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Temporally distinct cell lineages give rise to myocardial components of the 

heart during the complex morphogenesis of cardiac development.  Previous work has 

described the first and second heart fields that give rise to cardiomyocytes, as well as 

the neural crest and proepicardium that give rise to most non-cardiomyocyte 

populations within the heart.  T-box18 (Tbx18) is a transcription factor that is 

expressed very early in the developing proepicardium. The role of Tbx18 and the 

proepicardium during mammalian heart development and maintenance has not been 

shown.  This thesis shows that Tbx18 expressing proepicardial cells give rise to 

cardiac myocytes, in addition to vascular support cells, resident fibroblasts, and the 

single-cell covering of the adult heart.  The pluripotency of Tbx18 proepicardial cells 
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provides a theoretical framework for applying these progenitors to effect cardiac repair 

and regeneration. 

Previous work has shown that the epicardium is a critical source of multiple 

cell types associated with complex cardiac morphogenesis and physiology.  Ablation 

or disruption of the epicardium during development can lead to abnormalities in the 

compaction of the myocardial layer, looping, septation, coronary vascular formation, 

conduction system formation, and cushion tissue formation.  Here, we show that 

ablation of Tbx18 in cardiac progenitors leads to abnormal morphological and 

physiological development of the heart.  Understanding gene regulation in cardiac 

progenitor cells and the adult epicardium may be a critical step toward clinically 

relevant strategies in regenerative medicine utilizing the heart’s own developmental 

pathways. 

Processes associated with heart disease, such as fibrosis and hypertrophy, 

usually precede cardiac failure.  Cardiac failure due to heart disease is associated with 

myocyte loss secondary to ischemia.  Regenerative therapies for the heart will need to 

address the loss or dysfunction of multiple cell types. Because epicardial cells 

contribute multiple cardiac cell types during development, they could be more useful 

in repairing the heart than any single kind of cell.  We show that Tbx18 expressing 

embryonic epicardial cells mediated wound healing in a murine cardiac explant 

culture.  Furthermore, Tbx18 expression was activated in adult epicardium in response 

to injury.  It is likely that some of the pathways involved in fetal healing are initiated 

in the adult, but prevented by overriding events such as fibrosis, wall thinning, and 

hypertrophy.  Regenerative therapies for the heart may lie in the ability to harness the 

epicardium as a novel source of cardiac progenitor cells. 
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CHAPTER 1 
 

INTRODUCTION:  HEART DEVELOPMENT, STEM 
CELLS, AND REGENERATIVE MEDICINE 

1.1 Heart Development 

In humans, the heart functions reliably under significant pressure and critical 

demand for 80+ years.  In mammals, the heart is the first organ to develop during 

embryogenesis, as circulation is essential for the development of the other organs.  In 

the mouse, as early as embryonic day 7.25 (E7.25), some cells of the primitive streak 

are destined for the cardiac lineage.  Cardiac mesoderm moves through a distal region 

of the primitive streak.  The developing cardiac mesoderm migrates toward the 

anterior of the embryo, just under the headfold and above the anterior intestinal portal 

of the foregut, to form the cardiac crescent (see figure 1.1).  The crescent fuses at the 

midline to give rise to the heart tube, which consists of an outer layer of spontaneously 

contracting myocardium and an inner layer of endothelial cells.  Next, the tube 

undergoes complex looping and septation to form a four-chambered heart with inflow 

and outflow regions and valves to coordinate blood flow [1, 2]. 

Temporally distinct cell lineages give rise to the myocardial component of the 

heart.  Two progenitor pools have previously been described and defined.  A first 

progenitor population, termed the first heart field, contributes to the earliest heart tube 

and subsequently to the left ventricle and atria.  The second heart field initially lies 

both anterior and dorsal to the cardiac crescent of the primary heart field and 

eventually colonizes the arterial and venous poles of the heart [2, 3].  The second heart 
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field contributes to the outflow tract, the right ventricle, and the atria by E8.5.  While 

studies of cardiac progenitor markers, Isl1, NKX2.5 and Mef2c among others, have 

helped define the first and second heart fields, the terminology may be misleading.  

Data definitely supports the idea that the muscle of the heart forms from temporally 

distinct populations of cells, but it is conceivable that there is a single cardiomyocyte 

source or heart field. 

At early looping stages, the heart mainly consists of immature cardiomyocytes 

that have begun to beat in a rhythmic fashion, and an endocardial layer.  The cardiac 

neural crest and epicardium provide the heart with a substantial number of non-

myocardial cells that are essential to complete heart development.  At approximately 

E9.0, the proepicardium (PE) arises just below the heart, attached anteriorly to the 

septum transversum.  The PE is a small transient structure made of small cell clusters.  

Starting around E9.5, cells from the PE begin to either migrate along extracellular 

matrix bridges to the heart or bud off in small vesicles that land on the surface of the 

developing heart. Cell clusters spread to form a continuous single-cell layer, the 

primitive epicardial epithelium, over the entire myocardium.  Many epicardial cells 

then undergo an epithelial-mesenchymal transition and migrate into the heart where 

they contribute to many major cardiac cell types and cardiac structures, such as the 

ventricular septum and valves [4].  Lineage studies performed in chick and quail have 

demonstrated that cells from the PE give rise to smooth muscle of the coronary 

vasculature, cardiac fibroblasts, and potentially give rise to endothelial cells of 

coronary vessels, although the latter is controversial.   A comprehensive review of 

proepicardial contribution to coronary vasculature summarizes this controversy by 

stating, “Quail-to-chick proepicardial transplants have been interpreted to suggest that 

coronary vascular endothelial cells do not arise in the proepicardium.... while labeling 
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cells of the PE before migration to the heart has generally supported the view that 

endothelial cells derive from the PE itself” [5]. 

It has been demonstrated that cardiac progenitor cells coming from the 

proepicardial organ are essential for normal heart development to proceed, as 

demonstrated by ablation studies in avian species, and by analysis of mouse mutants 

which have defective epicardial development [6-8].  Cells derived from the 

epicardium are important for all major developmental processes subsequent to its 

arrival on the heart, including septation, coronary vasculogenesis, myocyte 

hyperplasia, myocyte hypertrophy, conduction system maturation, cushion 

development, and valve formation [9-12].  These observations suggest that epicardial 

cells play a critical role in the development of clinically relevant cell types. 

There has been extensive research to define molecular networks that control 

mammalian heart development.  It is important to understand these processes, as they 

are directly applicable to human congenital diseases.  Congenital heart defects are the 

most common form of genetic birth defects and are the leading cause of infant 

mortality in developed nations [13].  While much is still unknown, cardiac-selective 

transcription factors, such as MEF2c, NKX2.5, TBX5, HAND1, and Isl1 have been 

identified as activators of cardiac gene expression and are essential for normal heart 

development. However, the complexities of vertebrate heart morphogenesis, including 

valves, coronary vasculature, and the cardiac conduction system, are mediated by 

progenitor cell populations from the neural crest and proepicardium that populate the 

heart later in cardiac development. Recent studies have provided evidence that the 

cardiac and vascular lineages develop from a common cardiovascular progenitor 

during embryonic development [14-16].  Despite the significance of coronary vessel 

development for clinical applications, very little is known of the genetic programs 
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involved in this important segment of the vasculature.  Initial ventures into coronary 

angiogenic gene therapies have not met with success, in that ectopic vessel formation 

is not sustained, suggesting the need to understand more about gene pathways 

involved in stable vessel formation. 

1.2 Tbx18 as a marker of the Proepicardium/Epicardium 

The t-box transcription factor T-box 18 (Tbx18) is a member of a transcription 

factor family which is important in the regulation of cardiac development and 

involved in several congenital diseases [17].  Recently, Tbx18 has been established as 

a marker of proepicardial cells in mouse, chick, and zebrafish. PE cells continue to 

express Tbx18 as they constitute the primitive epicardium.  During growth, many 

epicardially-derived cells throughout the developing myocardium express Tbx18.  

This expression continues after birth, but by the adult stage few cells within the heart 

carry on expression of Tbx18. 

1.2.1 Epicardial Cells in Cardiac Regeneration 

Recent studies in zebrafish, highlighting the response to injury and role in 

healing of epicardial cells, show that Tbx18 is reexpressed by cells migrating into the 

injured myocardium [18, 19].  Additionally, these studies show that inhibition of 

epicardial delamination leads to insufficient healing.  Instead a fibrous scar forms, 

similar to the expected response in mammals.  These experiments show that the 

zebrafish epicardium is essential for cardiac regeneration.  Additionally, these studies 

suggest that signaling networks, like Tbx18, involved in cardiac development may 

also be involved in cardiac healing and regeneration.  

Many adult epicardial cells continue to express multiple transcription factors 

from early in their development, such as Tbx18 and Wt1.  Epicardial cells can be 
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considered to be relatively undifferentiated cells.  Studies have shown that adult 

epicardial cells still have the capacity to positively modify cardiomyocyte phenotype 

and function, keeping in vitro myocytes in a differentiated state [20].  Their ability to 

give rise to multiple cell types in vitro has been shown [21, 22], meaning that in 

addition to modulatory functions they have stem cell capacity.  Harvesting from atrial 

biopsy tissue and culturing EPDCs is relatively easy [23].  They are able to replicate, 

and through EMT adopt a spindle-shaped cell phenotype evocative of mesenchymal 

stem cells [24].  There is exciting potential for human EPDCs to recapitulate their 

embryonic stem cell potential in the diseased myocardium. 

1.3 Cardiac Fibroblasts and Healing 

While the mammalian fetal heart has the ability to heal without the formation 

of a detectable scar [25], the adult mammalian heart has virtually no regenerative 

capabilities as a whole organ, and healing is inadequate.  Cardiovascular disease is the 

greatest health challenge in the United States, accounting for over 60% of all deaths 

[26].  It can develop through conditions including hypertension, coronary artery 

disease, and myocardial infarction, which cause the loss or dysfunction of 

cardiomyocytes.  Additional stresses on the remaining cardiomyocytes leads to 

hypertrophy, which is often accompanied by cardiac fibrosis, a result of excessive 

extracellular matrix deposition by cardiac fibroblasts.  Extensive fibrosis leads to 

stiffening of the myocardium, and a greater likelihood of heart failure [27].  The 

inability to restore cardiac function to a damaged heart is attributed to an inadequate 

regenerative capability, leading to extra-cellular matrix (ECM) deposition.  Currently, 

little is known as to the etiology and role of cardiac fibroblasts, mediators of ECM, in 

normal development or in disease.  Owing to the critical role of this cell type in heart 

failure, it is important to gain greater understanding of the cardiac fibroblast. 
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1.4 Cardiac Regenerative Therapy 

Projected therapies for heart disease involve the ability to stimulate the growth 

of new coronary vessels to replace those damaged by arterial disease, to facilitate 

repair of damaged myocardium, and to regulate fibrosis.  Toward this end, a number 

of preclinical and clinical trials have been performed, delivering growth factors or 

cells to ischemic areas [28, 29].  Results, however, have not been successful, most 

likely because any new vessels formed were fragile and malformed and new muscle 

doesn’t have the unique properties to fully integrate into the syncytium.  These 

outcomes underscore the need to understand and define genetic pathways required to 

form functional and integrative coronary vasculature and myocardium, within 

controlled ECM deposition and organization.  

Understanding the process of how organ systems develop from very primitive 

embryonic stem cells to fully differentiated tissue may lead to therapies that harness 

this potential to heal diseased myocardium.  Regenerative medicine is an innovative 

area of biomedical research that aims to produce therapies to enable the body to repair, 

replace, restore, and regenerate damaged or diseased cells, tissues, and organs.  The 

underlying rationale is that the body has tremendous regenerative capability and 

successful therapies will support and activate the body’s natural healing. 

Regenerative cell therapies have become a major focus for potential treatment 

of heart disease to improve cardiac function.  Studies in animal models have 

investigated the potential of transplanted stem cells using bone marrow-derived cells 

[30, 31], cardiac stem cells [32], embryonic stem cells [33], and fetal cardiomyocytes 

[34] by intra-myocardial injection.  Exciting results from these and other related 

studies led to a series of clinical trials using bone marrow derived cells and skeletal 

myoblasts as therapy on patients after myocardial infarction.  Unfortunately, results 
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from clinical stem cell therapies have not shown a significant advantage in patients.  

Thus, it seems a better understanding of stem cell differentiation mechanisms is 

required to harness their potential for cardiac regenerative therapy. Further detriment 

to this technology are the immunogenic, arrhythmogenic, tumorigenic, and ethical 

problems. 

Remarkable new studies have established a novel stem cell source from adult 

mouse and human cells.  Induced pluripotent stem (iPS) cells are generated by 

transfection of fibroblasts with various combinations of transcription factors, such as 

Oct3/4, Sox2, Nanog, Lin28, Klf4, and c-Myc, which are expressed at high levels in 

embryonic stem (ES) cells.  These cells appear to have the qualities needed as the 

foundation for regenerative medicine.  Induced pluripotent stem cells can self-renew 

in culture and have the ability to differentiate into all three germ layer-derived cells.  

Most importantly, they are syngeneic meaning that clinically they would be 

completely biocompatible because the fibroblasts could come directly from the 

patient, also avoiding ethical issues surrounding embryonic stem cells. 

Unfortunately, the excitement about iPS cells may be a little premature.  There 

appears to be differences in some characteristics, like DNA methylation, compared to 

ES cells [35].  Also, a major safety concern is that the process of inducing pluripotent 

cells involves transformation of oncogenes.  Over-expression of these genes has been 

associated with tumorogenesis and cancer.  Furthermore, the current protocols for 

generating iPS cells use random retrovirus insertion mutagenesis, which leads to 

uncontrolled modification of the genome.  The mutations are usually permanent and 

able to pass through the germ line, potentially affecting subsequent offspring.  Thus, it 

seems that a larger ethical boundary, genetic alteration of the human species, may be 

crossed. 
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Studies have shown the ability of ES and iPS cells to differentiate into cardiac 

lineages in vitro. Through embryoid body formation and exposure to collagen IV, ES 

and iPS cells differentiate into cells expressing cardiovascular and hematopoietic 

markers.  Purification of Flk1-positive cells or Islet-1 positive cells provides a 

progenitor source capable of differentiation into functional cardiomyocytes, smooth 

muscle cells, endothelial cells, and hematopoietic cells [14, 15].  However, 

differentiation is not homogeneous and the differentiated cells appear to have 

characteristics of fetal cardiomyocytes. 

No so long ago, bone marrow transplantation revolutionized cancer treatment 

and the ideology of stem cells in regenerative therapy.  The fact is, behind this simple 

technique are very complex mechanisms that are not fully understood. The human 

body has an intrinsic regeneration system with stem cells found in nearly every tissue.  

Healing processes are highly evolved, and the best therapy attempts will use what we 

know to facilitate tissue specific progenitor populations to follow natural processes 

toward regeneration.  Recently, the epicardium has emerged as a possible autologous 

source of regenerative capability for the heart.  In addition to new cardiac myocytes, 

regeneration of myocardium will require organization of neovascularization, 

alignment of myocytes into organized sheets, and addition of resident fibroblasts to 

maintain extra-cellular matrix components.  Because epicardial cells contribute 

multiple cardiac cell types, they could be more useful in repairing the heart than any 

single kind of cell.  Additionally, adult epicardial cells may retain some of this 

pluripotent ability [36]. 

Recent studies highlighting the clinical relevance of epicardial cells, showing 

that transplantation of adult human epicardial-derived cells into an ischemic mouse 

heart help to preserve cardiac function and attenuate ventricular remodeling [36].  
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Although the evidence provided by these initial studies does not definitively show that 

epicardial cell therapy improves heart function and animal survival in a more 

sustainable way than previous cell therapy studies, it proposes an exciting new 

progenitor cell population with comparable therapeutic benefits in preliminary 

experiments. 

There are multiple advantages to epicardial cells as a stem cell source.   

Epicardial cells can be isolated from autologous tissue, which overcomes ethical and 

rejection issues associated with other stem cells.  Portions of the atrial appendage can 

be removed with very little detriment to heart function, and routinely are during 

surgery to treat atrial fibrillation.  Subsequently, epicardium could be isolated from 

this tissue.  Also, epicardial cells are cardiac lineage committed progenitor cells; 

meaning that fewer steps are probably required to become functional differentiated 

heart cells.  Also, they are less likely to become other random cell types and less likely 

to be tumorogenic. 

Many hurdles still exist for the use of EPDCs in regenerative medicine.  A 

more comprehensive understanding of their contribution to heart development and the 

molecular mechanisms coordinating their spaciotemporal differentiation within the 

heart is necessary for development of cardiac regeneration therapy.  Also, the full 

progenitor capacity of adult EPDCs has not been demonstrated.  The largest and most 

important barrier to address is the translation of our understanding of EPDCs into 

clinical therapy for heart disease.  For any cardiac progenitor source, a major clinical 

criterion will be proper intercellular coupling with host heart cells.  This is important 

to preserve conduction characteristics, and not to cause more interfering harm than 

benefit.  Described here are studies that address some of these issues, and also resulted 
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in some novel findings which have important implications for cardiac regenerative 

therapy. 

 

 

Figure 1.1: Model of Early Heart Development 
A, Embryo of 3–4 somite pairs.  Red indicates the cardiac crescent, while green 

shows the position of the second heart field progenitors. B, Embryo of 6–8 somite 
pairs.  The linear heart tube is shown in red, and the region of the second heart field 
progenitors in green.  C, Embryo of 11–13 somite pairs. The first heart field of the 
looping heart is shown in red, while the differentiated second heart field is shown in 
blue. From left to right, embryos are shown in frontal, then lateral views, followed by 
two cross-section views. Lines drawn through the frontal views indicate the anterior-
posterior position of the corresponding section views (a–f). Arrows indicate the 
direction of migration of cardiac progenitors.  
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CHAPTER 2 
 

A MYOCARDIAL LINEAGE DERIVES FROM TBX18 
EPICARDIAL CELLS 

 

2.1 Abstract 

Understanding the origins and roles of cardiac progenitor cells is important for 

elucidating the pathogenesis of congenital and acquired heart diseases [37-40].  

Moreover, manipulation of cardiac myocyte progenitors has potential for cell-based 

repair strategies for various myocardial disorders [41, 42]. Here, we report the 

identification of a novel cardiac myocyte lineage that derives from the proepicardial 

organ. These progenitor cells, which express the T-box transcription factor Tbx18, 

migrate onto the outer cardiac surface to form the epicardium, and then make a 

substantial contribution to myocytes in the ventricular septum and atrial and 

ventricular walls. Tbx18-expressing cardiac progenitors also give rise to cardiac 

fibroblasts and coronary smooth muscle cells. The pluripotency of Tbx18 

proepicardial cells provides a theoretical framework for applying these progenitors to 

effect cardiac repair and regeneration. 

 

2.2 Introduction 

Emergence of recent data has generated a paradigm shift for our understanding 

of cardiogenesis, with consequent implications for an understanding of cardiac 

progenitors and the etiology of congenital heart disease [43, 44]. It was recognized 
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that cardiac muscle cells derived from precardiac mesoderm subsequently form the 

primitive heart tube.  More recently, the discovery of the secondary or anterior heart 

field, which contributed cells to the outflow tract and potentially to the right ventricle, 

suggested two distinct cardiac lineages [43-47]. Subsequent lineage studies based on 

expression of the LIM homeodomain transcription factor Islet1 (Isl1), and 

retrospective clonal analysis in the mouse, have confirmed two cardiac lineages, the 

first and second lineage, based on their timing of entry into the heart and the timing of 

their differentiation [3, 20, 43]. Here, we report a novel myocardial lineage, derived 

from Tbx18-expressing epicardial cells, that makes substantial contribution to the 

heart.  

Previous studies in avian species have demonstrated that the 

proepicardium/epicardium is a source for coronary vascular progenitors and cardiac 

fibroblasts [4, 5, 48, 49]. During embryogenesis, cells from the proepicardium 

emigrate to form the epicardium, the epithelial outer lining of the heart. Epicardial 

cells undergo an epithelial-to-mesenchymal transition, and invade the heart, giving 

rise to vascular endothelial, coronary vascular support cells, and adventitial fibroblasts 

[4, 5, 48, 49]. Recently, regeneration of zebrafish heart has been shown to be 

associated with re-activation of an early marker of the proepicardium/epicardium, the 

T-box transcription factor Tbx18 [18, 50]. Tbx18-expressing cells appear to cluster at 

the wound site of zebrafish heart, concurrent appearance of neo-vasculature during 

regeneration. 



13 

  

2.3 Materials and Methods 

2.3.1 Whole-mount RNA in situ hybridization and histological analysis. 

 Whole-mount RNA in situ hybridization (ISH) was carried out as described 

previously [51]. 

2.3.2 Generation of Tbx18:nlacZ/nGFP, Tbx18:Cre and Isl1:Cre knock-in 

mouse models.  

Tbx18/Isl1 genomic clones were isolated by screening a mouse genomic 

Lambda library (129/sv, Stratagene). Arms of targeting constructs were amplified on 

phage DNA templates with high fidelity DNA polymerase (Pfu, Stratagene Cat# 

600153). For individual targeting strategy, please see Figs 2.1-2.3.  

2.3.3 X-gal staining.  

2.3.3.1 Whole-mount:  mouse embryos/tissues were collected from timed pregnant 

females. Embryos/tissues were fixed in 4% paraformaldehyde for 15-60 minutes. 

After permeabilization (10% NaDeoxycholate, 10% NP40 in PBS), embryos/tissues 

were stained in X-gal solution (50mM K-Ferricyanide, 50mM K-Ferrocyanide, 

200mM MgCl2, 100mg/ml X-gal in PBS) for 4-12 hours and then were post-fixed 

with 4% paraformaldehyde. 

2.3.3.2  Section:  embryos/tissues were fixed in 4% paraformaldehyde and then were 

dehydrated in series sucrose solution. X-gal staining was performed on 6-8µM 

cryosections with prior additional fixation in 4% paraformaldehyde for 6-8 minutes. 
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2.3.4 Fluorescent dye lineage tracing of epicardial cells with a heart 

explant culture system.   

Embryos were dissected at E11.5 in PBS.  About 20 µl of dye solution (30 

µg/ml) was injected into the pericardial cavity (CFSE, Molecular Probes C1157).  The 

chest expands under the pressure and it was ensured that it did not shrink back, 

indicating the dye was not able to leak from the cavity. Embryos were then submerged 

in media (DMEM) and left at room temperature for 15 minutes in the dark.  Hearts 

were removed and washed in media for five minutes.  Randomly some hearts were 

selected for fixation in 4% paraformaldehyde. The rest were cultured on a 0.4 µm 

polycarbonate membrane insert with 10% ES cell qualified FBS  (Gibco, 10439024) 

supplemented DMEM (Gibco, D5796) for 18-24 hours.  Hearts were fixed and frozen 

as previously described for immunohistochemistry. 

2.3.5 Isolation of cardiomyocytes, endothelial cells, fibroblasts, and 

epicardial cells from adult mouse hearts. 

2.3.5.1  Cardiomyocytes: pure adult cardiomyocytes (6-8 weeks) were isolated 

according to Zhou’s method [52]. For Ca2+ imaging and Tbx18/Isl1 lineage 

contribution quantification, different parts of heart (ventricular septum, left ventricular 

wall and right ventricular wall) were dissected and separated after retrograde 

collagenase perfusion via the aorta. Following an additional collagenase incubation 

for 10 minutes at 37oC, cardiomyocytes were mechanically dispersed [53]. Pure 

populations of myocytes were obtained through centrifugation and cell filtration. 

Quantification was performed on a number of independent hearts for each sample by 

cell counts of numerous, random, field-of-view micrographs to determine the 

percentage of total cardiomyocytes expressing the YFP lineage marker. Statistical 

analyses were performed on the data sets. 
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2.3.5.2  Endothelial cells: adult mouse hearts were minced with Razor blade. 

Endothelial cells from the hearts were isolated according to Wang’s method [54]. 

2.3.5.3  Fibroblasts: cardiac fibroblasts were isolated and cultured as described 

previously [54]. Pre-plating of cells isolated from the heart digest was shortened to 30 

minutes at 37°C in order to increase the purity of fibroblasts. 

2.3.5.4  Epicardial cells: adult epicardial cells were isolated from explanted hearts by 

treatment with collagenase at 37oC for 10 minutes (prepared as described for 

cardiomyocyte isolation). The epicardium was then manually extracted as a 

monolayer sheet. 

2.3.6 Immunostaining.   

Embryos/tissues were fixed immediately in 4% paraformaldehyde for 10-30 

minutes after dissection. Tissues were embedded and cut by cryo-sectioning (5-10 

µm). For sections with endogenous YFP, a post-fixation for 5 minutes on ice was 

performed before staining. Cells obtained in culture were washed with warm media 

and then were fixed for 7 minutes with 10% formalin. Primary antibodies used in this 

study were: rabbit polyclonal anti-β-galactosidase (Cappel, # 55978, 1:200), goat 

polyclonal anti-β-galactosidase (Biogenesis, #4600-1409, 1:200), rabbit polyclonal 

anti-smooth muscle myosin heavy chain (Biomedical Technologies Inc., #BT562, 

1:200), rabbit polyclonal anti-NKX2.5 (Santa Cruz Biotechnology, #SC14033, 1:50), 

rat polyclonal anti-PECAM (Pharmingen, #550274,1:100), mouse monoclonal anti-

cardiac troponin T (NeoMarkers, #MSZ-295-P,1:200), mouse monoclonal  anti-α-

smooth muscle actin (Abcam, #ab7817, 1:200), mouse monoclonal anti-α-actinin 

(sarcomeric) (Sigma-aldrich, #A7811,1:200). Rabbit polyclonal anti-WT1 (Santa 

Cruz Biotechnology, #sc-846, 1:75), Goat polyclonal anti-GATA-4 (Santa Cruz 

Biotechnology, #sc-1237, 1:75), mouse polyclonal anti-Isl1 (Developmental Studies 
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Hybridoma Bank, #39.4D5, 1:100), mouse monoclonal cardiac Troponin I was 

provided by Dr. Jim Lin (Developmental Studies Hybridoma Bank, 1:100), mouse 

monoclonal anti-MF20 (1:200) was provided by Dr. Donald Fischman (Cornell 

University), Rabbit polyclonal anti-PDGFRβ (1:200) was provided by Dr. William 

Stallcup (Burnham Institute). Rabbit polyclonal anti-Neuropilin 1 (1:200) was 

provided by Dr. Alex L. Kolodkin (Johns Hopkins School of Medicine). 

2.3.7 Isolation and differentiation of proepicardial cells. 

Tbx18 lineage-traced embryos (Tbx18:Cre/R26R-EYFP, E9.0-9.5) were 

dissected from timed pregnant mice and were quickly washed in cold PBS after 

dissection.  A check is made under the epifluorescent microscope that Tbx18-positive 

cells in the proepicardium have not begun to migrate to the heart. Proepicardial cells 

were isolated with a pulled-tip glass pipet.  The isolated proepicardial cells were 

cultured on gelatin with medium designed to induce differentiation into cardiac 

myocytes or smooth muscle cells [14].  

2.3.8 Single proepicardial cells preparation. 

Proepicardial cells collected from 7-10 E9.0-9.5 embryos (Tbx18:Cre/R26R-

EYFP) were digested with 0.05% trypsin/EDTA (Invitrogen) for 5 min at 37°C. 

Single-cell suspension was obtained by pipetting cells in culture medium (85% 

IMDM (Gibco), 15% FBS (selected batches), 100 µM non-essential amino acids 

(Gibco), 2 mM sodium pyruvate (Gibco), and 100 µM β-mercaptoethanol (Sigma)). 

Disassociated cells were plated at 0.5 cells per well onto a 96-well plate with 

mitomycin C (Sigma) -inactivated OP9 cell feeder layer (YFP signals were examined 

to assure cell density that no more than one cell per well would be plated). After seven 

days of culture, clones proliferated from single cells were dispersed to small clumps 
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with 0.05% trypsin/EDTA for 30 seconds. These cells were replated onto gelatin-

coated 16-well chamber slides with one colony split into two wells and then left in 

stem cell culture medium for two days. Cells were cultured with medium designed to 

induce differentiation into cardiac myocytes or smooth muscle cells [14]. 

Immunostaining was performed after five days of culture. 

2.3.9 Ca2+ imaging. 

Cells were loaded with Rhod-2-AM (5mM, 15min) (Molecular probes, 

R1245MP), and imaged with an Olympus Fluoview 1000 inverted confocal 

microscope with a 40X oil immersion lens (numerical aperture 1.3). Line scan 

imaging mode was used to measure Ca2+ transients of paced cells. The extracellular 

solution contained 116mM NaCl, 5.0mM KCl, 0.8mM MgSO4, 1.0mM NaH2PO4, 

5.5mM Glucose, 20mM HEPES, and 1.0mM CaCl2 (pH 7.4). Image processing and 

data analysis were performed as previously described [55]. 

2.4 Results and Discussion 

To facilitate visualization of Tbx18 expression, we generated an nlacZ (nuclear 

lacZ) knock-in into the endogenous Tbx18 locus in mouse (Fig. 2.1), and found that 

nlacZ expression mirrored that of endogenous Tbx18 gene (Fig. 2.4 and Fig. 2.5). 

Neither Tbx18 mRNA nor Tbx18:nlacZ expression are observed within the heart up to 

E11.5 (Fig. 2.4). 

To investigate epicardial lineages in the mouse, we also generated a Cre 

knock-in into the endogenous Tbx18 locus (Fig. 2.2), and crossed Tbx18:Cre mice to 

R26RlacZ [56] mice. Analysis of lacZ expression in embryos from this cross 

demonstrated early expression consistent with that of endogenous Tbx18 [57] (Figs 

2.4-2.6 and 2.7a,b). In contrast to active expression of Tbx18, lineage analysis 
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revealed Tbx18-derived lineages within the heart by E10.5 in the region of the 

forming ventricular septum and in scattered regions within both ventricular walls and 

atria (Fig. 2.6d-f’ and Fig. 2.7b). Co-immunostaining with cardiac Troponin T (cTnT), 

cardiac Troponin I (cTnI), MF20 and the transcription factors Gata4 and Nkx2.5 

demonstrated that these Tbx18-derived cells were cardiomyocytes (Fig. 2.6g-i’ and 

Fig. 2.8).  Tbx18 lineage-traced, Nkx2.5-positive cells could first be observed within 

the heart at E9.75 (Fig. 2.8a). Complementary lineage studies utilizing an organ 

explant culture system were consistent with Tbx18:Cre/R26R-lacZ lineage studies. 

Outer epicardial cells of embryonic hearts (E11-13) were selectively labeled with 5-

(and-6)-carboxyfluorescein diacetate, succinimidyl ester (CFSE) [58]. Hearts 

harvested at time 0 exhibited specific labeling of the epicardium (Fig. 2.7c).  

Following culture for 18-24 hours, fluorescently labeled epicardial cells were 

observed within the heart, and expressed cTnT (Fig. 2.7d-e’). 

In contrast to earlier stages of heart development, cells actively expressing 

Tbx18 are present within the heart at E12.5 [59]. We examined sections from 

Tbx18:nlacZ mice from E10.5 to E17.5, and neonatal stages using X-gal staining (Fig. 

2.4f-g’ and Fig. 2.9d-f’, data not shown for other stages), and by co-immunostaining 

with β-galactosidase antibody and cell type specific markers including cTnT and 

Nkx2.5 (myocytes), PDGFRβ (vascular support cells [60]), and PECAM (endothelial 

cells). Results demonstrated that cells actively expressing Tbx18 within heart at or 

after E12.5 were neither myocytes (Nkx2.5-negative, Fig. 2.9a-c, data not shown for 

other stages) nor endothelial cells (PECAM-negative, data not shown). Utilizing mice 

containing a fibroblast-specific inducible Cre, Col1a2-Cre-ER(T) [61], and the Tbx18-

floxed nlacZ/nGFP allele (Fig. 2.1), we demonstrated that some Tbx18-expressing 

cells were fibroblasts (Fig. 2.9g-g’’). Also, a population of Tbx18:nlacZ cells co-

expressed PDGFRβ (Fig. 2.9h1-6), a marker of vascular support cells (both pericytes 
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and vascular smooth muscle) [60]. Tbx18-expressing fibroblasts were not stained with 

the PDGFRβ antibody (Fig. 2.9i1-6), demonstrating that both fibroblasts and vascular 

support cells actively express Tbx18 within the heart. Active expression of Tbx18 was 

not observed in cardiomyocytes, except within the sinus horns[7].  

Adult lineage analysis revealed that Tbx18 derivatives were observed in 

differentiated smooth muscle of the coronary vessels (Fig. 2.10a,b,c2,c3,h-h’’, green 

or white arrows), including the coronary arteries, as evidenced by co-localization of 

β-galactosidase antibody with neuropilin-1 (NP-1) (Fig. 2.10i-i’’), a specific marker 

for arteries [62, 63],[64],. Tbx18 expression is maintained in some coronary vascular 

smooth muscle cells (Fig. 2.10j,k). At adult stages, a substantial population of 

ventricular and atrial myocytes were observed to derive from Tbx18-expressing 

progenitors (Fig. 2.10c-f and Fig. 2.11, black or white notched arrows). 

Cardiomyocytes isolated from Tbx18:Cre/R26R-LacZ lineage-traced hearts exhibited 

X-gal positive staining (Fig. 2.10g). Calcium transient analysis performed on 

myocytes isolated from Tbx18:Cre/R26R-EYFP lineage-traced adult hearts 

demonstrated no differences between Tbx18-labeled myocytes and their non-labeled 

counterparts (Fig. 2.12). Tbx18 descendant cells also contributed significantly to the 

atrioventricular valves (Fig. 2.10c4).  Neither in embryonic nor at adult stages, did we 

observe co-localization of Tbx18-derived cells with endothelial lineages (as marked 

by PECAM) (Fig. 2.10l-l’’).  

As previous studies have demonstrated that epicardial cells give rise to 

coronary endothelial cells [4, 48, 49, 65], we verified immunohistochemical results by 

X-gal staining of affinity purified endothelial cells isolated from Tbx18 lineage-traced 

hearts (Fig. 2.10m-o). Purified cardiac endothelial cell fractions did not contain Tbx18 

lineage-positive cells (Fig. 2.10o2). We then investigated whether the proepicardium 

contained endothelial lineages distinct from Tbx18-expressing cells. Immunostaining 
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demonstrated a population of Flk-1 cells within proepicardium which did not express 

Tbx18 (Fig. 2.13a). No Nkx2.5-positive myocardial progenitors were observed within 

proepicardium (Fig. 2.13b). We also isolated fibroblasts from Tbx18 lineage-traced 

hearts. Consistent with our Col1a2-Cre-ER(T) [61] results (Fig. 2.9g-g’’), 

approximately one third of cardiac fibroblasts expressed β-galactosidase (Fig. 2.10p).  

Isl1-expressing second heart field progenitors contribute cardiomyocytes 

which ultimately reside in outflow tract, right ventricle, ventricular septum, left 

ventricle, atria, and the atrial septum[3, 66, 67]. Tbx18-derived cardiomyocytes 

contributed significantly to the ventricular septum and atria as well as to small 

numbers of cells scattered throughout both ventricular walls (Figs 2.6d-I’ and 2.10c-g 

and Figs 2.7a,b and 2.11).  A comparison of Tbx18:Cre, Isl1:Cre and 

Isl1:Cre/Tbx18:Cre lineage-traced hearts indicated complementarity of these two 

lineages (Fig. 2.10c and Figs 2.3 and 2.14a,b), as demonstrated by quantitative 

analysis of myocytes isolated from lineage-traced hearts (VS, LV and RV) (Table 

2.1). Immunostaining and RNA in situ hybridization of Tbx18, Isl1 and MLC2a 

revealed that Tbx18 was not co-expressed with Isl1 and MLC2a during early 

embryogenesis (Figs 2.5a-e and 2.14c). 

We isolated Tbx18:Cre/R26R-EYFP lineage-traced proepicardial cells and 

cultured them under conditions to favor differentiation into cardiomyocytes or smooth 

muscle cells [14]. Immunostaining analyses demonstrated efficient conversion of 

Tbx18 lineages to myocytes or smooth muscle cells (Fig. 2.15). To evaluate 

pluripotency of individual proepicardial cells, single cell clonal analysis was 

performed. Of 336 single proepicardial cells plated on OP9 feeder layers, 

approximately 37% (124/336) proliferated and formed clones by day seven. 40 clones 

were picked randomly, each dispersed into two wells, and cultured under conditions 

to favor either myocyte or smooth muscle cell fates. After five days of culture in 
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differentiation medium, 34% of single cell clonal derivatives differentiated into 

cardiomyocytes with an obvious striated cytoarchitecture, and expressed cTnT (Fig. 

2.13c). Spontaneous beating was observed in some wells after four days of culture 

(Fig. 2.16 and Video 1.1), and myocyte identity was further confirmed by calcium 

transients (Fig. 2.13e-g). Each clone (40/40) cultured with smooth muscle culture 

medium stained with smooth muscle myosin heavy chain (Fig. 2.13d). No instances 

were observed where derivatives of a single clone formed only cardiomyocytes and 

not smooth muscle cells. This demonstrated that a significant proportion of 

proepicardial cells are pluripotent, and can adopt either cardiomyocyte or smooth 

muscle cell fates. 

Adult epicardial cells can be activated to migrate in vitro and adopt vascular 

cell fates [68]. Migratory adult epicardial cells from Tbx18:nlacZ mice expressed 

Tbx18 (Fig. 2.17). To investigate whether postnatal and adult epicardium retains a 

similar pluripotency to that of proepicardium, postnatal and adult epicardial cells 

isolated from Tbx18:Cre/R26R-EYFP lineage-traced mice were cultured on OP9 

cells, and then subsequently cultured in myocyte or smooth muscle specific 

differentiation medium.  In contrast to results with proepicardial cells, adult epicardial 

cells did not convert to cTnT-expressing cells under these culture conditions (data not 

shown). Understanding the underlying causes of this difference in potential will have 

significant implications for possible utilization of epicardial cells for cardiac repair. 

Our data are consistent with a model whereby the first cells to enter the heart 

from proepicardium/epicardium give rise to myocyte lineages, first observed at 

approximately E9.75, whereas subsequent Tbx18-positive epicardial lineages that will 

give rise to vascular support cells and fibroblasts are first observed entering the heart 

at approximately E12.5.  Endothelial lineages within the proepicardium are distinct 

from those of Tbx18 cells (Fig. 2.18). Tbx18 is not actively expressed within cardiac 
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myocyte derivatives, but is observed in a subset of vascular smooth muscle and 

cardiac fibroblasts, in addition to the epicardium (Fig. 2.10j,k and Fig. 2.9g-i).  

 

2.5 Conclusion 

Previous studies in avian embryos have failed to demonstrate that 

proepicardial lineages give rise to cardiomyocytes within the heart, although myocytic 

potential has been demonstrated in vitro [4, 48, 49, 69]. It is unknown whether 

observed differences reflect distinct experimental approaches, or species specific 

differences. In mouse, Tbx18-expressing cells of the septum transversum, which are in 

continuity with the sinus venosus, contribute to the myocardial sleeve of the latter [7]. 

These cells, however, never express Nkx2.5, in contrast to the Tbx18-derived 

intracardiac myocytes of the ventricles and atria described here. The distinct 

embryonic origin of a substantial number of cardiomyocytes from an epicardial 

lineage provides a new perspective on heart development and congenital or adult heart 

disease affecting these lineages. 

 

2.6 Acknowledgements 

We thank A. Kleckner, J. Lam and M. Zamora for critical technical assistance; 

D. Bader for discussion; P. Soriano and F. Costantini for providing R26R-lacZ and 

R26R-EYFP indicator mice; H. Kubo for providing OP9 cells;  and J. Lin, D. 

Fischman and A. Kolodkin for providing troponin I, PDGFRβ and neuropilin 1 

antibodies, respectively. We are also grateful to B. Gelb for his critical comments and 

revisions of the manuscript. This work was supported by AHA National Scientist 

Development Grant to C.L.C. and NIH1RO1 to S.M.E. 



23 

  

This chapter was reproduced in full from Martin JC, et. al.  “A Myocardial 

Lineage Derives from Tbx18 Epicardial Cells.”  Nature. 2008 Jul 3;454(7200).  The 

dissertation author was the co-primary investigator and co-first author on the paper.  

He thanks Chenleng Cai and Sylvia Evans for their significant contributions to the 

work.  

2.7 Future Directions 

A patent, titled “Cardiovascular Progenitors for Repair or Regeneration of the 

Heart,” stemming from the findings in this study was approved (UCSD Ref. No. 

SD2007-193-2).  The rationale being that the findings in this study may be the basis 

for novel clinical therapies.  The biomedical engineering approach to heart diseases 

has seen a shift in momentum from cardiac tissue engineering toward cardiac 

regenerative medicine due in large part to new understanding revealing the 

complexity of heart maintenance and remodeling.  Regenerative medicine strives to 

understand how and why progenitor cells, whether during embryogenesis or 

maintenance of adult tissues, are able to develop into specialized tissues, and seeks to 

harness this potential for tissue-replacement therapies that will restore lost function in 

damaged organs.  Epicardial cells, marked by expression of Tbx18, represent a source 

of progenitors that harness the ability to give rise to three of the major cell types 

within the heart.  Cardiac myocytes are required to produce the force to move blood 

throughout the body, while vascular support cells play a critical role in angiogenesis 

and maintenance of coronary blood supply, and resident cardiac fibroblasts maintain 

the extracellular structure of the heart and are key mediators of cell signaling events 

necessary for normal heart function.  All cell types will be involved in heart repair. 
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Figure 2.1: Generation of Tbx18:nlacZ knock-in mice 
a, An nlacZ-H2B:GFP-Neo cassette was introduced into Tbx18 exon 1 (6bp upstream 
of endogenous ATG).  The nuclear lacZ (nlacZ) cassette is flanked by two LoxP sites 
and the Neo cassette is flanked by two FRT sites. The H2B-GFP fusion protein is 
localized to the nucleus [70]. b, Southern blot of ES cell DNA digested with EcoRV 
and hybridized with a genomic fragment external to the 5’ targeting construct with 
wild-type band 20kb and recombinant band 14.5kb. Tbx18:nlacZ mice generated from 
ES cells were crossed with FLPe recombinase mice to remove the Neo cassette. 
Square bars indicate exons. H, HindIII; S, SmaI; N, NcoI; B, BamHI. 
 

 

Figure 2.2: Generation of Tbx18:Cre knock-in mice 
a, A Cre-Neo cassette was introduced into Tbx18 exon 1 (6bp upstream of 
endogenous ATG). b, Southern blot of ES cell DNA digested with EcoRI and 
hybridized with a genomic fragment external to the 5’ targeting construct with wild-
type band 16kb and recombinant band 7kb. Square bars indicate exons. H, HindIII; S, 
SmaI; N, NcoI; B, BamHI; E, EcoRI. 
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Figure 2.3: Generation of Isl1:Cre knock-in mice 
a, A Cre-Neo cassette was introduced into Isl1 (Islet1) exon 1 (6bp upstream of 
endogenous ATG),  resulting in more efficient Cre recombinase activity than an 
Isl1:IRES-Cre. Neo cassette is flanked by two FRT sites. b, Southern blot of ES cell 
DNA digested with BamHI and hybridized with a genomic fragment external to the 3’ 
targeting construct with wild-type band 10.3kb and recombinant band 7.5kb. Isl1:Cre 
mice generated from ES cells were crossed with FLPe recombinase mice to remove 
the Neo cassette. Square bars indicate exons. E, EcoRI; K, KpnI; N, NotI; B, BamHI. 
 



26 

  

 

 
Figure 2.4: LacZ expression in Tbx18:nlacZ knock-in mice recapitulates 
endogenous Tbx18 expression 
a–d, Section RNA in situ hybridization (ISH) of Tbx18 in mouse embryos (E9.0–
E11.5). Tbx18 is expressed very early in the proepicardium (a) and epicardium (b–d). 
For parallel whole-mount RNA ISH, see Fig. 2.5. e–g, X-gal staining on cardiac 
sections from Tbx18:nlacZ embryos at E9.5–E11.5. Tbx18:nlacZ cells are detected in 
the early epicardium at E9.5 (e) and in all epicardial cells covering the heart after 
E10.5 (f, g, data not shown for E12.5–E13.5). X-gal staining on Tbx18:nlacZ mouse 
tissues is consistent with Tbx18 mRNA ISH. For the Tbx18:nlacZ targeting strategy, 
see Fig. 2.13. Concave black arrows indicate Tbx18 mRNA expression (a–d) and 
Tbx18:nlacZ cells (e–g); blunt arrows in c and d indicate that Tbx18 is not expressed 
in heart between E9.5 and E11.5. For e–g, lower panels are high-magnification views 
of the upper panels in the heart (black arrow regions). LA/RA, left/right atrium; 
LV/RV, left/right ventricle; OT, outflow tract; and SV, sinus venosus.
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Figure 2.5: Tbx18 is not expressed in the first and second heart field but is 
extensively expressed in the proepicardium and epicardium during mouse 
embryogenesis 
a-e, Whole mount RNA in situ hybridization of Tbx18, Isl1, MLC2a during mouse 
embryogenesis. Tbx18 is not co-expressed with Isl1 or MLC2a in the second or first 
heart field at cardiac crescent stage (E7.5, a1-3). Tbx18 starts to be expressed in 
proepicardium at E8.5 (b1-3, c1-3). d,e, After E9.0, proepicardial cells migrate to the 
surface of the heart and form an epithelial cell layer, the epicardium. Tbx18 is 
continuously expressed in epicardium during mouse embryogenesis (data not shown 
for E9.5-13.5). Isl1 is not co-expressed with Tbx18 in the proepicardial and epicardial 
cells (Fig. 2.14). Notched arrows in a-e indicate Tbx18 expression in the 
proepicardium/epicardium; unnotched arrows in a2-e2 indicate Isl1 expression in 
second heart field. MLC2a expression in the first heart field is indicated in a3-e3 with 
unnotched arrowheads. f-h, Comparison of Tbx18 and WT-1 expression in the 
proepicardium and epicardium. WT-1 is expressed in the proepicardium at E9.5. 
Unnotched arrows in f2,4,5 indicate Tbx18-expressing cells in proepicardium, and 
notched arrow in f5 indicates Tbx18+/WT-1- cells, suggesting WT-1 is not expressed in 
every proepicardial cell. g, Tbx18 is expressed in the posterior proepicardium (arrows 
in g2,4,5). WT-1 is only co-expressed with Tbx18 in a small population of cells at 
posterior region (unnotched arrows in g4,5). Notched arrows in g4,5 indicate 
Tbx18+/WT-1- cells in proepicardium. Notched arrowheads in g4,5 indicate WT-1 
expression in liver bud. h, Tbx18 is co-expressed with WT-1 in the epicardium at 
E12.5 (arrows in h2,4,5), and this co-expression can be detected as early as E9.5 
(f4,5). LA/RA, left/right atrium; LV/ RV, left/right ventricle; VS, ventricular septum; 
EP, epicardium; and PE, proepicardium.
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Figure 2.6:  Cells derived from Tbx18-expressing cells are observed within the 
heart by E10.5, and exhibit a cardiomyocyte identity 
Tbx18:Cre mice were crossed to R26RlacZ indicator mice12 (Tbx18:Cre/R26RlacZ). 
a–c, X-gal staining on whole-mount embryos (E9.5–E11.5) shows Tbx18-lineage- 
traced cells in the proepicardium and epicardium (arrows in a–c). d–f, X-gal staining 
on cryosections from E10.5 to E12.5. Tbx18-lineage-traced cells are observed in the 
epicardium (arrows in the upper panels of d–f) and within the heart, particularly 
within the apical region in the developing ventricular septum (arrows in the lower 
panels of d–f). The lower panels of d–f show high-magnification views of the 
ventricles in the upper panel micrographs. For Tbx18-lineage-traced cells at E13.5, 
see Fig. 2.8. g, β-galactosidase antibody staining on Tbx18-lineage-traced tissue at 
E11.5. h, Cardiac troponin T antibody staining. i, Overlay of g and h revealed that 
Tbx18-lineage-traced cells in heart were cardiac-troponin-T-positive cells. In g–i, 
lower panels are high-magnification views of the upper panels in the ventricular 
septum region. Arrows in d–i indicate Tbx18-lineage-traced cells in the ventricular 
septum region. LA/RA, left/right atrium; LV/ RV, left/right ventricle; and VS, 
ventricular septum.
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Figure 2.7: The first Tbx18 lineages to enter the heart adopt a cardiomyocyte 
identity 
a, Immunostaining of Tbx18:Cre/R26RlacZ embryonic tissues (E9.75) demonstrates 
that the initial Tbx18 descendants within the heart (arrows in a3) are Nkx2.5-positive 
cells (arrows in a4,5). Unnotched arrows indicate proepicardium and notched 
arrowheads indicate epicardium. b, Nkx2.5-expressing cells in early heart (E11.5) co-
express cardiac Troponin T (cTnT), demonstrating they are cardiomyocytes (data not 
shown for co-staining at E9.5-13.5). Notched arrows indicate myocardium; unnotched 
arrows indicate endocardium; notched arrowheads indicate epicardium (blue staining 
in b5). Nkx2.5 is only expressed in myocardium but not in endocardium or in 
epicardium (b4, b5). a1/b1, DAPI staining; a2/b2, Nkx2.5 antibody staining; a3/b3, 
β-galactosidase/cTnT antibody staining; a4/b4, overlay of a2/a3 and b2/b3; a5/b5, 
overlay of a1/a2/a3 and b1/b2/b3. c, Tbx18 lineage-traced cells within the heart are 
Nkx2.5-positive cells. c1, DAPI staining; c2, Nkx2.5 antibody staining on Tbx18 
lineage-traced tissue at E11.5; c3. β-galactosidase antibody staining. c4, overlay of 
c2/c3 reveals Tbx18 lineage-traced cells within heart are Nkx2.5-positive cells. c5 is a 
high magnification in the square area of c4. Nkx2.5 and cTnT co-expressed in 
myocardium during early cardiogenesis (b). Notched arrows in c indicate Tbx18 
lineage-traced cells. d, Fate mapping of Tbx18 cells with an alternative indicator, 
CMV β-actin-lacZ [3].  CMV β-actin-lacZ is a nuclear lacZ indicator mouse model 
and co-immunostaining of cardiac tissues from Tbx18:Cre/CMV β-actin-lacZ at 
E11.5 confirmed Tbx18 derivatives in the ventricular septum are Nkx2.5-positive 
(nuclear co-localization in d4,5). d1, DAPI staining; d2, Nkx2.5 antibody staining; 
d3, β-gal antibody staining; d4, overlay of d2/d3; f5, overlay of d1/d2/d3. e,f,g, 
Tbx18 lineage-traced cells in the ventricular septum are co-stained with cardiac 
Troponin I (cTnI), MF20 and Gata4, demonstrating they are cardiomyocytes. 
e1/f1/g1, DAPI staining; e2/f2/g2, cTnI/MF20/Gata4 antibody staining; e3/f3/g3, β-
gal antibody staining; e4/f4/g4, overlay of e2/e3, f2/f3 and g2/g3 demonstrates Tbx18 
lineage-traced cells are cTnI/MF20/Gata4-positives (arrows in e4,5/f4,5/g4,5). It is 
important to note that Gata4 is also expressed in epicardial cells (arrowheads in g5); 
e5, overlay of e1/e2/e3; f5/g5, high magnification of f4/g4 in the ventricular septum 
region. A, atrium; V, ventricle; PE, proepicardium; LA/RA, left/right atrium; LV/ 
RV, left/right ventricle; and VS, ventricular septum.
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Figure 2.8:  Epicardial cells give rise to cardiomyocytes 
a, whole-mount X-gal staining of Tbx18 lineage-traced heart at E13.5. b, X-gal 
staining on cryosections from E13.5 lineage-traced heart revealed a subpopulation of 
myocardial cells within the ventricular septum and ventricular wall derived from 
Tbx18 (unnotched arrows, data not shown for co-immunostaining of these cells with 
cTnT antibody). Notched arrows indicate epicardial cells. c-e, Fate mapping with 
CFSE fluorescent dye confirms that epicardial cells give rise to cardiomyocytes. c, 
CFSE specifically labeled epicardial cells of E11.5 heart at time 0. d, CFSE labeled 
heart (E11.5) was harvested 24 hours post culture, demonstrating ingression of CFSE 
cells into the heart. These CFSE cells express cTnT (unnotched arrows in upper e 
panel). The lower panel in e is a high magnification of the square area above. LA/RA, 
left/right atrium; LV/ RV, left/right ventricle; and VS, ventricular septum.
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Figure 2.9:  Tbx18 is not actively expressed in cardiomyocytes but is actively 
expressed in fibroblasts and vascular support cells within the heart during 
development 
a-c, Immunostaining on Tbx18:nlacZ tissue shows that Tbx18 is not expressed in 
Nkx2.5-positive cells. At E10.5, Tbx18 is only expressed in epicardium (a4, not co-
expressed Nkx2.5 in myocardium). After E12.5, Tbx18 starts to be expressed in some 
cells within the heart, and they do not co-localize with Nkx2.5 in myocardium (high 
magnification panels in b4, c4). a1,b1,c1, DAPI staining; a2,b2,c2, β-galactosidase 
antibody staining; a3,b3,c3, Nkx2.5 antibody staining; a4,b4,c4, overlay of a2/a3, 
b2/b3 and c2/c3, respectively; d-f’, X-gal staining on Tbx18:nlacZ tissues from 
E14.5-neonate indicates that cells actively expressing Tbx18 within the heart increase 
in number with time. g-g’’, Tbx18 is expressed in cardiac fibroblasts. Inducible type I 
Collagen-Cre mice (Col1a2-Cre-ER(T)16) were crossed to Tbx18:nlacZ/nGFP mice 
and were induced with Tamoxifen at E15.5. Tbx18:nGFP signals induced by type I 
Collagen-Cre excision of the floxed lacZ gene (Fig. 2.1) are detected in heart (g), 
demonstrating active expression of Tbx18 in cardiac fibroblasts which were 
expressing type I Collagen-Cre. g, Tbx18-nGFP, g’, DAPI staining, g’’, overlay of 
g/g’ shows Tbx18:nGFP is nuclear as expected. h, Tbx18 is also expressed in 
coronary vascular support cells. At this stage, the majority (>80%) of Tbx18-
expressing cells in heart are co-stained with antibody to PDGFRβ (arrows in h5, data 
not shown for ventricular wall regions), the remainder of them are not (<20%, 
unnotched arrow in h6), and are likely to be fibroblasts, as demonstrated by lack of 
colocalization between PDGFRβ-positive cells and type I Collagen-Cre lineage-
traced cells (i). h1, DAPI staining on Tbx18:nlacZ tissue; h2, β-galactosidase 
antibody staining; h3, PDGFRβ antibody staining; h4, overlay of h2/h3; h5,h6, high 
magnification panels for h4. i, Tbx18-expressing fibroblasts are not co-stained with 
PDGFRβ antibody. Inducible type I Collagen-Cre mice (Col1a2-Cre-ER(T)16) were 
crossed to Tbx18:nlacZ/nGFP mice and were induced with Tamoxifen at E15.5. 
Tbx18:nGFP signals induced by type I Collagen-Cre excision of the floxed lacZ gene 
(Fig. 2.1) are detected in heart (i2), demonstrating active expression of Tbx18 in 
cardiac fibroblasts which were expressing type I Collagen-Cre. These Tbx18-
expressing fibroblasts are not labeled with PDGFRβ antibody (i4, arrows in i5,6), 
indicating that Tbx18-expressing fibroblasts do not express PDGFRβ in ventricle. i1, 
DAPI staining; i2, Tbx18:nGFP; i3, PDGFRβ antibody staining; i4, overlay of i2/i3; 
i5/6 are high magnification of i4/5, respectively. LA/RA, left/right atrium; LV/ RV, 
left/right ventricle; V, ventricle; and VS, ventricular septum.
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Figure 2.10:  Tbx18 lineage tracing in the adult heart 
a, b, Whole-mount X-gal staining of Tbx18:Cre/R26RlacZ adult mouse heart (6 weeks). 
Coronary vasculature (green arrows) is derived from Tbx18 lineages. Dense staining in 
the septum is visible (black arrow) c, X-gal staining of tissues from Tbx18:Cre/R26RlacZ 
adult mouse heart (6 weeks). Tbx18 can give rise to: cardiomyocytes within atria (arrows 
in c, inset 1 and Fig. 2.11), the ventricular septum (black arrow in c, inset 2) and the 
ventricular wall (black arrow in c, inset 3); coronary vascular support cells (green arrows 
in c, insets 2 and 3); and atrioventricular valves (c, inset 4, high magnification for 
bicuspid valve). Most Tbx18-lineage-traced cells within the ventricular septum co-stained 
with cardiac troponin T (arrows in d–f; f is a high magnification of the lower panel of e), 
demonstrating they are cardiomyocytes. g, A subset of cardiomyocytes isolated from 
adult Tbx18- lineage-traced hearts exhibited X-gal-positive staining. h, Tbx18 lineages 
give rise to coronary vascular smooth muscle cells (co-localized with smooth muscle 
myosin heavy chain). i, Tbx18 lineages give rise to coronary artery smooth muscle cells 
(co-localized with NP-1, an artery marker). j, k, X-gal staining on Tbx18:nLacZ knock-in 
mice shows that Tbx18 expression is maintained in some coronary vascular smooth 
muscle cells from embryonic stages to adulthood. l–o, Tbx18 lineages do not give rise to 
coronary vascular endothelial cells (not co-localized with Pecam). m, Coronary vascular 
endothelial cells were isolated from the hearts (green fraction) and react with Pecam 
antibody (n, right panel), whereas Pecam fraction (purple) cells do not (n, left panel). o, 
Purified Pecam cells are Xgal (o, right panel), confirming that Tbx18-expressing lineages 
do not give rise to coronary vascular endothelial cells. A portion of cells in Pecam 
fraction are Xgal (o, left panel). p, Cardiac fibroblasts isolated from Tbx18 lineage-traced 
hearts demonstrated that approximately 30% of these cells derive from Tbx18 lineages. 
Abbreviations are as in Fig. 2.6.  



33 

  

 

 
Figure 2.11: Tbx18 lineages give rise to atrial myocytes 
Co-immunostaining of Tbx18 lineage-traced adult mouse heart (Tbx18:Cre/R26RlacZ, 
6 weeks) with antibodies to β-galactosidase and cTnT revealed that some Tbx18 
progenies within atria are cardiomyocytes (arrows in a5). a1/a2, DAPI staining; a3, 
cTnT antibody staining; a4, β-gal antibody staining; a5, overlay of a3/a4. A, atrium; 
V, ventricle; 
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Figure 2.12: Comparison of Ca2+ transients in Tbx18-derived and non-Tbx18-
derived adult cardiomyocytes 
Cardiomyocytes isolated from the ventricular septum of Tbx18:Cre/R26R-EYFP mice 
were preloaded with Rhod-2-AM, and then were monitored under an inverted 
confocal microscope. YFP+ and YFP- cardiomyocytes can be easily discriminated with 
488nm excitation (a), but not 543nm excitation (b). c,d, Line-scanning images and 
time course (curves) of Ca2+ transients were obtained with 543nm excitation of YFP+ 
and YFP- cardiomyocytes. e, No significant difference was detected in peak 
fluorescence (e1) and kinetic profiles (e2,3) of Ca2+ transients between YFP- (non-
filled) and Tbx18-derived YFP+ cells (gray-filled) (YFP-, n=26; YFP+, n=21; p>0.05), 
suggesting these two types of myocytes are biologically similar. TR, duration from 
10% to 90% from baseline to peak during the rising phase; TD, duration from the 
peak to 63% return to baseline in the decaying phase. 
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Figure 2.13: Tbx18-expressing progenitors within proepicardium are distinct 
from Flk-1 and Nkx2.5-expressing cells, and retain the capacity to differentiate 
into cardiomyocytes and smooth muscle cells in vitro 
a,b, Tbx18-expressing progenitors within proepicardium are not co-stained with 
antibodies to Flk-1 (a) or Nkx2.5 (b) (E9.0, data not shown for E9.5), suggesting that 
Flk-1 endothelial progenitors within proepicardium are a distinct population from 
Tbx18-expressing cells. Tbx18 progenitors with myocyte potential do not yet express 
Nkx2.5 within proepicardium, although Tbx18-derived myocytes do express Nkx2.5 
within the heart. a2, b2 are high magnification images of a1, b1. c, Tbx18 lineage-
traced proepicardial cells (Tbx18:Cre/R26R-EYFP) were disassociated and single 
cells were expanded in proepicardial culture medium. A significant portion of clones 
(34%) derived from single proepicardial cells adopt cardiomyocyte fate after 
incubating in the differentiation medium [14] (co-stained with cardiac Troponin T, 
c4). d, Almost every clone (40/40) derived from single Tbx18 proepicardial cells 
displayed staining for smooth muscle myosin heavy chain antibody after incubating 
in smooth muscle culture medium. e-g, Real time Ca2+ transients of cells derived from 
single Tbx18 lineage-traced proepicardial cells after myocytic differentiation. e1, 
Monitored cell is YFP+ cells suggesting it derived from Tbx18:Cre/R26R-EYFP 
proepicardium. e2, Differentiated cells were monitored under an inverted confocal 
microscope after preloaded with Ca2+ indicator Rhod-2-AM. e3, Transmitted light 
image of monitored cell; f, Line-scanning images and time course (g) of spontaneous 
Ca2+ transients obtained from differentiated YFP+ cells. V, ventricle; PE, 
proepicardium; and SV, sinus venosus.
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Figure 2.14:  Tbx18 and Isl1 cardiac progenitor cells contribute to heart 
formation in a complementary manner 
a, Isl1 lineage tracing analysis in adult mouse heart. Isl1:Cre mice were crossed to 
R26R-lacZ indicator mice. As described previously[3], Isl1 can give rise to 
cardiomyocytes in right ventricle (91.09±5.08%, Table 2.1), atria (60.53±9.52%, a1, 
a2), and left ventricle (53.13±19.06%). Isl1 contributes to approximately 55% 
(55.37±8.78%) of cardiomyocytes in the ventricular septum. Isl1 can also give rise to 
a subset of coronary vascular smooth muscle cells (arrows in a3). b, Combined Isl1 
and Tbx18 lineage tracing analysis performed on Isl1:Cre/Tbx18:Cre/R26R-lacZ adult 
heart indicates that >80% (88.63±6.59%, Table 2.1) cardiomyocytes in atria (b1, b2), 
approximately 80% (82.37±4.59%) cardiomyocytes in the ventricular septum (b3), 
60% (60.18±7.19%) cardiomyocytes in the left ventricle, and almost all 
cardiomyocytes (95.47±2.91%) in the right ventricle come from Isl1 or Tbx18 
lineages, suggesting that Tbx18 and Isl1 are at least in part distinct cardiac progenitor 
populations and contribute in a complementary fashion to heart formation. c, Tbx18 is 
not co-expressed with Isl1 in the splanchnic mesoderm and foregut endoderm at E9.5 
in the second heart field (notched arrows in c3,c4,  data not shown for E8.5 and E9.5-
12.5). Isl1 is also expressed in sinus venosus and Tbx18 is not (notched arrowheads in 
c3,c4). Isl1 expression is not detected in Tbx18:nGFP cells in the proepicardium 
(unnotched arrows in c2,c4) or epicardium (unnotched arrowheads in c2,c4, data not 
show for E8.5 and E9.5-12.5). LA/RA, left/right atrium; LV/ RV, left/right ventricle; 
VS, ventricular septum; V, ventricle; and SV, sinus venosus. 
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Table 2.1:  Contribution of Isl1 and Tbx18 lineage Cells to ventricular 
cardiomyocytes 

Data represent a number of independent cardiomyocyte preparations performed 
utilizing adult Tbx18:Cre, Isl1:Cre, and double (Tbx18:Cre/Isl1:Cre) lineage-traced 
hearts (Cre/R26R-EYFP).  Adult myocytes were purified by density gradient 
centrifugation and cell filtration to exclude non-myocytes (see Methods). Myocyte 
identity was also confirmed by visual inspection under microscope.  Counts of YFP-
positive and YFP-negative myocytes were performed on a series of random field-of-
view micrographs to find the average contribution (n=5) of each population.  LV, left 
ventricle; RV, right ventricle; VS, ventricular septum. 

Genotype of Lineage Cells 

LV Wall 

(% ± s.d.) 

RV Wall 

(% ± s.d.) 

VS 

(% ± s.d.) 

Tbx18:Cre/R26R-EYFP 7.06±2.2 7.39±3.5 31.49±6.89 

Isl1:Cre/R26R-EYFP 53.13±19.06 91.09±5.08 55.37±8.78 

Tbx18:Cre/Isl1:Cre/R26R-EYFP 60.18±7.19 95.47±2.91 82.37±4.59 
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Figure 2.15: Tbx18-derived proepicardial cells can differentiate into 
cardiomyocytes and smooth muscle cells in vitro 
Tbx18 lineage-traced proepicardial cells (Tbx18:Cre/R26R-EYFP)[52] were micro-
dissected and were cultured under conditions to specifically induce cardiomyocyte or 
smooth muscle cell fate [14]. Isolated Tbx18-lineage-traced proepicardial cells 
differentiated into cardiomyocytes (co-stained with cTnT, a4) or smooth muscle cells 
(co-stained with smooth muscle myosin heavy chain, b4). a1/b1, DAPI staining; 
a2/b2, cultured proepicardial cells are YFP positive, demonstrating they are Tbx18 
descendants; a3/b3, cTnT/SM-MHC (smooth muscle myosin heavy chain) antibody 
staining; a4, overlay of a2/a3; b4, overlay of b2/b3. 
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Figure 2.16: YFP signals were detected from cells derived from single 
proepicardial cells (Tbx18:Cre/R26R-EYFP) 
Spontaneous beatings were detected and video recording was performed on YFP 
positive cardiac myocytes differentiated from single-cell proepicardial clones (See 
video2.1). 
 

 
Figure 2.17:  Adult epicardial cells are migratory and migrating cells express 
Tbx18 
a1, Adult mouse hearts (Tbx18:nLacZ, 2 months) were excised and 
epicardial/myocardial explants prepared as previously described [68] were cultured in 
DMEM with 15% FBS and 1% penicillin/streptomycin. Cells that successfully 
migrated out onto coated dishes were β-gal+. a2, DAPI staining of migrating cells.
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Figure 2.18:  Tbx18 lineages contribute to a third myocardial lineage, vascular 
support cells, and a subset of fibroblasts 
a, Diagram of three myocardial lineages, based on the timing of entry into the heart.  
The first myocardial lineage contributes a substantial proportion of cells in the left 
ventricle and left atrium, and some cells to the right atrium and right ventricle. The 
second lineage derives from Isl1-expressing progenitors of the second heart field, and 
contributes most cells of the outflow tract, right ventricle, right atrium, and some cells 
within the ventricular septum and left atrium12. The third myocardial lineage derives 
from Tbx18-expressing progenitors of the proepicardium, and contributes a 
substantial proportion of cells to the ventricular septum, and some cells to each of the 
four cardiac chambers.  The relative extent of contribution to each cardiac segment 
for each lineage is indicated by the order of listing, with greatest contribution listed 
first. Tbx18-expressing progenitors can also give rise to myocardial cells surrounding 
the sinus horns17. b, Model for the contribution of Tbx18 lineages to myocyte and 
non-myocyte populations within the heart. At E9.5, Tbx18 cells of the proepicardium, 
which are distinct from an Flk-1 positive endothelial population, begin to migrate 
onto the heart to form the epicardium.  At E10.5, Tbx18 epicardial cells begin to 
migrate into the forming ventricular septum and adopt a myocardial cell fate.  At 
E12.5, vascular support cells derived from Tbx18 lineages are first observed within 
the heart, and are more plentiful at E14.5. By neonatal stages, Tbx18 lineages are 
observed to comprise a substantial proportion of myocytes within the ventricular 
septum, and scattered myocytes within each of the cardiac chambers. Tbx18 lineages 
contribute substantially to arterial vascular support cells, and some venous vascular 
support cells, and to approximately one third of cardiac fibroblasts.  Tbx18 is actively 
expressed in epicardium, vascular support cells and fibroblasts, but active expression 
is not observed in cardiomyocytes. LA/RA, left/right atrium; LV/ RV, left/right 
ventricle; VS, ventricular septum; OT, outflow tract; and FG, foregut.
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CHAPTER 3 
 

TBX18 IS REQUIRED FOR THE NORMAL 
DEVELOPMENT OF HEART MORPHOLOGY AND 

PHYSIOLOGY 

 

3.1 Abstract 

T-box (Tbx) genes are a family of transcription factors involved in multiple 

developmental processes.  A number of Tbx genes are expressed in, and are important 

for heart development.  Tbx18 expression first appears in presomitic mesoderm, and in 

the early developing proepicardium, prior to midline fusion.  The proepicardium gives 

rise to the epicardium of the heart.  In mice, epicardially-derived cells contribute to 

cardiac myocytes, coronary vascular support cells, and cardiac fibroblasts.  Mice 

lacking Tbx18 are perinatal lethal, and we show that heart morphology and physiology 

are abnormal.  Hearts of Tbx18 null mice have a shorter long-axis, and are wider in 

cross-section while retaining normal transmural properties.  The surface 

electrocardiogram reveals a distinct electrophysiological phenotype, including a 

reduced heart rate with prolonged and altered chamber depolarization and 

repolarization. 

3.2 Introduction 

T-box (Tbx) genes are a family of transcription factors, with a conserved T-

box DNA binding domain, which are involved in multiple developmental processes 

during both vertebrate and invertebrate embryonic development [71, 72]. T-box 

transcription factors are upstream of many important signaling pathways, such as bone 
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morphogenetic protein and fibroblast growth factor pathways.  Many Tbx genes have 

been implicated in human disease, including congenital heart defects [73].  Mutations 

in Tbx5 are causative in Holt-Oram syndrome, and Tbx5 was the first Tbx gene shown 

to be important in cardiac development [74, 75].  A number of Tbx genes are 

expressed in, and are important for heart development, including Tbx2, Tbx3, Tbx5, 

and Tbx20 [17, 76, 77]. 

Tbx18 is a member of the Tbx15/Tbx18/Tbx20 subfamily of Tbx genes [17].  

Tbx18 expression first appears in presomitic mesoderm, and in the early developing 

proepicardium, prior to its midline fusion [57, 78, 79].  The proepicardium is a 

transient structure that sits at the base of the developing heart comprised of a cluster of 

cells arising from the septum transversum and protruding into the pericardial space 

[80-83], Tbx18 continues to be expressed as these cells migrate to the newly looped 

heart, where they spread to form a single-cell layer covering the heart, the epicardium.  

The epicardium is continuous with the pericardium, which lines the pericardial space. 

Lineage studies in chick and quail embryos have demonstrated that epicardial 

cells go through an epithelial to mesenchymal transition and migrate into the heart, 

giving rise to vascular support cells, vascular endothelial cells, atrioventricular 

cushion mesenchymal cells, and fibroblasts [5, 23, 84].  Recently, studies in mouse 

have concluded that cells migrating from the proepicardium to the heart contribute 

significantly to ventricular and atrial cardiomyocytes as well as vascular support cells 

and fibroblasts [85, 86].  Two independent studies in mouse utilizing Cre recombinase 

lineage experiments and in vitro dye fate mapping studies demonstrated that the first 

cells to delaminate from the epicardium become myocytes, which has never been 

reported in aves.  The reason for this discrepancy may lie in methodological 

differences or a true evolutionary difference.  Previous studies in aves were 

accomplished by retroviral lineage tracing or chimeric transplants of the 
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proepicardium, which doesn’t allow for lineage tracing of all PE cells or complete 

selection of PE cells.  Also, these approaches involve mechanical perturbation of the 

embryo.  An additional possibility is that if migration from the proepicardium occurs 

in a temporally dependent manner, some cell populations may not be traced depending 

on the time of labeling or transfer.  A majority of epicardially-derived cells down-

regulate Tbx18 as they differentiate [85].  However, many epicardial cells continue to 

express Tbx18 throughout adulthood. 

A number of studies in developing chick, quail, and mouse embryos have 

addressed the requirements for proepicardially-derived cells during development.  

Inhibition of proepicardial migration in chick leads to abnormalities in the compact 

myocardial layer, looping, septation, coronary vascular formation, and cushion tissue 

formation [5, 12, 87].  Furthermore, alterations in the passive mechanics of the 

developing chick heart are seen following photoablation of the PE [9, 88].  A number 

of mouse mutants which affect epicardial attachment and delamination have cardiac 

phenotypes, including RXRα, β-catenin, and WT1 among others [8, 89-94].  Recently, 

it has been shown that the epicardium is required for normal formation of compact 

myocardium and the cardiac conduction system [23].  Compaction of the myocardium 

coincides with invasion of EPDCs, and mutants with less EPDCs in the myocardium 

suffer from a thinned ventricular myocardium.  Experiments have also shown that the 

formation of the cardiac Purkinje fiber system is dependant on coronary artery 

development, mediated by EPDCs [95, 96]. 

Early and specific expression of Tbx18 within proepicardium and epicardium, 

and some epicardial derivatives within the heart [85], suggests an important role for 

Tbx18 in epicardial lineages.  Mice lacking Tbx18 are perinatal lethal, and a 

description of its critical role in developing somite compartmentalization and kidney 

morphogenesis has been described [97, 98].  In Tbx18 null mouse embryos, anterior to 
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posterior somite polarity is not maintained, posterior cell migration occurs into the 

anterior somite half, leading to severe malformations of the vertebral column and the 

thoracic cavity.  During heart development Tbx18 cells contribute to a subset of 

myocardium surrounding the sinus horns.  In Tbx18 null embryos, this myocardium is 

contributed by NKX2.5 expressing lineages, which are distinct from the Tbx18 

lineages [7].  Additional cardiac phenotypes of Tbx18 null mice, perhaps arising from 

a requirement in epicardial lineages, remain to be explored. 

In this study, Tbx18 expression and overall heart phenotype, morphology and 

physiology, were analyzed in Tbx18 null mice.  Furthermore, a mesodermal specific 

conditional knockout of Tbx18 was generated using the Mesp1:cre knockin mouse 

model [99] and a vascular support cell specific deletion was generated using the 

previously described PDGFRβ:cre [100]. Conditional ablation of Tbx18 allowed for 

analysis of the cardiac phenotype in a viable background. 

3.3 Materials and Methods 

3.3.1 Targeted disruption of the Tbx18 gene. 

Tbx18 genomic clones were isolated by screening a mouse 129/sv genomic 

library (Stratagene). The targeting vector was constructed in a plasmid containing 

PGKNeo and HSV-TK cassettes flanked by two LoxP sites. To generate a floxed allele 

targeting construct, a SmaI-SmaI genomic DNA fragment containing the 4th exon was 

cloned into a site flanked by two LoxP sites (Figure 3.1).  A SmaI-SmaI fragment 

within intron 3 and a SmaI-NotI fragment were cloned into the vector as the 5' arm or 

3' arm, respectively. The targeting vector was linearized with NotI and electroporated 

into SM-1 ES cells derived from 129/sv mice. After G418 selection, homologous 

recombinants were identified by digesting genomic DNA with NcoI and hybridizing 
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with a 176 bp NcoI-SmaI 5' probe. Recombinant ES cells were then transfected with a 

Cre plasmid in order to remove PGKNeo, HSV-TK cassettes (Figure 3.1). ES cells 

with a floxed Tbx18 allele were injected into C57BL/6 blastocysts. Chimeras were 

mated with C57BL/6 females and offspring were genotyped by PCR and Southern blot 

analysis of tail DNA. Tbx18-null mice were obtained by crossing mice with the Tbx18 

floxed allele to protamine-Cre mice [101].  Genotypes were determined by PCR with 

primers: AAGTTCTCAGAAAGTGCCTCGCGC and 

GCCTGGACAGCAGAGGGTAGAGAC.   The wild-type allele band was 400 bp and 

the mutant allele band was 480 bp. 

3.3.2 Conditional knockout generation 

Mesp1:cre and PDGFRβ:cre mice, maintained on a mixed Black Swiss 

background, were generated as described elsewhere [99, 100].  Cre mice were 

interbred with Tbx18 null mice to generate double heterozygous breading males.  

These males were then crossed to homozygous floxed Tbx18 mice with R26R-lacZ or 

R26R-GFP.  The R26R-lacZ/GFP was used as a reporter to monitor the Cre activity. 

3.3.3 X-gal staining 

1) Whole-mount: mouse embryos/tissues were collected from timed pregnant 

females. Embryos/tissues were fixed in 4% paraformaldehyde for 15-60 minutes. 

After permeabilization (10% NaDeoxycholate, 10% NP40 in PBS), embryos/tissues 

were stained in X-gal solution (50mM K-Ferricyanide, 50mM K-Ferrocyanide, 

200mM MgCl2, 100mg/ml X-gal in PBS) for 4-12 hours and then were post-fixed with 

4% paraformaldehyde. 
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2) Section: embryos/tissues were fixed in 4% paraformaldehyde and then were 

dehydrated in series sucrose solution. X-gal staining was performed on 6-8µM 

cryosections with prior additional fixation in 4% paraformaldehyde for 6-8 minutes. 

3.3.4 Immunostaining 

Embryos/tissues were fixed immediately in 4% paraformaldehyde for 10-30 

minutes after dissection. Tissues were embedded and cut by cryo-sectioning (5-10 

µm). For sections with endogenous YFP, a post-fixation for 5 minutes on ice was 

performed before staining. Cells obtained in culture were washed with warm media 

and then were fixed for 7 minutes with 10% formalin. Primary antibodies used in this 

study were: rabbit polyclonal anti-β-galactosidase (Cappel, # 55978, 1:200), goat 

polyclonal anti-β-galactosidase (Biogenesis, #4600-1409, 1:200), rabbit polyclonal 

anti-smooth muscle myosin heavy chain (Biomedical Technologies Inc., #BT562, 

1:200), rabbit polyclonal anti-NKX2.5 (Santa Cruz Biotechnology, #SC14033, 1:50), 

rabbit polyclonal anti-CX40 (Chemicon, AB1726 1:100), mouse monoclonal anti-

cardiac troponin T (NeoMarkers, #MSZ-295-P,1:200), mouse monoclonal  anti-α-

smooth muscle actin (Abcam, #ab7817, 1:200), mouse monoclonal anti-α-actinin 

(sarcomeric) (Sigma-aldrich, #A7811,1:200), Rabbit polyclonal anti-PDGFRβ (1:200) 

was provided by Dr. William Stallcup (Burnham Institute). 

3.3.5 Electrocardiography measurements 

Surface electrocardiograms were recorded from neonatal day 1 mice positioned 

on a heating pad warmed to 37oC.  Electrode-to-skin contact was achieved using 

0.004-inch silver wires (SurePure Chemical) sutured subcutaneously into right and left 

forelimbs and left hind limb.  Differential signals between two pairs of electrodes were 

sampled at 6000Hz and amplified using a differential amplifier with high (1Hz) and 
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low (3kHz) pass filter to generate a surface electrocardiogram.  The signal was filtered 

through a 60Hz filter and then digitally converted.  Standard frontal plane ECG leads I 

(right forelimb to left hind limb) and II (right forelimb to left hind limb) were recorded 

and tracings were subsequently analyzed using QRS Intra Beat Analysis software 

(QRS Phenotyping Inc., Calgary, Canada). At least 100 heart beat cycles were aligned 

and compiled to generate an average tracing for each animal to analyze P, QRS, and T 

morphologies, durations, and intervals. 

Surface electrocardiograms were recorded from constrained, conscious 3–4 

week old mice.  Each animal was placed in a small apparatus (QRS Phenotyping Inc., 

Calgary, Canada) that was designed so that its feet made contact with gel electrode 

pads.  This allowed collection of Lead I and Lead II ECGs.  Characteristic ECG waves 

and intervals were identified, measured, and tabulated as described above. 

3.3.6 Echocardiography 

Mice were anesthetized with isoflurane in an appropriate concentration 

administered via nose-cone in a mixture with oxygen under continuous monitoring of 

heart rate and respiration. After removal of the hair, hearts of the mice and embryos 

were imaged through the thoracic or abdominal wall using a Vevo-770 high-resolution 

ultrasound system and Visualsonics transducers 704, 707B, and 708 (Visualsonics 

Inc., Toronto, Ontario, Canada).  

3.3.7 Optical mapping 

Optical studies were performed on isolated murine hearts from neonatal mice 

on the day of birth.  Hearts were cannulated with a blunt 27 gauge needle, and 

retrograde perfusion was achieved with a Langendorff set-up.   The potentiometric dye 

Di-4-ANEPPS was loaded via perfusate and the anterior epicardium was optically 
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mapped with a high-speed charge-coupled-device camera.  Motion artifact was 

attenuated with perfusion of 15 mM 2,3-butanedione monoxime.  Epicardial-action-

potential propagation was mapped during intrinsic rhythm and ventricular pacing. 

 

3.3.8 Ischemia assay 

Hypoxyprobe 1 (pimonidazol hydrochloride, Natural Pharmacia International, 

Inc., Research Triangle Park, NC) was used according to the recommendations of the 

producer. Pimonidazole hydrochloride was dissolved in physiological saline and filter 

sterilized.  Then a single intraperitoneal injection of pimonidazole hydrochloride (210 

mg/kg mice) into pregnant mice (18.5 d.p.c.) and a subcutaneous injection of newborn 

mice were made.  After 2 h, hearts were extracted and processed for 

immunohistochemistry. 

3.3.9 Telemetry and Isoproterenol treatment 

Conscious telemetry utilizing an implantable wireless transmitter/receiver 

system (Datasciences/Ponemah) was performed on mice. For all implantation 

procedures, the mice were anesthetized with ketamine (100 mg/kg)-xylazine (5 mg/kg) 

and monitored continuously. Under the stereomicroscope, incisions were made along 

the abdominal midline caudal to the xyphoid process, right axillary and horizontally, 

along the left fifth intercostal space. A radio transmitter (ETA-F20; Datasciences) was 

inserted into the abdominal cavity and secured via sutures to the parietal peritoneum 

and muscular fascia. Two leads were tunneled through the subcutaneous space to reach 

the thoracic wall overlying the apex of the heart and the right acromion and were 

sutured in place. The incisions were closed in layers, and the animal was allowed to 

recover. For monitoring, animals were housed singly in Plexiglas cages and fed food 
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and water ad libitum. A 24-h diurnal light cycle was maintained, with standard 12-h-

on and 12-h-off cycles (0700 to 1900 on, 1900 to 0700 off). Transmitters were 

detected by receiver platforms placed directly underneath the animal's cage. The 

receiver platforms were linked to an immediately adjacent computer. Dataquest ART 

2.0 data acquisition software (Datasciences) was used for digitization of the signal (at 

a sampling rate of 1,000 Hz) and for on-line display of the electrocardiogram as well as 

for data storage onto a hard disk.  Seventy-two hours later, osmotic minipumps (model 

2002; Alza Corp., Palo Alto, CA) were implanted subcutaneously via a small 

interscapular incision using sterile surgical technique. Isoproterenol was delivered 

chronically to adult mice, releasing the drug in 0.9% NaCl at a rate of 30g/g/d for 14 

days. The UCSD Institutional Animal Care and Use Committee (IACUC) approved 

the animal study protocol.  The investigation conforms with the guide for the care and 

use of laboratory animals published by the US National Institutes of Health. 

3.3.10 Statistical analysis 

Data are reported as means ± SD for mice (n) as indicated. Statistical analyses 

were performed using one-way ANOVA or two-tailed Student's t-test as indicated.  A 

P value of <0.05 was considered statistically significant (designated *). 

3.4 Results 

3.4.1 Abnormal cardiac morphology and normal heart function in 

Tbx18 null mice 

Global knockout of Tbx18 was achieved using variable combinations of 

genetically modified mouse strains, including Tbx18:cre, Tbx18:gfp, floxed Tbx18, 

and Tbx18-null (described previously[85] and here).  In all cases, 100% lethality 

within the first day after birth was observed.  Tbx18 null mice were easily 
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distinguishable from birth based on their skeletal malformations which resulted in 

shortened hind limbs and curved spines, as previously described [98].  Within hours of 

birth, mutants appeared cyanotic.  Respiration rate was severely reduced and 

continued to decline until death, which occurred between 5 and 24 hours after birth, as 

previously described [98].  None of these gross defects were apparent in heterozygous 

null mice, nor have any been previously reported. 

Through analysis of hearts in Tbx18 null mice and littermate controls from 

E13.5 onward, abnormal morphogenesis of the heart was observed in Tbx18 null mice.  

Compared to wild type littermate hearts, Tbx18 null hearts were shorter and wider 

(Figure 3.2A).  Quantitative analysis of the outside dimensions was performed on 39 

mutant and 66 wild-type control neonatal hearts.  In Tbx18 null mutants, although 

ventricular walls appeared to have normal thickness and architecture, in cross-section 

the right-ventricular chamber was more circular than the normal crescent shape 

(Figure 3.2B).  Additionally, right atria of mutant hearts were consistently enlarged.  

No significant differences were observed in heterozygous null heart morphology. 

The aortic, pulmonary, and two atrioventricular valves were comparable in 

Tbx18 null and littermate control hearts as viewed in histological sections (Figure 

3.3).  No differences between Tbx18 mutant and littermate controls were observed in 

outflow tract septation or in wall thickness of the developing great arteries.  Also, left 

and right ventricular wall thickness and compaction are consistent in Tbx18 mutant 

mice throughout development (Figure 3.3). 

In utero echocardiographic studies done at E10.5 and E18.5 showed a normal 

heart rate in Tbx18 null mice versus littermate controls.  A regular and synchronized 

pattern of atrial and ventricular contractions was observed, suggesting a normal 

rhythm, and qualitatively normal contractility (not shown).  There was no evidence of 

pericardial effusion.  Ventricular outflow profiles were detected in all embryos by 
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pulsed wave Doppler measurements, but accurate quantitative analysis of heart 

function was not possible with the echocardiographical methods used at embryonic 

stages. 

3.4.2 Epicardium-derived lineages are present in Tbx18 null hearts 

To characterize whether any differences could be observed in Tbx18-derived 

lineages in Tbx18 null and control hearts, we performed a detailed analysis of the 

development of Tbx18 lineages (lineage tracing of Tbx18:cre expressing cells in mice 

with zero or one copies of the endogenous gene).  Although no significant differences 

were observed between mutant and control lineages, we made a number of interesting 

observations concerning the normal development of Tbx18 derived lineages. 

Tbx18 lineage cell migration and contribution was similar in mutant hearts at 

all stages throughout development when compared with control littermate lineage 

traced embryos (Figure 3.3, 3.4).  Section immunohistochemistry on neonatal Tbx18 

null hearts with an anti-β-galactosidase antibody showed that, compared to 

heterozygous littermate controls, mutant neonates had a similar distribution of Tbx18 

lineage cells, both in the vasculature and within the ventricular septum. Although the 

ventricular septum was substantially reduced in length and depth in Tbx18 null mice, 

overall density of Tbx18 lineage derived cells appeared to be comparable to that of 

control littermate hearts.  Similarly, Tbx18 promoter activity within the developing 

heart, as visualized with a Tbx18:GFP knockin, was consistent between Tbx18 null 

and Tbx18 heterozygous mice (Figure 3.5). 

Comparisons of specific cell populations within the heart were achieved with 

co-immunostaining done with lineage specific antibodies in both Tbx18:GFP and 

Tbx18:Cre lineage traced backgrounds.  During this analysis, a time course of 

expression was apparent in Tbx18 lineage cells migrating into the heart.  The initial 
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embryonic epicardium is complete around E11.  At this stage, utilizing PDGFRβ as an 

early marker of vascular support cells, no PDGFRβ positive cells were observed in the 

epicardium or subepicardial space.  At this stage, however, we observed a population 

of PDGFRβ positive cells subjacent to the endocardium (Figure 3.6A,C).  The origin 

or identity of these cells is not known.  By E13.5, many epicardial cells were 

expressing PDGFRβ, and large numbers of PDGFRβ positive cells were observed 

throughout the sub-epicardial space (Figure 3.6E).  Epicardial and sub-epicardial 

PDGFRβ positive cells are also Tbx18 lineage cells.  By E13, many lineage traced 

Tbx18 cardiomyocytes were observed within the compact myocardium [85], which 

was still largely free of PDGFRβ positive cells.  From E14 to birth, many PDGFRβ 

positive Tbx18 lineage-traced cells populate the entire myocardium, contributing to 

vascular support cells.  Not until perinatal stages were Tbx18 lineage-traced PDGFRβ 

negative cells, presumably fibroblasts, present in substantial numbers within the heart.  

However, previous studies have shown that some fibroblasts are present within the 

heart from E16 [102]. After birth, PDGFRβ expressing cells are generally associated 

with vessels and no longer occupy the subepicardial space (Figure 3.6F). 

 Smooth muscle differentiation in Tbx18 null mice was assessed by comparing 

smooth muscle myosin heavy chain (SMMHC) antibody staining in E18.5 embryonic 

hearts (Figure 3.7).  No significant difference in vessel number, distribution, or wall 

thickness was detected, compared to wild-type littermate controls.  Additionally, aortic 

and pulmonary artery cross-sections were normal in mutant mice.  Coronary tree 

morphology was assessed by crossing the transgenic XLacZ mouse strain, which 

selectively expresses the LacZ reporter in pericytes and vascular smooth muscle cells 

[103], into the Tbx18 null background.  Whole mount and section histochemistry 

analysis reveals that all major coronary vasculature was grossly normal in Tbx18 

ablated mice compared to wildtype littermates (figure 3.8). 
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 Cardiac myocyte differentiation was assessed by overall morphology in 

histological sections and cardiac Troponin T (TnT) antibody staining at embryonic day 

18.5.  No difference in cardiac density, alignment, or sarcomeric structure were seen in 

Tbx18 null embryonic hearts (Figure 3.7). 

3.4.3 The conduction system has a relationship with Tbx18 lineages 

In order to understand the role Tbx18 lineages play in conduction system 

development, it was important to visualize the relationship between conduction system 

cells and Tbx18 lineages.  An HCN4:GFP nuclear reporter mouse line, which is 

selectively expressed in conduction system cells [104], was crossed into a Cre 

mediated Tbx18 lineage mouse model.  Section immunohistochemistry reveals that 

Tbx18 lineages contribute to the smooth muscle of the sinus horns [7].  Moderate 

HCN4:GFP expression was observed in the great veins as well.  There is also 

significant overlap within the Sinoatrial (SA) node (Figure 3.9).  However, Tbx18 

lineage cells do not contribute to the Atrioventricular (AV) node (Figure 3.9) or 

Purkinje fiber system, but dense Tbx18 lineage cells are found adjacent to the bundle 

branches of the septum (arrows in Figure 3.9).  Comparison of HCN4:GFP and 

Connexin 40 antibody staining in Tbx18 null and wildtype littermate hearts, at E18.5, 

revealed that Purkinje fiber morphology was normal in mutant mice (Figure 3.10). 

 

3.4.4 Electrocardiogram analysis of Tbx18 null mice 

An overall abnormal electrophysiological phenotype was detected in neonatal 

Tbx18 null mice just after birth by performing a surface electrocardiogram (ECG) on 

unanesthetized animals.  The ECG of 14 Tbx18 null mutants showed a distinct and 

reproducible electrical tracing compared to 15 wildtype littermates (figure 3.12).  
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Heterozygous Tbx18 null mice were also analyzed (n=16).  All comparisons were 

done immediately after birth, before mutant mice showed signs of hypoxia (pale 

complexion) and slowed breathing.  Heart rate was significantly slower in mice that 

were homozygous null for Tbx18 (249 ± 52bpm) versus wild type control littermates 

(456 ± 44bpm) during the period of electrocardiogram (ECG) acquisition.  

Heterozygous null mice also had a significantly slower heart rate (348 ± 80bpm), 

compared to wild type littermates (Figure 3.11). 

Average wave morphology was analyzed for each mouse.  Positive P waves 

were identified in leads I and II.  The PR interval and P wave morphology were not 

different among mice.  A typical lead II ECG tracing (aligned average of 100+ beats) 

is shown in figure 3.12.  Lead II tracing of wild type neonatal mice typically shows 

an initial positive deflection (R wave) followed by a negative deflection (S wave).  

Relative amplitudes of R and S waves can be variable.  In both lead I and II, tracings 

also display prominent, broad, positive deflections of variable amplitude after the 

QRS complex corresponding to the transient repolarizing wave (TRW) (or J wave) 

described in adult murine ECG [105].  The TRW is more pronounced in amplitude 

and length in Tbx18 mutants, consistent with ST segment elevations.  In 13 of 14 

(92.9%) homozygous null Tbx18 mutant mice the QRS was elongated and had a 

bundle-branch-block with RSR’S’ morphology (split S) (see figure 3.12), suggesting 

an intraventricular conduction block.  This pattern was also observed in 6 of 16 

(37.5%) heterozygous mice, but in none of the wild type mice recorded (figure 3.11).  

In addition, the mean duration of the QRS complex was significantly longer in the 

mutants (10.3 ± 1.2ms) compared with wild type (9.0 ± 0.7ms) animal, and 

intermediate in the heterozygous mice (9.8 ± 1.2ms). 

In ECG recordings acquired from neonatal day 1 mice in this study, T waves 

were consistently present as a broad positive deflection in lead II, most often with 
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low amplitude.  Using this T wave to define the end of repolarization, QT intervals 

were measured.  In homozygous null Tbx18 mice, the QT interval was longer (96.4 ± 

8.3ms) than Tbx18 heterozygous null (91.6 ± 7.5ms) or wild type (78.1 ± 11.6ms) 

control littermates.  While it is typical to account for heart-rate differences by 

calculation of a corrected QT (QTc), established equations are based on average 

human heart-rates.  Recently, a modified Bazett formula has been used to correct QT 

intervals in mice, Q-Tc = Q-To/(R-Ro/100)1/2 [106].  Corrected QT values for Tbx18 

null, heterozygous, and wildtype neonatal mice were calculated to be 59ms, 59ms, 

and 55ms, respectively. 

3.4.5 Optical mapping analysis of Tbx18 mice 

Optical mapping of excised neonatal hearts was utilized to determine if 

electrical propagation across the heart is altered in Tbx18 mutants in the absence of 

secondary influences from phenotypes elsewhere in the body, like hypoxia or 

vegetative and hormonal dysregulations.  Optical mapping experiments on 5 Tbx18 

null mutants, when compared to 3 wildtype and 4 heterozygous control littermates 

demonstrated that the electrical activation, in sinus rhythm, of the heart is longer in 

Tbx18 mutants.  The total activation time across an anterior view of the heart was 

significantly longer (11.15 ± 11.82ms) when compared to wildtype littermate controls 

(7.06 ± 1.53ms) and heterozygous null littermates (7.36 ± 3.09ms) (Figure 3.13).  

During repolarization of the heart, there was no detectable difference in action 

potential duration (APD80) between Tbx18 null, heterozygous, or wildtype hearts.  

However, the APD dispersion was shown to be higher in Tbx18 mutants indicating a 

disruption in the repolarization syncytium. 
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3.4.6 Telemetry monitored chronic Isoproterenol administration 

Telemetric recordings of adult male heterozygous null mice (n=4) and age-

matched controls (n=4) were sampled for 25 seconds every 5 minutes for 19 days.  At 

baseline, the mean daily heart rate was significantly slower in heterozygous null mice 

(484 ± 29bpm) compared to controls (546 ± 58bpm).  On the third day, osmotic mini-

pumps were implanted to deliver Isoproterenol continuously for 14 days.  An increase 

in heart rate was observed on the first day and continued throughout Isoproterenol 

administration.  Tbx18 heterozygous null mice responded with a 38%, while controls 

responded with a 17%, increase in mean heart rate (figure 3.14).  The mean heart rate 

of Tbx18 heterozygous null mice was higher than controls during the period of drug 

treatment. 

3.4.7 Cardiac ischemia 

Hypoxia analysis using the pimonidazol hydrochloride assay, Hypoxyprobe 1, 

indicates that embryonic Tbx18 null hearts are no more hypoxic than wild type 

littermate hearts (Figure 3.15).  Analysis immediately after birth shows that mutant 

hearts are extremely hypoxic compared to littermate controls (Figure 3.15). 

3.4.8 Conditional ablation of Tbx18 

As Tbx18 null neonatal mice were cyanotic and only survived the first day 

after birth, the observed electrophysiological phenotypes were potentially a reflection 

of an ischemic heart.  This could reflect requirements for Tbx18 in cells extrinsic to 

the heart.  To attempt to address this issue, we conducted conditional ablation studies 

of Tbx18. 

A conditional knockout (cKO) mouse lacking Tbx18 expression in a major 

subset of the mesoderm was accomplished by interbreeding a Mesp1:cre mouse [99] 
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and a floxed Tbx18 mouse.  A vascular support cell conditional KO of Tbx18 was 

created by interbreeding a PDGFRβ:cre mouse [100] and a floxed Tbx18 mouse. 

Conditional knockout of Tbx18 within Mesp1:cre-derived lineages preserved 

the cardiac electrophysiological phenotype while delaying or preventing lethality.  

Mesp1:cre expression is broad throughout mesodermal lineages.  Staining for the 

R26R-lacZ indicator confirms that the proepicardium is composed of Mesp1 lineage 

cells (Figure 3.16).  Although newborn Mesp1:cre-Tbx18 mutant mice have an 

obvious gross morphological phenotype, with similar skeletal abnormalities to those 

observed in Tbx18 global knockouts,  they are not cyanotic and appear to breathe and 

feed properly.  The ventricular morphology is similar to that of global Tbx18-ablated 

mouse hearts, but atria are normal in size.  About 40% of Mesp1:cre-Tbx18 mutant 

mice died within the first two weeks after birth, while the remaining 60% survived 

until adulthood.  Those that survived varied in size, but generally were 2/3 the size of 

wildtype and heterozygous littermates. 

Similar survival was observed in mice with PDGFRβ:cre conditional deletion 

of Tbx18 mice.  The PDGFRβ:cre lineage indicator, R26R-lacZ is not present in early 

epicardium, but is expressed later, after delamination, in vascular support cells (Figure 

3.6).  PDGFRβ:cre does contribute the early population of sub-endocardial cells, 

described above based on antibody staining for PDGFRβ.  Gross body morphology 

was similar to Tbx18 null and Mesp1 conditional KO neonates.  Those that survived 

past the first two weeks of life appeared healthy and viable, but were smaller in size 

(consistent with the Mesp1 cKO).  No coronary vascular abnormalities were apparent 

in adult cKO mice, comparing PDGFRβ lineage staining in mutant and heterozygous 

hearts (Figure 3.6).  Also, unlike the mesp1 cKO, there is not a detectable difference in 

heart morphology in PDGFRβ:cre-Tbx18 mutant mice at neonatal or adult stages. 
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3.4.9 Lineage requirement for normal cardiac conduction system 

formation 

Surface electrocardiogram studies on neonatal Mesp1:cre conditional Tbx18 

knockouts demonstrated similar conduction system abnormalities to those observed in 

Tbx18 global knockouts.  This included changes in duration and morphology of 

chamber depolarization and repolarization manifested in an abnormal S peak, 

prolonged QRS, and prolonged QT intervals (Figure 3.17).  Surface 

electrocardiographic measurements on surviving adult cKO mice confirm that mutants 

retain a slowed heart rate and prolonged QRS (Figure 3.18). Additionally, the 

abnormal QRS morphology was still detectable, although less pronounced.  At this 

stage, the QT interval is difficult to accurately measure [107].  Identification of T 

waves marking the terminal portion of repolarization has been challenging in adult 

murine models as T waves are often isoelectric [107]. 

Similar results were found with PDGFRβ cKO neonatal mice.  A significant 

difference in heart rate and QRS duration are observed at neonatal stages.  However, 

the abnormal QRS (split) morphology is no more prevalent in PDGFRβ cKO mice 

than in heterozygous Tbx18-null littermates.  No significant electrocardiographical 

differences in heart rate or wave-forms can be found comparing adult PDGFRβ-Tbx18 

mutant mice to heterozygous littermates. 

3.5 Discussion 

This study has shown that there is a distinct cardiac phenotype in Tbx18 null 

animals.  Morphologically, the hearts are broader and shorter.  Electrophysiologically, 

there is a decreased rate in sinus rhythm, prolonged activation time, and increased 

action potential duration.  Furthermore, conditional deletion of Tbx18 within restricted 



59 

 

cell lineages highlights the observed phenotype in a model that survives the perinatal 

period. 

3.5.1 Epicardium-derived lineages are present in Tbx18 null mice 

 In development, Tbx18 epicardial cells delaminate in temporally distinct 

waves.  The first cells to delaminate are nearly exclusive to the cardiomyocyte lineage.  

Two days later, antibody staining revealed large numbers of PDGFRβ positive cells 

throughout the sub-epicardial space before moving into the compact myocardium.  

Many Tbx18 epicardial cells also expressed PDGFRβ at this time.  However, by the 

neonatal stage most PDGFRβ expressing cells derived from Tbx18 lineages have 

adopted a vascular support cell fate, and epicardial expression of PDGFRβ is no 

longer observed.  These observations support the idea that the embryonic epicardium 

is in constant renewal, with populations of cells transitioning into distinct cell fates 

within the myocardium in a temporally distinct manner.  Tbx18 lineages within the 

heart are diverse and contribute to complex structures within the vertebrate heart.  

However, from our studies it appears that Tbx18 is not required for the normal 

delamination, migration, and cell fate allocation of most epicardial cell lineages, at 

least as evidenced by gross coronary tree structure and the cell fate markers that we 

have examined for vascular support cells, vascular smooth muscle, and 

cardiomyocytes. 

3.5.2 Coronary vasculature function is normal in Tbx18 null mice 

The coronary vasculature provides oxygenated blood to the myocardium.  

Ischemic conditions are expected if improper or delayed coronary development were 

to occur.  Assessment of ischemia before birth, using the Hypoxyprobe1 kit, showed 

that Tbx18 null hearts were no more hypoxic than wild-type littermate controls.  This 
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indicated that coronary vasculature had developed properly and was functioning 

properly.  After birth, animals are unhealthy and dying, due to unresolved issues, and 

predictably have very hypoxic heart tissue. 

3.5.3 Tbx18 null and heterozygous mice have abnormal cardiac 

electrophysiology 

 Significantly slower heart rates were detected in Tbx18 null mice at neonatal 

stages, and in adult heterozygous mice.  Further analysis of the surface 

electrocardiogram found that conduction was also abnormal in mutant mice.  This was 

a subtle, but critical, finding in describing the Tbx18 null physiological phenotype.  

The fact that the PR interval and P wave morphology are unaffected suggested that 

intra-atrial and AV conduction were not affected by deletion of Tbx18 in the in vivo 

recording condition.  The prolonged and morphologically altered QRS complex, is 

consistent with intraventricular conduction disturbance, and could be explained by 

inadequate insulation of Purkinje fibers by Tbx18 lineage cells.  Normal HCN4:GFP 

and CX40 expression within the ventricular septum suggest that Purkinje fiber cells 

are typical in Tbx18 null mice.  Curiously, CX40 staining is observed throughout the 

left side of the septum [85], although at a reduced level compared to within the 

conduction system.  The population of Tbx18 lineage myocytes contributes much of 

the left side of the septum.  This overlap suggests that, while Tbx18 lineages do not 

contribute to the proper cardiac conduction system, Tbx18 lineage myocytes may play 

a secondary role in electrical propagation through the septum.  A fibrous coat around 

the bundle branches of the ventricular septum, containing non-myocyte cells, has been 

described [108].  The data presented here suggests that Tbx18 lineages constitute the 

insulation of Purkinje fibers and that Tbx18 may be required for proper conduction 

system propagation, manifested in the prolonged and split QRS of Tbx18 mutants. 
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Furthermore, the differences in QRS morphology among wildtype, 

heterozygous, and homozygous mice were most prominent in lead II.  These findings 

would suggest a conduction block in the septal region [109].  More precise 

identification of the region of block is difficult based only on surface 

electrocardiogram using only leads I and II.  However, placing more leads on a 

neonatal mouse did not produce accurate results. 

In humans and other large animals, the QT interval is dependent on heart rate, 

being longer with slower heart rate [110].  The longer QT interval in Tbx18 mutant 

and heterozygous mice may reflect longer action potential duration secondary to a 

slower heart rate or direct effects downstream of Tbx18 on ion channel composition or 

characteristics.  The fact that the trend holds true for corrected QT intervals, argues 

that the lengthened time to repolarization is not secondary to heart rate differences. 

 There is legitimate concern that abnormal electrocardiograms observed in 

Tbx18 null mice may be secondary to extra-cardiac conditions such as general 

ischemia due to respiratory problems, vegetative and hormonal dysregulation, or other 

causes in Tbx18 mutants.  However, the fact that a reduced heart rate was also 

observed in heterozygous null adult mice, which do not display hypoxia in neonatal 

hearts, argues that the observed electrophysiological phenotype is a primary defect and 

not due to ischemia.  The manifestation of a sinus rhythm phenotype in heterozygous 

null adult mice indicates that Tbx18, like other Tbox genes, is required in a dose 

dependant manner. 

 To eliminate extra-cardiac factors from the analysis of the electrophysiological 

phenotype, optical mapping of excised hearts was utilized.  These data served as a 

secondary validation of the observed ECG phenotype produced in a more controlled 

environment with more informative results.  The longer total activation time observed 

during optical mapping of excised hearts confirms that the prolonged QRS from 
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surface electrode recording is a reflection of slower electrical dispersion to all 

myocytes.  Also, the increase in dispersion of action potential duration is consistent 

with the prolonged QT observed during surface ECG recording.  Complementary data 

from excised heart and live animal studies supporting a cardiac electrophysiological 

phenotype in Tbx18 null mice further suggests that the abnormalities are intrinsic to 

the heart and not secondary to deficits in non-cardiac Tbx18 populations. 

3.5.4 Telemetry monitored chronic Isoproterenol administration 

Because of the cardiac phenotype of heterozygous Tbx18 null mice with 

distinct differences in morphology and electrophysiology, but lack of an obvious 

physiological correlate, a drug administration test was chosen to provoke possible 

physiological differences.  In order to stress the heart, increase the oxygen 

consumption and lower the threshold for arrhythmias, continuous administration of 

Isoproterenol was performed.  Telemetric recordings of adult male heterozygous 

Tbx18 null mice at baseline confirmed the ECG observation of a lower heart rate 

during the normal day and night activities of the animals.  No arrhythmias or other 

adverse events occurred during the drug administration time of two weeks.  An 

interesting incidental finding is the stronger increase in heart rate in the initially slower 

Tbx18 heterozygous null mice.  The possible reasons for this finding are various and 

their investigation would go beyond the scope of this work.  A possible explanation 

could be an upregulation of cardiac beta-1 receptors secondary to the intrinsic lower 

heart rate or secondary to a lowered level of circulating endogenous catecholamine 

levels. Other possibilities include an impaired intrinsic vegetative regulation response 

or an impaired metabolization of the drug leading to higher circulating levels.  
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3.5.5 Lineage requirement for normal cardiac conduction system 

formation 

Surface ECG studies on Mesp1:cre and PDGFRβ:cre conditional ablation 

mutants at one-day post birth were compared to the physiological data from Tbx18 

null mutants just after birth.  The rationale for these experiments was to narrow the 

ablation of Tbx18 to a more cardiac restricted population.  Furthermore, comparisons 

of PDGFRβ and MESP1 lineages in the heart may help to decipher whether the 

observed phenotype arises as a result of aberrant vascular formation, or abnormalities 

in function of myocytes derived from Tbx18 lineages. 

Consistent among both conditional knockouts were a reduced heart rate and 

prolonged QRS duration at neonatal stages.  This further supports a primary role for 

Tbx18 in the observed electrophysiological phenotype.  MESP1 cKO adult mice are 

healthy and viable; yet retain a slowed sinus rhythm, abnormal QRS morphology, and 

broader QRS complex.  It appears that Tbx18 lineages in the heart are not critical for 

survival, but lead to lifelong abnormalities in electrophysiology. 

3.6 Conclusions 

Previous studies have shown that Tbx18 epicardial cells are cardiac progenitor 

cells capable of giving rise to all the major components of the heart, except 

endothelium.  This new study specifies Tbx18 as a cardiac transcription factor 

required for normal heart morphology and physiology.  Ablation of Tbx18 leads to a 

cardiac intrinsic slowed heart rate and prolonged ventricular activation. The 

epicardium is a critical source of multiple cell types associated with complex cardiac 

morphogenesis and physiology.  However, there is still much that is not understood 

about the multiple Tbx18 lineages and the molecular pathways regulating heart 

development and maintenance.  Understanding gene regulation in cardiac progenitor 
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cells and the adult epicardium may be the first steps toward clinically relevant 

strategies in regenerative medicine utilizing the heart’s own developmental pathways. 
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Figure 3.1:  Generation of a Tbx18 floxed allele 
A targeting construct (a) was introduced into the wild-type (wt) Tbx18 locus, and the 
neomycin resistance gene and exon 3 between loxP sites (triangles) were excised by 
Cre-mediated excision. Tbx18 exons (box) are numbered; exons encoding T-box 
sequences are solid. Restriction enzyme sites shown are E1: EcoRI, E2: NotI, E3: 
ClaI.  Southern Blot of ES cell DNA digested with EcoRI and hybridized with a 
genomic fragment external to the targeting construct.  A genomic targeting event is 
apparent in the lox/+ lane, by the size reduction of one allele. b; Genotypes of DNA 
from mice that are wild-type (+/+), heterozygous for the intact targeted allele (lox/+), 
or heterozygous for the Cre-mediated deleted allele (-/+). 
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Figure 3.2:  Morphology of the Tbx18 null heart is abnormal 
A; The heart has a shorter long axis and is wider in cross section.  The height to width 
ratio is significantly smaller in mutant neonatal hearts (n=39) compared to wildtype 
littermate controls (n=66).  B; in cross-section, the Tbx18 null heart has two round 
ventricles, compared to the normal crescent shaped RV cupped to the circular LV.  
Shown here with comparable XlacZ staining between mutant and wildtype. 
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Figure 3.3.  Whole-mount lineage and section staining of Tbx18 mutant and 
heterozygous hearts 
A,B; comparison whole-mount staining for the genetic lineage marker, LacZ.  In the 
bottom 4 panels, Hematoxylin and Eosin staining shows that wall thickness and 
architecture are grossly normal compared to littermate controls.  C,D, comparison at 
the depth of the aortic valve.  E,F, comparison at the depth of the AV valves. 
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Figure 3.4:  Section X-gal staining of neonatal Tbx18 null and heterozygous 
lineage traced hearts 
Staining shows that migration number and pattern of lineage-traced Tbx18 cells is 
grossly unaffected in the Tbx18 global knockout.  A,B, low magnification of whole 
heart section.  C,D, high magnification of left atrioventricular region.  E, F, high 
magnification of apex.  
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Figure 3.5:  There is no difference in Tbx18:GFP or PDGFRβ  expression in the 
neonatal Tbx18 null heart 

Anti-PDGFRβ immunostaining on newborn (P1) mutant (Tbx18null/GFP) and 
heterozygous (Tbx18GFP) hearts indicates no difference in Tbx18:GFP expressing 
cells or vascular support cell progenitor populations. 
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Figure 3.6:  PDGFRβ:cre lineages contribute vascular support cells, but not 
epicardium 
A,C During development, at E13.5, PDGFRβ:cre lineages contribute to sub-
endocardium and developing vasculature within the compact myocardium, but not to 
epicardial cells.  E, Antibody staining to PDGFRβ on a serial section to panel C shows 
that active expression is present in the epicardium as well as developing vasculature.  
B,D,F At adult stages, PDGFRβ:cre lineages contribute to small and large coronary 
vasculature. 
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Figure 3.7:  There is no difference in smooth muscle differentiation in the 
perinatal Tbx18 null heart 
Anti-SMMHC immunostaining on E18.5 Tbx18 null hearts shows a similar pattern of 
coronary vasculature (top panels), aortic wall thickness (bottom left), and smooth 
muscle layering around arteries (middle).  Troponin T staining is unaltered in Tbx18 
null hearts at E18.5, compared to wildtype littermate controls. 
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Figure 3.8:  XlacZ staining in the coronary vasculature of Tbx18 null versus 
wildtype hearts 
A,B;  anterior and posterior views of whole-mount X-gal staining for the transgenic 
coronary vascular marker (XLacZ) in wild-type (+/+) hearts.  C,D; anterior and 
posterior views of XlacZ in Tbx18 null (-/-) hearts show normal coronary distribution 
and branching. 
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Figure 3.9:  HCN4:GFP expressing conduction system and Tbx18 lineage cells 
have a relationship 
A; Section X-gal staining at E14.5 shows the pattern of Tbx18 lineages in the heart.  
The Sinoatrial node contains Tbx18 lineage contribution (black arrows).  B,C 
immunostaining of serial sections, using HCN4:GFP to mark the SA node, indicates 
that Tbx18 contributes much of the SA node.  D, Tbx18 lineages do not contribute to 
the AV node, but lie adjacent to Purkinje fiber cells (white arrows). 
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Figure 3.10:  HCN4 and CX40 expression within the bundle branches (Purkinje 
fibers) is normal in Tbx18 null mice 
Immunostaining, at E18.5, for Connexin 40 displays a similar pattern in the septum of 
Tbx18 null embryonic hearts compared to wildtype littermates.  The second row 
shows higher magnification micrographs in which elevated levels of CX40 in the 
myocardium of the left side of the ventricular septum is detectable.  Nuclear GFP 
indicates that HCN4 expression in Purkinje fibers is also unaltered (bottom row). 
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Figure 3.11:  The reduced heart rate and abnormal QRS complex are consistent 
in Tbx18 null mice 
Surface ECG recordings reveal a significant reduction in mutant heart rate, with 
heterozygous mice intermediate.  An abnormal QRS morphology (see Figure 12) was 
seen in over 90% of Tbx18 null mice, 36% of heterozygous null mice, and in none of 
the wildtype littermates.  * indicates ANOVA statistical significance 
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Figure 3.12:  Surface ECG of neonatal Tbx18 null mice compared to littermate 
controls 
A; ST segment elevation and a larger J wave are observed with lead 1 and 2 in the mutant.  
B; A pronounced fracture in the S peak, during lead 2 measurements, is observed in all 
mutant neonates, while it was never observed in wild-type littermates.  C,D; There is a 
significant lengthening of the QRS duration and QT segment comparing Tbx18 null to 
wild-type littermates.  * indicates Ttest statistical significance 
 

* 

* 
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Figure 3.13:  Optical mapping recordings support the ECG data from Tbx18 null 
mice 
Optical mapping of excised hearts from neonatal mice showed that total activation 
time across an anterior view of the heart was prolonged in Tbx18 null mice compared 
to littermate controls.  There is no difference in action potential duration, calculated 
for individual locations.  However, the APD dispersion is higher in Tbx18 null mice.  
* indicates one-way ANOVA statistical significance 
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Figure 3.14: Tbx18 heterozygous null adult mice have a slow heart rate 
Telemetry recordings show a large response of Tbx18 heterozygous null mice to 
chronic Isoproterenol treatment.  The average heart rate at baseline, calculated from 
25-second samples collected every 5 minutes, of Tbx18 heterozygous null mice is 
lower than age matched wild type mice.  During the period of β-adrenergic agonist 
treatment (designated between vertical lines), Tbx18 heterozygous null mice have a 
higher heart rate than control mice. * indicates Ttest statistical significance 
 
 

 *      

 *    *    * 
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Figure 3.15:  There is no hypoxia in Tbx18 null mice until after birth 
Green fluorescence from the fitc conjugated anti-Hyoxyprobe1 indicates the amount 
of hypoxia in the tissue.  The upper panels show representative sections from 
Tbx18null and wildtype littermates at E18.5, indicating no difference in hypoxia.  The 
lower panels show that Tbx18 null neonatal hearts are much more hypoxic that 
littermate controls. 
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Figure 3.16:  Mesp1:cre lineages contribute to the myocardium and 
proepicardium 
The upper panels show a transverse section through an E9.5 embryo at the level of the 
proepicardium.  Cells of the PE stain for the MESP1:cre lineage marker R26R-lacZ.  
The lower panels show that at later heart stages, myocardium and epicardium stain for 
the lineage indicator R26R-nGFP. 
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Figure 3.17:  Neonatal electrocardiogram results from PDGFRβ  and MESP1 
cKO of Tbx18 
The upper panels show the average QRS duration, ST segment, and RR interval for 
PDGFRβ cKO mutant, heterozygous KO, and wildtype neonatal mice.  The lower 
panels show the same data for Mesp1 cKO neonatal mice.  * indicates significance 
calculated with a one-way ANOVA 
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Figure 3.18:  The adult Mesp1 cKO of Tbx18 has a detectable 
electrophysiological phenotype 
Surface ECG recordings collected from 6 cKO, and 5 heterozygous adult mice 
indicate that the ablation of Tbx18 with Mesp1:cre caused a reduced heart rate, 
prolonged QRS, and abnormal ECG morphology. * indicates Ttest statistical 
significance  

* * 
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CHAPTER 4 

HIGH SENSITIVITY OPTICAL MAPPING OF 
LANGENDORFF PERFUSED NEONATAL MOUSE 

HEARTS 

4.1 Summary 

Conduction system defects are common among congenital heart defects.  

Additionally, other congenital heart diseases typically lead to alterations in electrical 

activity.  The ability of clinicians to detect and characterize heart defects in newborns 

is critical for prompt treatment.  Study of the cardiac conduction system (CCS) in 

young hearts will lead to a better understanding of their unique electrophysiological 

properties and the development of the cardiac conduction system.  Described here is a 

high sensitivity method for optical imaging of local membrane voltage transients 

across the neonatal mouse heart. 

4.2 Introduction 

The mammalian heart performs quietly and diligently throughout life.  The 

human heart beats about three billion times during a normal lifespan.  The cardiac 

conduction system (CCS) coordinates the dynamic rhythmic contraction of the heart, 

with millions of cells working as a syncytium to deliver blood throughout the body.  

While multiple studies have given insight into cardiomyocyte progenitor cell 

characteristics during development, very little is known about conduction system 

progenitors.  New studies provide a glimpse and highlight the complexity of CCS 

development and function [111, 112]. 
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During mammalian development, two lateral populations of cardiogenic 

mesoderm fuse at the midline and form the primary heart tube.  Peristaltic contraction 

begins that moves blood in one direction [1].  As the atrial and ventricular chambers 

develop, cardiomyocytes within each adopt properties that allow fast-conduction and 

synchronous contraction [113].  Populations of slow-conducting myocardium border 

these two primary chambers at the atrioventricular canal (AVC), inflow tract (IFT), 

and outflow tract (OFT).  The primitive cardiac conduction system, with alternating 

slow and fast conducting cells, is essential to ensure that ventricular contraction does 

not occur before the completion of atrial contraction [113].  As a result, an ECG is 

detectable at this stage. 

 Later, the Sinoatrial node and Atrioventricular node will arise from the slow-

conducting myocardium of the IFT and AVC.  The fast-conducting bundle branches of 

the Purkinje fibers will develop from ventricular myocytes.  The cues coordinating the 

specialization of the cells making up the conduction system are largely unknown.  It 

has been shown, like many other developmental processes, that there are 

compensatory mechanisms built into the development of the cardiac conduction 

system.  Studies have discovered that ablation of the SA node causes normal myocytes 

to adopt nodal characteristics leading to a normal heart rhythm [114].   While it 

appears that the conduction system development has some plasticity, conduction 

system defects are associated with a large percentage of congenital heart defects.  One 

reason for this may be that critical heart development continues through the perinatal 

period.  Processes responsible for hypertrophy of myocytes, alignment of fibers, and 

redistribution of myocardial stresses during the period just before and after birth are 

critical to the development of an adult heart.  Malformations in these later 

developmental processes will likely be associated with electrophysiological 

abnormalities. 
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Sudden cardiac death associated with ventricular arrhythmias is a major cause 

of death in developed nations.  Most of these lethal arrhythmias occur in the setting of 

ischemic heart disease.  However, a critical number of sudden deaths, especially in 

younger humans, are caused by genetic ventricular arrhythmic disorders.  Inherited 

ventricular arrhythmic disorders can be directly related to channelopathies, in which 

no apparent morphological phenotype can be identified, or caused by other 

arrhythmogenic cardiomyopathies.  These disorders are especially difficult for doctors 

to treat because they tend to have highly variable phenotypic expression, meaning that 

there is currently little knowledge about genotype-phenotype interactions [115]. 

4.2.1 Studying Electrophysiology in the Heart 

 For nearly a century, the electrocardiogram has been physicians’ principle 

diagnostic tool for cardiomyopathies.  The ECG records the electrical activity of a 

large mass of atrial or ventricular cells, not individual cells.  Because contraction and 

relaxation of atria then ventricles occur in a temporally synchronized manner, the ECG 

shows major events as specific waves.  The ECG can characterize a heart’s electrical 

activity as normal or abnormal, but ultimately it is a field recording of two basic 

events, depolarization and repolarization [113].  The mechanical function of the heart 

cannot be directly measured with an ECG.  Many cardiac syndromes, such as acute 

pulmonary edema, present a normal ECG.  On the contrary, a patient may present a 

grossly abnormal ECG and have normal cardiac function.  Furthermore, an ECG is a 

one-dimensional measure of electrical activity.  Only the component of electrical 

activity moving parallel to the vector defined by the positive and negative electrodes is 

measured. 

 Our understanding of cardiovascular physiology comes mostly through studies 

focused on cellular mechanisms.  Brilliant studies have furthered our understanding of 
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cardiomyocyte mechanisms, including metabolism, intracellular signaling, trafficking, 

ion channel structure, function, and expression.  However, it has become apparent that 

the other cell populations in the heart are intricately woven into the structure and 

function of the heart.  Understanding of molecular and cellular mechanisms must be 

translated to help understand the physiology of the heart, taking into account spatial 

and temporal heterogeneities. 

Maps of activation and repolarization with high spatial and temporal resolution 

can be achieved using fluorescent imaging techniques with voltage-sensitive and/or 

calcium-sensitive dyes.  A voltage-sensitive dye provides a change in fluorescent 

intensity that is proportional to the electrochemical potential changes across cell 

membranes.  The resultant data resembles that of transmembrane potential recordings 

from intracellular microelectrodes, yet recordings can be done simultaneously at 

thousands of locations in an intact organ using a high-speed imaging device, such as a 

Complementary Metal Oxide Semiconductor (CMOS) or Charge Coupled Device 

(CCD) camera.  Propagation patterns can be determined with high resolution because 

measurements are made on the contiguous syncytium.  However, the 

electrophysiological properties of localized areas can be deciphered, which allows for 

identification and study of heterogeneous electrical gradients [116].  Additionally, 

other parameters can be simultaneously measured, such as calcium transients [117], 

and mechanical stresses [118].  The latter allows for the study of complex 

electromechanical effects. 

Optical mapping and other techniques have revealed spatiotemporal gradients 

in electrical activation and action potential duration (APD) [119].  Spatial 

heterogeneity of these gradients can promote the occurrence of reentrant events during 

electrical propagation.  Elucidating these processes will allow us to better understand 

the progression of cardiac arrhythmias.  
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In this report, we summarize data from our laboratory that shows the ability of 

this system to investigate spatial and temporal electrical changes in a perfused 

neonatal mouse model. 

4.3 Methods 

4.3.1 Heart preparation 

Optical studies were performed on isolated murine hearts from neonatal mice 

on the day of birth.  Hearts were excised, arrested, and the aorta cannulated with a 

blunt 27-gauge needle.  They were retrograde perfused with 37°C, oxygenated 

modified Krebs-Henseleit solution (24.9mM NaHCO3, 1.2mM KH2PO4, 11.1mM 

Dextrose, 1.2mM MgSO4, 4.7mM KCl, 118mM NaCl, and 1.0mM CaCl2) at a 

constant pressure of 80mmHg to maintain a coronary flow rate of 0.5-1.0 mL/min.   

The heart was positioned in a dish, half submerged in warm perfusate.  A volume 

conducted ECG, as well as flow rate and temperature, were recorded throughout the 

experiment to monitor function and viability of the heart.  A 0.5mL bolus of 26µM of 

the potentiometric dye Di-4-ANEPPS injected into the perfusion line. 

4.3.2 Optical Imaging 

The anterior epicardium was excited with high intensity, blue light-emitting 

diode lamps (470nm) and fluorescence was filtered (>610nm), collected and focused 

with a fast video lens (Navitar, F/0.95), and recorded with a high-speed charge-

coupled-device camera (12-bit, 64x64 pixels, 950 frames per second, CA-D1-0128T, 

Dalsa).  Motion artifact was attenuated with perfusion of 15 mM 2,3-butanedione 

monoxime during data acquisition.  Epicardial-action-potential propagation was 

mapped during intrinsic rhythm and ventricular pacing at constant current with a 
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unipolar Teflon-coated platinum lead and digital stimulator (DS8000, World Precision 

Instruments) [120, 121]. 

4.3.3 Signal Analysis 

Optical signals were normalized and inverted to better represent the cardiac 

action potential.  Spatial phase shift and temporal median filtering were implemented, 

and activation at each pixel was identified at the maximum rate of change of 

fluorescence for each beat, as described previously [122].  The apparent epicardial 

conduction velocity vector field was calculated from the reciprocal gradient of the 

activation map [123].  Repolarization patterns and action potential morphology were 

assessed by calculating the time required for the transmembrane voltage to return from 

peak (APD) to 20%, 50%, and 80% to the diastolic baseline. The standard deviation of 

the APD values was interpreted as a measure of the dispersion of APD within a single 

heart [118]. 

4.3.4 Statistical analysis 

Data are reported as means ± SD for mice (n) as indicated. Statistical analyses 

were performed using one-way ANOVA or two-tailed unpaired Student's t-test as 

indicated.  A P value of <0.05 was considered statistically significant (designated *). 

4.4 Results 

4.4.1 Activation 

Optical recordings of activation across the Langendorff perfused neonatal heart 

led to reproducible activation maps in both sinus rhythm and with ventricular pacing.  

The total activation time in Tbx18 null hearts was significantly longer (assessed using 

a one-way ANOVA) compared to heterozygous and wildtype littermates (Figure 
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4.1)(N=5, N=4, N=3, respectively).  This finding agrees with surface ECG recordings 

from this mouse model at the same stage, which indicate a prolongation of the QRS 

complex (see chapter 3).  Additionally, representative activation maps for Tbx18 

mutant and wildtype hearts highlight the observed difference. 

Activation maps were used to calculated local conduction velocities for each 

pixel.  A vector was calculated for every pixel representing the magnitude and 

direction of conduction at that point on the surface of the heart (Figure 4.2). 

4.4.2 Repolarization 

The shift in fluorescence of the potentiometric dye was measured across the 

heart for several beats.  An average at each pixel allowed for quantifiable 

measurement of the depolarization time sustained.  The action potential duration at 

each pixel was calculated for Tbx18 mutant and littermate hearts (Figure 4.3).  No 

difference was observed, but standard deviations were relatively low, indicating 

accurate measurement.  While APD is unaffected in Tbx18 mutant and heterozygous 

mice, there is a difference in the dispersion of APD (Figure 4.3).  A dispersion in APD 

is consistent with the prolonged ST segment during ECG recordings from Tbx18 

neonatal mice (see chapter 3). 

4.5 Discussion 

The mouse model used in this study has a very consistent, yet mild, 

electrophysiological phenotype observed using electrocardiographical surface 

measurements (see chapter 3).  This model is ideal for analysis of the sensitivity of an 

optical imaging system designed to accurately detect electrophysiological differences 

in isolated hearts.  
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4.5.1 Benefits of mouse models 

Genetically engineered mice provide a powerful tool to study a specific 

component of a complex signaling process or as a model of human disease.  Many 

transgenic and gene deletion mice have been developed for the study of various 

cardiac diseases.  The mechanisms causing arrhythmias, metabolic abnormalities, 

hypertrophy, ischemia, ion channelopathies, and heart failure can be analyzed in these 

models.  Ultimately the goal would be to translate this understanding into clinical 

therapies for electrophysiological disorders. 

 A major limitation of murine models for electrophysiology studies is the small 

size and rapid contraction rate of the heart.  Optical mapping of perfused hearts has 

been effectively used to study cardiac phenotypes in many mouse models at the adult 

stage [120, 121, 124].  Also, techniques have been used to optically study membrane 

voltage patterns in embryonic hearts [125, 126].  Unlike adult studies, embryonic 

hearts are fed and oxygenated with superfusate.  However, the neonatal heart, with 

demand for coronary perfusion and an anterior projection of only 2mm x 2mm, 

presents another level of difficulty. 

4.5.2 Benefits of coronary perfused heart preparation 

Coronary vasculature forms, beginning around embryonic day11.5 in mice, 

because the thickening myocardium demands more oxygen and nutrients than 

superfusion can supply.  The ability to cannulate and perfuse the neonatal heart is 

essential for any physiological measurements during isolated neonatal heart studies.  

While the isolated heart is not identical to the living mouse heart, the idea is to keep as 

many cells within the heart healthy and functioning normally as possible.  The method 

described here provides multiple benefits compared to current techniques to study 

electrophysiology in vivo.  As previously described, optical mapping provides detailed 
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information about electrical activity at thousands of points across the heart.  Also, as 

highlighted with the Tbx18 ablation study, it provides a tool to study the heart without 

extrinsic influences.  Measurements on isolated hearts are unaffected by nervous 

system regulation, hormonal regulation, or circulating catecholamines.  

4.5.3 Benefits of neonatal analysis 

The early diagnosis of irregular cardiac rhythm in humans is important for any 

potential treatment [127].  Recently, Doppler echocardiographical measurements of 

the PR interval have proven effective for identification of atrioventricular (AV) 

conduction disease in utero [128].  Congenital ectopic and AV conduction problems 

are relatively common.  Many congenital conduction system diseases, like complete 

heart block, which occurs in 1 of every 15, 000 to 20,000 live births, have high risk for 

mortality during the first 12 months of life [129].  Perinatal therapy for congenital 

conduction system diseases may limit the progression to more advanced 

electrophysiological problems [130]. 

4.6 Conclusions 

This method for optical mapping of neonatal mouse hearts, immediately after 

birth, is sensitive enough to detect mild, but pathological, electrophysiological 

disturbances.  This technique has tremendous potential for understanding cardiac 

phenotypes related to genetic and developmental disorders. 
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Figure 4.1:  Activation measurements are accurate and reproducible 
Total activation times were averaged for Tbx18 null, heterozygous, and wildtype 
neonatal mice.  Standard deviation bars show that activation calculations can reliably 
detect, with significance, small variations in electrical propagation.  Representative 
activation maps for Tbx18 mutant and wildtype (littermate) hearts, presented on the 
same color/time scale, highlight the observed difference. * indicates ANOVA 
statistical significance 
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Figure 4.2: Activation vector maps 
Activation maps were used to calculated local conduction velocity gradients from 
measurements during electrical propagation.  A vector was calculated for every pixel 
indicating the magnitude and direction of conduction at that point on the surface of the 
heart. 
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Figure 4.3:  Action potential duration 
Transmembrane voltage changes lead to quantifiable differences in fluorescence 
activity at each pixel during activation and repolarization.  While APD is unaffected in 
Tbx18 mutant and heterozygous mice, heart to heart variability is low, indicating that 
repolarization measurements of neonatal hearts are reproducible. 
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CHAPTER 5 
 

TBX18 IS ACTIVATED IN RESPONSE TO CARDIAC 
INJURY AND CONTRIBUTES TO MAMMALIAN 

HEALING 

 

5.1 Abstract 

Cardiovascular disease continues to be the leading cause of mortality in 

developed nations.  Processes associated with cardiac compensation to heart disease, 

such as fibrosis and hypertrophy, usually precede cardiac failure.  Cardiac failure due 

to heart disease is associated with myocyte loss secondary to ischemia.  Regenerative 

therapies for the heart will need to address the loss or dysfunction of multiple cell 

types.  During development, the epicardium contributes all major cell types to the 

heart, with the exception of endothelial cells.  Also, epicardium-derived cells are 

required for normal formation of the compact myocardium, coronary vasculature, and 

conduction system.  In the current studies, Tbx18 expressing embryonic epicardial 

cells mediated wound healing in a cardiac explant culture.  Furthermore, we found that 

Tbx18 expression was activated in adult epicardium in response to injury.  

Regenerative therapies for the heart may lie in the ability to harness the epicardium as 

a novel source of cardiac progenitor cells.  

5.2 Introduction 

Cardiovascular disease is the greatest health challenge in the United States, 

accounting for over 60% of all deaths and the largest percentage of heath care costs 

[26].  It can develop through conditions including hypertension, coronary artery 
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disease, and myocardial infarction, which cause the loss or dysfunction of 

cardiomyocytes [131].  Following trauma, such as a myocardial infarction, fibrosis 

acts quickly to give structural support to the ischemic region.  The loss of myocytes 

and contractility makes the infarcted region susceptible to structural failure (rupture).  

The fibrosis becomes complex and extends into the infarct border region.  The mostly 

acellular and avascular infarct does not invite cell migration, nor does it 

require/demand neoangiogenesis.  The body quickly forgets that this piece of heart 

was once part of the dynamic functioning myocardium.  The inability to restore 

cardiac function to a damaged heart is attributed to an inadequate regenerative 

capability. 

New advances in pharmaceutical treatments, lead by Statins, have reduced the 

likelihood of, or significantly delayed, a heart attack for those with atherosclerosis.  

Yet, more than 50% of patients with congestive heart failure die within five years of 

the initial diagnosis [132].  Current cardiac treatments post infarct or after the onset of 

cardiomyopathy are not sufficient.  Most attempt to reduce symptoms, and do not 

address the problem, which usually involves major alterations in heart architecture.  

An understanding of these alterations during the healing response as well as which 

pathways are required for neoangiogenesis and new cardiomyocyte growth may lead 

to a regenerative medicine mediated cardiac treatment.   

For many years, the accepted mantra for cardiac muscle was that once heart 

formation was complete, not long after birth, the cardiomyocytes became a terminally 

differentiated cell population, and if destroyed could not be replenished.  Many 

doctors and scientists had rejected this notion, but lacked evidence of any proliferating 

myocytes in the human heart [133].  There is no good evidence that mammalian 

myocardium is normally replenished, but there is some evidence that post-injury new 

myocytes appear, albeit very few [134]. Many believe that new adult cardiac myocytes 
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must be produced throughout life, and arise from either rare myocyte mitosis events or 

a small resident stem cell population. 

Stem cells have become a major focus as a source of new cardiomyocytes to 

restore injured myocardium and improve cardiac function.  Studies in animal models 

have investigated the potential of transplanted stem cells using bone marrow-derived 

cells [30, 31], cardiac stem cells [32], embryonic stem cells [33], and fetal 

cardiomyocytes [34] by intra-myocardial injection.  Exciting results from these and 

other related studies led to a series of clinical trials using bone marrow derived cells 

and skeletal myoblasts as therapy on patients after myocardial infarction.  However, 

results indicate that human bone marrow cells are not able to differentiate, in this 

context, into cardiomyocytes, but their predominant effect may be stimulation of 

neoangiogenesis [31].  While skeletal myoblasts show the ability to integrate into the 

myocardium and contribute to cardiac contraction, it appears they also contribute to 

the occurrence of arrhythmias.  Many scientists have shown the ability of embryonic 

stem cells to differentiate, in vitro, into cardiomyocytes.  However, differentiation is 

not homogeneous and the differentiated cells appear to have characteristics of fetal 

cardiomyocytes.  Further detriment to this technology are the immunogenic, 

arrhythmogenic, tumorigenic, and ethical problems. 

The importance of the epicardium for normal heart development has been 

shown in multiple animal models.  Inhibition of PE migration in chick leads to 

abnormalities in the compact myocardial layer, looping, septation, coronary vascular 

formation, and cushion tissue formation.  However, the detailed manner in which the 

epicardium contributes to these aspects of cardiogenesis has not been elucidated.   

Mouse models lacking proper epicardial formation, such as VCAM-1 and alpha4 

integrin null mice, have irregular heart morphogenesis including thin myocardium, 

ventricular septal defects, and heart failure [8, 135]. 
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Most believe that an autologous adult cardiac progenitor source would be the 

most effective tool for implementation of cardiac cell therapy.  New studies indicate 

that the epicardium may have regenerative potential [23, 36].  During cardiogenesis, 

epicardium derived cells contribute to and modulate many developing structures [23].  

However, major developmental changes occur in the heart postnatally.  It is not known 

whether continuous recruitment of new epicardial cells occurs throughout this period 

of myocardial hyperplasia and hypertrophy.  There is speculation as to the role of the 

epicardium during adult heart maintenance.  In vitro experiments have shown that 

adult epicardial cells regulate adult cardiomyocyte phenotype and function, by keeping 

them in a differentiated state [20, 136]. Furthermore, what role do the epicardium and 

epicardial-derived cells play in the setting of injury or heart disease? 

Recently, the T-box transcription factor T-box 18 (Tbx18) has been established 

as an early marker of proepicardium (PE) in mouse, chick, and zebrafish.  The PE is a 

transient structure that arises as an extension of the septum transversum at the base of 

the heart.  Cells from the PE continue to express Tbx18 as they constitute the primitive 

epicardium.  As the heart continues to develop, Tbx18 expressing cells undergo an 

epithelial-mesenchymal transformation and migrate into the myocardium where they 

contribute significantly to the developing vasculature and fibroblast populations.  

During growth, many cells throughout the developing myocardium express Tbx18.  

This expression continues after birth, but by the adult stage few cardiac cells continue 

to express Tbx18.  Recent studies in mouse have shown that lineage traced cells from 

the epicardium give rise to myocardial cells, as well as fibroblasts and vascular 

support cells [85, 86]. It is a possibility that Tbx18 lineage epicardial cells are a 

resident progenitor source for cardiovascular cells throughout life.  Hyperplastic 

cardiac homeostasis studies have demonstrated that as the adult zebrafish ventricle 
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grows, with total organism growth in response to lower fish density within the 

aquarium, epicardial cells undergo EMT and populate the growing myocardium [19]. 

Regeneration studies in zebrafish, highlighting the response to injury and role 

in healing of epicardial cells, show that Tbx18 is reexpressed by cells migrating into 

the injured myocardium and that migration of Tbx18 expressing cells is required for 

regeneration of the heart [18].  Interestingly, they reveal that new cardiomyocytes 

derive from an undifferentiated field and not from preexisting myocytes.  The source 

and characterization of the initial progenitor population that gives rise to new 

myocardium has not been done.  Epicardial-derived cells may contribute multiple cell 

types, in a temporal fashion, to regenerating myocardium. 

There has been extensive research to define molecular networks that control 

the complex morphologic events and tissue remodeling during mammalian heart 

development.  While much is still unknown about the spatiotemporal regulation of 

transcription within the heart, cardiac-selective transcription factors, such as MEF2c, 

NKX2.5, TBX5, HAND1, and Isl1, have been identified as activators of cardiac gene 

expression and are essential for normal heart development [137].  It is likely that 

signaling networks involved in cardiac development will be required for cardiac 

healing and regeneration.  Devising regenerative therapies to effectively rebuild 

cardiac tissue may benefit from insights gained into normal heart development and its 

response to injury.  While the adult mammalian heart has virtually no regenerative 

capabilities as a whole organ, and healing is inadequate, there is a whole series of 

events that follows injury.  Also, the mammalian fetal heart has the ability to heal 

without the formation of a detectable scar [25].  It is likely that some of the pathways 

involved in fetal healing are initiated at the adult stage, but prevented by overriding 

events such as fibrosis, wall thinning, and hypertrophy. 
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In this study we show, in mouse models, that Tbx18 is activated in response to 

injury in the fetal and adult heart.  At embryonic stages, Tbx18 lineage cells directly 

contributed to cell populations within the healing scar. 

5.3 Materials and Methods 

5.3.1 Mouse Models 

Mouse models used have been described in our previous studies.  A 

Tbx18:GFP knockin/knockout was used to visualize expression of Tbx18 expressing 

cells, and a Tbx18:cre knockin/knockout mouse model was used for lineage tracing 

[85]. 

5.3.2 Adult Heart Injury 

Wounding of adult hearts was accomplished using a cauter to make a lesion 

near the apex of the left ventricle.  Adult mice between the ages of 6 weeks and 4 

months were anestitized using 3% isofluorane in oxygen administered via nose-cone.  

Incisions were made to visualize the trachea, which aided intubation.  Once intubated, 

the left 4th intercostal space was opened to expose the apex of the heart.  Pressure 

applied on the right side of the animal with a finger brings the heart very close to the 

surface.  At this point, the cauter is used in a sweeping motion across the anterior 

surface of the LV to make a slice.  Enough pressure was applied to cause the wound to 

extend about half-way through the myocardium.  The UCSD Institutional Animal Care 

and Use Committee (IACUC) approved the animal study protocol.  The investigation 

conforms with the guide for the care and use of laboratory animals published by the 

US National Institutes of Health. 
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5.3.3 Embryonic Heart Injury and Culture 

Timed pregnant females were killed by cervical dislocation 13 days after 

conception (term = 19 days).  Laparotomy and hysterectomy were performed, and the 

uterus was removed to a dish containing cool PBS.  Using sterilized tools and aseptic 

technique, individual fetuses were dissected form their amniotic membranes and 

decapitated.  Under a dissecting microscope, the chest was opened and the fetal heart 

was carefully removed.  The great arteries and veins were gently cut, so that no 

tension was applied to any vessel as the heart was extracted. 

 The hearts were place in room temperature PBS under a dissecting scope.  The 

hearts were steadied with an anterior view using forceps to grasp the outflow tract.  A 

transmural incision through the left ventricle was made using fine spring-scissors. 

 Injured and control (uninjured) hearts were transferred to the top of a transwell 

insert using a sterile transfer pipette.  Explant culture proceeded as previously 

described [85]. 

5.3.4 Immunohistochemistry 

Embryos/tissues were fixed immediately in 4% paraformaldehyde for 10-30 

minutes after dissection. Tissues were embedded and cut by cryo-sectioning (5-10 

µm). For sections with endogenous YFP, a post-fixation for 5 minutes on ice was 

performed before staining. Cells obtained in culture were washed with warm media 

and then were fixed for 7 minutes with 10% formalin. Primary antibodies used in this 

study were: rabbit polyclonal anti-β-galactosidase (Cappel, # 55978, 1:200), goat 

polyclonal anti-β-galactosidase (Biogenesis, #4600-1409, 1:200), rabbit polyclonal 

anti-smooth muscle myosin heavy chain (Biomedical Technologies Inc., #BT562, 

1:200), rabbit polyclonal anti-NKX2.5 (Santa Cruz Biotechnology, #SC14033, 1:50), 

rat polyclonal anti-PECAM (Pharmingen, #550274,1:100), mouse monoclonal anti-
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cardiac troponin T (NeoMarkers, #MSZ-295-P,1:200), mouse monoclonal  anti-α-

smooth muscle actin (Abcam, #ab7817, 1:200), mouse monoclonal anti-α-actinin 

(sarcomeric) (Sigma-aldrich, #A7811,1:200). Rabbit polyclonal anti-WT1 (Santa Cruz 

Biotechnology, #sc-846, 1:75), Goat polyclonal anti-GATA-4 (Santa Cruz 

Biotechnology, #sc-1237, 1:75), mouse polyclonal anti-Isl1 (Developmental Studies 

Hybridoma Bank, #39.4D5, 1:100), mouse monoclonal cardiac Troponin I was 

provided by Dr. Jim Lin (Developmental Studies Hybridoma Bank, 1:100), mouse 

monoclonal anti-MF20 (1:200) was provided by Dr. Donald Fischman (Cornell 

University), Rabbit polyclonal anti-PDGFRβ (1:200) was provided by Dr. William 

Stallcup (Burnham Institute). Rabbit polyclonal anti-Neuropilin 1 (1:200) was 

provided by Dr. Alex L. Kolodkin (Johns Hopkins School of Medicine). 

5.3.5 X-gal staining 

Whole-mount:  Tissues were collected after culture, fixed in 4% 

paraformaldehyde for 20-30 minutes.  After permeabilization (10% NaDeoxycholate, 

10% NP40 in PBS), embryos/tissues were stained in X-gal solution (50mM K-

Ferricyanide, 50mM K-Ferrocyanide, 200mM MgCl2, 100mg/ml X-gal in PBS) for 4-

12 hours and then were post-fixed with 4% paraformaldehyde. 

Section: explant hearts from culture were fixed in 4% paraformaldehyde and 

then were dehydrated in series sucrose solution. X-gal staining was performed on 6-

10µM cryosections with prior additional fixation in 4% paraformaldehyde for 6-8 

minutes. 
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5.4 Results 

5.4.1 Tbx18 is Activated in Response to Injury in Adult Heart 

To investigate the behavior of Tbx18 cells following injury of the adult heart, a 

genetic mouse model was used. Tbx18:GFP mice were used to visualize Tbx18 

expression levels. A cauter was used to make an incisional wound in the left 

ventricular free wall and Tbx18:cre/R26R-lacZ mice were used to lineage trace Tbx18 

cells within the scarring region (Figure 5.1).  Three days post surgery; a large number 

of Tbx18 expressing cells are present at the site of injury and surrounding region 

(Figure 5.2).  The injury size was consistent and small leading to minimal recovery 

time by the injured mouse.  The depth of the lesion was also consistently half the 

transmural distance.  Tbx18 epicardial cells do not line the injured region, due to 

epicardial damage during injury of the myocardium.  There are variable levels of 

Tbx18 expression within individual cells in the injured region. 

Coimmunostaining using markers for vascular support cells (PDGFRβ) and 

cardiomyocytes (cTnT), two cell types derived from Tbx18 lineages during normal 

development, demonstrated that many of the Tbx18 expressing cells within the wound 

area are PDGFRβ positive, and none are cardiomyocytes.  Additionally, many cells 

within the injury express another marker of the epicardial lineage, Wilm’s Tumor 1 

(WT1) [86] (Figure 5.3B).  Interestingly, Tbx18 and WT1 mark distinct cell 

populations.  During development, Tbx18 and WT1 are largely coexpressed by cells 

constituting the epicardium, but also appear to be expressed in distinct populations of 

epicardially-derived cells found within the heart [85].  

Immunostaining using an antibody directed against Osteopontin, a marker for 

activated fibroblasts [138], indicates that activated fibroblasts are present at the 

wounds edge (Figure 5.3C).  Osteopontin staining was not present anywhere else 
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throughout the heart.  Tbx18 expressing cells do not costain with Osteopontin.  

Staining reveals that Retinaldehyde Dehydrogenase 2 (RALDH2), a mediator of 

retinoic acid signaling, is present in epicardium and in a minor population of cells 

within the injury (Figure 5.3D).  Retinoic acid signaling has been shown to be 

important in the epicardium for heart development and activated during zebrafish heart 

regeneration [18]. 

5.4.2 Tbx18 is Activated and Contributes Cardiomyocytes to the 

Healing Wound Area in Embryonic Heart 

To investigate the behavior of Tbx18 cells in injured embryonic hearts, a 

Tbx18:cre mouse model in an indicator background (R26R-lacZ) was used to mark 

lineage cells and a Tbx18:GFP mouse models was used to monitor expression.  

Embryonic hearts (E13.5) were excised and wounded via a transmural incision in the 

left ventricle before explant organ culture.  After a 48-hour period of explant culture, 

hearts were beating in an organized contractile rhythm (sinus rhythm) at about 90 

beats per minute (bpm).  There was no evidence of microbial or fungal contamination 

and the tissues appeared morphologically intact. Sections revealed that the site of 

transmural lesion was continuous with the surrounding myocardium.  There were only 

minor signs of an injury and no apparent dead cells.  The lesion closure near the 

epicardium left a small indentation that is apparent in sections.  

 A marked increase in the number of Tbx18 positive cells throughout the left 

ventricle is observed 24 hr after transmural injury (Figure 5.4).  In contrast to the adult 

response, the activation of Tbx18 appears to be more widespread.  The density of the 

Tbx18 activated cells increases near the site of injury.  A distinct 2-cell layer of highly 

expressing cells is present at the direct site of injury.  A large population of WT1 

positive cells, visualized using coimmunostaining, is present in the local healing 
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region, and, consistent with the adult model, most of the activated Tbx18 cells near the 

injury site do not colocalize with WT1 (Figure 5.5).  Confocal microscopy of 

coimmunostaining reveals that a limited number of Tbx18 expressing cells near the 

incisional wound are NKX2.5 positive (Figure 5.5). 

Injury studies done in a lineage background accentuate the Tbx18 response, 

with a dense population of lineage cells adjacent to the site of injury (Figure 5.6).  

Immunohistochemistry with an NKX2.5 antibody confirms that a small subset of cells 

near the healing tissue are Tbx18 lineage cells (Figure 5.6B,C). 

5.5 Discussion 

5.5.1 Tbx18 is Activated in Response to Injury 

It has been shown that the adult zebrafish epicardium activates Tbx18 and 

RaldH2 in response to injury, during the healing process.  Many cells throughout the 

newly regenerating myocardium expressed both.  Additionally, migration of epicardial 

cells was shown to be required for regeneration.  Because many of the developmental 

pathways, such as Tbx18, WT1, and retinoic acid signaling, are evolutionarily 

conserved in vertebrate epicardium, including mammals, these studies raise the 

question of what is lost during evolution that leads to the inability of the mammalian 

heart to regeneration.  Additionally, what is the role of the adult epicardium?  Is there 

active in vivo EMT and recruitment of adult epicardial cells? 

The current study highlights some parallels between zebrafish and fetal murine 

heart regeneration. Because the fetal epicardium fully expresses Tbx18 at high levels, 

epicardial activation as observed by increased Tbx18 expression, as observed in adult 

epicardium following injury, could not be characterized in this way. As the number of 

Tbx18 expressing cells within myocardium of a normal E13.5 heart is minimal, there 
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is a significant increase of Tbx18 expressing cells within the myocardium of the 

injured heart, relative to control cultured, but non-injured hearts (see Fig.).  It is not 

clear whether the increase in Tbx18 cells following injury results from activation of 

Tbx18 expression within resident mesenchymal cells, or whether there is increased 

EMT recruitment of Tbx18 expressing epicardial cells in injured hearts. 

 Activation of Tbx18 within epicardial cells in response to injury in the adult 

heart suggests that embryonic pathways can be reactivated in adult epicardium.  

Furthermore, active expression by cells within the lesion during the acute phase of 

injury response triggers the question as to a potential role of (adult) EPDCs in healing. 

5.5.2 Tbx18 is an Embryonic Source of Progenitor Cells for Heart 

Regeneration 

Our Tbx18:cre/R26R-lacZ mouse model allow for tracing of cell fate and 

revealed that some cardiomyocytes in the healing region derived from Tbx18 lineages. 

A major limitation to this exciting outcome is that the origin of these myocytes is not 

clarified, nor if they are newly generated myocardium.  Healing studies done in the 

Tbx18:GFP background, in which weak Tbx18 expression was seen in some NKX2.5 

myocytes near the incision, suggest that the Tbx18 lineage myocytes observed in this 

region are newly generated.  During development, Tbx18 precedes NKX2.5 

expression and a only a brief overlap is seen, most likely due to the stability and 

detectability of nuclear EGFP. 

Multiple factors most likely contribute to the ability of embryonic regeneration 

within mammals.  In the heart, at E13.5 there are relatively few fibroblasts or resident 

tissue macrophages. The heart is predominantly made up of cardiomyocytes and 

endothelial cells, but this changes as epicardial cells ingress to give rise to fibroblasts 

and vascular support cells.  While functionally the heart is engaged from early in 
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development, the stress on the E13.5 heart is minimal.  Although cell cycle withdrawal 

is occurring at E12 in mouse heart [139], cardiomyocytes are relatively immature at 

this stage.  Ultimately, the attributes that allow the embryonic mammalian heart to 

heal may be similar to those that are characteristic of lower vertebrate adults that are 

capable of regeneration, such as newt and zebrafish.  It appears that Tbx18 is 

evolutionarily conserved through these species and may contribute to the regenerative 

ability of the heart.  This finding suggests that the murine epicardium may have 

retained some signaling pathways that respond to injury and have the potential to 

facilitate healing. 

 The ability of the mammalian embryonic heart to heal is an observation that 

has gone largely unexplored for many years.  Somewhere in evolution, the mammalian 

heart lost its ability to heal.  Remnants of this capability still remain at the embryonic 

heart stage and identifying evolutionarily conserved genes responsible for healing in 

non-mammalian species will be a key to harnessing the mammalian heart’s 

regenerative power.  
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Figure 5.1:  Adult and embryonic cardiac injury models 
The upper panel shows a diagram and picture of the heat-induced injury to the LV, in 
which a cauter is used to slice into the heart.  Also shown is a representation of a 
cross-section through the heart at the injury.  The lower panel depicts the organ culture 
system used to culture injured embryonic explant hearts. 
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Figure 5.2:  Tbx18 is activated in the injured region of the adult heart 
Panels A and B show low and high magnification micrographs of sham operated 
hearts.  Tbx18 expressing cells are found at the epicardium and sparsely scattered 
through the myocardium.  Epicardial cells are brighter indicating higher Tbx18 
expression.  Panels C and D show low and high magnification micrographs of injured 
myocardium.  The number of Tbx18 expressing cells and the variability in expression 
is increased within injured tissue compared to sham myocardium.  Panel E shows the 
phenomenon of red fluorescence from improper folding of GFP in the presence of 
hypoxia.  Note the increase in red fluorescence farther from major vessels. 
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Figure 5.3:  Coimmunostaining with Tbx18:GFP in adult injured hearts 
A,B; WT1 expressing cells are found throughout the injury, and only a few weakly 
expressing cells are found within normal myocardium (sham).  C; Osteopontin 
staining is found along the border of the injury, but does not overlap with Tbx18:GFP.  
D; The epicardium of the injured embryonic heart is RALDH2 positive (upper panels).  
A few RALDH2 positive cells are found within the forming scar as well.  
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Figure 5.4:  Tbx18 is upregulated throughout the LV in response to embryonic 
heart injury 
After 24 hours of organ culture, there is a large increase in the number of Tbx18:GFP 
cells around the site of incisional wound, compared to sham, uninjured and cultured, 
hearts.  A, B; show low and high magnification micrographs of sham hearts, while C 
and D show similar micrographs of injured hearts after 24 hours of organ culture. 
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Figure 5.5:  High magnification coimmunostaining in the healing embryonic 
heart 
In the first column, the dense cluster of Tbx18 expressing cells at the site of injury is 
shown.  Immunohistochemistry, with anti-WT1, in the second column shows that 
WT1 expression is also upregulated in response to injury, but that positive cells within 
the myocardium constitute a distinct population compared to Tbx18:GFP cells.  In the 
third column, coimmunostaining for NKX2.5 indicates that some Tbx18 expressing 
cells in the healing region have adopted a myocyte fate (arrows show NKX2.5 and 
Tbx18 coexpressing cells). 
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Figure 5.6:  Tbx18 lineage cells mediate the healing process 
A, Xgal staining for the lineage indicator, β-galactosidase, on injured hearts after 24 
hours of explant culture.  While a small indentation persists at the site of injury, nuclei 
staining (DAPI) show a continuous myocardium.  Tbx18 lineage cells are found at a 
higher density in the healing tissue.  B, C Coimmunostaining for the myocyte marker 
NKX2.5 reveals that Tbx18 lineage myocytes are found in healing embryonic tissue. 
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CHAPTER 6 
 

CONCLUSIONS 

 

Regenerative medicine is a dynamic area of biomedical research.  From the 

over-simplified ideas behind tissue engineering has developed a cross-disciplinary 

field with a more realistic goal of translating understanding of developmental 

molecular biology, tissue mechanics, and stem cells into clinical treatments.  The 

major limitation to regenerative based therapies for heart diseases is the lack of a 

useful cell source that can repopulate or facilitate recruitment of all cardiac cell types. 

The proepicardium is a progenitor source that contributes to the later stages of 

heart development, including resident cardiac fibroblasts, vascular support cells, the 

single-cell covering of the heart, and cardiac myocytes.  Studies show that 

proepicardial cells retain their pluripotentcy and have the ability to become 

cardiomyocytes, smooth muscle, and fibroblasts, while most cardiac lineages have 

already committed to a single cell type.  Study of the developmentally latest 

pluripotent cells to contribute to the heart provides an understanding of the molecular 

pathways required as embryonic stem cells become cardiac progenitor cells.   It may 

also lead to the discovery of cells that retain cardiac pluripotentcy and serve as 

resident progenitor cells throughout life, in the epicardium. 

This new study specifies Tbx18 as a progenitor marker of proepicardial cells, 

which is no longer expressed upon differentiation into cardiac myocytes.  We also 

show that Tbx18 is a cardiac transcription factor required in cardiac progenitors for 

normal development of heart morphology and physiology.  The epicardium is a critical 
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source of multiple cell types associated with complex cardiac morphogenesis and 

physiology.  However, there is still much that is not understood about the multiple 

Tbx18 lineages and the molecular pathways regulating heart development and 

maintenance.  Understanding gene regulation in cardiac progenitor cells and the adult 

epicardium may be the first steps toward clinically relevant strategies in regenerative 

medicine utilizing the heart’s own developmental pathways. 

While many experiments in several species have described the temporally 

complex contribution of multiple myocardial lineages from the embryonic epicardium, 

the experiments described here are the first to show contribution to four major cardiac 

lineages.  However, the role of the adult epicardium has only recently been explored.  

The adult epicardium continues to express early markers of its progenitor cells from 

the proepicardium.  Previous studies in zebrafish have established the epicardium as a 

regenerative source of cells.  We now show that following injury, cells within the 

wounded region of the mouse heart express many of the same genes found in zebrafish 

healing and murine epicardial development, including Tbx18, WT1, and RALDH2.  

Furthermore, Tbx18 lineage cells were shown to mediate mammalian healing in 

embryonic heart explant cultures. 

I hypothesize that epicardial cells play a critical role in heart maintenance and 

disease response throughout life.  Also, that regenerative capability lies in the 

epicardium and epicardial-derived cells.  We may never fully understand the genetic 

pathways required for stem cells to regenerate heart, but useful therapy may not 

require a full understanding.  Proepicardial and epicardial cells already have genetic 

knowledge useful in heart regeneration.  Epicardial cells represent a cardiac progenitor 

population that may require less therapeutic interaction than other stem cells for 

clinical application in cardiac regeneration.  Therapies using adult EPDCs as an 

autologous stem cell source aimed at reactivation of embryonic programs may allow 
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neovascularization and cardiomyocyte expansion post-injury.  The use of these cells 

will eliminate the ethical and rejection issues plaguing other stem cell therapies, while 

leading to natural and controlled healing of diseased myocardium. 

Aside from a cell source for regenerative therapy applications, these new 

findings about Tbx18 proepicardial cells have interesting implications elsewhere.  The 

ease of isolating pure populations of proepicardial cells, that are capable of colony 

formation, makes them ideal for further studies of cardiac progenitors.  They provide a 

useful tool to study cardiomyocyte differentiation and could be used for high-

throughput drug screens.  There is much more that can be learned about and from 

epicardial cells and their progenitors. 
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APPENDIX A 

 

A.1.  In utero dye fate mapping of epicardial cells confirms Tbx18 

genetic lineage tracing. 

To address the limitations of using a genetic lineage tracing (Tbx18:cre) of the 

epicardium, dye fate-mapping studies were conducted on explanted embryonic hearts 

in culture, as discussed in Chapter 2.  The results supported the genetic lineage 

findings.  However, there are limitations to this approach as well.  Of most concern, is 

the variety of issues introduced with an organ culture system of the heart.  Improper 

nutrient and oxygen transfer combined with the absence of all extrinsic mediators of 

heart development, led to suboptimal conditions to study cell migration during heart 

development.  A new technique was designed to deliver dye into the pericardial space, 

in utero, allowing for reincubation of the embryo inside the mother with minimal 

disturbance to the developmental process. 

A.1.1. Methods 

Mice were anesthetized with isoflurane in appropriate concentration 

administered via nose-cone, in a mixture with oxygen, under continuous monitoring of 

heart rate and respiration. After removal of the hair, hearts of the mice and embryos 

were imaged through the thoracic or abdominal wall using a Vevo-770 high-resolution 

ultrasound system and Visualsonics transducers 704, 707B, and 708 (VisualSonics 

Inc., Toronto, Ontario, Canada).  

For Ultrasound-guided injections into embryos, the abdomen of pregnant mice 

were opened with a vertical medial incision at the linea alba. The uterine horns were 

lifted out of the abdomen and stabilized using a modified Petri dish. 150 – 400 nl of 

fluorescent dye (CFSE, Molecular Probes C1157) was injected into the pericardial 
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space of embryos under continuous imaging control using glass microcapillary 

needles. After injection the embryos were replaced into the abdomen, the abdomen 

closed by suture, and anesthesia was discontinued after administration of pain 

medication.  One – 36 hours after injection the pregnant mice were euthanized and the 

embryos where harvested for microscopic studies.  One-hour time points serve as the 

time 0, in order to provide sufficient time for diffusion of dye into cells. 

A.1.2.  Preliminary Results 

 

Figure A.1:  Ultrasound guided in utero dye fate-mapping 
Ultrasound was used to guide dye injection into the pericardial space of an E11.5 
embryo (top left).  Sections at time zero indicate that the dye does not penetrate 
multiple layers, only marking the epicardium and pericardium (top right).  The bottom 
row shows confocal micrographs of section immunostaining for the myocyte marker 
NKX2.5, after 24 hours.  All cells that have delaminated from the epicardium appear 
to be expressing NKX2.5 expressing cardiac myocytes. 

A.1.3.  Conclusions 

This technique could be very useful in a variety of experiments.  Dye could be 

replaced by viral injections, which opens the door for gene transfer and long-term 
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lineage experiments.  Contrast agents, such as albumin microbubbles, could be 

injected as a tool for the study of embryonic cardiac mechanics.  While fate-mapping 

results from these preliminary studies appear to agree with our previous studies, more 

experiments are required to validate the method and to confirm true epicardial lineage 

tracing. 

 

A.2.  Tbx18 and Wt1 epicardial cells represent distinct populations 

 Wilm’s Tumor 1 (WT1) is another transcription factor that has been shown to 

mark the proepicardium.  WT1 is expressed early in the proepicardium and continues 

to be expressed by the developing epicardium.  Published in the same issue of Nature, 

is an independent lineage study in which Wilm’s Tumor 1 (WT1) was used as a 

marker of epicardial cells to derive similar conclusions to the Tbx18 lineage study 

[86].  Cardiac lineages are overlapping with Tbx18, but in comparison it is a much 

more comprehensive marker of the septum transversum (see Figure A.2) leading to 

more extensive lineage tracing throughout the abdomen.  Interestingly, WT1 

expressing cells that have migrated into the heart constitute a distinct population 

compared to Tbx18 expressing cells.   Most cells that have delaminated from the 

epicardium express either WT1 or Tbx18, but only a few are overlapping (see Figure 

A.3). 
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Figure A.2:  WT1 and flk1 in the proepicardium 
Section immunostaining shows no overlap of WT1 and flk1 expressing cells. 
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Figure A.3.  WT1 and Tbx18 expressing EPDCs are distinct 

Immunostaining with an antibody directed against WT1 in the embryonic heart 
day 12.5 shows strong overlap in the epicardium.  However the epithelial covering of 
the great arteries is marked mostly by WT1.  WT1 and Tbx18 expressing cells within 
the heart rarely overlap, especially within the ventricular septum. 
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A.3.  The Tbx18 antibody from Santa Cruz is not specific for Tbx18 

Some concern still exists that Tbx18 lineage cardiomyocytes are not truly 

derived from the proepicardium/epicardium.  The strongest evidence supporting this 

idea is antibody staining using the anti-Tbx18 antibody from Santacruz Biotechnology 

(sc-17867).  Figure A.3 shows that in wildtype tissue the antibody appears to stain in 

all the same regions that Tbx18:GFP expression is seen as well as a large population 

of septum myocytes, predominantly on the left side.  However, on Tbx18 null tissue 

sections, all staining in the epicardium and vessels is absent, but the septum staining is 

still present. 
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Figure A.4:  Tbx18 antibody staining is present in Tbx18 null tissue 
Immunostaining for the endogenous Tbx18 protein reveals many myocytes, primarily 
on the left side of the septum, expressing Tbx18.  This is in addition to and the only 
exception compared the endogenous expression of Tbx18:GFP.  Costaining reveals a 
close relationship, but no obvious overlap with Tbx18 antibody stained cells and 
Connexin 40 (CX40) expression CCS cells.  On Tbx18 null, all other regions of 
antibody staining, including vessels and epicardium, appear to no longer stain with the 
Tbx18 antibody except a large population in the septum.  This suggests that this 
Tbx18 antibody has affinity for another protein, predominantly expressed by septum 
myocytes.
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APPENDIX B 

 

B.1. Conditional deletion of RBP-J in Tbx18 lineage cells is not 

lethal and doesn’t provide an obvious cardiac phenotype 

B.1.1 Background 

The Notch family of signaling proteins are highly conserved among 

mammalian species.  In development, Notch receptors are responsible for the 

regulation of cell fate determination in many tissues and play a dose-dependent role in 

vascular patterning.  The intracellular domain, which is released upon ligand binding 

to Notch receptors, translocates to the nucleus and acts as a transcriptional activator in 

association with a protein binding to the J kappa recombination sequence (RBP-J).  

RBP-J is a DNA-binding protein that mediates most Notch signaling [140].  Deletion 

of RBP-J should eliminate nuclear signaling through all Notch receptors.  Conditional 

deletion in multiple mouse models has shown the importance of Notch signaling in 

many different cellular processes [141-143]. 

Clinically, Notch3 mutations have been associated with cerebral autosomal 

dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADISIL) 

syndrome.  The major characteristic of this disease is highly abnormal vasculature.   

B.1.2 Numbers 

In this study, conditional knockout of RBP-J was achieved by interbreeding 

mice homozygous for a floxed allele of RBP-J with mice double heterozygous, with 

one floxed allele and containing the Tbx18-cre knockin previously described.  It was 

found that mutant mice were born in a Mendelian ratio and survived to adult (3-4 

months).  Mutant mice appear active and have no noticeable morphological 

abnormalities. 
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Table A.1:  Numbers for the Tbx18 ablation of RBPJ 

 
Tbx18cre/+ 

RBPJflox/flox 
Tbx18cre/+ 

RBPJflox/+ 
Tbx18+/+ 

RBPJflox/* 
number 32 28 69 
percent 24.8 21.7 53.5 
Mendelian 25 25 50 

 

B.1.3 Results 

Excised hearts from mutant mice appeared normal in size, shape, color, and 

anatomy when compared to littermates.  Hearts were processed for cryosections and 

immunostaining (as previously described).  Hematoxylin and Eosin staining of 

sections throughout the heart did not reveal any malformation in mutant hearts. 

Electrocardiography and echocardiography were performed on a subset of 

mice (mutants, n=4; controls, n=4) to investigate the physiological fitness of mutant 

hearts.  The hearts of RBP-J mutants are physiologically similar to wildtype controls.  

 

B.2 Conditional deletion of Hepatocyte growth factor or its 

receptor c-Met in Tbx18 lineage cells is not lethal and doesn’t provide 

an obvious cardiac phenotype 

B.2.1 Background 

 Hepatocyte growth factor (HGF) is a cytokine with multiple functions.  It was 

originally discovered in the liver, but has since been shown to be quite ubiquitous.  

Signaling for HGF is mediated by a single tyrosine kinase receptor known as c-Met.  

The HGF/c-Met signaling pathway is responsible for regulation of numerous cellular 

processes that vary depending on the cell type.  During development and regeneration 

it has been shown to stimulate mitogenesis, migration, and morphogenesis [144].  
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Conditional disruption of HGF or c-Met can cause embryonic lethality due to their 

role in multiple developmental processes [145].  A role for HGF has also been 

identified as an angiogenic growth factor.  Its receptor, c-Met, has been observed in 

vascular cells, endothelial cells, and cardiomyocytes.  Additionally, recent studies 

have demonstrated the use of HGF to treat cardiovascular disease [146]. 

B.2.2 Numbers 

In this study, conditional knockout of HGF and c-Met was achieved by 

interbreeding mice homozygous for the floxed allele with mice double heterozygous, 

with one floxed allele and containing the Tbx18-cre knockin previously described.  It 

was found that mutant mice were born in a Mendelian ratio and survived to adult (3-4 

months).  Mutant mice appear active and have no noticeable morphological 

abnormalities. 

 

Table A.2:  Numbers for the Tbx18 ablation of CMET  

 
Tbx18cre/+ 

Cmetflox/flox 
Tbx18cre/+ 

Cmetflox/+ 
Tbx18+/+ 

Cmetflox/* 
number 16 15 36 
percent 23.9 22.4 53.7 
Mendelian 25 25 50 

 

Table A.3:  Numbers for the Tbx18 ablation of HGF 

 
Tbx18cre/+ 

HGFflox/flox 
Tbx18cre/+ 

HGFflox/+ 
Tbx18+/+ 

HGFflox/* 
number 23 21 48 
percent 25 22.8 52.2 
Mendelian 25 25 50 
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B.2.3 Results 

Excised hearts from mutant mice appeared normal in size, shape, color, and 

anatomy when compared to littermates.  Hearts were processed for cryosections and 

immunostaining (as previously described).  Hematoxylin and Eosin staining of 

sections throughout the heart did not reveal any malformation in mutant hearts. 
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