red and green. Another major event during the formation of the heart is the development of
the coronary vessels. Cardiac cells, in particular cardiac muscle cells are critically depending on an
appropriate blood supply which is provided by the coronary vessels. Understanding the developmental
program of the coronary arteries can possibly provide new insights into the treatment of coronary
vessel diseases in adulthood. Given the potential correlation between SCF and coronary artery
diseases, it is also important to analyse if SCF is involved in the developmental progression of
coronary arteries.



1.6 Formation of the coronary vessels during development

In adult mouse heart, the left and right major coronary arteries branch from the aorta
and transport oxygenated blood to the heart. They give rise to small muscular
arteries that penetrate the myocardium and are termed intramural arteries. These
intramural arteries eventually branch into arterioles and capillaries that surround the
cardiomyocytes. The veins on the backside of the heart transport the deoxygenated
blood into the right atrium. In contrast to the adult heart, the early embryonic mouse
heart lacks its own vessel network. During the early stages of development, when the
ventricular walls are very thin, nutrients supply the heart by diffusion (Fig. 1.3A).
However, as the ventricular wall grows thicker over time, VECs start to appear
sporadically on the surface of the heart. Initial sprouting of VECs, which are
precursors of the future coronary vasculature, starts at e11.0 when the heart tube
has finished looping and forms atria and ventricles (Fig. 1.3B). [73][74] These VECs
are dedifferentiated venous cells from the SV posterior to the common ventricle that
spreads onto the dorsal side of heart surface beneath the epicardium and are called
subepicardial endothelial cells (SECs). [74][75] The SECs can either differentiate into
both arterial and venous VECs, or maintain in an undifferentiated state by staying in
a subepicardial position. As SECs sprouts continue to extend, some of them invade
the compact myocardium. At e12.5 to €13.5 a small part of the endocardial cells also
starts to invade the compact myocardium and forms blood islands budding on the
central ventral surface of the heart (Fig. 1.3C). [73][74] At the same time, the
ventricles undergo septation and the ventricular septum is formed, which results in
lineage transition of endocardium to coronary VECs during trabecular coalescence
(Fig. 1.3D). [73] These VECs form an immature coronary plexus that consist of
sprouting VECs that have not connected to the circulation, yet. Blood flow is
established around el14.5, once the immature coronary plexuses in the left anterior
and right posterior region connect to the aorta (Fig. 1.3E). [76][77] Subsequently, the
blood flow from the aorta provides a physical stimulus to transform the plexus into a
mature vascular network in which large coronary arteries and veins start to be
established at e14.5-15.5. Further, during the perinatal stage, ventricles of mouse
hearts undergo rapid compaction by trabecular coalescence, which also results in
lineage transition of endocardium to coronary VECs in the inner layer of the free
ventricles (Fig. 1.3F). [78]



In summary, coronary vessel development in mice is highly compartmentalized. SV-
derived vessels contribute to a large number of arteries, capillaries, and veins on the
dorsal and lateral sides of the heart at ell.0 to el2.5. Blood island budding
contributes to a relatively small number of vessels in the central part of the ventral
side of the heart at el2.5-e13.5. Ventricular septation via trabecular coalescence
contributes to the coronary vessels in the ventricular septum at el1.5-14.5. And
finally, neonatal myocardium compaction by trabecular coalescence contributes to

coronary vessels in the inner side of the myocardium around PO-P3.
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Fig. 1.3 Coronary vessel development in mice (adapted from Kristy et. al. 2010 [74] and Burns et.
al. 2014 [79]):

A) Schematic sagittal section of an €10.5 heart. Coronary vessels have not formed yet. B) Schematic
sagittal section of an e11.5 heart. Endothelial cells of the SV (blue) sprout towards the heart ventricle
(black arrows). C) Schematic sagittal section of an e12.5-13.5 heart. SECs spread beneath the
epicardium and invade the myocardium (black arrows). Endocardium in the frontal side of the ventricle
lumen sprouts into the central anterior region of the heart (Red arrows). D) Schematic of the newly
formed LCA (anterior view, red), RCA (posterior view, red) and CV (posterior view, blue) at e14.5-
15.5. E) Schematic transverse section of an €13.5 heart. The VECs of the ventricular septum (yellow)
originate from endocardium via trabecular coalescence. F) Schematic coronal section of the P3 heart.
The VECs of the inner layer of the free ventricles (blue) originate from endocardium by trabecular
coalescence.

These different developmental origins of coronary arteries suggest a high level of

plasticity in early embryonic VECs. However, as soon as coronary circulation is
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established, the primitive coronary plexus starts to specify into different types of
vessels, such as arteries, capillaries and veins. As a result, VECs form different
subpopulations by adopting different phenotypes to accustom their particular
physiological functions, including the control of vasomotor tone, blood cell trafficking,
hemostatic balance, permeability, proliferation, quiescence and immunity. This
differential regulation of VEC phenotypes in different environments causes the
phenomenon of “VEC heterogeneity.” [80] Such diversity is critical to the
physiological functions of the entire vascular tree under physiological and
pathological conditions. Given the potential importance of SCF in the functional
integrity of the coronary circulation, the correlation between SCF expression and

various subpopulations of VECs needs to be analysed.

1.7 Subpopulations of VECs in the heart

In a prototypic vascular bed, different types of vessels are categorized based on their
distinct properties. By definition, arteries are vessels that transport blood from the
heart to different parts of the body. Veins are vessels that transport blood back to the
heart. Capillaries transport blood from arterioles (vessels connecting arteries and
capillaries) to venules (vessels connecting capillaries and veins). The VECs of
arteries and veins display different phenotypes in correlation to their physiological
functions. Furthermore, the formation of arteries and veins initiates from VECs by
genetically predetermined mechanisms, including signalling pathways like VEGF,
Notch and EphrinB2. [81]-[83] Many key components of these signal pathways have
been used as markers for arterial and venous identities of VECs. Arterial VECs
express specific markers such as DIl4 [84], EphrinB2 [85], Heyl and Hey2 [86], and
neuropilin 1 [86], while venous VECs express markers such as EphB4 [87],
neuropilin 2 [88], and COUP-TFII [89]. However, these markers cannot be used to
determine the arterial and venous identities of VECs in the adult mouse heart due to
a lack of specific antibodies for these markers in the heart. Instead, the arterial and
venous identities of coronary vessels in adult mice are determined by their anatomic
features. The major coronary arteries of the mouse heart locate beneath the surface
of the myocardium in the left anterior area and right posterior area of the ventricles.
The intramyocardial arteries and arterioles can be distinguished from veins and
capillaries by the smooth muscle layer of these vessels. The major coronary veins

can be found on the surface of the backside of the heart. However, the VECs of
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coronary venules and intramyocardial veins are largely unknown in adult mouse
heart due to the inability to label them. [90]

Functionally, arterial and venous VECs maintain a certain level of plasticity, activated
by hypoxia and hemodynamics. Recent study using Cre-loxP mediated genetic
lineage tracing demonstrated that almost all revascularization after myocardial
infarction originated from pre-existing VECs. [91] Cre-LoxP based genetic mouse
models also played important roles in resolving the controversy over c-kit* cardiac

cells. They can be useful tools to investigate the SCF lineage in early embryos.

1.8 The Cre-LoxP system

The Cre recombinase from P1 bacteriophage is widely used in nearly all fields of
biological research. The function of Cre (Causes recombination) is to catalyze the
recombination between two of its recognitions sites, called LoxP-sites (locus of
crossing over in phage P1). [92] The LoxP site is a 34 bp DNA sequence that
consists of two 13 bp palindromic sequences at the 5 and 3’ ends, and an 8 bp
sequence in the middle. The DNA sequence between two LoxP sites is excised when
they are oriented in the same 5’ to 3’ direction. One great advantage of the Cre-LoxP
system is its simplicity, as there is no additional requirement of co-elements or
specific cell types. Furthermore, LoxP is 34 bp in length, which makes it almost
impossible to have off-target effects of Cre-activity in the mammalian genome. The
first indication that the phage enzyme would be functional in mice was demonstrated
by Orban and colleagues in 1992. [93] This study demonstrated the current main
method for deletion of a gene of interest in a specific cell type, which is to use an
established transgenic line that expresses Cre under the control of a cell type-
specific promoter and to cross it with a mouse line harboring a target gene flanked by
two loxP. In such a compound transgenic mouse line Cre excises the gene of interest
only in the specific cell type. However, many targeted genes are essential for
embryonic development and a homozygous deletion will result in non-viable embryos
which make it impossible to study the function of the gene in adulthood. To
circumvent this problem, many laboratories developed inducible Cre-loxP systems by
taking advantage of the nuclear translocation of steroid hormone receptors in the
presence of their ligands. Among them, CreER™ was most widely used until today
due to its highest score in ligand dependent Cre activity. [94][95] CreER™? is a fusion

protein consisting of a n-terminal Cre recombinase and a c-terminal ER™, a mutated
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ligand-binding domain of the estrogen receptor with impaired ability to bind
endogenous estrogen but binding affinity to the drug tamoxifen. In general, CreER™
is placed under transcriptional control of a gene which is selectively expressed in the
cell population of interest. The Cre-activated reporters usually contain a ubiquitous
promoter, a loxP-flanked transcriptional stop cassette and a reporter gene. In the
absence of tamoxifen, CreER'? stays in the cytosol and the loxP-flanked (floxed) stop
cassette blocks the expression of the reporter gene (Fig.1.4A). Tamoxifen
administration leads to nuclear translocation of CreER™ and subsequent excision of
the floxed stop cassette (Fig.1.4B), which allows the expression of the reporter gene
(Fig.1.4C). Because the genetic labelling is irreversible and therefore heritable, the

cells of interest and all of their descendants will express the reporter gene.

A B
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Nuclear Nuclear CreER"®
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Fig. 1.4 CreER™ mediated genetic cell labelling:

A) Without tamoxifen, CreER™2 fusion protein binds to HSP90 (a heat shock protein subtype acting as
a chaperone) and localizes to the cytosol. B) After tamoxifen administration, CreERT is activated by
ligand binding and translocates into the nucleus with the loxP flanked stop cassette. C) After Cre
excision of the loxP flanked stop cassette, the reporter gene is expressed, regardless of CreER™ is
expression.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Reagents

Product Name

Acetic acid

Agarose

Boric Acid

Corn oll

Dimethyl Sulfoxide (DMSO)
DNA Gel Loading Dye (6X)

Donkey Serum (DS)

Dulbecco’s Phosphate-buffered saline
(DPBS)
Ethidium Bromide

Ethanol
Ethylenediaminetetraacetic Acid, EDTA
Gentra Puregene Mouse Tail Kit
GoTag® Green Master Mix
Heparin

Horse serum

Hydrochloric Acid (HCI)
Hydrogen Peroxide (H202, 30%)
Isopropanol

B-Mercaptoethanol
2-Methylbutan (Isopentanol)

O’GeneRuler 1 kb DNA Ladder, ready-to-

use
Paraformaldehyde (PFA)
Phosphate-Buffered Saline (PBS)

Company

Sigma Aldrich, Steinheim, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
Thermo Fisher Scientific, Waltham,
MA, USA

Jackson ImmunoResearch, Suffolk,
England

Invitrogen/Life Technologies,
Darmstadt, Germany
Fluka/Sigma-Aldrich, Steinheim,
Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Steinheim, Germany
Qiagen, Hilden, Germany

Promega, Medison, USA
Rotexmedica, Trittau, Germany
Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
VWR, Darmstadt, Germany
Sigma-Aldrich, Steinheim, Germany
Carl Roth, Karlsruhe, Germany
ThermoFisher Scientific, Waltham, MA,
USA

Sigma-Aldrich, Steinheim, Germany

Invitrogen/Life Technologies,



PBS Tablets

Potassium Chloride (KCI)

Sodium Chloride (NaCl)

Sodium Dodecyl Sulfate (SDS)
Sodium Hydroxide (NaOH)
Sucrose

Tamoxifen

Tissue-Tek® O.C.T.™ Compound

Tris-base

Tris-HCI

TritonX-100

TSA® Plus Cy3

TSA® Plus Cy5

TSA® Plus Fluorescein

Darmstadt, Germany

Invitrogen/Life Technologies,
Darmstadt, Germany
Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany

Sigma-Aldrich, Steinheim, Germany

Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
Sakura Finetek Europe B.V.,
Zoeterwoude, Netherlands

Sigma Aldrich, Steinheim, Germany
Sigma Aldrich, Steinheim, Germany
Sigma Aldrich, Steinheim, Germany
PerkinElmer, US

PerkinElmer, US

PerkinElmer, US

2.1.2 Primers for genotyping of transgenic mice

All primers were used as described in the publications ([41], [96]—-[100]) of the

transgenic mouse lines and supplied by ThermoFisher /Life Technologies:

Mouse line Sequence (5’-3’)

CAG-mTmG Forward: CTCTGCTGCCTCCTGGCTTCT
Reverse wild type: CGAGGCGGATCACAAGCAATA
Reverse mutant: TCAATGGGCGGGGGTCGTT
Mutant fragment = 284 bp

Heterozygote fragments = 284 bp and 297 bp

Wild type fragment = 297 bp

SCF-CreER™ Forward mutant: CACCTCCCACAACGAGGACTA
Forward wild type: GGGCTTCATTTGCTGTCTGTC
Reverse: TCTCACACCACGCCTGTCTCT
Wild type fragment = 400 bp
Mutant fragments = 400 bp and 590 bp
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Tie2-Cre

SC FAEX?

c-kitBAC-eGFP

Ai9

VECad-CreERT™

Anillin-eGFP

Forward: CGCATAACCAGTGAAACAGCATGGC
Reverse: GGCAAATTTTGGTGTACGGTC
Mutant fragment = 220 bp

Forward: GGGCCTCAAAGAAATTCAAA
Reverse: TCATCATGATTTGGCACCTT

Wild type fragment = 265 bp

Mutant fragment = 382 bp

Forward: GCAGGTGGAGAAACTGAGCATG
Reverse: CCCAGGATGTTGCCGTCCTCCT
Mutant fragment = 1095 bp

Forward: AAGGGAGCTGCAGTGGAGTA
Reverse wild type: CCGAAAATCTGTGGGAAGTC
Reverse mutant: GGCATTAAAGCAGCGTATCC
Mutant fragment = 196 bp

Heterozygote fragments = 297 bp and 196 bp
Wild type fragment = 297 bp

Forward: CGAAAAGAAAACGTTGA

Reverse: ATCCAGGTTACGGATATAGT

Mutant fragment = 970 bp

Forward: GGCACAAGCTGGAGTACAAC
Reverse: TGGCACTGGTGCAAAGTATG
Mutant fragment = 850 bp

2.1.3 Solutions and Buffers

Name

Borate Solution

Composition

0.01% Hydrogen Peroxide (30%)
0.1 M Boric Acid

NaOH (adjust PH to 8.5)

H202 Blocking Solution 1 3% Hydrogen Peroxide (30% stock

solution) in PBS

H20:2 Blocking Solution 2 10% Hydrogen Peroxide (30% stock

solution) in PBS

2ME/SDS Solution (50ml) 10 ml 10% (M/V) SDS
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PBS Washing Solution
5% PBSST

2.5% PBSST

PBST

PBS-Heparin

PFA Fixing Solution
Sucrose Solution

TAE Buffer

Tamoxifen Solution

TSA Cy3 Stock solution

TSA Cy5 Stock solution

TSA Fluorescein Stock solution

2.1.4 Equipments and Materials
Name

Analytical Balance XS205
Balance 440-45

Cell Culture Dishes (10 cm)

Centrifuge 5415D

Colibri lllumination System
Coverslips

Cryostat Microtome (Kryotom CM
3050S)

6.25 ml 0.5 M Tris-HCI PH 6.8

38.75 water

0.4 ml B-Mercaptoethanol (2-ME) add
fresh

Made directly by dissolving PBS tablets
5% (v/v) Donkey Serum in PBST
2.5% (v/v) Donkey Serum in PBST
0.1% (v/v) TritonX-100 in DPBS
500 I.U. Heparin in 50 ml PBS

4% PFA (w/v) in PBS

30% Sucrose (w/v) in PBS

40 mM Tris-base

2 mM EDTA

20 mM Acetic acid

dissolve in water set pH = 8.5

20 mg/ml Tamoxifen in corn oil
TSA® Plus Cy3 dissolved in DMSO
TSA® Plus Cy5 dissolved in DMSO
TSA® Plus Fluorescein dissolved in
DMSO

Company

Mettler Toledo, Columbus, OH, USA
KERN, Balingen, Germany

Greiner Bio-One, Frickenhausen,
Germany

Eppendorf, Wesseling-Berzdorf,
Germany

Carl Zeiss, Jena, Germany

Fisher Scientific, US.

Leica, Solms, Germany
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15 ml Reaction Tubes
50 mL Reaction Tubes
Gel Electrophoresis Chamber

Gel Documentation System
Haraeus® Heating and Drying Oven
ImmEdge Hydrophobic Barrier PAP Pen

Laser Scanning Microscope Eclipse Ti

Microcentrifuge Tubes 1.5 ml

Macroscope AXIO Zoom V16
Microscope Axiovert40CFL
Microscope Axiovert200

Microscope Observer Z1 with Apotome
NanoDrop 100 Spectrophotometer
Peel-A-Way embedding Mold

Pipet “Pipettor”

Microscopic Slides

laminar flow HERAsafe
Stereomicroscope AxioZoom V16
Thermocycler TProfessional TRIO
Tissue-Tek® Mold

Vortex Mixer

2.1.5 Mouse Lines
Name Source
SCF-CreERT™2
SCFAEX?

Tie2-Cre

Falcon, Grafeling-Lochnam, Germany
Falcon, Grafeling-Lochnam, Germany
BioRAD, Munich, Germany

NeoTech, San Diego, US

Heraeus, Hanau, Germany
Vector Laboratories, Burlingame, US

Nikon instruments, Dusseldorf,
Germany

Eppendorf, Hamburg, Germany
Sarstedt, Nuembrecht, Germany
Carl Zeiss, Jena, Germany

Carl Zeiss, Jena, Germany

Carl Zeiss, Jena, Germany

Carl Zeiss, Jena, Germany
Peqglab, Erlangen, Germany
Sigma/Merck, US

Eppendorf, Wesseling-Berzdorf,
Germany

Menzel-Glaser/VWR, Darmstadt,
Germany

Heraeus, Hanau, Germany

Carl Zeiss, Oberkochen, Germany
Biometra, Gottingen, Germany
Sakura Finetek Europe B.V.,
Zoeterwoude, Netherlands
VWR International

Prof. Claus Nerlov, University of Oxford, UK.[41]
Prof. Claus Nerlov, University of Oxford, UK.[41]
Prof. Claus Nerlov, University of Oxford, UK.[100]
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CAG-mTmG Stock# 007576, Jackson Laboratory, US.[98]

eGFP-anillin Dr. Michael Hesse. Institute of Physiology I.
Bonn.[99]

c-kitBAC-eGFP Prof. Michael Kotlikoff, Cornell University, US.[96]

VECad-CreER™ Prof. Michael Kotlikoff, Cornell University, US.[101]

Ai9 Prof. Michael Kotlikoff, Cornell University, US.[97]

2.1.6 Primary Antibodies
Primary Antibody (Company, Cat#) Note (Working Dilution)

Anti-a-Actinin (Sigma; A7811) (1:400)
Anti-a-Smooth Muscle Actin (Sigma; (1:800)
A5228)

Anti-Human Estrogen Receptor (Abcam; (1:1)
ab27595)

Anti-CD31 (BD; 550274) (1:500)
Anti-CD45 (Millipore; CBL1326) (1:1000)
Anti-GFP-FITC Conjugated (Abcam, (1:400)
ab6662)

Anti-PDGFRp (eBioscience; 14-1402) (1:500)
Anti-RFP (Rockland; 600-401-379) (1:400)
Anti-VECadherin (R&D; AF1002) (1:100)

2.1.7 Secondary antibodies

All fluorochrome conjugated secondary antibodies were ordered from Jackson
ImmunoResearch:

Secondary antibodies conjugated with Fluorochromes (Species, Working
Dilution)

Anti-goat IgG-Cy2 (Donkey, 1:400)

Anti-goat 1gG-Cy5 (Donkey, 1:400)

Anti-mouse 1gG1-Cy5 (Goat, 1:400)

Anti-mouse 1gG2a-Cy5 (Goat, 1:400)

Anti-rabbit-Cy3 (Donkey, 1:400)

Anti-rat-Cy5 (Goat, 1:400)
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For signal enhancement, peroxidase conjugated secondary antibodies were ordered
from Vector laboratories:

Secondary antibodies conjugated with peroxidases (Species,

Working Dilution)

Immpress™ HRP Anti Rabbit (Horse, 1:1)

Immpress™ HRP Anti Rat (Goat, 1:1)

2.2 Molecular Biology Methods

2.2.1 Genomic DNA purification from mouse tail

Tail tip biopsies were collected from individual mice for genotyping. The procedure
complies to the guidelines of international and domestic animal welfare laws and was
approved by the institutional committee for experimental animal use of the University
of Bonn. The Gentra Puregene Mouse Tail Kit was used for DNA purification by
following the manufactures protocol with minor modifications. About 3-5 mm mouse
tail tip was cut and transferred into a 1.5 ml reaction tube with 300 ul Cell Lysis
Solution and 1.5 pul proteinase K. The sample was incubated overnight at 56 °C until

the tissue was completely lysed. 100 pl Protein Precipitation Solution was added to

each sample. The samples were subsequently mixed vigorously for 20 s and
centrifuged for 3 min. at 16000 x g. Supernatants containing the genomic DNA were
transferred into a clean 1.5 ml reaction tube containing 300 pl 2-methylbutane. The
samples were mixed by inverting gently for 50 times and centrifuged for 1 min. at
16000 x g. After removing the supernatant, 300 ul of 70% ethanol was added per
sample to wash the DNA pellet. The 70% ethanol was removed after very short
washing by centrifugation at 16000 x g. The DNA pellet was rehydrated in 500 pl

water for 1 hour at 56 °C and stored at 4°C.

2.2.2 Genotyping by PCR

The polymerase chain reaction (PCR) was used to detect the foreign transgenes in
the genomic engineered mouse lines as described by previous studies. [102] The
DNA fragments of the genes of interest were amplified by hot-start PCR and
analyzed by agarose gel electrophoresis. Oligonucleotide primers were used as
described in 2.1.2. The PCR reaction mix was prepared for each sample as indicated

in Table 2.1. The PCR was run in a Thermocycler using the protocol from Table 2.2.
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Table 2.1 PCR reaction mix

Component Volume (10 pl)
Genomic DNA 1 pl (ca. 200 pg)
GoTag® Green Master Mix 5ul
Primer Mix: 1 pl (10 pMm)
Water 3ul
Table 2.2 PCR protocol
Mouse line Step Temperature Time
SCF-CreER™ Initial denaturation 95°C 4 min
Denaturation 94°C 30s
36x Annealing 62°C 30s
Extension 72°C 1 min
Final Extension 72°C 10 min
4°C hold
CAG-mTmG Initial denaturation 95°C 4 min
Denaturation 94°C 30s
36x Annealing 62°C 30s
Extension 72°C 1 min
Final Extension 72°C 10 min
4°C hold
c-kit®AC-eGFP Initial denaturation 95°C 4 min
Denaturation 94°C 30s
17x decrease 0.5 °C per__ Annealing 68-60°C 30s
cycle Extension 72°C 1.5 min
Denaturation 94°C 30s
16X — Annealing 60°C 30s
Extension 72°C 1.5 min
Final Extension 72°C 10 min
4°C hold
SCFAEX? Initial denaturation 95°C 4 min
Denaturation 94°C 30s
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] Annealing 63-55°C 30s

17x decrease 0.5°C _| Extension 72°C 1.5 min
per cycle L Denaturation 94°C 30s
— Annealing 55°C 30s

lox — Extension 72°C 1.5 min

o Final Extension 72°C 10 min
4°C hold

Tie2-Cre Initial denaturation 95°C 4 min
Denaturation 94°C 30s
36x Annealing 59°C 30s

Extension 72°C 1 min

Final Extension 72°C 10 min
4°C hold

eGFP-anillin Initial denaturation 95°C 4 min
Denaturation 94°C 30s
36x Annealing 60°C 30s

Extension 72°C 1 min

Final Extension 72°C 10 min
4°C hold

2.2.3 Analysis of PCR products by gel electrophoresis

Genotyping was performed by gel electrophoresis of the PCR fragments obtained
from each mouse line. Gel electrophoresis is a basic method that allows separation
of nucleic acids based on their size, which migrate through a pre-casted agarose gel
in an electrical field. The gel was prepared by dissolving 5 pl of ethidium bromide and
1-2 mg agarose in 100 ml TAE-buffer while heating and subsequently casting in a
specific casting mold to cool down to room temperature (RT). The gel was
submerged in an electrophoresis chamber containing TAE-buffer. The PCR reactions
(approximately 10 ul each) were loaded directly into the small wells formed by the
casting mold. The gel was run for 45-60 min. at 100-120 Volts (5-8 V per cm of gel).
Since the DNA nucleotides have negative charges, they move towards the positive
charged anode and the smallest fragments migrate the fastest. Afterward, the gel

was analyzed under UV light to visualize DNA bands marked by ethidium bromide.
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To identify the different sizes of PCR products, 5 pl of O’'GeneRuler 1 kb DNA Ladder

was loaded onto the gel along with the PCR products.

2.3 Immunohistochemistry Methods

2.3.1 Tissue process and sectioning

Embryos and embryonic hearts from euthanized mice were dissected under a
macroscope and briefly washed in PBS for 3 times. Postnatal hearts were washed in
PBS-Heparin Solution for 3 times and then submerged into 1% (w/v) KCI cardioplegic
solution for 3-5 min. All samples were fixed in 4% PFA solution for 1h at 4 °C.

Subsequently, samples were washed for 3 x 5 min. in PBS and then stored in 30%
sucrose solution at 4°C for at least 14 h. Cryosectioning blocks were prepared by
embedding the samples after sucrose solution into plastic molds of appropriate sizes
containing Tissue-Tek® O.C.T.™ compound. Hearts were positioned coronally,
sagittal or transversely before freezing depending on the experimental purpose. The
samples were frozen on top of dry ice and stored at - 80°C. 10 um sections were cut

with a Cryostat microtome and collected on microscopic slides and stored at - 20°C.

2.3.2 Immunostaining protocols

Microscopic slides containing tissue sections were taken from the -20°C refrigerator
and thawed at RT. Remnants of Tissue-Tek® O.C.T.™ compound were teared away
manually with fine forceps. An ImmEdge Hydrophobic Barrier PAP pen was used to
draw a circle around each tissue section. The tissue sections were sequentially
rehydrated in PBS for 5 min., post-fixed with PFA fixing solution for 10 min. and
washed in PBS for 3 x 5 min. In cases that the peroxidase conjugated secondary
antibodies were needed, H20:2 blocking solution 1 was applied to the tissue sections
for 2 x 15 min. at RT. After that, tissue sections were permeabilized and blocked with
5% PBSST for 30 min. at RT. After blocking, primary antibodies (see working
dilutions 2.1.11) were diluted in 2.5% PBSST and added onto the tissue sections.
The slides were then incubated in the dark at 4°C overnight. Afterwards, the slides
were washed for 3 x 5 min. in PBS before applying the secondary antibodies. The
secondary antibodies were diluted in PBS and applied to the tissue sections for 1 h at
RT. In case of using peroxidase conjugated secondary antibodies, the Tyramide

Signal Amplification (TSA) reagents were used as substrates by dissolving TSA stock
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solution in Borate solution (1:1000) to add fluorochromes onto the binding sites of
secondary antibodies for 5 min. at RT. If two peroxidase conjugated secondary
antibodies from different species were used, two antibodies and their corresponding
TSA reactions were applied separately with an additional blocking step in between
(H202 blocking solution 2 for 2 x 15 min. at RT). After a short wash with distilled
water, sections were mounted with Vectashield mounting media (including DAPI
nuclear stain) and coverslips. The slides were stored at RT to let them dry overnight
and stored at 4°C in the dark. The edges of the coverslips were fortified by nail

polish.

In the case of two primary antibodies from the same species were required for
immunostaining, the staining was applied sequentially by using the peroxidase TSA
system as described above. Additionally in between the two stainings antibodies
were eluted as follows: [103] After finishing the TSA reaction for the first antigen, the
section was submerged in preheated 2-ME/SDS solution and incubate at 56°C for 30
min. The section was then washed in distilled water for at least 1 h with water change
every 15 min. to get rid of residual 3-mercaptoethanol. Then the second antigen was
stained following the protocol described above starting with encircling the section

with an ImmEdge Hydrophobic Barrier PAP pen.

2.3.2 Imaging of sections and post-processing protocols

Whole mount fluorescent pictures of embryos and hearts were taken by a
Stereomicroscope AxioZoom V16. The tissues were briefly fixed with PFA solution to
stop the movement of the hearts. A cell culture dish containing a 5 mm thick layer of
2% agarose gel and PBS was used to position the tissues under the
stereomicroscope. The positions of the tissues were adjusted to the experimental
needs by manually digging a hole with fine forceps on the agarose gel layer. Pictures
of entire tissue section were taken by an Observer Z1 microscope with Apotome
system with a 20x objective with disabled Apotome function. For overview pictures,
individually acquired pictures were stitched together by the ZEN software. More
detailed pictures were taken by either Observer Z1 microscope with Apotome system
equipped with a 40x objective with Apotome function or by a Laser Scanning
Microscope Eclipse Ti with 40x or 60x objectives. All the images were adjusted for
brightness and contrast with the manufacturer’s software and ImagedJ. Quantification
of different types of cells was done with the help of ImageJ’s “cell counter” plugin and
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the statistics program Graph Pad Prism v.5.0. The marks used on the pictures (e.qg.
scale bar, arrowheads, sketches, etc.) were made with Photoline v. 19.50,

Computerinsel GmbH.

2.4 Animal experiments

2.4.1 Mouse lines used in the current study

All animal procedures in the current study complied with the guidelines of
international and domestic animal welfare laws and were approved by the
institutional committee for experimental animal use of the University of Bonn. All
transgenic mouse lines used in this thesis have been previously published (listed in
2.1.5). To study the SCF expression maps at various developmental stages, the
SCF-CreER™ mouse line was used. To study the fate map of SCF* cells during heart
development, the SCF-CreER™ line was crossbred to the CAG-mTmG mouse line.
To study the loss of function of SCF in VECs, a Tie2-Cre mouse line was crossbred
to the SCF*® mouse line. To study the roles of c-kit during revascularisation of
injured heart, the VECad-CreER™?, Ai9, c-kitBAc-eGFP mouse lines were crossbred
together to create a triple transgenic mouse model. To study cell cycle activity and
the role of SCF during repair of a neonatal injury, the SCF-CreER™ mouse line was

crossbhred to the eGFP-Anillin mouse line.

2.4.1.1 The SCF-CreER™ mouse line

The SCF-CreER™ mouse line was generated by Buono and colleagues. [41] It
contains a transgene co-expressing CreER™ and tdTomato [104], a red fluorescent
protein, knocked into the SCF promoter on a bacterial artificial chromosome (BAC)
(Fig. 2.1). With the help of this mouse line, SCF* cells were identified in the thymus
which consisted of two sub-populations of cortex-specific VECs and cortical thymic
epithelial cells. The latter provide a stem cell niche for early thymocyte progenitors. In
this study, only the tdTomato signal was used to identify SCF expressing cells in the
thymus. To verify the faithful representation of endogenous SCF expression by the
tdTomato signal, the authors purified tdTomato* and tdTomato™ cell populations by
flow cytometry and examined the expression of SCF in both populations by
guantitative Polymerase Chain Reaction (qPCR), 2" generation RNA sequencing,
and 2" generation RNA sequencing of single sorted cells. Data analysis
demonstrated consistent expression patterns of SCF and tdTomato. Thus, the SCF-
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CreER™ mouse line is an ideal genetic tool to study the expression pattern of SCF in
the heart.

pA
Intron

5'UTR

ATG

RP24-73F12 BAC

Fig. 2.1. Schematic representation of the SCF-CreER™ BAC transgene (Adapted from Buono et.
al. 2015 [41)]):

The SCF-CreER™ BAC transgene was generated by replacing the endogenous exon 1 of SCF with a
cassette consisting of a hybrid intron (to ensure a controlled splicing event), a Kozak—ATG-CreER™?
moiety, an IRES followed by tdTomato and a SV40 polyA site on The RP24—73F12 BAC backbone
(BacPac Resources, CHORI).

2.4.1.2 The SCF*E&" mouse line

The SCF*®" mouse line was generated by Buono and colleagues. [41] Exon 7 of the
SCF gene, encoding the transmembrane domain, was flanked by two loxP sites (Fig.
2.2). The expression of soluble SCF was confirmed by ELISA in vitro. Complete
knockout of the SCF*EX" allele in homozygous mice displayed perinatal lethality due
to severe developmental and hematopoietic abnormalities, similar to mutants of Steel
alleles [32] and SCF complete knockout lines for both soluble and membrane bound
SCF [33]. The strong phenotype of SCF exon 7 knockout mice supported a critical

physiological role of membrane bound SCF.
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SCF gene: Chr10
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Fig. 2.2 Schematic representation of the SCF*®” mouse line (Adapted from Buono et. al. 2015
[41]):

Two loxP sites were introduced into intron 6 and intron 7 respectively by homologous recombination,
thereby flanking exon 7. Under the presence of Cre recombinase, exon 7 of the SCF gene, which
encodes the transmembrane domain of SCF, will be excised. Homozygous knockout mice of the
SCF2&7 ine only produce the soluble form of SCF.

2.4.1.3 The C-kitBAC-.eGFP mouse line

The c-kitBAC-eGFP mouse line was generated by Tallini and colleagues. [96] It was
one of the first mouse lines generated to identify the c-kit" cardiac cells. An EGFP
coding sequence was inserted at the start codon of c-kit on a BAC (Fig. 2.3). To
verify faithful representation of endogenous c-kit expression by eGFP, the authors
compared eGFP expression with previously well characterized c-kit* cell populations
such as melanocytes, interstitial cells of the intestines and stomach, muscle layer of
the uterus and testis, basket and stellate cells in cerebellum, and hippocampus.
[27][32][103][104] Thus, the c-kit?Ac-eGFP mouse line faithfully recapitulates the
endogenous c-kit expression.
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Fig. 2.3 Schematic representation of the c-kitBA°-eGFP transgene (Adapted from Tallini et. al.
2009):

The c-kitBAC-eGFP transgene was generated by inserting an eGFP-pA cassette into the BAC clone
RP24-330G11 at the initiation codon of c-kit by homologous recombination.

2.4.1.4 The VECad-CreER™ mouse line

The VECad-CreER™ mouse line was generated by Monvoisin and colleagues. [101]
In this mouse line CreER™ is driven by the endothelial specific promoter, VECad
(vascular endothelial cadherin, [107]).(Fig. 2.4) To verify EC specific CreERT?

expression, the VECad-CreER™ mouse line was crossbred with the Rosa26R
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reporter mouse line [108] that expresses [-galactosidase after Cre-mediated deletion
of a stop cassette. Tamoxifen injections were shown to induce [B-galactosidase
expression in different types of ECs in both embryos and adult mice. Furthermore,
injection of tamoxifen in adult mice resulted in negligible recombination in the
hematopoietic lineage. However, even after a long period of Cre induction [3-
galactosidase* ECs only make up less than 50% of total ECs, which substantially
limits the usage of this line. Applying new Cre-reporter mouse lines that are more
sensitive to low levels of Cre expression may improve the percentage of Cre

recombination in ECs.

VECad-CreER"™

— VECad CreER™ —jl}——

Fig. 2.4 Schematic representation of the VeCad-CreER™ transgene:

The CreER™ coding sequence was inserted downstream of a 2.5 kb VECad minimal promoter [107]
which contained a synthetic intron composed of sequences from the rabbit B-globin locus. The
construct was randomly integrated into the mouse genome by pronuclear injection.

2.4.1.5 The Tie2-Cre mouse line

The Tie2-Cre mouse line was generated by Kisanuki and colleagues. [100] The Cre
recombinase is driven by the endothelial specific promoter, Tie2 (angiopoietin
receptor, [109]). (Fig.2.5) To verify the EC specificity of Cre expression, the Tie2-Cre
mouse line was crossbred with the Rosa26R reporter mouse line [108]. The authors
demonstrated that virtually all vessels in e11.5 embryos are labelled by the Tie2-Cre
line, indicating high levels of Cre expression at least in early embryonic stages.

Tie2-Cre

LI, T e —

Fig. 2.5 Schematic representation of the Tie2-Cre transgene:

The Cre coding sequence was cloned behind the murine 2.1-kb Tie2 promoter, pg50H1-2. A 10 kb
murine Tie2 enhancer fragment derived from pg50-2.11 [109], was inserted downstream of the polyA
signal sequence. The construct was randomly integrated into the mouse genome by pronuclear
injection.

2.4.1.6 The CAG-mTmG mouse line
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The CAG-mTmG mouse line was generated by Muzumdar and colleagues. [98] It
was one of the first reporter mouse lines for Cre activity with robust and ubiquitous
expression of fluorescent proteins. It is a double-fluorescent Cre reporter mouse that
expresses membrane-targeted tandem dimer Tomato (mT) prior to Cre-mediated
excision of the loxP flanked mT and membrane-targeted green fluorescent protein
(mG) after excision. By examining all major organs in the mouse, the authors
demonstrated that both mT and mG signals were highly ubiquitously expressed
which allowed their visualization in vivo and in vitro. Both membrane-targeted
markers outline cell morphology and highlight membrane structures.

CAG-mTmG

—— I -memae- - — cFP ll—

loxp loxp

‘ +Cre
Rosa26 locus m * GFP .

loxp

Fig. 2.6 Schematic representation of the CAG-mTmG transgene before and after recombination
by Cre:

The targeting vector for the CAG-mTmG mouse line was generated by inserting a cassette consisting
of a tdTomato-polyA moiety flanked by two loxP sites, followed by GFP and SV40 polyA into a pCAG
(a CMV/B-actin enhancer-promoter) expression vector. The construct was subsequently integrated
into the Rosa26 locus of the mouse genome by homologous recombination. After Cre recombination,
the mT sequence is excised, allowing the expression of mG.

2.4.1.7 The Ai9 mouse line

The A9 mouse line is one of a series of universal Cre-reporter mouse lines
generated by Madisen and colleagues. [97] In the Ai9 transgenic mouse line a
construct containing the CAG promoter, followed by a loxP-flanked stop cassette and
tdTomato-polyA sequence was inserted into the Rosa26 locus (Fig. 2.7). This mouse
line was characterized by using a large amount of available Cre-driver lines to test
the signal intensity and Cre-dependent reporter gene expression. As a result, Ai9
displayed excellent signal intensity and Cre sensitivity. Thus, the Ai9 mouse line is

ideal to bred to mouse lines with weak Cre expression.
Ai9

Rosa26 locus CAG

loxp loxp
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Fig. 2.7 Schematic representation of the Ai9 transgene (Adapted from Madisen et. al. 2010 [97]):

The targeting vector of the Ai9 mouse line consist of the CAG promoter, followed by a loxP flanked
stop cassette, tdTomato coding sequence and SV40 polyA signal. The construct was recombined into
the Rosa26 locus of the mouse genome. After Cre recombination, the stop sequence is excised,
allowing the expression of tdTomato.

2.4.1.8 eGFP-anillin mouse line

The eGFP-anillin mouse line was generated by Hesse and colleagues. [99] Before
the generation of the eGFP-Anillin mouse line, cell proliferation was mostly
determined by bromodexyuridine or thymidine incorporation assays and/or
immunostaining with cell cycle specific antibodies. However, these methods cannot
differentiate authentic cell division from cell cycle variants such as endoreduplication
(DNA replication without karyokinesis or cytokinesis), or acytokinetic mitosis
(karyokinesis without cytokinesis). This is particularly important in cardiomyocytes,
which are known to undergo these cell cycle variants. The eGFP-anillin mouse line
expresses a fusion protein consisting of eGFP fused to the N-terminus of the
scaffolding protein anillin, a component of the contractile ring. eGFP-anillin is absent
in quiescent cells due to its ubiquitination by anaphase-promoting complex and
degradation by the proteasome. eGFP-anillin is localized in the nucleus during late
G1-, S-, and G2-phases of the cell cycle, in the cytoplasm during early M-phase, and
in the contractile ring and midbody during late M-phase (Fig. 2.8). Thus, the eGFP-
Anillin mouse line enables direct visualization of M-phase events, cytokinesis and cell
separation by detection of cytokinetic structures, such as the contractile ring and

midbody.

= CAG eGFP-Anillin DA —
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Fig. 2.8 Schematic representation of the subcellular localization of the eGFP-anillin fusion
protein during the cell cycle and the expression construct of the eGFP-Anillin mouse line
(adapted from Hesse, et. al. 2012 [99]):

The mouse anillin coding sequence was ligated to the c-terminus of eGFP. The CAG promoter was
used to drive the expression of the eGFP-anillin fusion protein. C, cytokinesis; K, karyokinesis.

2.4.2 Tamoxifen administration to transgenic mice

The most common approach to apply tamoxifen is by intraperitoneal injection.
However, a recent study demonstrated that using the oral gavage method provides
more precise and reliable control of Cre activation. [73] To understand changes of
SCF expression in hearts during embryonic development, we applied tamoxifen by
oral gavage to SCF-CreER™ x CAG-mTmG compound transgenic mice. Tamoxifen
was dissolved in corn oil at a concentration of 20 mg/ml by shaking overnight at RT.
Embryonic stages were determined by checking for vaginal plugs every day after
setting up a mating (occurrence of plug counted as day 0.5 of embryonic
development, €0.5). 1 mg of Tamoxifen were given to each pregnant mouse once by
oral gavage using a blunt end reusable Feeding Needle (FST, 18060-20) (Fig. 2.9A).
In VECad-CreER™ x Ai9 x c-kitBA-eGFP triple transgenic mice, 2 mg of tamoxifen
were given to each mouse via intraperitoneal injection for three times in a week to
ensure high recombination frequency of CreER™ (performed by the lab of M.
Kotlikoff, Pen University, USA). Mice were then kept in stock for 1 week to clean out
residual tamoxifen in their system before going to the next step of experiment (Fig.
2.9B). Tamoxifen binds to the ER™ and induces relocation of CreER™ protein into
the nucleus. As a result, the CreER™ signal becomes concentrated in the nucleus,
which eases the visualization of cells with weak SCF expression by immunostaining.
In SCF-CreER™ x eGFP-anillin double transgenic mice, 0.2 mg of tamoxifen were
injected intraperitoneally 2 days before there were sacrificed to improve CreER™

signals in cardiomyocytes (Fig. 2.9C).
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Fig. 2.9 Schematic representation of tamoxifen administration strategies for different mouse
lines:

A) SCF-CreER™ x CAG-mTmG mouse line. B) VECad-CreERT2 x Ai9 x c-kitBAc-eGFP mouse line. C)
SCF-CreER™ x eGFP-anillin mouse line.

2.4.3 Adult Myocardial Infarction models

To study the possible roles of SCF in infarcted heart, SCF-CreER™ and Tie2-Cre x
SCF*®7 mouse lines were subjected to acute a myocardial infarction model by
ligation of the left anterior descending coronary artery. This model was performed by
Dr. Annika Ottersbach (Institute of Physiology I, Bonn). The experimental procedure
was described in a previous study by Roell and colleagues [110] and applied with
minor modifications. Mice were sedated by narcotic gas (50% Oz, 50% N20, and 3 to
4 vol% of isoflurane) in a gas chamber. The mouse was quickly intubated with a
Braun Vasofix® safety cannula (22G) and put on a self-made temperature-controlled
heating plate at 37°C. A mechanical ventilation device (MiniVent type 845, Harvard
Apparatus, March, Germany) was connected to the mice at a breathing rate of
100/min. (tidal volume of 0.5 mL). Mice were kept under narcotic gas with isoflurane
concentrations between 0.8 and 1.3 vol %. Then, the chest wall was shaven and
disinfected with 70% ethanol. After cutting a small skin incision, the superficial
muscle layers were transected to expose the fourth intercostal space (Fig. 2.10A).

After opening of the chest by cutting the intercostal muscles, a self-made chest

32



retractor was placed, the pericardium was opened, and the apex of the heart was
exposed (Fig. 2.10B). A self-made elliptical spoon was used to push up and to
immobilize the heart outside the chest wall. To directly visualize the LAD coronary
artery, a Leica M651 surgical microscope was used with strong illumination. An 8-0
prolene suture (Ethicon) was used to make a tight ligation on the stem of the LAD
coronary artery (Fig. 2.10D). Before closing the chest, a 22-G blunt end needle was
inserted into the chest cavity. At this point N2O supply was stopped, and the thorax
was closed by 6-0 prolene sutures (Ethicon). The pneumothorax was drained by
applying negative pressure through the blunt needle, which was removed afterwards
(Fig. 2.10E). The incision on the skin was subsequently closed using the same suture
for the thorax (Fig. 2.10F). Postoperatively, the mice were placed into cages with
heating lamps and monitored several hours before transferring them to their cages in
the animal facility. The first 3 days after operation, metamizol (100 mg/kg) as
analgesic and cefuroxime (100 mg/kg) as antibiotic were administered intramuscular

twice a day, respectively.

The VECad-CreER™ x Ai9 x c-kitBAC-eGFP mouse line underwent a similar
procedure except occlusion of the LAD artery (sham control). To evoke a
reproducible size of myocardial lesions, cryo-injury was performed by pushing a
liquid nitrogen cooled probe (3-mm diameter, cooled in liquid nitrogen for 2 min)
against the free left ventricular wall for 3 x 20 sec (Fig. 2.10C). These operations
were performed in the laboratory of M. Kotlikoff, Cornell University, USA.
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Fig. 2.10 Myocardial infarction models of the adult mouse heart:

A) After anesthesia, mouse is immobilized in the supine potions on a 37 °C heating plate. Skin incision
is performed transversely along the chest cavity. B) Heart is accessed through intercostal muscle
separation at the fourth intercostal space. C) Cryo-injury model: Free left ventricle is injured by a liquid
nitrogen cooled probe (3 mm diameter) for 3 x 20 seconds. This part of the experiments was
performed at Cornell University. D) LAD coronary artery ligation model: an 8-0 Prolene suture is used
to make a tight ligation on the stem of the LAD coronary artery. E) Pneumothorax is drained by a 22-G
blunt end needle before closing the chest. F) The skin is closed by a 6-0 Prolene suture.

2.4.4 Neonatal heart injury model
To study the possible roles of SCF during neonatal heart regeneration, SCF-CreER™
x eGFP-Anillin mice were subjected to a neonatal heart injury model consisting of

heat induced cauterization of the LAD coronary artery of PO mice. The experimental
procedure was a modification from a previous study by Porrello and colleagues. [111]
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Mice were sedated by hypothermia by putting PO pups directly on ice for 7-10 min.
The mice were then put on a self-made cooling plate consisting of a metal platform
on top of ice (0°C). Two medium size forceps were used to immobilize the mice by
placing them on the limbs with thorax region free for easy access. The mice on the
cooling platform were kept under a surgical microscope. Next, the chest wall was
disinfected with 70% ethanol. After cutting a small skin incision on the left side of the
chest, the superficial muscle layers were transected to expose the second intercostal
space (Fig. 2.11A). After opening of the chest by cutting into the fourth intercostal
muscles, a small piece of a paper towel was placed inside the chest cavity to open
the wound and absorb leaking fluid, which would otherwise block the vision (Fig.
2.11B). The pericardium was opened, and the left ventricle of the heart exposed. The
tip of the cauterizer was placed onto the surface of the heart. The switch of the
cauterizer was turned on for 1 sec. and the contact surface was heated to 1000°C,
thereby injuring it (Fig. 2.11C). Before closing the chest, the pneumothorax was
drained by gently squeezing the chest. An 8-0 prolene suture (Ethicon) was used to
make a tight ligation in-between the ribs (Fig. 2.11D). The skin was closed by a 10-0
prolene suture (Ethicon) (Fig. 2.11E). Buprenorphine (10 pg per mouse) was
administered to the pups as painkiller via intraperitoneal injection. Postoperatively,
the mice were placed into cages with heating lamps and monitored 30 to 60 min.

before transferring them to their mother.

Fig. 2.11 Apex cauterisation of the neonatal mouse heart:
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A) After anesthesia by hypothermia, neonatal pup is immobilized in the supine position on a 0 C
cooling plate. A skin incision is performed sagittally along the midline. B) A muscle incision is
performed at fourth intercostal space to get access to the heart. C) Apex of the heart is cauterised for
1 sec. at 1000 °C, which leaves a small scar. D) After removal of pneumothorax by gentle squeezing,
an 8-0 prolene suture is used to close the chest wall. E) The skin is closed by a 10-0 prolene suture.

2.5 Disclaimer

The LAD coronary artery ligation in mice was performed by Dr. Annika Ottersbach
from the Department of cardiac surgery, University of Bonn. The breeding and
genotyping of the VECad-CreERT2 x Ai9 x c-kitBAc-eGFP compound transgenic
mouse line, cardiac cryo-injury, and tissue fixation of hearts from VECad-CreERT2 x
Ai9 x c-kitBAC-eGFP triple transgenic mice were performed by the group of Prof.
Michael 1. Kotlikoff, Cornell University, USA, namely Jane C. Lee, Shaun Reining,
and Frank. K. Lee. All the other experiments were performed by myself with the help
from my colleagues at the Institute of Physiology I, the staff of the animal core facility
at the UKB, the members of GRK1873 and my supervisors, Prof. Bernd K.
Fleischmann and PD Dr. Michael Hesse.
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3. RESULTS

The c-kit" cardiac cells had been proposed to play important roles during heart
regeneration by many studies over the last 20 years. [8]-[12] However, other
independent studies failed to reproduce the similar results. [13][14] More recently,
several studies using Cre-loxP based gene-targeted mouse models to directly
examine the identities of c-kit" cardiac lineages and refuted the possibility of a
significant contribution of c-kit* cells to neomyogenesis in adult heart. [15]-[17] On
the other hand, the ligand of c-kit, SCF has also been proposed to play important role
during heart recovery by several studies. [46]-[49] However, these results must be
rigorously verified by independent experiment designs, since the underlying
mechanism and the identities of the SCF* cells in the heart is currently unknown. In
the current study, | took advantage of SCF-CreER™ mouse line and other genetic
mouse models to independently identify the SCF* cardiac lineages and verify their

proclaimed roles during ischemic heart disease.

3.1 Whole-mount microscopic pictures of early embryos from the SCF-CreER™
mouse line revealed high level of SCF expression in endodermal-derived
organs

In the first description of the SCF-CreER™ mouse line 2" generation sequencing
was used to verify the faithful recapitulation of endogenous SCF by tdTomato
expressed in adult thymus. [41] However, it is still unclear if SCF-CreERT line can
reproduce the same SCF expression pattern in early endoderm-derived organs as
reported by several studies in the early 1990s. [53]-[55] To further verify the faithful
recapitulation of endogenous SCF expression by the SCF-CreER™ line, | first used
whole-mount fluorescent microscopy to directly visualize the expression pattern of
tdTomato in the SCF-CreERT line. tdTomato signals were found in the endoderm
derived foregut, midgut and hindgut in €8.0 embryos. The strongest signal could be
seen at the thickening hepatic endoderm below the cardiac crescent (Fig. 3.1A and
A’). In contrast, the primary mesoderm which contributes to the future heart fields did
not have obvious tdTomato expression that could be distinguished from background
(Fig. 3.1B and B’). During the looping of the primitive heart tube at e8.5, the
endoderm derived organs continued to have strongest tdTomato expression in the
whole embryo, whereas, the heart did not have detectable tdTomato expression (Fig.

3.1C and C’). After the specification of the right ventricle at €9.5, the endodermal
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derived organs displayed strong tdTomato signals with the highest expression
located at the liver bud and lung bud initiation sites. Furthermore, the mesodermal
derived pharyngeal arches which partially contribute to the outflow tract also start to
express SCF, as indicated by tdTomato signals (Fig.3.1D), but there was no obvious
tdTomato signal in the heart (Fig. 3.2D). These findings suggest that tdTomato as
expressed by the SCF-CreER' transgene has primarily an endodermal expression
pattern in early embryos. Furthermore, the early embryonic heart (before e10.5) does
not display any tdTomato signal. These observations are highly consistent with
previously reported SCF expression patterns in early embryos using in situ
hybridization. [54][55]

However, one previous study reported that SCF is expressed in the cardiac cushions
of ell.5 hearts, which has not been reported by other studies using similar
approaches. [53] To verify this interesting finding, | further analyzed the tdTomato

expression pattern in e11.5 hearts of SCF-CreER™ mice.
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Fig. 3.1 SCF is predominantly expressed in endoderm-derived organs during early to mid-
gestation (€8.0 - €9.5):

A-A’) Right lateral view of an €8.0 SCF-CreER™ embryo with yolk sac under bright field (BF, A) and
RFP channel (A’). White arrows indicate different parts of early endodermal derived tissues. FG,
foregut; MG, midgut; HG, hindgut. B-B’) Magnified anterior view of an €8.0 SCF-CreER™ embryo
without yolk sac under BF (B) and RFP channel (B’). Pharyngeal mesoderm (PM), which will develop
into 15t and 2" heart fields, has no obvious tdTomato signal in comparison to foregut (white arrows).
C-C’) Left lateral view of an 8.5 SCF-CreER™ embryo under Bright field (C) and RFP channel (C’).
Primary heart tube (white arrow) at €8.5 has much less tdTomato signal in comparison to endodermal
derived tissues (yellow arrow heads). D-D’) Right lateral view of an €9.5 SCF-CreER™ embryo under
GFP/RFP double channel (D) and RFP channel (D’). Early heart has much less tdTomato signal in
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comparison to early liver and lung. Mesoderm derived pharyngeal arches (PA) which partially
contribute to the heart start to express tdTomato signal. (AF, autofluorescence)

3.2 Endocardial cushions express high levels of SCF

After the initial investigations verifying SCF to be preferentially expressed in
endoderm-derived organs during early gestation, | wanted to analyze the possible
SCF expression in the forming endocardial cushions. After the embryo reaches
midgestation, the tdTomato signal intensity from the SCF-CreER™ mouse line is not
sufficient for direct observation in whole embryos due to increased thickness and
autofluorescence of tissues. Therefore, | dissected the heart from an e11.5 embryo
for whole-mount fluorescent microscopy and found high levels of SCF as indicated by
tdTomato expression in the endocardial cushions located in the atrioventricular canal
and outflow tract (Fig. 3.2A-B). Furthermore, the right ventricle had a very low level of
tdTomato signal which was almost undistinguishable from the autofluorescence (Fig.
3.2A-B left panels). Such a low expression of SCF in the el1.5 heart has not been
reported in early studies. [53]-[55] However, the reason for that is most likely the
limited resolution of in situ hybridization analysis in early studies rather than the
inaccuracy of the SCF-CreER™ reporter line, because all the other regions which
were reported to express high level of SCF were verified by the SCF-CreER™ line.
However, the previous study also indicated that tdTomato has lower photostability in
fixed tissues in comparison to eGFP. [98] This could be a caveat when using
tdTomato in SCF-CreER™-mice to identify low SCF expressing cell populations on
heart sections. Since embryonic hearts have been shown to express only low levels
of tdTomato in comparison to the thymus, which was originally used to characterize
the SCF-CreER™ line [41], | looked for alternative, more sensitive approaches to
identify the reporter gene in the SCF-CreER™ line. SCF-CreER™ —mice express
CreERT™ under control of the SCF promoter and CreER'™ should therefore mimic
SCF expression in the same way as tdTomato does. To verify the simultaneous
expression of CreER™ and tdTomato in SCF-CreER™ line in vivo, co-
immunostaining of these two proteins on cardiac sections was performed to analyze
their cellular expression pattern. For this, a human specific monoclonal antibody was
used that binds to the c-terminus of human estrogen receptor a (ER). A potential
cross-reactivity with endogenous mouse antigens has been ruled out by previous
research. [78] Due to the generally lower expression level in the gene distal to IRES-

site in a bicistronic vector, [112] | used a RFP antibody to improve the signal of
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endogenous tdTomato on sections. As a result, nearly perfect signal colocalization
between CreER™ and tdTomato in the heart was observed (Fig. 3.2C). Thus,
immunostaining of CreER'™ in SCF-CreER™-mice is a reliable method to detect bona
fide SCF* cell populations in the heart. Since the proposed SCF expression in
endocardial cushions has not been supported by other studies, | performed co-
immunostaining for ER (for SCF expression) and CD31 (EC marker, used as a
reference for the luminal side of the OT) on e11.5 heart sections near the region of
the cardiac cushions. A high level of SCF expression was found in all the interstitial
cells of the valves, but not in the nearby endocardial cells (Fig. 3.2C). Therefore, the
SCF expression pattern at embryonic stages as acquired by the SCF-CreERT™
mouse line was fully supported by early studies. [53]-[55] Interestingly, | did found
very low SCF expression in the right ventricle of the ell.5 heart which has never
been reported before. Such low levels of SCF expression are very likely below the
detection threshold of methods such as in situ hybridization and antibody based
immunostaining. To further identify the cell populations with low SCF expression in

the right ventricle of the e11.5 heart, sections of e11.5 hearts were analysed.
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Fig. 3.2 SCF is highly expressed in the developing heart valves at e11.5:

A) Anterior view of an ell.5 heart from SCF-CreER™ transgenic mice. GFP channel was used to
show autofluorescence. tdTomato signal is clearly visible in the developing heart valves near the OT.
Right ventricle has very low tdTomato signal, which is only slightly higher in signal intensity in
comparison to the left ventricle. B) Superior view of the e11.5 heart from (A) after removal of atria.
Developing heart valves from OT and AVC have very high SCF expression in comparison to other
parts of the heart. SCF expression patterns in the right ventricle are not easily distinguishable from
background, but can be identified by comparing to the left ventricle. C) Costaining for ER (green) and
tdTomato (red) on cardiac sections from an adult SCF-CreER™ mouse shows co-expression of
CreER™ and tdTomato. D) Co-staining of a section through the heart valve from (A) with CD31
(green) to mark endocardial cells and ER (red). CD31+ endocardial cells (arrowheads) near
endocardial cushion (asterisk) migrate into the compact heart tubes to form SCF* valve interstitial cells
by epithelial to mesenchymal transition. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left
ventricle.
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3.3 SCF* cardiomyocytes at ell.5 are spatially confined to the right ventricle
and outflow tract

To identify cell populations with low SCF expression in the right ventricle of the e11.5
heart, as detected by whole-mount microscopy of the ell.5 heart, co-
immunostainings against CD31, ER and a-actinin, a cardiomyocyte specific marker,
was performed. ECs and cardiomyocytes were chosen as candidates for SCF* cell
populations, because they are the most abundant cell types in the right ventricle of
the e11.5 heart. The results showed that almost no SCF expression was found in
CD31* cells in the ell5 hearts (Fig. 3.3). Furthermore, a subset of the
cardiomyocytes (identified by a-actinin staining) had very low levels of ER
expression. The majority of these cells were located in the right ventricle and outflow
tract (Fig. 3.3A). The right ventricular localization of the SCF* cardiomyocytes at
el11.5 was more prominent in the forming ventricular septum, in which the majority of
the SCF* cardiomyocytes formed the left part of the septum (Fig. 3.3B). These data
indicate that, at least in €11.5 heart, the SCF expression is spatially confined to
cardiomyocytes derived from the SHF. According to this, SCF could potentially be
used as a marker for the SHF. However, based on these data, it was unclear if
cardiac progenitor cells from the SHF would also express SCF or if other
cardiomyocytes would express SCF at a different time window. To investigate the
possibility of using SCF as a marker for SHF, | took advantage of the Cre
recombinase in the SCF-CreER™ mouse line to perform tracing experiments for the
SCF* cell lineages at different time points.
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Fig. 3.3 SCF expression patterns in the embryonic heart:

A) Co-staining of CD31 (green), ER (red) and a-actinin (blue) on an el1.5 heart section from SCF-
CreER™ mice. Endocardial cushion (white arrow) shows clear signals of strong SCF expression as
indicated by ER staining. Right ventricle has much lower level of SCF expression as judged by the ER
signal. Left ventricle has almost no SCF expression. B) Magnified view of the forming ventricular
septum from (A). Cardiac endothelial cells (marked by CD31) do not have SCF expression at e11.5.
Cardiomyocytes (marked by a-actinin) have low level of SCF expression in the right part of the
ventricular septum.

3.4 Lineage tracing experiments with SCF-CreER™ mice identified a
subpopulation of SCF* cardiomyocytes during embryonic development

The observation of SCF expression specific to the right ventricle in ell.5 hearts
indicates either that SCF marks for cardiac progenitors from the SHF or that
cardiomyocytes originated from SHF retain SCF expression after differentiation. To
trace this interesting cardiomyocyte lineage, we took advantage of the SCF-CreER™
mouse line to perform genetic pulse-chase analysis for SCF* cell populations in the
developing heart. The SCF-CreER' mouse line was crossbred with the CAG-mTmG
reporter mouse line, in which an ubiquitous CAG promoter drives the expression of

membrane-tagged tdTomato protein (mT) prior to the Cre-mediated excision and

44



membrane-tagged green fluorescent protein (mG) after the excision.[98] In the
compound transgenic mouse line, the CreERT? fusion protein will locate to the
nucleus after tamoxifen administration and subsequently excise the loxP-flanked mT
cDNA, which switches the expression to mG (Fig. 3.4A). To verify the strict regulation
of Cre activity by tamoxifen in this double transgenic system and to exclude major
leakiness causing specificity issues (level of systemic leakiness), el5.5 embryos
were analyzed for GFP expressing cells without applying tamoxifen. Only a few GFP*
cells could be observed in the thymus, heart and skeletal muscle by whole-mount
fluorescent macroscopy (Fig. 3.4B). Furthermore, most of the GFP* cells in e15.5
embryos were located in the liver. This indicated a very high level of CreER™
expression in the liver which had induced Cre activity independent of tamoxifen. This
data is consistent with the high SCF expression level in the liver and its progenitors
previously observed by whole-mount microscopy of tdTomato signals in early
embryos (Fig. 3.4B). To further verify the low leakiness in the heart, co-
immunostaining for GFP and ER on sections of the upper body from e15.5 embryos
without tamoxifen administration were performed. Most of the SCF* cells in the heart,
lungs and connective tissues at €15.5 did not display GFP expression (Fig. 3.4C).
However, a few GFP* cell clusters were infrequently visible in the heart (Fig. 3.4D).
Upon further observation, it was found that, in nearly all cases, these GFP* cells
formed small colonies. This observation suggested that leaky expression takes place
in single cells at earlier stages, which were most likely progenitor cells that
subsequently expanded into cell clusters at €15.5. Thus, the double transgenic line
has the potential to effectively trace SCF* cells and their potential progeny in the

embryonic heart in a tamoxifen dependent manner.
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Fig. 3.4 Lineage tracing system used to identify the fate maps of SCF* cells in the heart:

A) Schematic representation of the system used in the current study to trace the lineage of SCF* cells.
The SCF-CreER™ mouse line was crossbred with the CAG-mTmG reporter line, in which the CAG
promoter drives a loxP flanked tdTomato expression cassette, which can be replaced by GFP
expression after addition of Tamoxifen. B) Frontal view of the upper body cavity of an e15.5 SCF-
CreER™ X CAG-mTmG compound transgenic mouse without the presence of Tamoxifen. Very few
GFP signal can be seen in the heart indicating that the lineage tracing system has almost no
tamoxifen independent recombination induced by leaky Cre expression. C) Transverse section of an
e15.5 SCF-CreER™ X CAG-mTmG embryo without the administration of tamoxifen co-stained for ER
(red) and eGFP (green). As an example, eGFP* cell clusters which indicate early tamoxifen
independent recombination (leakiness) can be found infrequently in the heart. D) Magnified picture
from the boxed insert in (C). These GFP*/ER- cells (arrowhead) are in close proximity indicating an
early random recombination event which had expanded into a GFP* cell cluster.

By administrating a single dose of tamoxifen during embryonic development, it is
possible to genetically label all the cells that have SCF expression during the period
of intracellular tamoxifen presence. A previous study using a similar lineage tracing
system had determined that the activation period of CreERT in the embryos started
at approximately 24 h after application of 4 mg tamoxifen to the pregnant mouse by
gavage and lasted for approximately 48 h. [73] In the current study, the same method

was applied, but with a reduced dosage of tamoxifen of 1 mg. This was done to
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shorten the CreERT activation window to be able to identify timely precise changes
of SCF expression patterns during heart formation. To cover all the major events
during heart development, a single dose of tamoxifen was given by gavage at all
developmental days between e6.5 to €13.5. All hearts were subsequently analyzed
at el5.5, a time point at which the embryonic heart has fully formed and displays all
structural elements of the postnatal heart (Fig. 3.5A). Macroscopic imaging of whole
hearts revealed that the SCF expression gradually shifts from the venous to the
arterial end of the heart along with the progression of heart formation. In detail, the
gavage of tamoxifen at 6.5 resulted in very few GFP* cells in the e15.5 heart, which
indicates that cardiac progenitors from the cardiac crescent at e7.5 had almost no
SCF expression. Tamoxifen application at 7.5 resulted in strong GFP expression in
derived atria and left ventricle, which are derived from the FHF. This indicated that
most parts of the primitive heart at e8.5 express SCF. Subsequent tamoxifen
application at €8.0 to €9.5 resulted in the gradual increase of GFP* cells over time in
the right ventricle and outflow tract, in contrast to the gradual decline of GFP* cells in
the atria and left ventricle. This indicated a gradual turning-on of SCF expression in
the forming right ventricle and outflow tract and a gradual turning-off in atria and left
ventricle during cardiac looping. The subsequent tamoxifen application at €10.5
resulted in GFP expression in the right ventricle and outflow tract, which indicated
that SCF expression in el1.5 hearts is restricted to structures derived from the SHF.
Finally, the e13.5 gavage resulted in limited GFP expression near the outflow tract,
indicating that most parts of the e14.5 heart do not express SCF (Fig. 3.5B). To verify
the observation that the SCF-CreER™ line can effectively distinguish cardiomyocytes
derived from either the FHF or SHF, co-immunostaining of GFP and a-actinin was
performed. Analysis revealed that only the cardiomyocytes, which originated from the
FHF could be effectively traced by the lineage tracing system after tamoxifen
administration at e7.5 (Fig. 3.5C). On the other hand, only the cardiomyocytes, which
originated from the SHF could be effectively traced after tamoxifen administration at
e10.5 (Fig. 3.5D). Surprisingly, these data indicate that SCF expression can only be
found in newly formed cardiomyocytes shortly after their differentiation from cardiac
progenitor cells at e8.5 and ell.5 residing in the FHF and SHF, respectively.
Furthermore, these newly differentiated cardiomyocytes will retain SCF expression
for only 2 to 3 days after differentiation. Thus, the SCF can potentially be used as a

marker for a subpopulation of newly differentiated cardiomyocytes in vivo.
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Another major developmental event that takes place shortly after looping of the
primitive heart tube is the formation of the coronary vessels. As embryos grow bigger
over the course of development, the myocardium can no longer sufficiently supplied
with oxygen and nutrients by diffusion. Timely establishment of a functional coronary
vasculature is critical for further embryonic development and postnatal growth.
Because, SCF was proposed to have significant clinical impacts in the
revascularization of infarcted heart (see 1.4), understanding its expression pattern in
the forming coronary vessel networks could provide valuable insights in the
physiological functions of SCF during coronary revascularization.
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Fig. 3.5 Embryonic cardiomyocytes express SCF during defined developmental windows:

A) Schematic representations of the lineage tracing experiment using SCF-CreER™ x CAG-mTmG
double transgenic mice to analyse the SCF expression pattern of embryonic cardiomyocytes. A single
dose of tamoxifen was given to pregnant mice at a defined time after coitus ranging from e€6.5 to
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e13.5. All embryonic hearts were collected for analysis at e15.5. B) Fluorescent pictures of freshly
harvested e15.5 hearts after administration of single doses of tamoxifen at given time points (indicated
at lower left corner). SCF expression in heart and its progenitors was almost not visible before €6.5
and after e13.5. Between e7.5 to €13.5 SCF expression pattern shifts from atria and left ventricle to
right ventricle and outflow tract. C) Coronal section of an e€15.5 heart treated with tamoxifen at 7.5
and stained for GFP and o-actinin to show the SCF fate map from e7.5. Most of the GFP*
cardiomyocytes are restricted to atria and LV, which are both derived from the 1%t heart field. D)
Coronal section of an e15.5 heart treated with tamoxifen at €10.5 and stained for GFP and a-actinin to
show the SCF fate map from e10.5. Most of the GFP* cardiomyocytes are restricted to the RV and
OT, which are derived from the 2" heart field.

3.5 Analysis of SCF expression patterns during the formation of embryonic
coronary vessels

To determine if SCF could potentially be important for the formation of coronary
vessels, SCF expression patterns of the embryonic coronary vessels were examined
at various stages of the developing coronary vasculature. The subepicardial
endothelial cells sprouting from sinus venosus at the back of the heart at e11.5 are
the progenitors of the majority of the future coronary vessels in the outer layers of the
myocardium including two major arteries that supply blood from the aorta to the left
and right ventricles. [73][74] These initial subepicardial coronary vessel progenitor
cells are believed to be dedifferentiated from venous endothelial cells and migrate
dorsally around the atrioventricular canal to the interventricular groove and outflow
tract. [74] To investigate if SCF is expressed in these progenitor cells, co-
immunostainings of ER, CD31 and a-actinin were performed on sections of ell.5
and el2.5 hearts from the SCF-CreER™ mouse line. The purpose of a-actinin
staining was to visualize the compact myocardium and to provide auxiliary guidance
to find the initial sprouting location of coronary vessel progenitors. Confocal
microscopy revealed that neither the subepicardial progenitors nor the endocardium
displayed SCF expression at e11.5 (Fig. 3.6A-B). Also at e12.5, when these vessel
progenitors continue to invade the compact myocardium, they did not express SCF
(Fig. 3.6C-D). These observations strongly indicated that subepicardial coronary

vessel progenitors do not express SCF.
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Fig. 3.6 Subepicardial coronary vessel progenitors do not express SCF expression:

A) Sagittal section of an e11.5 heart from SCF-CreER™ mice co-stained with CD31, ER and a-actinin.
B) Magnified picture from boxed insert in (A) shows that the sprouting subepicardial vessel progenitors
(white arrows) originated from sinus venosus, which typically appear at e11.5 on the back side of the
heart, are negative for SCF expression. C) Sagittal section of an e12.5 heart co-stained with CD31,
ER and a-actinin. D) Magnified picture from boxed insert in (C) shows that subepicardial vessel
progenitors (white arrows), that continue to spread onto the back side of the heart while invading the
compact myocardium, are negative for SCF expression.

At approximately el14.5, the previous sparsely distributed endothelial cells start to
align and to recruit vascular pericytes at the anterior region of the left and right to the
dorsal side of the right ventricle to prepare for the formation of the left and right
coronary arteries. [73][74][77] To investigate the SCF expression pattern during the
initial arterial specification of subepicardial VECs at el4.5, specific heart sections
covering the region of coronary arteries were chosen and co-immunostaining for
CD31, ER and PDGFRp was performed. PDGFRp staining was used to specifically
label the vascular pericytes recruited to wrap around the future major arteries, which
eased the identification of the developing major coronary arteries on sections from
el4.5 hearts. The newly formed small capillary-sized coronary arteries had high
levels of SCF expression (Fig. 3.7A-B). At approximately el5.5, the newly formed
coronary arteries connect to the aorta and start to work as a true vessel as they start
to transport blood into the developing heart. [73][74][77] A co-immunostaining for
CD31, ER and PDGFRp was performed on e15.5 heart sections covering the regions

of major coronary arteries to investigate the expression pattern of SCF in newly
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formed arteries. Analysis revealed that SCF is highly expressed in all newly
lumenized coronary arteries (Fig. 3.7C-D). The data indicated that the initiation of

arteriogenesis in major coronary arteries is concurrent with the turning-on of SCF

expression, which indicates potentially important roles of SCF during arteriogenesis.
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Fig. 3.7 SCF expression pattern during the initiation of coronary artery formation:

A) Transverse section of an el4.5 heart from SCF-CreER™ mice co-stained with CD31, ER and
PDGFRB (vascular pericyte marker). The future major coronary arteries (yellow arrows) start to
express SCF. B) Magnified picture from boxed insert in (A) shows that the newly emerged capillary
which will eventually develop into future LAD coronary artery start to express SCF. C) Transverse
section of an e15.5 heart co-stained with CD31, ER and PDGFR. The capillary sized major coronary
arteries (yellow arrows) have SCF expression. D) Magnified picture from boxed insert in (C) shows
that the newly lumenized LAD coronary artery, that starts to supply blood originated from aorta into
coronary vasculature, has SCF* VECs.

The analysis of embryonic hearts has revealed a surprising SCF expression pattern
during heart and coronary vessel formation. In particular, SCF is expressed in newly
differentiated cardiomyocytes but not in cardiac progenitors and more mature
embryonic cardiomyocytes. This observation indicates that SCF may potentially mark
a previously undefined subpopulation of newly differentiated cardiomyocytes.
Furthermore, VECs start to express SCF during the formation of coronary arteries.

SCF could play important roles during initial arterial specification and arteriogenesis.
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In light of these interesting findings, | further looked into the expression pattern of

SCF in cardiomyocytes and coronary VECs in the postnatal heart.

3.6 Analysis of the SCF expression pattern in cardiomyocytes of postnatal
hearts

Neonatal cardiomyocytes undergo rapid transition from proliferating mononuclear
cells to binucleated mature cells, most likely to support the increasing cardiac output
during growth. [113] SCF expression in postnatal cardiomyocytes was investigated
by co-immunostaining for ER and a-actinin in PO, P3, P7 and adult hearts from SCF-
CreER™ mice. Due to rapid phenotypic changes of cardiomyocytes during the very
first days after birth, we select PO pups by constant check of birth and absence of
milk in the stomach. | found that a small population of cardiomyocytes displayed low
expression of SCF during neonatal stages (P0-P7) (Fig. 3.8A). In very rare cases,
adult cardiomyocytes had SCF expression, too (Fig. 3.8B). However, our analysis
showed that the number of SCF* cardiomyocytes in adult hearts was negligible. In
one set of experiments, | examined three 6 weeks old male adult hearts with three
sections per heart and found less than 10 SCF* cardiomyocytes in total. | quantified
the percentage of SCF* cardiomyocytes in total cardiomyocytes at PO and found
approximately 3% of cardiomyocytes to be SCF* at PO. To further analyse the SCF*
cardiomyocyte population, the number of SCF* cardiomyocytes was quantified per
square millimeter (mm?) at different developmental ages. [111][114] The data
showed that in neonatal PO hearts there is the highest number of SCF*
cardiomyocytes of ~650 per mm?. During neonatal growth, the number of SCF*
cardiomyocytes dropped rapidly to ~ 250 per mm? at P3 and ~150 per mm? at P7. In
adulthood, the number of SCF* cardiomyocytes declined to less than 1 per mm? (Fig.
3.8C). My data suggested that SCF expression in cardiomyocytes decrease rapidly
after birth, which is concurrent with the decline of mononucleated cardiomyocytes
and cell cycle exit. [113] In the previous chapter, | have demonstrated that SCF is
expressed briefly in almost all newly differentiated embryonic cardiomyocytes.
Although mature mammalian cardiomyocytes cannot robustly contribute to
regeneration after cardiac injury, postnatal cardiomyocytes have been reported to
dedifferentiate, to re-express embryonic markers and to adopt relative “young”
phenotype.[115]-[118] In lower vertebrates, such as zebrafish and newts, heart
regeneration seems to rely predominantly on the proliferation of dedifferentiated
cardiomyocytes. [114][119] Investigating the SCF expression pattern, as an
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embryonic marker in cardiomyocytes after neonatal injury may provide valuable
information about the underlying mechanism behind neonatal heart regeneration in

mouse.
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Fig. 3.8 SCF expression pattern in cardiomyocytes of the postnatal heart:

A) Representative picture of a neonatal heart section stained for ER (red) and a-actinin (green). ER
signals were over-exposed to visualise much lower SCF expression in cardiomyocytes in comparison
to endothelial cells. Arrowheads indicate the SCF* cardiomyocytes. B) Representative picture of one
SCF* cardiomyocyte from an adult heart section stained for ER (red) and a-actinin (green). Double
arrowheads indicate two adjacent nuclei in the SCF* cardiomyocyte. C) Quantification of SCF*
cardiomyocytes in postnatal hearts. Data are shown as mean + SEM. P value is shown on the top of
each bar (Student’s t-test), n>3.
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3.7 Analysis of the SCF expression pattern in cardiomyocytes after neonatal
heart injury

Unlike adult hearts, neonatal hearts can recover from myocardial injury by
regeneration. [120] To study the potential contribution of SCF signaling during the
recovery after neonatal heart injury, the expression pattern of SCF was analyzed
after cauterization of a small region on the apex of the left ventricle. The SCF-
CreER™ mouse line was crossbred to the eGFP-Anillin mouse line, in which cell
cycle activity can be visualized directly through the intracellular localization of an
eGFP-Anillin fusion protein.[99] P1 mice were subjected to either cauterization injury
or sham operation. Mice were then sacrificed on 7dps for analysis by co-
immunostaining for eGFP, ER and a-actinin. Approximately 0.1 mg of tamoxifen was
injected intraperitoneally 2 days before sacrifice to induce localization of CreER' to
the nucleus to ease detection by immunofluorescence staining (Fig. 3.9A). Hearts
were harvested at 7dps and subsequently co-stained for eGFP, ER and a-actinin. As
expected, the injured hearts had substantially more nuclear eGFP* cardiomyocytes in
comparison to sham operated hearts (Fig. 3.9B-G). However, these nuclear eGFP*
cardiomyocytes were not restricted to the injury site but were distributed over the
whole heart (Fig. 3.9F). During prometaphase of the M-phase, the nuclear membrane
breaks down, which causes the nuclear eGFP-anillin signals to locate to the cytosol.
Accordingly, a few M-phase cardiomyocytes with cytosolic eGFP-anillin signals could
be detected. Condensed chromatin as evidenced by DAPI staining and disarranged
sarcomere structure as evident by a-actinin staining further confirmed their M-phase
status. Interestingly, most of these M-phase cardiomyocytes also coincidentally and
exclusively expressed low levels of SCF (Fig. 3.9H). However, this phenomenon was
not observed in sham operated hearts. Based on these observations, SCF may be
important for the initiation or progression of the M-phase of the cell cycle in

cardiomyocytes in neonatal hearts.

In summary, low levels of SCF expression have been found in all newly differentiated
embryonic cardiomyocytes, a small portion of neonatal cardiomyocytes and very few
cell cycle active cardiomyocytes in M-phase after neonatal injury. These SCF*
cardiomyocytes may display an undifferentiated phenotype and constitute a
previously undefined subpopulation of cardiomyocytes. On the other hand, SCF
expression in coronary VECs has not been correlated with proliferation. Instead, the

expression map from embryonic coronary VECs indicated a strong correlation with
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arterial fate determination. Analysis of SCF expression in postnatal coronary VECs

may provide further information about the identity of SCF* VECs.
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Fig. 3.9 SCF expression may indicate cell cycle M-phase in neonatal cardiomyocytes after
injury:

A) Schematic presentation of an experiment to investigate SCF expression pattern in cardiomyocytes
after neonatal injury. P1 double transgenic SCF-CreER™ and eGFP-anillin (a cell cycle reporter line)
mice were subjected to either heat induced apex injury or sham operation. Mice were sacrificed 7 dps
for analysis. Tamoxifen was given to each mouse 2 days before the sacrifice to relocate the CreER™?
protein into the nuclei, which in turns improve the weak signals of ER staining in cardiomyocytes. B)
Coronal sections of neonatal P8 hearts 7 days after lesion at the apex at P1 stained with GFP to
intensify endogenous eGFP signals. White arrow indicates the lesion site. C) Magnified picture of the
boxed insert in (C). White arrowheads indicate eGFP* signals. D) Coronal sections of neonatal P8
hearts 7 days after sham operation at P1 stained with eGFP to intensify endogenous eGFP signals. E)
Magnified picture of the boxed insert in (D). White arrowhead indicates eGFP* signal. F-G) Artificial
red dots indicating eGFP signals were added to the ventricular part of (B) and (D) to show the
distribution of M-phase cells. White arrow indicates the lesion site. Cell cycle activity increased
substantially after neonatal heart injury. H) Representative picture of an SCF* cardiomyocyte from P8
heart injured at P1. Double yellow arrowheads indicate colocalization of cytosolic eGFP-anillin and ER
signals. DAPI staining shows condensed chromatin, which indicates M-phase of mitosis. a-actinin
staining shows disarranged sarcomere structure, which also indicates cell cycle activity.

3.8 Analysis of SCF expression patterns in the coronary vessels of postnatal
mouse hearts

To investigate the SCF expression pattern in coronary vessels during postnatal
growth, co-immunostaining for ER and CD31 was performed on P1, P7 and P15
hearts from SCF-CreER™ mice. High levels of SCF expression could be found in
some VECs in postnatal hearts (Fig. 3.10A). | found that most of the SCF* VECs
belonged to the relative bigger vessels in comparison to the surrounding small
capillaries (Fig. 3.10A-B). Those vessels are likely to be intramyocardial arteries and
arterioles. However, the identity of these SCF* VECs was difficult to confirm due to a
lack of proper arterio-venous markers in the postnatal heart. [121] Nevertheless, |
took advantage of one of the hallmarks of artery morphology, which is their
surrounding smooth muscle cells, to identify arterial VECs. To investigate the SCF
expression pattern in the arterial VECs, co-immunostaining for CD31, ER and a-SMA
(alpha smooth muscle actin, a smooth muscle cell marker) was performed on P1, P7
and P15 hearts. Interestingly, almost all the small arteries had SCF* VECs (Fig.
3.10C). However, there was still a small portion of SCF* capillary VECs. To
characterize the SCF* VECs in the capillaries, a co-immunostaining for CD31, ER
and PDGFR@ (pericyte marker) was performed. Nearly all SCF* VECs had pericytes
encircled around them (Fig. 3.10D), which indicated that most of the SCF* VECs in
capillaries belonged to the stabilized phalanx cell type instead of tip and stalk cell
type. [122] These observations suggested that the SCF* VECs in the neonatal and
juvenile hearts had a predominately arterial phenotype. To see if such SCF
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expression pattern was conserved in the adult heart, | next applied the same

methods to investigate the arterio-venous identities of SCF* VECs in the adult heart.
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Fig. 3.10 SCF expression pattern in endothelial cells of the young hearts:

A) Coronal section of a P1 neonatal heart stained for CD31 (green) and ER (red). Strong SCF
expression (as indicated by ER) can be found in relative large vessels among capillaries (white
arrows) in the compact area of the ventricles. B) Magnified picture from the boxed region in (A) of a
relative large vessel (white arrow) with ER* /CD31+ endothelial cells. C) Representative picture of a
juvenile heart (P15) stained for CD31, ER and a-SMA (smooth muscle marker). Arterial identity of
capillary-size arteries was defined by the encirclement by smooth muscle cells. All small arterial VECs
(yellow arrows) are SCF*. D) Representative picture of a neonatal P1 heart stained for VeCad
(endothelial cell marker), ER and PDGFRp (vascular pericyte marker). Most of the SCF* VECs (yellow
arrowheads) have pericytes in close proximity.
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3.9 Analysis of the SCF expression pattern in the coronary vessels of the adult
heart

To investigate the SCF expression pattern in the adult coronary vessels, co-
immunostaining for CD31 and ER was performed on adult heart sections from the
SCF-CreER™ mouse line. High levels of SCF expression could be found in a subset
of vessels (Fig. 3.11). Furthermore, the VECs of relative larger vessels in comparison
to small capillaries often had high levels of SCF expression (Fig. 3.11B). To see if the
adult hearts had similar SCF expression patterns in comparison to the neonatal and
juvenile hearts, co-immunostaining for CD31, ER and a-SMA was performed to
identify small arterial VECs in 6 to 22 weeks old mice. Analysis revealed that most of
the small arteries had SCF* VECs (Fig. 3.11C). To investigate the SCF expression
pattern in the capillaries, co-immunostaining for CD31, ER and PDGFRB was
performed on 6 to 22 weeks old hearts. Most of the SCF* VECs in capillaries were
encircled by vascular pericytes (Fig. 3.11D), which indicated a stabilized phalanx-like
cell type similar to the SCF* capillaries in the neonatal hearts. These observations,
together with the expression pattern in embryonic, neonatal and juvenile hearts,
strongly suggested that SCF is mostly expressed in the VECs of small arterial-like
coronary vessels. However, further quantification is necessary to establish SCF as

an arterial VEC marker.
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Fig. 3.11 SCF expression patterns in the endothelial cells of the adult heart:

A) Coronal section of a neonatal heart stained for CD31 (green) and ER (red). Strong SCF expression
can be found in a subset of VECs in the ventricles. B) Magnified picture from boxed insert of (A)
showed SCF* VECs in relative large vessels (yellow arrowheads) in comparison to capillaries. C)
Representative picture of an adult heart stained for CD31, ER and o-SMA. Arterial identity of
capillary-size arterioles was defined by the encirclement by smooth muscle cells (a-SMA*). White
arrowheads indicate SCF* VECs in very small arteries. D) Representative picture of an adult heart
stained for VeCad, ER and PDGFR. Most of the SCF*/CD31* endothelial cells (white arrows) have
pericytes in close proximity.
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3.10 Quantification of SCF* VECs reveals SCF as a marker for small coronary
arteries

To verify our observation that small arteries express SCF* in their VECs, the
percentage of SCF* VECs was quantified in all small coronary arteries. These were
identified in P7, P15 and adult hearts by staining for a-SMA* cells surrounding CD31*
cells. Due to the technically poor immunostaining of the o-SMA antibody in PO
hearts, only major coronary arteries were selected for quantification at that time point.
This was possible, because the major coronary arteries had the size of the small
arteries at PO and could be easily recognized by their location and morphology. At
later stages a-SMA staining showed high specificity and reproducibility for smooth
muscle cells. Furthermore, the major coronary arteries were excluded from
guantification starting at P7 when the major coronary arteries start to grow into
mature arteries. The quantification showed that over 93% of the small arteries had
SCF* VECs in all age groups (Fig. 3.12A). On the other hand, less than 16% of VECs
in capillaries are SCF* (Fig. 3.12B). To investigate the SCF* fraction of VECs in
capillaries, the percentage of stable VECs as marked by encirclement of PDGFRf*
vascular pericytes was quantified in all SCF* capillaries in PO, P7, P15, and adult
hearts. | found that almost 100% of SCF* capillaries had pericytes adjacent,
indicating relative stable and phalanx-like phenotypes in comparison to tip-stalk cell
phenotypes (Fig. 3.12C). In summary, the findings indicate that SCF can potentially
be a marker for small arterial VECs and stable capillaries. It is also very likely that
SCF expression in VECs is associated with a distinct phenotype, such as
arteriogenic potential, as showed in embryonic coronary artery formation. VECs of
big arteries are morphologically and functionally different to VECs of small arteries. In
fact, global VEC expression profiling using RNAseq has showed the most prominent
differences between large and small vessels rather than arterial and venous vessels.
[123] To verify if SCF can discriminate between VECs of small and big arteries, |
further explored the SCF expression pattern in major coronary arteries.
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Fig. 3.12 Quantification of SCF*/CD31* endothelial cells in small arterioles and stable capillaries
indicates arterial specificity of SCF expression:

A) Quantification of the percentage of SCF*/CD31* endothelial cells in total endothelial cells of the
small artery fractions (as defined by the encirclement of a-SMA* smooth muscle cells) at different ages
(indicated in the bottom of each chart). B) Quantification of the percentage of SCF*/CD31* endothelial
cells in total endothelial cells of the capillary fractions (as defined by the absence of the a-SMA*
smooth muscle cells) at different ages (indicated in the bottom of each chart). C) Quantification of the
percentage of stable capillaries (defined by encirclement by PDGFRB* vascular pericytes) in all SCF*
capillaries. All data are shown as mean + SEM. n>3.

3.11 Analysis of the SCF expression pattern in the major coronary arteries
during postnatal growth and maturation

Major coronary arteries increase in diameter during postnatal growth to cope with
increasing cardiac demand for blood. To verify if SCF expression is restricted to
small, immature arteries but not to big, mature arteries, the SCF expression pattern

in the major coronary arteries of different maturation levels was analyzed by co-
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immunostaining for CD31, ER and a-SMA. We found that neonatal major coronary
arteries had strong SCF expression in almost all the VECs until P7 when some of the
VECs of major coronary arteries start to downregulate SCF expression (Fig. 3.13A).
From P15 to adulthood, the VECs of major coronary arteries no longer express SCF
(Fig. 3.13B-C). In addition, major coronary veins have no SCF expression, too (Fig.
13D). These observations confirmed that SCF* VECs were restricted to small
arterial-like vessels but not big arteries in the heart. It is also worth to mention that
there is no clear discriminator for the definitions of small and big arteries. SCF
expression may be a useful tool to discriminate VECs in the border area of small and
big arteries, which could be potentially useful for studies of VEC heterogeneity. The
pathological changes in VECs of major coronary arteries, especially the LAD
coronary artery, are the major cause of myocardial infarction. [124] Since SCF was
proposed to have profound clinical significance in coronary artery disease (see part
1.4), it was worthwhile to explore SCF expression in the heart after myocardial

infarction.
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Fig. 3.13 Major coronary arteries lose SCF expression after maturation:

A-C) Representative pictures of the sections in the anterior left descending coronary artery stained for
CD31 (green), ER (red) and o-SMA (blue). A) Major coronary arteries start to turn off the SCF
expression in the endothelial cells at P7. B) By P15, major coronary arteries no longer express SCF.
C) In adult hearts, major coronary arteries also do not express SCF. D) Representative picture of the
section of a major vein on the backside of the adult heart. VECs (CD31") in the coronary veins do not
have SCF expression.

3.12 Analysis of the SCF expression pattern during myocardial infarction

To analyze if SCF may play a role after acute myocardial infarction, the SCF
expression pattern was examined using SCF-CreER™ mice after artificial occlusion
of the LAD coronary artery to mimic myocardial infarction. Since most of the SCF*
cells in adult heart are VECs, co-immunostaining for CD31 and ER was performed on
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heart sections at 2, 7 and 14 days after myocardial infarction. A steep decline of
SCF* VECs was found in the affected area at 2 days post-surgery (dps).
Furthermore, results from mice analyzed at 7dps and 14dps revealed that the
infarcted area of the heart remained to be scarce of SCF* VECs after the acute
phase of myocardial infarction. Only the connective tissues from the surface of the
injury sites did express high levels of SCF (Fig. 3.14A). At 2dps, the pre-existing
vessels in the infarcted area started to die as was evident by the loss of structural
integration of CD31* VECs. Almost no SCF* VECs or other types of SCF* cells could
be found in the infarcted area. Furthermore, a substantial decline in SCF expression
in the vessels of the border area of the infarct could be observed. Although the
vasculature in the border area was intact, nearly all the VECs close to the infarcted
area lost SCF expression, whereas the VECs close to the unaffected remote area
had similar SCF expression pattern as the remote area (Fig. 3.14B). These
observations do not support the proposed notion that SCF signaling may have a
functionally significant role during the repair processes following acute myocardial
infarction. To verify that SCF may be negligible during the repair processes after
acute myocardial infarction, a conditional loss-of-function of SCF in VECs in a

transgenic mouse was analyzed.
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Fig. 3.14 SCF expression pattern after acute myocardial infarction in adult hearts:

A) Coronal sections of infarcted adult hearts at 2 to 14 dps stained for ER (red) and CD31 (green).

The infarcted areas have reduced level of SCF expression (white arrows). B) Magnified pictures from
different areas of the heart at 2 dps. The infarcted zone has only sparse SCF expression. The border
zone has the normal SCF expression pattern similar to a healthy heart in the unaffected area (right to
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the dashed line) but reduced SCF expression next to the infarcted zone (left to the dashed line). The
remote zone has similar SCF expression to healthy adult heart.

3.13 Systematic VEC specific knock down of SCF does not produce an obvious
phenotype after acute myocardial infarction

The Tie2-Cre transgenic mouse line, in which Cre recombinase is expressed in all
the VECs, was crossbred to the SCFAEX” mouse line, in which exon 7 of the SCF
gene, which encodes for the membrane anchoring of SCF, is flanked by two loxP
sites. [41][100] Homozygotes SCFAEX’/Tie2-Cre transgenic mice are knockouts for
membrane-anchored SCF (mSCF) in all VECs starting from early embryonic stages
(Fig. 3.15A). Again, a myocardial infarction model consisting of ligation of the LAD
coronary artery was used to mimic myocardial infarction on these VEC specific
mMSCF knockout and control mice. Subsequently, co-immunostaining for CD31 and
CD45 were performed on heart sections at 7dps. There was no obvious
morphological difference between knockout and control hearts after infarction (Fig.
3.15B). Furthermore, a similar pattern of loss of cellularity was evident in the
infarcted area as well as an invasion of hematopoietic cells in knockouts and controls
(Fig. 3.15C). This observation suggested that SCF signaling is unlikely to have
substantial influence on the outcome of acute myocardial infarction. The source of
neovascularization in the infarcted area is unlikely to be SCF* cells, because SCF is
not expressed in or near the infarcted area. To further address this issue the
expression pattern of c-kit, the receptor of SCF, was studied after acute myocardial

infarction.
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Fig. 3.15 SCF endothelial specific knockout does not produce an obvious phenotype after
myocardial infarction:

A) Schematic representation of endothelial specific SCF loss-of-function strategy. In short, Tie2-Cre
mouse line was bred with SCF-floxed®” mouse line to create pan-VEC specific homozygous knockout
of membrane bound SCF. Ligations of the LAD coronary artery were inflicted to create lesions in adult
hearts. Mice were sacrificed for analysis one week after surgery. B) Transverse sections of infarcted
heart at 7dps stained for CD45 (leukocyte marker, green) and CD31 (red). Very similar area of
infarction (indicated by dashed line) can be observed for both SCF endothelial knockout (SCF-/-) and
wild type (WT) mice. C) Magnified pictures from different areas of the infarcted hearts. Similar patterns
of vessel distribution and leukocytes infiltration can be observed in hearts from knockout and wildtype
mice.
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3.14 C-kit signaling may be important for revascularization after myocardial
infarction

C-kit* cells were reported to be involved in regeneration of the heart after myocardial
infarction. Whether c-kit* cells contribute to the revascularization of infarcted hearts is
under debate. [125] In order to address this question, we have collaborated with the
working group of Prof. Kotlikoff from Cornell University (USA). This group has done
the breeding of mice, the tamoxifen treatment and the operations and shipped the
hearts to me. | have sectioned, immunostained and quantified the data over here at
Bonn. To identify the potential origins of revascularized vessels in the infarcted heart
and the involvement of c-kit signaling, lineage tracing experiments for all pre-existing
VECs before myocardial infarction were performed. In detail, three mouse lines were
crossbred together by the colleagues in the US to generate a triple transgenic mouse
line: The VeCad-CreER'™ mouse line, [101] in which the VEC specific promoter VE-
Cadherin drives CreER™ expression, the Ai9 reporter mouse line, [126] consisting of
the ubiquitous CAG promoter followed by a loxP-flanked STOP cassette and
tdTomato, and a c-kittA°eGFP mouse line, [96] in which the c-kit promoter drives the
expression of eGFP to identify c-kit+ cells in vivo. In the triple transgenic mice,
approximately 2 to 4 grams of tamoxifen was injected by intraperitoneal injection for 3
times in one week to induce high levels of Cre-loxP recombination in the Ai9 reporter
line. The mice were then kept in stock without additional tamoxifen for at least one
week to ensure the clearance of tamoxifen from the organism. The mice were then
subjected to either sham operation or cryo-injury, in which a liquid nitrogen cooled
metal probe was used to inflict damage in the left ventricle. These mice were
subsequently sacrificed at 7dps for analysis (Fig. 3.16A). For a whole expression
map of the possible correlation between c-kit" cells and new vessels after acute
injury co-immunostaining of CD31, tdTomato and eGFP was performed. We found
that almost all CD31* cells were also tdTomato* in the remote and border area of the
cryo-injured hearts and sham operated hearts, indicating very high Cre
recombination efficiencies (Fig. 3.16B). Surprisingly, we also found a small portion of
CD31* cells which did not have tdTomato signals in the infarcted area, indicating that
alternative cellular origins other than pre-existing vessels contributed to these new
vessels after injury (Fig. 3.16B). Most of the c-kit* cells were found in the infarcted
area with the majority of them being CD31*/tdTomato* (Fig. 3.16C). In addition, a few

c-kit*/CD31/tdTomato™ large cells were found in the border area, too. They were
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confirmed to be cardiomyocytes after co-immunostaining for eGFP, tdTomato and a-

actinin (Fig. 3.16D).
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A) Schematic presentation of a lineage tracing experiment designed to determine the potential
function of c-kit during heart recovery after acute infarction in the adult mouse. The mice used in this
experiment have a triple transgenic background consisting of VECad-CreER™ (a vascular endothelial
specific, inducible Cre line), Ai9 (a robust Cre reporter line expressing tdTomato after Cre
recombinase) and c-kitBAceGFP (c-kit* cell reporter line expresses eGFP under the control of c-kit
promoter.). Tamoxifen was injected for 3 times during a week to label all endothelial cells. Cryo-injury
to the left ventricle was performed 1 week after tamoxifen withdraw. Hearts were collected for analysis
at 7 dpi. This part of the experiments was performed at Cornell University. B) Representative pictures
of heart sections stained for eGFP (green), tdTomato (red) and CD31 (blue) from different regions of
the infarcted heart (indicated in the lower left corner). C-kit* cardiomyocytes (white arrows) are only
seen in the border zone. The majority of the c-kit* endothelial cells (yellow arrows) were found in the
infarcted zone. C) Representative picture of a c-kitt/tdTomato*/CD31* endothelial cell (yellow
arrowhead) in the infarcted zone. D) Representative picture of two c-kit* cardiomyocytes (white
arrowheads) in the border zone.

To confirm these observations, quantifications of c-kit* VECs and cardiomyocytes
after acute infarction were performed. The results showed that almost no c-kit*
cardiomyocytes could be found in sham operated hearts or the remote areas of cryo-
injured hearts, but approximately 18% of cardiomyocytes in the border area
expressed c-kit (Fig. 3.17A). Nearly 100% of VECs in the sham operated hearts and
the remote areas of the cryo-injured hearts colocalized with tdTomato signals,
indicating that the method to induce Cre-loxP is efficient in labeling all pre-existing
VECs (Fig. 3.17B). However, the results also demonstrated that approximately 20%
of the VECs in the infarcted areas of the cryo-injured hearts do not express
tdTomato, which indicates that these are new vessels arising from currently
unidentified cells other than pre-existing VECs (Fig. 3.17C). In addition, c-kit" VECs
can be found almost exclusively in the infarcted area and compromise ~22% of total
VECs in the infarcted area (Fig. 3.17D). Finally, ~21% of the VECs in the infarcted
area are c-kit*/tdTomato™, which is substantially higher than the number of the VECs
in the infarcted area that are c-kit*/tdTomato" (~1%) (Fig. 3.17E). These data
suggested that c-kit signaling might be functionally active in cardiomyocytes in the
border area of the infarct and the VECs in the infarcted area during the repair
processes after acute myocardial infarction. However, c-kit activation by endogenous
SCF is unlikely, as SCF is not expressed in or near the infarcted area. Furthermore,
pre-existing vessels are the major source of the revascularization in the infarcted

heart.
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Fig. 3.17 Quantification of c-kit* cell types in the infarcted heart:

A) Quantification of c-kit* cardiomyocytes in different areas of the infarcted and in sham operated
heart. B) Quantification of Cre efficiency in the VECad-CreERT?/Ai9 lineage tracing system by
counting the percentage of tdTomato*/CD31* cells with respect to total CD31* cells. Cre efficiency in
the surgery group was calculated by the recombination efficiency of CD31* cells in the right ventricle.
C) Quantification of tdTomato- VECs, indicating a non-pre-existing endothelial origin in different areas
of the infarcted. D) Quantification of c-kit* endothelial cells in different areas of the infarcted and sham
operated heart. E) Quantification of tdTomato/c-kit* and tdTomato*/c-kit* endothelial cells in the
infarcted area. All data are shown as mean + SEM. P values are indicated on the top bars (Student’s t-
test), n>3.
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4. Discussion

The role of c-kit" cardiac cells in heart repair after lesion has been under debate mainly due
to the techniques applied to identify c-kit™ cells in the heart. [3][18][127] Recent studies have
resolved this controversy by using multiple genetic mouse models and suggested a minimal
contribution of c-kit" cells to heart regeneration. [15]-[17] Additionally, the endogenous ligand
of c-kit, SCF, has also been proposed to have clinical importance in the treatment of
ischemic heart disease (see part 1.4). However, the underlying mechanism is unclear
partially due to the technical difficulties in identifying SCF* cells in the heart. In the present
study, | used multiple genetic mouse models to systematically analyze SCF expression in the
heart during embryonic development, postnatal growth, adult homeostasis and pathological
conditions. The results from my SCF expression analysis and SCF loss-of-function
experiments during myocardial infarction do not support the previously claimed role of SCF
during pathogenesis of the heart. However, | surprisingly identified SCF as a marker for two
previously undefined subpopulations in the heart: small-arterial like coronary VECs and
newly differentiated embryonic cardiomyocytes. Further characterization of these two
important subpopulations could potentially improve our understanding of arteriogenesis and

cardiomyocyte differentiation and cell cycle activity after myocardial infarction.

4.1 The SCF-CreER™ mouse line recapitulates endogenous SCF expression

In the 1970s, early studies of mouse mutants on the steel locus, later identified as SCF,
found strong phenotypes in the hematopoietic system, such as macrocytic anaemia. Since
then, SCF expression has been studied intensively in hematopoietic organs, especially bone
marrow. Endothelial expression of SCF in bone marrow was proposed by several studies
based on data collected from gPCR, in situ hybridization and immunohistochemistry.
[34][38][128]-[131] However, SCF* cells in bone marrow have not been systematically
characterized until recently. [33] One of the main reasons for that is the low reliability of the
mouse SCF antibodies used for immunohistochemistry. To overcome this limitation, Ding
and colleagues generated a Scf9® transgenic mouse line in which exon 2 of SCF in the
genome was replaced by an GFP-polyA cassette. [33] This knock-in mouse line can be used
as a reporter line, expressing GFP under the regulation of the endogenous SCF promoter. In
addition, homozygous mice are SCF knockouts displaying perinatal death due to severe
anaemia. Furthermore, heterozygous Scf¥? mice exhibit reduced HSCs frequency, reduced
cellularity in newborn liver and abnormal pigmentation in the abdominal region. [33] These
phenotypes indicate that impairing one of the two copies of the SCF gene causes severe
disturbance in the health status of the mouse and therefore expression of SCF in Scfé® mice
may differ from its expression pattern in wildtype mice. In contrast, the SCF-CreER™ mouse

line used in my thesis to identify SCF expression in the heart has certain advantages. Firstly,
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this line expresses CreER™ and tdTomato simultaneously. It can therefore be used as a
direct detection and lineage tracing tool for SCF expressing cells. Secondly, the dimerized
mutated red fluorescence protein, tdTomato, has several advantages when compared to
GFP: It has its maximum emission at 581 nm, which creates lower background during whole-
mount imaging in comparison to the emission maximum of GFP at 509 nm. It also provides a
signal, which is 6 times brighter compared to eGFP (Clontech Inc.). Thirdly, SCF-CreER™
mice have no obvious phenotype ensuring that the detection of SCF expression is
comparable to the wildtype. However, the usage of the SCF-CreER'™ line also has
drawbacks: Firstly, the tdTomato cDNA is located downstream of an IRES, which can
potentially result in a much lower expression level of tdTomato in comparison to CreER'?,
which is located upstream of IRES. Secondly, the SCF promoter and its enhancers have so
far not been properly characterized. Accordingly, in transgenic mouse line using “artificial
promoters” there is always the risk of losing important regulatory elements of the targeted
gene. Importantly, the SCF-CreER™ line utilized a bacterial artificial chromosome (BAC)
containing a very large region (229 kb) of the SCF gene from the mouse genome. It is well
known [132] and also the experience in our lab that this this approach minimizes the
possibility of losing important regulatory elements of the promoter. Importantly, in their first
publication reporting this mouse line the Oxford group has carefully investigated the
expression pattern of the transgene in endothelial cells of the thymus using RNA-seq as well
as single cell analysis clearly demonstrating that transgene expression is specific and
appears to recapitulate the endogenous expression pattern [41]. In my studies | have
corroborated this important aspect by analyzing co-immunostainings of CreER™ and
tdTomato. The ligand binding domain of CreER™ is derived from the human estrogen
receptor, which allows staining for CreER™ with the same antibody being used to stain for
the ligand binding domain of human estrogen receptor. Unlike antibodies against mouse SCF
or Cre, the antibody against human estrogen receptor (see part 2.1.6) used in the present
study is highly specific, reproducible and reliable, as has been also demonstrated several
times in heart sections in independent studies. [77][133][134] In order to visualize cells with
low SCF expression, | have used a signal amplification protocol for CreER'™ staining to
identify SCF* cells on cardiac sections. In addition, | have compared the sparse SCF
expression data from previous studies with my obtained tdTomato expression pattern in early
embryos. The regions that had strong tdTomato expression, such as endodermal derived
tissue, have been in fact also reported earlier. Particularly in the heart, the developing
cardiac cushions displayed strong tdTomato signals, which is consistent with the RNA
expression data from in situ hybridization analysis. [53] The low level of tdTomato expression
in e11.5 heart is also consistent with data from previous Northern blot analysis. [54] These

data indicate that the expression map acquired from the SCF-CreER™ mouse line is fully
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supported by multiple previous studies using different approaches. Thus, | consider the SCF-
CreER™ mouse line to be a very good tool to identify and study bona fide SCF* cells in the

heart.

4.2 SCF expression marks small-arterial like coronary VECs

In the present study, | found most of the SCF expressing cells in the postnatal heart to be
coronary VECs. Contrariwise, only a part of the coronary VECs did express SCF. The
expression of SCF in coronary VECs seemed to be randomly distributed on histological
sections. However, it was apparent that coronary vessels with bigger diameters in
comparison to their surrounding vessels did contain SCF* VECs. To identify the exact cell
types of SCF+ VECs a-SMA (smooth muscle marker) was used to distinguish
intramyocardial arteries and arterioles from capillaries. The rational to discriminate these
VEC subtypes by the existence of smooth muscle cells in close proximity to the cells was as
follows: a) Pulsation is one of the hall marks of arteries, which require vascular smooth
muscle cells; b) Although veins possess smooth muscle layers, they do not exist in the
compact myocardium [135]; ¢) Canonical arterial and venous markers for VECs, such as the
seminal EphrinB2/EphB4, were discovered during early vascular development and
angioblasts specification, which can be difficult for the identification of arterial or venous
VECSs in the adult heart [85]; d) Antibodies for these markers may not work in postnatal heart.
As a result, | found that over 90% of VECs in the intramyocardial arteries (excluding major
coronary arteries) in postnatal heart were SCF*. In comparison, less than 16% of VECs in
the capillaries did express SCF. In the coronary vascular bed, major coronary arteries on the
surface of the heart arise from aorta and branch into intramyocardial arteries, arterioles and
eventually capillaries. [136] However, in the intermediate regions between arterioles and
capillaries it is difficult to determine the arterial or venous identity of VECs. Thus, to expect
any of the molecular markers of arterial VECs to have 100% colocalization with a-SMA
encircled VECs is unrealistic. My data strongly suggest that SCF expression in coronary
VECs indicates an arterial phenotype. Furthermore, | also identified the SCF* capillary VECs
by their correlation with vascular pericytes. In a prototypic angiogenesis model, VECs in the
nascent sprout adopt two distinct cellular phenotypes, the migrating tip cells and the
proliferating stalk cells. [137] Vascular pericytes are later recruited to support new vessel
formation. [138] | found nearly 100% SCF* VECs in capillaries to be encircled by vascular
pericytes. This indicated that SCF* VECs have a phalanx-like phenotype rather than a
tip/stalk-like phenotype. Since pericytes are the progenitors for coronary artery smooth
muscles [139], the SCF" VECs may have more similarities to the arterial phenotype than

SCF VECs in the capillary compartment.
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However, | also found that VECs from major coronary arteries in adult hearts do not express
SCF. Accordingly, | hypothesized that SCF expression in VECs represents a small-arterial
phenotype. In contrast, major coronary arteries in neonatal hearts contained SCF* VECs.
However, the SCF expression in major coronary VECs started to decline at P7. By P15, most
of the coronary VECs are SCF'. These observations further corroborated that SCF marks a
subpopulation of small-arterial VECs. Although the two major coronary arteries are big
arteries, they both grow from arterioles in newborns. SCF expression is lost in their VECs
after they grow bigger and many phenotypic changes take place. It is therefore reasonable to

suggest that SCF identifies distinct small arterial VECs in the heart.

The SCF expression pattern was further analyzed in developing coronary vessels. Recent
studies [121] on coronary vessel development revealed various phenotypic changes of
endocardial cells and VECs in young hearts. Coronary VECs determined to adopt an arterial
fate can be easily identified on the surface of the left anterior region and right posterior region
of the e14.5 heart. [77] These findings were utilized to verify my theory about the small-
arterial identity of SCF* VECs in various known VEC populations during coronary vessel
formation. | found that early angioblast-like SECs, which form different types of coronary
vessels, did not display SCF expression. The first SCF* VECs appear in the heart during the
formation of major coronary arteries at e14.5. These SCF* VECs in the left anterior region of
the heart also recruited vascular pericytes and aligned into tubular vascular shape structure.
Subsequently, the newly formed coronary arteries continue to mature into lumenized
structures and express SCF in VECs. These observations indicated the concurrence of SCF
expression and functional phenotypic changes in coronary VECs during initial arteriogenesis.
The fact that SCF* VECs appear in major coronary arteries before they connect to the
aorta/blood flow also indicates genetic predisposition to play important roles in arterial
specification of VECs during the formation of major coronary arteries. The phenotypes of
arterial and venous VECs may interchangeable according to their environment. [140] Earlier
studies suggested an influence of hemodynamics on arterial/venous identity. [141] As an
example, coronary artery bypass grafting suggests that veins can adopt arterial-like
phenotypes when grafted into arterial circulation. [142] However, my findings suggest that
arteriogenesis in coronary arteries is likely to be genetically programmed, because the SCF
expression in the developing coronary arteries at el4.5 is prior to the establishment of
arterial circulation. SCF could potentially mark a subpopulation of VECs that has more

arteriogenic potential.
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4.3 The SCF-CreER™ mouse line can be used to genetically trace the lineage of
SCF* cardiac cells during embryonic development

The SCF-CreER™ mouse line was crossbred with the CAG-mTmG mouse line to be able to
trace the lineage of SCF* cardiac cells during mouse embryonic development. The
recombination of loxP sites by CreER'™ has been proven to be highly ligand-dependent in
vitro. [94] Because of this, it is necessary to verify Cre activity in each individual transgenic
mouse line, since different transgenic engineering strategies can severely affect the outcome
of Cre activity. [92] To analyze the leakiness of the SCF-CreER™ x CAG-mTmG mouse line |
examined mice without administration of tamoxifen. In e15.5 hearts from these mice there
were almost no GFP* cells detectable. This indicated that CreER™, driven by the SCF
promoter has an expression level, which is not so high that unspecific Cre activity causes
spontaneous recombination. The GFP™* cells also formed clusters at random locations of the
heart. This indicated early activity of CreER™ in single cells and subsequent proliferation
leading to the formation of clones of cardiac cells. The very small amount, but not absence,
of leakiness indicates that the CreER™ is expressed in an adequate dosage in the SCF-
CreER™ line, since the expression level of CreER™ is high enough to cause leakiness but
not as high as to make the Cre activity no longer tamoxifen dependent. This rendered the
SCF-CreER™ x CAG-mTmG mouse line particularly suitable for genetic tracing of cell
lineages. The activation of CreER'™ causes irreversible recombination of the reporter gene,
which triggers expression of GFP driven by the strong ubiquitous promoter CAG. The cells
labeled by this event and all their progeny will continuously express GFP in disregard of SCF
promoter activity. This enabled me to find cell populations that only transiently express SCF
at a certain time point during development and cells expressing a very low amount of SCF. |
administered a single dose of tamoxifen via oral gavage to each pregnant mouse at certain
developmental stage. My data showed that each time point of injection has its unique fate
map in the heart, which in turn verified that the experimental strategy enabled a 24 h window
of CreERT™ activation. Thus, our lineage tracing system can discover transient SCF* cell

populations during embryonic development.

4.4 SCF marks newly differentiated cardiomyocytes

Besides SCF* VECs, also some of the embryonic cardiomyocytes expressed SCF. However,
the expression level of SCF was substantially lower in cardiomyocytes than VECs and
cardiac cushions, respectively. To overcome this, | stained for CreER™ by tyramide signal
amplification to intensify the signals. As a result, | identified SCF* cardiomyocytes only in the
right ventricle of e11.5 embryos. This was inconsistent with previous in situ hybridization
analysis[53]-[55] and has never been reported before. However, | considered the SCF*
signals not to be staining artifacts, but to be specific, because the left ventricle worked as an

internal control for SCF cardiomyocytes. Furthermore, the sensitivity of in situ hybridization
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methods does vary substantially [143] and with this technique it is easily possible to miss
cells with low mRNA expression. Since the right ventricle originates from the SHF, SCF
expression in cardiomyocytes at e11.5 may be functionally related to the formation of the
SHF. | used the SCF-CreER™ x CAG-mTmG mouse line to trace the potential SCF* cardiac
progenitors at €7.5, when the cardiac crescent, that contains progenitors from both FHF and
SHF, starts to form the heart. As a result, | found that almost no cardiomyocytes were
traceable in the e15.5 heart. This result indicates that cardiac progenitors do not express
SCF. However, when the SCF* cell lineages were labelled in €8.5, left ventricle and atria
could be traced in €15.5 hearts. Such an expression pattern coincides with the fate map of
progenitor cells from the FHF. At e8.5, the primitive heart tube has formed and progenitors
from SHF gradually migrate to the arterial and venous poles of the heart. [144] The e8.5
traced cardiomyocytes can be reasonably assigned to the newly differentiated
cardiomyocytes on the heart tube expressing SCF. As | continued to label SCF* cells at
different stages, | found that the SCF* cell lineage shifted gradually from atria and left
ventricle to right ventricle and OT. In summary, virtually all cardiomyocytes express SCF at
some time point of their differentiation and maturation. Based on the different time points of
labelling and the resulting spatial distribution of the SCF* cell lineage, | concluded that SCF*
cardiac cells are fate determined new cardiomyocytes and different from HCN4* and ISL1*
cardiac progenitors from FHF and SHF, respectively. According to my data, the SCF
expression in newly differentiated cardiomyocytes lasts for less than 3 days. The initially
SCF* cardiomyocytes in atria and left ventricle at €8.5 and the right ventricle and OT at e11.5
lost their SCF expression after 3 days. These observations suggest that SCF expression
marks a previously undefined population of newly differentiated cardiomyocytes in the

embryonic heart.

In contrast to the controversy about postnatal cardiomyocytes, embryonic cardiomyocytes
have a proliferative capacity. [145] My identification of a SCF expressing, newly differentiated
cardiomyocyte population in embryonic hearts may provide new insight into the proliferative
potential of the neonatal heart. | examined the neonatal heart at PO and found less than 3%
of the cardiomyocytes to express SCF. However, this population quickly disappeared after
P7 and could not be found in adult hearts. However, the methods used in the quantification
could potentially introduce biases into the results due to currently technical limitations. Firstly,
the low expression level of SCF in cardiomyocytes and the increasing signal background in
aging heart tissue could result in false positives. Secondly, since the identification of
cardiomyocytes relies on the co-staining of a-actinin on heart sections, the identity of an
individual cardiomyocyte cannot be unequivocally determined. This could falsify the total
number of cardiomyocytes used in the quantification of the percentage of SCF*

cardiomyocytes. To prevent this the absolute number of SCF* cardiomyocytes per mm? was

78



further quantified using a previously published method [111][114] in a random area of the
heart and obtained similar results. After birth, the heart needs to quickly adapt from the
connection to the maternal circulation to the circulation system of the newborn. During this
period neonatal cardiomyocytes undergo many phenotypic changes, such as trabecular
compaction, binucleation and reduction of cell cycle activity. SCF expression represents a
newly differentiated stage of embryonic cardiomyocytes. Re-expression of SCF in a very
small portion of neonatal cardiomyocytes may indicate either new cardiomyocytes being
differentiated from progenitors, which is rather unlikely, or that pre-existing cardiomyocytes
acquire a more undifferentiated phenotype to support heart growth. However, the exact
mechanism behind SCF expression in cardiomyocytes is currently unknown. The decrease in
the number of SCF* cardiomyocytes coincides with the decrease of cell cycle activity, which
may indicate the depletion of phenotypically young cardiomyocytes over time.

4.5 SCF expression in diseased hearts

Many previous studies made numerous claims about potential clinical benefits of c-kit" stem
cells during heart regeneration. [8]-[12] However, such claims need to be verified and have
been refuted by recent studies [15]-[17]. | investigated the SCF expression pattern in the
injured heart after cryo-infarction, in order to tackle the role of SCF/C-kit signalling during
heart disease and repair. The data obtained demonstrated that after the lesion SCF
expression in the infarcted area almost completely disappeared after 2 days. In addition, | did
not find any substantial increase of SCF* cells after 7 or 14 days. As the activation of C-kit
relies on binding of SCF and several independent studies (see 1.2.2) have discovered SCF*
cells to act as niches to support different stem cells in a c-kit dependent manner in other
systems, the loss of SCF* cells would most likely abolish the potential c-kit signaling and
diminish the potential c-kit+ cardiac stem cells in the infarcted area. Furthermore, the EC
specific knockout of membrane bound SCF did not show any changes after myocardial
infarction in terms of revascularisation and immune cell infiltration in comparison to wild type
mice. Recent studies also showed that knockout of membrane bound SCF could phenocopy
the total SCF knockout and the steel mutant, indicating a predominant role of this isoform
over soluble SCF. Therefore, it is unlikely that soluble SCF could compensate the loss of
endogenous SCF* cells. Thus, my observations do not support previous claims about the

important roles of endogenous SCF/c-kit+ cardiac stem cells during heart regeneration.

Nevertheless, these data partially supported my hypothesis about the small arterial-like VEC
identity in SCF* coronary VECs. Revascularization of infarcted regions requires angiogenesis
from pre-existing coronary vessels, especially from the vessels in the border area of the
infarct. On the other hand, hypoxia as induced by ischemia, also promotes vessel sprouting

by upregulating multiple pro-angiogenic pathways. Thus, the VECs in the border zone of the
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infarct are likely to differentiate to tip/stalk-cells instead of phalanx-like/arterioles, which

coincides with loss of SCF* VECs in the border zone of the infarct.

It is known that the neonatal mouse heart still possesses a certain level of regenerative
capacity, which was described to be mediated primarily by cardiomyocyte proliferation. [111]
| investigated the SCF expression pattern during neonatal heart regeneration by using a new
lesion variation. Previously established neonatal heart injury models included apex resection
[111], cryo-injury [14] and LAD coronary artery ligation [146]. | used a small vessel cauteriser
to inflict a small injury on the apex of the heart for the following three reasons: 1) Apex
resection results in massive blood loss which could potentially slow down the regenerative
response. 2) Cryo-injury, which uses a liquid nitrogen cooled probe to inflict injury is a highly
reproducible model in terms of infarction size and does not result in blood loss. However, in
order to inflict an injury, the pre-cooled probe must contact the heart surface for a very long
time (e.g. 3x10 sec), which could partially damage the surrounding tissue and leave the
scars of cryo-injured hearts without clear borders. This would complicate the analysis of a
regenerative response in the border zone of the injury. 3) Ligation of the LAD coronary artery
is technically very challenging, resulting in different levels of severity of the injury. More
importantly, neonatal coronary arteries respond differently to injury in comparison to adult
ones [147], which results in huge inconsistencies in each mouse. My method used a small
vessel cauteriser to inflict injury to the apex of the heart, which was created by heating to
over 1000°C for 1 sec. This method reduces inconsistencies between surgeries and creates

an unaffected border zone.

Cardiomyocytes are known to undergo various cell cycle variants not resulting in cell division,
such as endoreduplication and acytokinetic mitosis, which makes it almost impossible to
identify authentic cell division by using antibody based M-phase specific markers.[99] The
transgenic line eGFP-anillin used in the current study provides an independent genetic tool to
identify cell cycle activity. After applying cauterization injury to mice from this mouse line, |
found 3 times more cell cycle activity in injured hearts than in sham operated ones at 7 dpi.
Furthermore, the distribution of the eGFP* cells did not show higher abundance near the
injury site. Instead, the eGFP* cells were almost evenly distributed all over the heart. Unlike
amphibian regeneration models, in which animals can restore entire complex structures such
as limbs, injured neonatal hearts always leave scars and other permanent morphological
changes, despite seemingly full functional recovery. [111] My data implied that lost cardiac
tissue and decreased heart function are restored by accelerated proliferation and, perhaps,
also terminal differentiation of cardiomyocytes in the entire heart rather than only in the
border area of the injury. This result suggests regeneration in neonatal heart to be mediated

by compensatory proliferation and growth of the unaffected surviving cardiomyocytes in the
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entire heart. Furthermore, we also found a very small portion of cardiomyocytes with
cytosolic eGFP-anillin signals, disassembled sarcomeres, condensed chromatins and SCF
expression. Cardiomyocytes with these four characteristics could be proliferative for the
following reasons: a) Cytosolic eGFP-anillin signals indicate the breakdown of the nuclear
membrane during M-phase. b) Sarcomere disassembly has been observed in dividing
embryonic cardiomyocytes. [148][149] ¢) Chromatin condensation is another hall mark of
mitosis. [150] d) SCF is expressed in newly differentiated embryonic cardiomyocytes (this
thesis). Re-expression of embryonic markers in cardiomyocytes has been associated with a
proliferative phenotype in both zebrafish [151] and mouse [111]. To unequivocally identify
proliferative cardiomyocytes in vivo is almost impossible, because cardiomyocytes are known
to undergo various cell cycle variants [99]. My data shows, by combining SCF expression,
eGFP-anillin localization and other proliferation markers, it may be possible to improve the
identification of proliferative cardiomyocytes in neonatal hearts. However, this method also
faces several technical challenges: a) The cytosolic eGFP-anillin signals are much weaker
than their nuclear signals. High background caused by autofluorescence may interfere with
the real signals; b) SCF expression levels in neonatal cardiomyocytes are also very low and
hard to detect. | injected tamoxifen 1-2 days before sacrifice, to concentrate the CreER™
signal into the nucleus. However, proliferating cardiomyocytes break down their nuclear
membranes, which disperses the CreER' signal back into the cytosol. In conclusion, injured
neonatal mouse hearts restore function by compensatory proliferation and terminal
differentiation of cardiomyocytes. SCF expression may be correlated with the M-phase of cell

cycle active cardiomyocytes during neonatal heart regeneration.

4.6 Contribution of c-kit* cells to repair mechanisms after myocardial lesion

The possible contribution of c-kit" cells to cardiomyocytes after myocardial infarction was
under debate for more than a decade. [18] Recently, new evidence from c-kit based genetic
lineage tracing suggested that their contribution to cardiomyocytes is extremely low. [15][16]
In the current study, | investigated the contribution of potential resident cardiac progenitor
cells to the revascularization after myocardial infarction and if c-kit" cells were involved. |
used genetic cell lineage tracing to label all pre-existing VECs, which allowed me to identify
vessels originating from a resident progenitor pool. About 20% of the new vessels in the
infarcted area were derived from un-identified progenitor cells. This result differed
substantially from a recently published study using almost the same experimental setting,
which claimed that virtually all neovascularization after myocardial infarction originates from
pre-existing VECs. [152] The possible explanation for this discrepancy could be the different
injury models used in the two studies. The ischemia reperfusion model used in the above

mentioned study inflicts a milder injury compared to cryo-injury model used in my study.
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Although the ischemia-reperfusion model can create large areas of fibrosis, the pre-existing
vessel network is still intact after injury, due to the reperfusion and provides a source of
sprouting VECs for new vessels. On the other hand, cryo-injury results in large areas of
necrosis at the injury site and destroys the pre-existing vessel network which makes
sprouting angiogenesis impossible in certain regions of the injury. My data showed that new
vessels originating from unknown progenitors only exist in those regions of the infarcted area
that cannot be reached by pre-existing VECs, but not in the border area of the infarction
where pre-existing vessels are in close proximity. These observations indicate that cellular
origins of neovascularization in the injured heart are based on spatial availability. Such
spatial mechanisms are similar to the developmental progression of coronary vessel during
which origins of coronary vessels are determined also by proximity, which may have evolved
as the fastest way to re-vascularize the myocardium after injury. Pre-existing vessels
contributed to 80% of new vessels in the infarcted area, indicating a predominant role of
angiogenesis during revascularization of the injured heart. In these experiments c-kit* cells
were identified as VECs in the infarcted area and cardiomyocytes in the border area. The
majority of c-kit* VECs originated from pre-existing vessels, as the lineage tracing
experiments suggested. The c-kit" cardiomyocytes in the border zone at 7 dpi were
terminally differentiated and mature cardiomyocytes, which made it unlikely that they
originated from c-kit" progenitors. In summary, my data did not support the notion that c-kit*
cells contribute to revascularization and neomyogenesis after myocardial infarction in the
adult. However, so far unidentified progenitors do contribute to revascularization in the

infarcted heart.

4.7 Outlook

In the current study, | identified SCF* cells in the adult heart to be VECs. However, the
function of SCF expression in these cells is still unclear. Furthermore, | found SCF
expression to mark a small-arterial like subpopulation of VECs. To verify the small-arterial
like identity of SCF* VECs, | am planning to provide more molecular information in regard to
the expression of other key markers for arterial and venous identity. In fact, FACS based cell
sorting can help purifying the SCF* and SCF VEC populations and RNA-seq transcriptome
sequencing can provide gene expression profiles of SCF* VECs, which will help to
understand the functional roles of SCF* VECs in the heart and to verify the small-arterial like
identity of SCF* VECSs. In the current study, the small-arterial like identity of SCF* VECs was
verified during the progression of coronary vessel development. Accordingly, the
(epi)genetically pre-programmed arterial specification of coronary major arteries seems to
coincide with the expression of SCF. Transcriptome analysis of these initial SCF* major

coronary VECs could potentially lead to new findings of key regulators determining arterial
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specification of coronary arteries. Such experiments are technically challenging, because
initial major coronary arteries only contain approximately 50 cells. One option could be laser
capture microdissection combined with 3™ generation single cell RNA transcriptome
sequencing in order to obtain in the future information about the gene expression profiles of

these cells.

| also identified SCF* cardiomyocytes as newly differentiated embryonic cardiomyocytes.
Presumably, these cardiomyocytes had an increased proliferative capacity. As neonatal
hearts also possess a small amount of SCF* cardiomyocytes they may have an increased
proliferative capacity after injury as well. However, the correlation between SCF* embryonic
and neonatal cardiomyocytes has not been shown so far. The low expression level of SCF in
neonatal cardiomyocytes as well as the low percentage of SCF* cardiomyocytes brings
substantial technical difficulties to the characterization of these cells. Further improvement of
genetic mouse tools or SCF identification methods is necessary to carry out such studies.
Interestingly, the percentage of SCF* embryonic cardiomyocytes can be as high as 50% in
el1.5 hearts, making it possible to study the gene expression profile of embryonic SCF*
cardiomyocytes by 3" generation single cell RNA transcriptome sequencing. This information
combined with bioinformatic analysis of data depositories from previously sequenced data
may provide useful information about SCF* cardiomyocytes in regard to the regulatory
signalling networks of the (sub)lineage conversion between phenotypically “young” and

proliferative cardiomyocytes and terminally differentiated quiescent cardiomyocytes.
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5. SUMMARY

Proper regulation of c-kit receptor tyrosine kinase by its ligand, Stem Cell Factor
(SCF), is essential for survival, growth, migration and differentiation of many types of
stem/progenitor cells. However, its role in the heart has remained elusive. Previous
studies identified c-kit* cells as hematopoietic or resident cardiac stem cells, which
were supposed to play an important role in heart regeneration after myocardial
infarction. However, more recent studies indicate that c-kit* cells minimally contribute
to new cardiomyocytes after cardiac injury or during aging. The nature of c-kit*
cardiac cell populations has been at least partially clarified by the use of recently
developed genetic mouse models, whereas the cell populations expressing the
endogenous ligand SCF have not been identified. In my current study, | have
therefore analyzed the expression pattern of SCF during mouse heart development
and after cardiac injury by taking advantage of a transgenic mouse line, SCF-
CreERT?, which expresses a Cre/mutated human estrogen receptor (ER?) fusion
protein and a tdTomato fluorescence protein under control of the SCF promoter. This
model enables to identify SCF expressing cells in the heart and to genetically trace

the lineage of these cells under various conditions.

| discovered that SCF was strongly expressed in a part of the VECs in neonatal and
adult hearts. Quantification of the SCF* VECs in arteries and capillaries revealed
SCF expression to be restricted to small-arterial like vessels in the postnatal heart. In
addition, | found that the VECs of major coronary arteries only express SCF during
neonatal stages. As soon as the major coronary arteries grew bigger, they lost their
SCF expression in VECs. Furthermore, | also found that the undifferentiated coronary
VECs in early embryos did not express SCF, whereas coronary VECs adopting an
arterial fate expressed SCF during the formation of major coronary arteries in e14.5
hearts. These findings strongly suggested that SCF expression marks a previously

undefined small-arterial like VEC subpopulation.

| also found that SCF was expressed in some of the embryonic cardiomyocytes at a

much lower level in comparison to the coronary VECs. By deploying genetic lineage

tracing of the SCF* cells from different stages of the embryo, | found nearly all

cardiomyocytes to have expressed SCF for a short time period after their

differentiation. | hypothesised that SCF expression in embryonic cardiomyocytes

marks a newly differentiated cardiomyocyte subpopulation. Furthermore, | also found
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neonatal PO hearts to have approximately 3% SCF* cardiomyocytes. However, this
population quickly diminishes within the first week after birth. These observations
may indicate the depletion of a population of phenotypically young cardiomyocytes.
In addition, SCF expression co-localized with M-phase cardiomyocytes in neonatal
mice during regeneration after experimental heart injury. These findings suggested

that SCF expression may indicate proliferative cell cycle activity in cardiomyocytes.

To investigate the involvement of c-kit signalling during myocardial infarction, |
examined the expression pattern of SCF after myocardial infarction in adult mice. |
found substantial decrease of SCF* cells in the border zone and infarct area of the
injured heart after 2, 7, and 14 dpi, which might indicate decreased SCF/C-kit activity
after myocardial infarction. To investigate if c-kit* cells or other possible progenitors
contribute to neovascularization, all pre-existing VECs were labelled by using genetic
lineage tracing tools prior to myocardial infarction. | found the majority of the new
vessels in the infarcted area to have originated from pre-existing vessels.
Furthermore, most of the C-kit* cells in the infarcted heart are either VECs originating
from pre-existing vessels or mature cardiomyocytes in the border zone. My findings
suggested that cardiac endogenous C-kit* cells are unlikely to contribute to VECs

and cardiomyocytes after myocardial infarction.

In conclusion, this study did not support the notion that potential C-kit* stem cells
contribute to the regeneration of infarcted hearts. Instead, | found that SCF
expression marked a small-arterial like subpopulation of VECs and newly
differentiated embryonic cardiomyocytes. Further molecular characterization of these
two cell populations could provide useful insights into the regulatory mechanisms of

coronary arteriogenesis and cardiomyocyte proliferation.
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COuUP
COUP-TFII
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CreERT™
Cy
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Dll4

DMSO

atria

autofluorescence

alpha smooth muscle actin

atrioventricular canal

bacterial artificial chromosome

bright field

base pair

cytokinesis

chicken (-actin promoter with CMV enhancer element
Cluster of differentiation 31

Cluster of differentiation 45

cellular homolog of the feline scarcoma viral oncogene
Chromosome

chicken ovalbumin upstream promoter

COUP transcription factor 2

Causes recombination

estrogen receptor (T2 mutant) fused Cre recombinase
Cyanine

4',6-diamidino-2-phenylindol

Delta-like 4

dimethyl sulfoxide
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dps

DS

EC
EDTA
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EphB4
ER
EtBr
FG
FHF
GFP
Hey
HG
HRP
HSC
HSP90

H202

Deoxyribonucleic acid

Dulbecco’s Phosphate-Buffered Saline
day post surgery

donkey serum

embryonic day

endothelial cell
Ethylenediaminetetraacetic acid
enhanced green fluorescent protein
Ephrin type-B receptor 4

human estrogen receptor

ethidium bromide

foregut

first heart field

green fluorescent protein
Hairy/enhancer-of-split related with YRPW motif protein
hindgut

horse radish peroxidase
hematopoietic stem cells

heat shock protein 90

Hydrogen Peroxide
immunoglobulin G

intraperitoneal injection

internal ribosome entry site
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K karyokinesis

kb kilo base pairs

KCI Potassium Chloride

LA left atrium

LAD left anterior descending

LCA left coronary artery

LoxP Locus of crossing over in phage P1
LV left ventricle

MG midgut

mG membrane GFP

mT membrane tdTomato

NaOH Sodium Hydroxide

Neo Neomycin

N20 nitrous oxide

oT Outflow Tract

O2 oxygen

P postnatal day

PA pharyngeal arches

pA polyadenylation

PBS Phosphate-Buffered Saline
PBST 0.1% (v/v) TritonX-100 in DPBS
PBSST x% (v/v) Donkey Serum in PBST
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PCR Polymerase chain reaction

PDGFRfB Beta-type platelet-derived growth factor receptor
PFA Paraformaldehyde

PM primary mesoderm

gPCR guantitative PCR

RA right atrium

RCA right coronary artery

RFP red fluorescence protein
RNA Ribonucleic acid

RT Room temperature

RV right ventricle

SCF stem cell factor

SDS Sodium Dodecyl Sulfate
SEC subepicardial endothelial cell
SHF secondary heart field

SV sinus venosus

TAE Tris-Acetate-EDTA

Tie2 angiopoietin receptor 2

Tg transgenic line

Tris-HCI Tris-(Hydroxymethyl)-Aminomethan-Hydrochlorid
TSA Tyramide signal amplification
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2-ME

Ex

vascular endothelial cell
vascular endothelial cadherin
wild type
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