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Abstract 

 

Embryogenesis, one of the most important phases of life, comprises critical 

processes defining the body plan and formation of organs. The heart is the first 

organ to form and function, implicating its importance for the basic functionality of 

an organism. Heart development starts with two heart-forming regions in the 

mesodermal layer of the embryonic disc, which fold and fuse to give rise to the 

heart tube. Chambers balloon out from the heart tube at localized sites where the 

differentiation of the primary myocardium into the working myocardium occurs. 

Large regions of the heart tube remain undifferentiated, which will give rise to non-

working cardiac structures including the conduction system. For the heart to 

transform from a primitive heart tube to a developed four-chambered heart of 

higher vertebrates, it must undergo a series of morphological changes 

accompanied by complex molecular mechanisms controlled by transcriptional 

networks that are beginning to be revealed. For the heart to function as a 

coordinated pump, a well-defined conduction system is necessary. Transcriptional 

events involving orchestrated actions of key transcriptional regulators like T-box 

factors, Nkx2-5 and Gata4 are required for the specification of the conduction 

components. In this chapter we will provide an overview of the major events in the 

early development of the heart, and focus on the molecular mechanisms underlying 

the development of the cardiac conduction system. 

Non-standard Abbreviations  
AP arterial pole 
AVB atrioventricular bundle 
AVC  atrioventricular canal 
AVN atrioventricular node 
BB bundle branches 
E embryonic day 
EA embryonic atrium 
EV embryonic ventricle 
HF heart field 
IFT inflow tract 
LA left atrium 
LV left ventricle 
OFT outflow tract 
PVCS peripheral ventricular conduction system 
RA right atrium 
RV right ventricle 
SAN sinuatrial node 
SCV superior caval vein 
SV sinus venosus 
SR sarcoplasmic reticulum 
VP venous pole 
VS ventricular septum 
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Section 1 Basic Embryology 

 

In humans, fertilization marks the start of one of the most critical phases of life, 

embryogenesis, a short but extremely eventful period in terms of development. 

This proceeds until approximately the eighth week of development, after which 

point the embryo enters the fetal period. After fertilization the zygote, derived as the 

fusion product of 2 haploid, meiotic cells, undergoes several rounds of cell division, 

rapidly giving rise to a ball-like cluster of around 16 cells known as the morula (Fig. 

1a), the outermost cells of which become distinguishable from the cells at the 

center. Development has now entered the blastocyste stage, a phase which has 

been of particular interest to cellular research, providing the most very primitive, 

pluripotent form of stem cells. The blastocyste consists of a blastocyste cavity, 

which is filled with fluid, and the inner cell mass or embryoblast, which will 

eventually form the embryo itself. The blastocyste cavity and embryoblast are 

surrounded by a layer of outer cells, the trophoblast, which will give rise to the extra 

embryonic tissues of the placenta. The cells of embryoblast now undergo an early 

differentiation phase that gives rise to the germinal disc, a bilaminar layer of cells, 

each layer with its own specific function and role during further development (Fig. 

1b). 

The embryo, now completely embedded in the endometrium of its mother, 

enters approximately its third week of development, during which gastrulation 

occurs. This important phenomenon in embryology culminates in the embryonic 

disc becoming trilaminar, setting up the organizational plan for organ and tissue 

development (Fig. 2). During gastrulation, a localized movement and division of 

cells give rise to three germinal layers known as the ectoderm, mesoderm and 

endoderm. From each of these three layers specific tissues and organs will arise. 

The ectoderm mainly contributes to the structures that maintain the communication 

with the outside world like the central nervous system and epidermis. The 

mesoderm derives the fibrous tissues, skeleton and muscles, including the 

cardiovascular system that consists of the heart and major vessels, with, lastly, the 

endoderm giving rise to the epithelial linings of the intestinal tract and its 

derivatives. 

Organogenesis starts as soon as gastrulation is complete. The first phase 

of organogenesis is the period of neurulation, a process that takes place within the 

ectoderm, being characterized by the formation of the neural tube which will 

eventually give rise to the nervous system. After the formation of the neural tube, 

cells located on the lateral sides of the neural tube, the neural crest, migrate to 

other parts of the embryo to contribute to the formation of various tissues including 

some structures of the heart. 
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Fig. 1 (A) Cell divisions after fertilization. (B) The blastocyste comes into contact with the epithelium of 
the uterus (left panel). Subsequently, the blastocyste embeds itself deeper in the uterine wall. The cells 
of the embryoblast that are adjacent to the blastocyste cavity differentiate into the hypoblast, and the 
cells that have not differentiated make up the epiblast. This process gives rise to a double-layered 
germinal disc (right panel). 
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Fig. 2 Gastrulation. (A) The cells of the epiblast migrate in the direction of the hypoblast, and these 
migrating cells replace the cells of the hypoblast to form the endoderm. (B) Subsequent to the 
formation of the endoderm, the migrating epiblast cells give rise to the mesoderm. Upon completion of 
gastrulation, three germinal layers - ectoderm (the remaining portion of the epiblast is called the 
ectoderm), mesoderm and endoderm - are formed.  

A B B

endoderm 
hypoblast mesoderm 

ectoderm 

endoderm 

epiblast 

Fertilization 

zygote 2 cells 8 cells 16 cells, morula 



Basic Cardiac Development: The Heart and Its Electrical Components 

   17 

Until the end of the third week, the trilaminar embryo has retained a flat 

disc like structure. However, as the embryo develops further a complex 3 

dimensional folding process ensues, which starts to give the embryo a more 

cylindrical structure (Fig. 3). The embryo bends at the cranial (head) and caudal 

(‘tail’) end by as much as 180º degrees, whilst at the same time folding laterally. 

These folding processes lead to the enclosure of the mesoderm and endoderm by 

ectoderm. Due to the head folding the mouth area bends to the lower front and the 

cardiac plate moves to the thoracic region where the heart will finally be positioned 

in the adult (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Section 2 From heart tube to four-chambered heart 

 

The heart is the first organ to form and function during embryonic development. It 

develops from the cardiac plate that is formed by cells from the mesoderm in the 

most anterior part of the flat embryonic disc. During the process of gastrulation, 

early cardiac progenitor cells are located in two symmetrical, bilaterally positioned 

regions on either side of the embryonic midline. These regions are often referred to 

as the heart-forming regions. The developing embryo undergoes what is perhaps 

one of the most difficult descriptive morphological transformations during 

development, that of embryonic folding. By the lateral folding of the embryo the 

heart-forming regions expand across the midline of the embryonic disc, deriving a 

horse-shoe like region of cells aptly referred to as the cardiac crescent (Fig. 4). 

Subsequently, the lateral walls of the cardiac crescent bend toward the central 

region and fuse at the midline to form the primitive heart tube. At the same time as 

the lateral folding, the head folding of the embryo drives the cardiac crescent to 

Fig. 3 Folding of the embryo. The embryo folds at both the cranial and caudal ends, and at the same 
time also folds laterally. After cranial folding is completed, the developing brain is positioned most 
cranially, followed by the facial, pharyngeal and then heart regions that have reached their final 
locations. 
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move from the upper part to the central region of the embryonic disc where the 

heart takes up its position in what will become the thoracic region.  

The heart tube consists of an outer myocardial layer and an inner 

endocardial layer, and these two layers are separated by cardiac jelly produced by 

the myocardium. The linear heart tube, which is bilaterally symmetrical, has an 

inverted ‘Y’ shape, the legs of which form the venous pole of the heart, while the 

stem forms the arterial pole, respectively referred to as the inflow and outflow 

regions of the heart tube (Fig 5). Due to the process of embryonic folding, the heart 

tube becomes progressively pushed into the pericardial sac. At this stage, the 

myocardial mantel of the heart tube is not yet closed and is attached along its 

length via a tissue bridge, termed the dorsal mesocardium, to the mesoderm of the 

body. As the heart tube subsequently begins to close and looping ensues, the 

dorsal mesocardium bridge is broken, releasing the now sealed tubular heart into 

the pericardial sac. The heart will remain connected to the body, but only via its 

venous and arterial poles. 

The heart, as mentioned earlier, is one of the first organs to form and 

function. The primary myocardium of the early heart tube possesses a phenotype 

that resembles that of the nodal tissues in the adult heart, having slow contraction, 

slow transmission of electrical signals but high automaticity. These characteristics 

give initial heart pump function the form of waves of peristaltic-like, rhythmic 

contractions, generating a unidirectional blood flow from the venous to the arterial 

pole. Dominant pacemaker activity develops in the venous pole of the heart tube. 

In humans, the heart begins to contract around 22-23 days of embryonic 

development and in the mouse around 9 days of embryonic development. While 

the heart tube further lengthens, localized regions in the primary heart tube will 

differentiate into atrial and ventricular chambers, whose myocardium possesses a 

phenotype that does not resemble that of the early heart tube. The chamber 

myocardium displays rapid transmission of electrical signals and low automaticity. 

Due to the development of the chambers, the heart begins to display more 

synchronous-like, sequential contractions instead of the initial peristaltic 

contractions. 

The fully developed, adult, four-chambered heart consists of ventricular 

and atrial chambers with inflow (venous) and outflow (arterial) regions and valves 

that ensure a unidirectional blood flow. To reach this end stage, the heart tube 

must undergo a series of events which have received descriptive analogy of 

ballooning and looping. During this process, the heart tube elongates due to the 

recruitment of myocytes at both its outflow and inflow poles. At the same time, the 

heart tube bends toward the ventral side and loops rightwards, and localized areas 

of cells along the tube begin to differentiate and divide, slowly ballooning out, 

providing the first signs of atrial and ventricular chambers (Fig 5). The intervening 
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region between the two chambers, the atrioventricular canal, connects both 

developing ventricles with the atria due to its rightward expansion relative to the 

ventricles. Two blood flows, one from the right atrium draining into the forming right 

ventricle and the other from the left atrium into the left ventricle, remain separate 

laminar flows that do not mix laterally, a process guided by the developing 

endocardial cushions.  

Formation of the chambers is marked by the differentiation of localized 

regions of primary myocardium along the embryonic heart tube, which is 

characterized by a slow propagation of the cardiac impulse, into the fast-

conducting working myocardium of the chambers. The inflow, the outflow, the 

atrioventricular canal and the inner curvature retain their primary myocardial 

phenotype. The looping and chamber formation of the heart involve complex 

molecular mechanisms that are just beginning to be revealed. In the coming 

sections we will attempt to provide an overview of some of the major events that 

are driven by these processes, and provide a basic insight into the early stage of 

cardiac development. 

 

Section 3 Early cardiac growth  

 

3.1. Primary myocardium versus working myocardium 

 

Cardiac muscle cells, termed cardiomyocytes, possess a number of functional 

features that distinguish them from the non-heart related muscle cells. They display 

automaticity, meaning that they are capable of generating an intrinsic cycle of 

electrical activity which results in contraction. Cardiac progenitor cells undergo 

varying degrees of differentiation leading to the different phenotypes of working 

(chamber), nodal and ventricular conducting myocardium (Table 1). The early heart 

tube, as described earlier, consists of a primary form of myocardium, albeit the 

cardiomyocytes show a level of dissimilarity owing to a cranio-caudal polarity over 

the heart tube. Cardiomyocytes in the primary myocardium are small and have 

poorly developed sarcomeres and sarcoplasmic reticular structure, and possess 

slow conduction properties. This form of myocardium resembles the nodal 

myocardium of the sinuatrial and atrioventricular nodes in many phenotypic and 

molecular aspects. The common pacemaker channel, Hcn4, is expressed in both 

primary and nodal myocardium which coincides with the high automaticity found in 

both these types of myocardium (Satin et al., 1988;van Mierop, 1967). The 

cardiomyocytes of the chambers possess a phenotype more attuned to the high 

contractility and conductivity required of a working myocardial cell. They have well-

developed sarcomeres and sarcoplasmic reticuli, and a high abundance of fast  
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conducting gap junction proteins Cx40 and Cx43 which ensures fast electrical 

conduction and synchronous contraction of the chambers.  

 

3.2. Growth of the chambers 

 

The ballooning model of chamber formation 

During looping of the heart tube a number of compartments become visible; the 

outflow tract (arterial pole), embryonic right ventricle, embryonic left ventricle, atria 

and sinus venosus (venous pole) (Anderson et al., 1978;Moorman and Lamers, 

1994). Although these regions will continue to develop to derive their functional 

counterparts in the mature heart, the underlying process proceeds in a dynamic 

fashion. Differentiating cells that constitute part of the outflow tract at an early stage 

may finally be located in the adult right ventricle. According to the classical view of 

heart development, the heart tube already consists of all components that will 

derive the mature heart, the components being arranged in segments along the 

anteroposterior, or cranio-caudal axis, hence the term segmental model (Anderson 

et al., 1978;De la Cruz et al., 1989;Stalsberg, 1969). The segmental model of 

development was accepted for a long time until another, better fitting and accurate 

model was put forward (Christoffels et al., 2000;Moorman et al., 2000). With the 

advent of molecular biology, many of the historical descriptive anatomical 

teachings of developmental processes have been resolved to a level of better 

understanding and no more so than for the heart. Studies making use of gene 

expression patterns have provided crucial insights into the early processes of 

embryonic heart development, providing clear and evidenced views of differing 

developmental stages. These findings demonstrate that chamber formation actually 

occurs predominantly in two phases. First, the heart tube shows specification in  

Fig. 4 Ventral view of the embryonic disc showing formation of the linear heart tube. During 
embryonic folding, the heart-forming regions migrate across the embryonic midline and fuse to form the 
heart tube. Adapted from (van den Berg and Moorman, 2009). 
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gene expression and morphology not only along the anteroposterior axis as 

described in the segmental model, but also along the dorsoventral axis. Second, 

subsequent to the formation and looping of the heart tube, the atrial and ventricular 

chambers start their development locally, forming at the outer curvatures (Fig. 5). 

The observed expression patterns of transcription factors associated with chamber 

formation demonstrate that the inner curvature does not differentiate into chamber 

working myocardium, but retains a more primary phenotype. Cardiomyocytes  

Fig. 5 Ballooning and looping of the heart tube in the mouse embryo. (A,D,G) Heart tube at 
different stages captured by scanning electron microscope. (A-C) The heart tube of an E8-8.5 embryo, 
showing the inverted ‘Y’ shape with the venous pole located at the legs and arterial pole at the stem of 
the Y. The first signs of local expansion of the heart tube giving rise to the embryonic ventricle are seen 
here (blue). (A,B) Ventral view; (C) left lateral view. (D-F) At approximately stage E9.5-10.5, the heart 
tube loops rightwards and the chambers balloon out of the heart tube; the developing atria can be 
recognized. (D,E) Ventral view; (F) left lateral view. (G.H) The heart at E10.5-12.5, showing the four 
chambers and the opening of the venous inflow into the right atrium. (G,H) Ventral view, and (H) the 
ventral wall is removed to show the inside of the heart. Primary myocardium is in grey; myocardium of 
the chambers is in blue; non-myocardial components of the inflow and outflow region in yellow. 
Abbreviations: AP, arterial pole; VP, venous pole; EV, embryonic ventricle; LV, left ventricle; RV, right 
ventricle; EA, embryonic atrium; AV-canal, atrioventricular canal; OFT, outflow tract. Figures are 
reproduced from (Moorman et al., 2003).  
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Phenotypes of cardiomyocytes  

Phenotype  Type of myocardium  

 Primary  Nodal  Bundle and 

branches  

Chamber  

Automaticity  high  high  high  low  

Conduction velocity  low  low  high  high  

Contractility  low  low  low  high  

SR activity  low  low  low  high  

Proliferation  low  low  low  high  

 

 

 

 

 

located within the chamber forming area proliferate fast causing the chambers 

‘balloon’ out from the heart tube.   

Other evidence that also strengthened the developmental mechanisms 

underlying the 'ballooning' model was the discovery of what is commonly referred 

to as the second heart field. The second heart field is a cardiac precursor cell 

population that is located within the pharyngeal mesenchyme outside the bounds 

of the early heart tube (Fig. 6). The precursor cells that make up the linear heart 

tube are descriptively derived from the first heart field, and give rise to the 

embryonic ventricle and inflow tract region that go to make up the early heart tube 

as we have described (Fig. 6). Perhaps one of the surprising findings, though 

historically a process described in the 1960's (DeHaan, 1967), is that large part of 

the observed growth of the heart tube is due to the addition of cells from the 

second heart field, cells which are particularly key to the development of the right 

ventricle and outflow tract as well as making significant contributions to other 

regions of the heart (Kelly and Buckingham, 2002;Mjaatvedt et al., 2001;van den 

Berg et al., 2009;Waldo et al., 2001). This finding shows that precursor cells 

needed for the building of the heart are not already present in the heart tube. The 

characterization of heart development in terms of the spatiotemporal expression of 

key markers of cardiac development has then clearly provided some of the most 

profound insights into this anatomically complex developmental process. 

 

Proliferation of the heart tube 

 

The early heart tube of chicken embryos increases in length at a rate of 70 µm per 

hour (van den Berg et al., 2009). Quantitative reconstructions of embryonic chicken  

Table 1 Characteristics of different types of myocardium present during heart development. 
Primary and nodal myocardium have the same phenotypic and molecular features. The phenotype of 
the cells of the chamber or working myocardium is developed in such a way that these cells are 
specialized for contraction and conduction of the electrical signals. See the text section for a more 
extensive description of this table. SR, sarcoplasmic reticulum. The data are based on (Canale et al., 
1986); (Kleber et al., 2001); (Sissman, 1966); (Soufan et al., 2006); (Thompson et al., 1990). 
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hearts show that the growth of the early heart tube is due to the recruitment of 

precursor cells from a pool of precursor cells at the venous pole of the heart tube, 

which has been referred to as the caudal precursor pool (Soufan et al., 2006) (Fig. 

6). These reconstructions show that the caudal pool of precursor cells proliferates 

rapidly, while the primary cardiac precursor cells (primary myocardium) of the heart 

tube proliferate very slowly, if at all, reinforcing the idea that actual growth of the 

heart tube is mainly due to the recruitment of cells from a cardiac precursor pool 

located outside the heart tube, and not to large scale proliferation of the primary 

myocardium itself. Once the highly proliferative caudal precursor pool of cells 

enters the heart tube, it becomes less proliferative, concomitant with overt 

differentiation into cardiomyocytes. Subsequent to the quiescent phase of the cell-

cycle, proliferation becomes re-initiated at the outer curvature of the heart tube, i.e. 

the region of chamber development. In contrast to the inversely related proliferation 

and differentiation rate observed in the caudal precursor pool, the ballooning 

chambers undergo simultaneous differentiation and proliferation, as marked by the 

expression of working myocardial genes such as Nppa (Christoffels et al., 

2000;Delorme et al., 1997;Houweling et al., 2002;van Kempen et al., 1996) within 

the high proliferative zones of the ballooning chambers. Furthermore, increase in 

cell size has been shown to contribute to chamber formation (Soufan et al., 2006). 

The mechanisms underlying the growth of the heart tube and formation of the 

chambers, put forward mainly using mouse and chicken studies, have recently also 

been shown to be conserved in humans (Sizarov et al., 2011).  

A cell tracing study in chicken shows that the caudally defined precursor 

cells described above, contributing to the growth of the heart tube, also migrate 

Fig. 6 Schematic overview of the different cardiac precursor cell populations. The first heart field 
(HF), cells lying in the heart tube region prior to rupture of the mesocardium, gives rise mainly to the 
left ventricle. The right ventricle, outflow tract and a part of the atria are derived from the second heart 
field, i.e. cells that must enter the heart via either the venous pole or outflow tract regions due to 
mesocardium rupture. The sinus venosus (SV) of the venous heart pole is derived from a Tbx18-
positive progenitor cell population, distinct from the second heart field, called the caudal heart field. 
Abbreviations: EV, embryonic ventricle; IFT, inflow tract; OFT, outflow tract; RV, right ventricle; LV, left 
ventricle; RA, right atrium; LA, left atrium. 
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cranially and enter the heart via the dorsal pericardial wall into the arterial pole of 

the heart tube and subsequently differentiate into cardiomyocytes. This, although 

seeming to redefine thoughts regarding separate fields of heart cells each 

contributing to the heart, in fact ties the heart fields together in terms of their 

proliferative characteristics by simply defining one single growth center contributing 

cells to both poles of the heart. Based on all these studies then, it is clear that the 

spatiotemporal location of cardiac precursor cells during embryogenesis will 

ultimately play a chief role in determining their terminal location and functional 

differential state (Rochais et al., 2009;van den Berg et al., 2009;Xu et al., 2004).  

 

3.3. Differentiation of the chambers 

 

The heart tube initially consists of cardiomyocytes with primary myocardial features 

(Table 1). Cardiac chamber development requires the localized differentiation and 

proliferation of primary myocardial cells into working myocardial cells. The 

remaining portion of the tube, constituting the inflow tract, atrioventricular canal, 

inner curvature and outflow tract, will largely retain its primary ‘nodal’ phenotype 

and does not differentiate into the working myocardium phenotype. 

The primary and working myocardium can be distinguished from each 

other by the expression and repression patterns of numerous genes. Differentiation 

of primary myocardium into working myocardium is tightly regulated by conserved 

transcription factors, ensuring local initiation and restriction of a chamber-specific 

gene program. Natriuretic precursor peptide type A (Nppa, also known as ANF), 

Connexin 40 (Cx40) and Connexin 43 (Cx43) are genes expressed in cells of the 

working myocardium (Christoffels et al., 2004a). Expression and regulation of Nppa 

has been extensively studied, and its expression can be linked to the differentiation 

of the working myocardium of the atria and ventricles (Houweling et al., 2005), 

making it suitable and thus commonly used marker for this process. The 

transcription factors Nkx2-5, Gata4 and Tbx5 have been shown to be able to 

activate the expression of Nppa in the working myocardium of the chambers, 

thereby indicating that these factors play a role in chamber differentiation (Fig. 7a) 

(Bruneau et al., 2001;Garg et al., 2003;Hiroi et al., 2001;Small and Krieg, 2003). 

When the heart-forming regions fuse in the midline to form the cardiac crescent, 

the expression of Nkx2-5, Gata4 and Tbx5 can be detected in the cardiac 

progenitor cells, making these factors suitable as early markers for cardiogenesis.  

 

Nkx2-5, GATA4 and Tbx5 activate chamber differentiation 

Nkx2-5 belongs to the evolutionarily conserved homeodomain proteins of the 

tinman family, which is known to be an important class of transcription factors 

involved in heart development. Initial experiments making use of Drosophila  
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Fig. 7 Roles of T-box dependant networks of transcription factors in the regulation of chamber 
formation. (A) Model of a regulatory network for chamber formation. Nkx2-5, Gata4 and Tbx5 
physically interact to activate the expression of chamber-specific genes and thereby stimulating the 
differentiation of primary into chamber myocardium. In the atrioventricular canal, Tbx2 and Tbx3 
compete with Tbx5 and interact with Nkx2-5 and Gata4 in order to repress the chamber-specific genes, 
thereby maintaining the primary myocardial phenotype in the atrioventricular canal. (B) Schematic 
representation of an E10.5-12.5 four-chambered heart showing the myocardial expression patterns of 
genes important for the regulation of heart development. The ventral wall is removed to show the 
myocardial layer of the heart. The regions of expression are shown in grey. Nkx2-5 and Gata4 are 
expressed throughout the myocardium. Tbx5 shows a gradient in expression, which is higher in the 
atria, the left ventricle and the left aspect of the ventricular septum than the right ventricle, the right 
aspect of the ventricular septum and the outflow tract (light grey). Tbx2 and Tbx3 are expressed in the 
non-chamber myocardium. Nppa expression, visualized by in situ hybridization, overlaps the 
expressions of Nkx2-5, Gata4 and Tbx5 in the chamber myocardium, and is absent in the Tbx2 and 
Tbx3 expression-regions, indicating the roles of these factors in the up- and down-regulation of Nppa. 
Abbreviations: OFT, outflow tract; RA, right atrium; LA, left atrium; AVC, atrioventricular canal; LV, left 
ventricle; VS, ventricular septum; RV, right ventricle. The in situ hybridization figure is adapted from 
(Moorman and Christoffels, 2003).  

 

A 

B 



Chapter 1 

26 

identified a mutant phenotype lacking a heart, aptly referred to as the Tinman 

phenotype after the Wizard of Oz fairy tale. Investigations revealed this phenotype 

was caused by mutations in the gene Nkx2-5 (Bodmer, 1993). Nkx2-5 is a 

transcription factor that binds DNA through a conserved 60 amino acid DNA-

binding domain called the homeodomain. Nkx2-5 is an early marker of cardiac 

precursor cells and is expressed throughout the early heart tube and within the 

second heart field, and plays a crucial role in the early steps of heart 

development.During heart development, Nkx2-5 expression can be found in the 

outflow tract, atrioventricular canal, ventricles and atria (Fig. 7b) (Komuro and 

Izumo, 1993;Lints et al., 1993). The crucial role of Nkx2-5 in early heart 

development was evidenced by the observation that functional ablation of Nkx2-5 

in mice leads to early embryonic death (at embryonic day E9.5) mainly due to 

cardiac insufficiency caused by phenotypes including looping defects and the lack 

of chamber formation. Furthermore, the expression of several cardiac genes in 

Nkx2-5-deficient embryos, including Nppa, is reduced, suggesting the pivotal role 

of Nkx2- in the transcriptional regulation of cardiac genes that are important for 

chamber differentiation after heart looping (Lyons et al., 1995;Tanaka et al., 1999). 

NKX2-5 mutations in humans lead to congenital heart diseases including atrial and 

ventricular septal defects, which underlines that Nkx2-5 is indispensable for normal 

chamber formation (Akazawa and Komuro, 2005;Reamon-Buettner and Borlak, 

2006). In addition to chamber formation, Nkx2-5 also plays an important role in the 

formation of the conduction system as evidenced by the presence of 

atrioventricular conduction abnormalities in humans with a defective copy of NKX2-

5 (Benson et al., 1999;Schott et al., 1998). The role of Nkx2-5 in the development 

of the conduction system will be discussed in detail in section 4.  

Gata4 belongs to a large evolutionarily conserved family of zinc-finger 

transcription factors. The presence of zinc ions is a major component of their 

structure. The Gata family shares DNA-binding ability through the C-terminal 

conserved zinc-finger domain (Garg et al., 2003). Although Gata4 is not the only 

Gata member important for heart development, it is expressed in the entire heart 

throughout embryonic development (Fig. 7b) and in to adult life (Laverriere et al., 

1994). It has been identified as a causative factor of human congenital heart 

defects, most often being linked to atrial septal defects (Chen et al., 2010;Garg et 

al., 2003;Okubo et al., 2004;Rajagopal et al., 2007). Non-conditional Gata4 knock-

out mice die during the early stages of embryogenesis (between E8.5 and E10.5) 

due to defects in embryonic folding and heart tube formation (Kuo et al., 1997). 

Conditional deletion of Gata4 in the cardiomyocyte population specifically results in 

reduced proliferation of the right ventricle, leading to right ventricular hypoplasia 

(Zeisberg et al., 2005), a form of congenital heart disease observed in humans with 

GATA4 mutations (Rajagopal et al., 2007). 
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Tbx5 belongs to the evolutionarily conserved T-box family of transcription 

factors. T-box factors bind DNA through a highly conserved 180 amino acid DNA 

binding domain called the T-box. To date more than 20 T-box family members 

have been identified, all of which regulate various aspects of embryonic 

development. T-box proteins have been shown to bind consensus DNA motifs, T-

box binding elements (TBE), associated with gene promoters and enhancer 

elements, forming complexes with other transcription factors thereby regulating 

gene expression (Boogerd et al., 2009;Kispert and Herrmann, 1993;Smith, 1999). 

Tbx5 expression displays a posterior-anterior gradient along the heart tube, being 

most intense at the inflow tract of the heart. During heart development, Tbx5 

expression is found strongly up-regulated in the atria, the left ventricle and the left 

aspect of the ventricular septum, and to a lesser extent in the right ventricle and the 

outflow tract (Fig. 7b) (Bruneau et al., 1999;Christoffels et al., 2000), its presence 

coinciding with the up-regulation of markers of chamber differentiation like Nppa. In 

humans, TBX5 haploinsufficiency has been linked to Holt-Oram syndrome, 

manifest by congenital heart defects, conduction system abnormalities and upper 

limb deformities (Basson et al., 1997;Basson et al., 1999;Boogerd et al., 2010;Li et 

al., 1997). Heterozygous Tbx5 knockout mice recapitulate many of the phenotypic 

abnormalities observed in Holt-Oram syndrome patients (Bruneau et al., 2001). 

Expression of both Nppa and Cx40 were also found to be reduced in these mice 

during development. Complete deletion of Tbx5 in mice leads to embryonic death 

(around E10.5) due to failure of heart tube looping and under-developed atria 

(Bruneau et al., 2001). Furthermore, Tbx5 overexpression in an embryonic cell line 

was shown to result in significant upregulation of Nppa and Cx40, these cells 

displaying a premature beating phenotype, indicative of the early onset of 

myocardial differentiation (Fijnvandraat et al., 2003;Hiroi et al., 2001).  

 

Cooperation of Nkx2-5, Gata4 and Tbx5 in gene transcription 

Tbx5, Nkx2.5 and Gata4 are critical factors involved in chamber differentiation. 

Nkx2-5, Gata4 and Tbx5 have been shown to bind regulatory DNA elements 

embedded in promoters and enhancers of key cardiac genes. Genes including 

Nppa, Cx40, Cx43, Cx30.2 and Pitx2 have been shown to respond to the up-

regulation and loss of these factors (Bruneau et al., 2001;Habets et al., 

2002;Plageman, Jr. and Yutzey, 2004;Nowotschin et al., 2006;Chen et al., 

2004;Munshi et al., 2009). With the advent of modern high throughput techniques 

such as microarrays, RNA-seq and ChIP-seq (Park, 2009;Pepke et al., 

2009;Ramsay, 1998;Wang et al., 2009), new targets and gene packets of these 

factors are being identified. What is also becoming clearer is how these factors 

function at the molecular level, how they cooperate with each other and other 

proteins to ensure correct development of the heart. In vitro studies have revealed 
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a direct interaction between Nkx2-5, Gata4 and Tbx5 leading to activation of 

cardiac gene transcription. Co-transfection experiments of Nkx2-5, Gata4 and Tbx5 

in cardiomyocytes and various cell lines have demonstrated the synergistic 

activation of Nppa (Durocher et al., 1997;Hiroi et al., 2001;Lee et al., 

1998;Sepulveda et al., 1998), and interaction studies have shown the physical 

interactions of these factors (Durocher et al., 1997;Lee et al., 1998;Bruneau et al., 

2001;Hiroi et al., 2001;Garg et al., 2003). Furthermore, it has been shown that 

mutations in Tbx5 known to underlie Holt-Oram syndrome lead to a reduced ability 

of Tbx5 to bind DNA and Nkx2-5 (Basson et al., 1999;Boogerd et al., 2010;Fan et 

al., 2003;Mori and Bruneau, 2004) and even an increased ability (Postma et al., 

2008). The interaction of Gata4 and Tbx5 was discovered in a genetic linkage 

study aiming at finding gene mutations underlying isolated cardiac septal defects. A 

causal mutation in Gata4 was identified. The underlying mechanism leading to the 

associated cardiac phenotype was shown to be a loss of interaction with Tbx5 

(Garg et al., 2003).   

Physical interactions between Nkx2-5, Gata4 and Tbx5 or between 

transcription factors in general appear to be an important mechanism underlying 

gene-target specificity and the regulatory processes they induce.  

 

Tbx2 and Tbx3 repress chamber differentiation in the atrioventricular canal 

The afore-mentioned transcription factors Nkx2-5, Gata4 and Tbx5, play an 

important role in the differentiation of the working myocardial phenotype. As stated 

earlier, these factors are expressed both in working myocardial cells and the more 

nodal type primary myocardium. Therefore their presence alone cannot be 

considered as dominant, since these factors are also expressed in areas that do 

not differentiate into working myocardium. Notably, Nppa expression is absent in 

the primary myocardium. Therefore one can hypothesize that other factors must be 

present that can repress the differentiation of primary myocardium. The causal 

linkage of Tbx5 to Holt-Oram syndrome was in part responsible for the discovery of 

two of these key repressing factors, which are themselves T-box proteins. These T-

box factors, Tbx2 and Tbx3, are both expressed in primary myocardium, act as 

transcriptional repressors, and display high homology in both structure and function 

(Christoffels et al., 2004b;Habets et al., 2002;He et al., 1999;Hoogaars et al., 

2004;Paxton et al., 2002) (Fig. 7a). During heart development, Tbx2 and Tbx3 

show similar patterns of expression (Fig. 7b). Tbx2 is expressed in the myocardium 

of the atrioventricular canal, inflow tract and outflow tract in mouse (Chapman et 

al., 1996;Christoffels et al., 2004b). Tbx3 expression overlaps Tbx2 expression in 

the inflow region and atrioventricular canal (Christoffels et al., 2004b;Hoogaars et 

al., 2004). Later in development, Tbx2 expression gradually fades, whereas Tbx3 

expression persists in the heart into adult life, becoming restricted to the proximal 
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components of the cardiac conduction system: the sinus node, the atrioventricular 

node and the proximal atrioventricular bundle (Bakker et al., 2008;Christoffels et 

al., 2004b;Hoogaars et al., 2004).  

In mouse, Tbx2 expression and expression of many chamber-specific 

genes have been shown to be mutually exclusive. Markers of working myocardium 

like Cx43, Cx40 and Nppa have all been shown to be absent from the 

atrioventricular canal region and other regions expressing Tbx2. This led to the 

hypothesis that Tbx2 could function as an antagonist of myocardial differentiation, 

thus suppressing the working myocardial phenotype (Christoffels et al., 

2004b;Moorman et al., 2004). Subsequent studies indeed showed this to be the 

case. Tbx2 homozygous knock-out mice show ectopic expression of Nppa, Cx40 

and Cx43 in the primary myocardium of the atrioventricular canal, suggesting that 

Tbx2 is required to repress chamber differentiation in the atrioventricular canal. 

These mice die early in development due to severe cardiovascular defects 

(Aanhaanen et al., 2009;Harrelson et al., 2004). Perhaps the most conclusive 

observation underlying the theory of Tbx2 function comes from studies which used 

a promoter of a ubiquitously myocardial expressed protein to drive Tbx2 expression 

in the entire heart tube. This resulted in the loss of normal expression of Nppa and 

Cx40 and a loss of chamber formation (Christoffels et al., 2004b). It has now been 

firmly established that both Tbx3 and Tbx2 play important roles in the maintenance 

of the nodal like phenotype of primary myocardium that will eventually derive the 

nodal components of the cardiac conduction system.  

 

Section 4 The cardiac conduction system 

 

4.1 Components of the conduction system 

 

The cardiac conduction system is responsible for the initiation and coordination of 

the electrical signals that cause the rhythmic and synchronized contractions of the 

heart. Well-coordinated contractions of the heart are extremely important for 

efficient blood perfusion through the lungs and the systemic circulation. It is also 

crucial to point out that the cardiac conduction system is non-neuronal, being 

derived from mesodermally derived myocardial tissue and not ectodermal neural 

cells (Virágh and Challice, 1980;Virágh and Challice, 1982). The conduction 

system can be divided into two component parts: (1) the nodal conduction system 

comprising of the sinuatrial node (SAN), the atrioventricular node (AVN), the 

atrioventricular bundle (AVB), and the proximal part of the bundle branches (BBs); 

and (2) the peripheral ventricular conduction system which comprises the distal 

part of the bundle branches and Purkinje fiber network (Fig. 8). In the mature heart, 

the SAN is located at the junction of the superior caval vein and right atrium where 
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it serves as the primary pacemaker, generating paced electrical signals to activate 

the atrial myocardium (Fig. 8). The SAN is innervated by the parasympathetic as 

well as the sympathetic nervous systems, of which the stimuli can cause decrease 

or increase of the impulse-generating rate of the SAN, respectively. The electrical 

signals propagate rapidly through the myocardium of both atria and converge at 

the AVN, the only conductive bridge between the atria and ventricles. Here the 

electrical impulse is slightly delayed, a delay brought about by the different 

composition of conducting proteins such as connexins and ion channels. The delay 

in transmitting electrical signals to the ventricles is important since it gives time for 

the ventricles to be sufficiently filled with blood after atrial contraction. 

Subsequently, the electrical signal enters the fast-conducting AVB and BBs at both 

sides of the ventricular septum, moving rapidly into the Purkinje fiber network, from 

which the ventricular working myocardium is activated, ensuring contraction occurs 

from apex towards the base of the heart. The apex-to-base contraction results in 

ventricular ejection of blood into the outflow tract of the heart.  

The electrical activities of both the adult and embryonic heart can be 

registered by an electrocardiogram (ECG), in which the atrial activation shows as 

the P-wave, the atrioventricular delay as the P-Q interval, and the ventricular 

activation as the QRS complex (Fig. 9). Pacemaker activity can be detected early 

during heart development when the heart tube has just been formed. The electrical 

signals travel very slowly through the primary myocardium which results in a 

sinusoidal ECG and matching peristaltic-like, rhythmic contractions (Paff and 

Boucek, 1962;Patten and Kramer, 1933). Differentiation and ballooning of the fast-

conducting atrial and ventricular chambers gives rise to an adult-like ECG (Fig. 9), 

with the atrioventricular canal retaining its embryonic conduction phenotype, which 

is much slower than that of the chambers. Like the adult AVN the electrical signals 

that migrate from the atrial to the ventricular myocardium are effectively delayed, 

though during early embryogenesis this function is fulfilled by the atrioventricular 

canal myocardium itself and not differentiated adult nodal tissue (Paff et al., 

1968;Seidl et al., 1981). 

 

4.2 Gene markers of the developing conduction system 

 

A set of gene markers have been used to visualize the developmental processes of 

the conduction system. Among these gene markers gap-junction encoding genes 

provide functional markers for studying the development of the conduction system, 

contributing to conductivity, their isoform expression being related to the type and 

rate of conduction. The fast conducting gap-junction gene Cx40 is expressed in the 

atrial and ventricular working myocardium, and later, after E14.5, also in parts of 

the ventricular conduction system (the AVB, BBs and the Purkinje fiber network). 
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Cx43 also encodes a fast-conducting gap junction, though unlike Cx40, its 

expression is restricted to the atrial and ventricular working myocardium, making it 

an excellent marker to discriminate these structures (Coppen et al., 2003;Delorme 

et al., 1997;van Kempen et al., 1996). The nodal components of the conduction 

system, the SAN and AVN, are slow conducting, and are characterized by the 

expression of the funny current channel Hcn4 (Mangoni and Nargeot, 2008;Stieber 

et al., 2003;Garcia-Frigola et al., 2003;Mommersteeg et al., 2007;Stieber et al., 

2003), slow- conducting gap junction genes Cx30, Cx30.2 and Cx45 (Aanhaanen 

et al., 2010;Boyett et al., 2006;Kreuzberg et al., 2006b) and lack of expression of 

the chamber-specific genes Cx40, Cx43 and Nppa (Coppen et al., 2001;Gros et al., 

2009;Kreuzberg et al., 2005;Kreuzberg et al., 2006a).  

 

4.3 Tbx3 represses the working myocardial phenotype in the conduction 

system 

 

The transcriptional repressor Tbx3 plays a key role in the differentiation of the SAN 

and AVN. Tbx3 is specifically expressed in the nodal components of the conduction 

system throughout embryogenesis, making it a marker of choice for studying 

development of these elements (Hoogaars et al., 2007;Hoogaars et al., 2004). 

Tbx3 has been found to define the SAN region by repressing the atrial gene 

program in the sinuatrial nodal cells (Hoogaars et al., 2007;Mommersteeg et al., 

2007). In addition to the role of Tbx3 in the formation of the SAN, it has also been 

reported that Tbx3 defines the atrioventricular conduction system by repressing 

differentiation of the working myocardial phenotype (Bakker et al., 2008). Mutations 

in Tbx3 that result in its haploinsufficiency, are associated with the human disorder 

ulnar-mammary syndrome, characterized by malformation of the upper limbs, 

apocrine-glands, hair, genitals and teeth, indicating the importance of Tbx3 dose 

levels during development (Bamshad et al., 1997;Bamshad et al., 1999). However, 

cardiac defects associated with ulnar-mammary syndrome patients have only very 

recently been reported, with the clinical description of an ulnar-mammary patient 

with defects in TBX3 and an associated ventricular septal defect and cardiac 

conduction defects (Linden et al., 2009). Heterozygous Tbx3 mutant mice show no 

apparent phenotype, whereas homozygous Tbx3 mutant mice show phenotypes 

very similar to those of ulnar-mammary syndrome patients (Davenport et al., 2003). 

Tbx3 represses chamber formation in the conduction system of the heart and 

thereby maintaining the nodal-like phenotype in these cells. The role of Tbx3 in 

specification and formation of the nodal conduction system will be discussed in 

more detail in the next sections. 
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4.4 Formation of the SAN   

 

The SAN develops within the sinus venosus myocardium, a structure comprising 

the left and right sinus horns and venous valves. During the early stages of heart 

development (<E9.5) the entire sinus venosus, of which the phenotype closely 

resembles that of the primary myocardium, displays pacemaker activity. After E9.5, 

non-cardiac Nkx2-5 negative, but Tbx18-positive mesenchymal precursor cells 

located at the periphery of the inflow tract myocardium are recruited to form the 

myocardium of the sinus venosus (Christoffels et al., 2006) (Fig. 6). These cells are 

regarded as the caudal precursor cells, discussed in section 3. These precursor 

cells also show expression of Isl1 (Christoffels et al., 2006;Mommersteeg et al., 

2007;Moretti et al., 2006;Sun et al., 2006), a marker that has often been used to 

define the subpopulation of mesenchyme, the second heart field, which is added to 

the heart after the definitive heart tube has formed (Buckingham et al., 2005;Cai et 

Fig. 8 Schematic overview of the adult 
mammalian heart. The cardiac conduction 
system consists of the pacemaker sinuatrial node 
(SAN), the atrioventricular node (AVN), and the 
fast-conducting atrioventricular bundle (AVB), 
bundle branches (BB) at both sides of the 
ventricular septum (VS), and peripheral ventricular 
conduction system (PVCS). Abbreviation: SCV, 
superior caval vein. 

 

Fig. 9 Schematic overview of an E9.5 mouse 
embryo showing how the segments of an ECG 
correlate with the different components of the 
heart. An adult-like ECG can be recorded upon 
chamber differentiation. Blue line depicts the 
contour of the atria, red line the ventricles. The 
arrow indicates the direction of the action potential. 
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al., 2003). Logically then, the first heart field represents the myocardial population 

that gives rise to the definitive heart tube. After the dorsal mesocardium breaks 

along its length, the entry of additional cells is physically restricted to the outflow 

and inflow poles only. At E10, the Tbx18-positive precursor cells form a subdomain 

of the sinus venosus that will differentiate into a Tbx3/Hcn4-positive SAN 

primordium (Christoffels et al., 2006), located in the right sinus horn at the junction 

with the atrium (van Mierop and Gessner, 1970;Virágh and Challice, 1980). The 

remainder of the sinus venosus initiates the expression of working myocardial 

genes (Mommersteeg et al., 2007). In the SAN, the expression of Hcn4 is retained 

and the initiation of working myocardial genes is prevented by Tbx3, thereby 

confining pacemaker activity to the definitive SAN structure (Hoogaars et al., 

2007;Hoogaars et al., 2004). 

The SAN consists of a ‘head’ region located within the right caval vein 

myocardium and a “tail” that runs along the right venous valve. These individual 

structures are to as degree structurally and functionally different from each other. 

The SAN ‘head’ displays expression of Tbx3 and Tbx18 whereas the SAN ‘tail’ 

loses its Tbx18 expression (Mommersteeg et al., 2007;Wiese et al., 2009). Tbx18-

deficient mice fail to develop the Tbx3-positive SAN ‘head’ region, suggesting that 

Tbx18 plays a primary role in the formation of this region from mesenchymal 

precursors (Christoffels et al., 2006;Wiese et al., 2009).   

 

4.5 The molecular pathways of SAN development 

 

The SAN has a gene program that is distinct from that of the bordering atrial 

myocardial cells. A strict coordinated network of molecular pathways is involved in 

the restriction of the specific SAN gene program to the SAN. The SAN displays 

expression of Hcn4 and Tbx3, and lacks expression of working myocardial genes 

like Cx40, Cx43 and Nppa.  

As discussed in section 3, SAN myocardial cells show phenotypic 

resemblance to cells of the primary myocardium. Recently, Tbx3 has been shown 

to be a key factor in establishing the SAN gene program by inhibiting the working 

atrial phenotype in the SAN region. Tbx3 is expressed in the SAN from E9.5 

onward in the mouse (Hoogaars et al., 2004;Mommersteeg et al., 2007). Although 

Tbx3-deficient mice show expansion of expression of working myocardial genes 

like Cx40 and Scn5a into the SAN (Hoogaars et al., 2007;Hoogaars et al., 

2004;Wiese et al., 2009) the morphology of the SAN remains normal, indicating 

that Tbx3 is not required per se for the formation of the SAN (Wiese et al., 2009). 

Mice over-expressing Tbx3 in the atrial working myocardium display ectopic 

pacemaking activity in the atria and develop arrhythmias. This would seem to 

indicate that the major function of Tbx3 is in the regulation of the electrical 
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components of nodal cell. In line with this, ectopic expression of Tbx3 leads to 

reduced expression of working myocardial genes Cx40, Cx43 and Scn5a in the 

right atrium (Hoogaars et al., 2007).  

Hcn4 is initially expressed at the caudal end of the Nkx2-5 positive heart 

tube (Garcia-Frigola et al., 2003;Stieber et al., 2003), where its expression will 

subsequently be inhibited (Mommersteeg et al., 2007). In the SAN domain, the 

expression of Hcn4 and Tbx3 is initiated in the newly added Tbx18-positive/Nkx2-

5-negative cells (Mommersteeg et al., 2007). Disruption of Nkx2-5 in mouse 

embryos results in ectopic expression of Hcn4 and Tbx3 in heart (Mommersteeg et 

al., 2007), suggesting the requirement of Nkx2-5 for the repression of these genes 

and their presence in the Nkx2-5-negative SAN. However, the expression of Tbx3 

overlaps that of Nkx2-5 in many areas including the AV conduction system, which 

indicates that Nkx2-5 does not work alone to repress Tbx3. Other factors, involved 

in the repression of Tbx3, through acting as down-stream targets of Nkx2-5 and/or 

through interaction with Nkx2-5 are most likely essential to this end. In this respect, 

Nkx2-5 is also required for the activation of working myocardial genes in the atrium 

(Stennard and Harvey, 2005). The molecular pathways required for maintaining a 

gene expression border between the SAN and the atrium is depicted in Fig. 10a. 

 

4.6 Formation of the AVN and the AV junction 

 

The atrioventricular junction, which includes the atrioventricular node (AVN), has 

properties that could allow one to call it a secondary pacemaker of the heart. The 

phenotype of the AVN cells is similar to that of the SAN, resembling primary 

myocardium. Different studies support the hypothesis that the atrioventricular canal 

(AVC) will derive the AVN, the AV ring bundles, the myocardium that supports the 

AV valves, and the lower rim of the atrium (Davis et al., 2001;Virágh and Challice, 

1982;Wessels et al., 1996). Arguably one of the most convincing lines of evidence 

to this fact made use of a Tbx2
Cre

-mediated lineage tracing experiment. In this 

study the Tbx2
+
 cell population was followed during development, showed that 

Tbx2
+
 primary myocardial cells could be detected in the cardiac crescent as early 

as E7.5, which at E9, could be traced to the myocardium of the AVC (Aanhaanen 

et al., 2009). As development progressed to E17.5, the Tbx2
+ 

cell population was 

detected in the AVN and AV ring bundles, suggesting that these structures are 

derived from the Tbx2
+ 

AVC myocardium (Aanhaanen et al., 2009). Interestingly, 

the Tbx2
+ 

derived cell population could not be detected in the AVB and bundle 

branches (BBs), indicating that these structures are not derived from the Tbx2
+ 

AVC (Aanhaanen et al., 2009). The origin of the AVB and BBs will be discussed 

further in section 4.8. 
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4.7 The molecular pathways of AVC formation  

 

Since the AVC myocardium gives rise to the AVN, insight into the molecular 

pathways underlying the specification of the AVC is necessary in order to 

understand how the AVN is formed. Activation of the AVC gene program and 

repression of the chamber gene program are required for the specification and 

morphological patterning of the AVC. A molecular network of transcription factors, 

in which T-box transcription factors have an important role, is required in order to 

retain a boundary between the fast-conducting chambers and the slow-conducting 

AVC. Tbx2 and Tbx3 have both been shown to have a similar functional capacity in 

their ability to repress the chamber-specific gene program in the AVC (Habets et 

al., 2002;Hoogaars et al., 2004). Tbx2 is expressed in all primary myocardium 

(Chapman et al., 1996;Christoffels et al., 2004b;Habets et al., 2002;Yamada et al., 

2000), a feature shared, though to a more restrictive degree, with Tbx3. In mouse, 

Tbx2 is expressed in the inflow tract, AVC and outflow tract (Chapman et al., 

1996;Christoffels et al., 2004b). Expression of Tbx3 initially overlaps with that of 

Tbx2 particularly in the inflow tract and AVC (Christoffels et al., 2004b;Hoogaars et 

al., 2004), though unlike Tbx2 whose expression fades and disappears as the 

heart develops, Tbx3 expression, although becoming restricted to the nodal tissues 

and the proximal AVB, persists into adulthood. The probable redundancy that one 

may expect between Tbx2 and Tbx3, based on their function and expression, is 

demonstrated by the limited AVC defect observed in Tbx2 knockout mice (Dupays 

et al., 2009). These mice display ectopic expression of chamber-specific genes 

only in the left-side of AVC, the right-side remaining unaffected (Aanhaanen et al., 

2009). This is in line with the observation that Tbx3 expression is higher in the 

right-side of the AVC (Harrelson et al., 2004;Hoogaars et al., 2004), suggesting 

that the higher levels of Tbx3 compensate for loss of Tbx2. Further, Tbx3-

deficiency in the heart does not affect AV-conduction velocity, also suggesting a 

level of Tbx3 redundancy in the AVC (Bakker et al., 2008), a redundancy which 

may go some way to explaining that, to date, no congenital heart disease patients 

have been identified with a single allelic Tbx2 mutation.  

In contrast to the chamber myocardial transcriptional repressors Tbx2 and 

Tbx3, Tbx5 is an important activator of chamber-specific genes and thereby 

essential for working myocardial differentiation (Bruneau et al., 2001;Munshi et al., 

2009). Interestingly, its expression also overlaps that of Tbx2 and Tbx3 in the AVC 

and Tbx5 haploinsufficiency has been shown to underlie Holt-Oram syndrome, 

these patients often displaying AV conduction defects (Basson et al., 1997;Li et al., 

1997). Interestingly, mice with one functional copy of the Tbx5 allele show 

morphological and functional defects in the AV conduction system (Moskowitz et 

al., 2004), a feature not observed in Tbx2 or Tbx3 heterozygous knockout mice.  
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Fig. 10 (A) Model depicting genetic interactions of factors involved in the formation of the 
sinuatrial node (SAN) and working myocardium. The thick dashed line in the middle represents the 
border between the right atrium and the SAN. The scheme on the left side depicts the molecular 
pathway regulating the chamber formation of the right atrium. The scheme on the right side represents 
the molecular pathway underlying the formation of the SAN. The sinus venosus myocardium, which will 
derive the SAN, is formed by recruitment of Nkx2-5 negative/Tbx18-positive mesenchymal precursor 
cells from the periphery of the inflow tract myocardium. Although not dealt with here, transcription 
factors regulating development are themselves regulated by a complex interaction of signal molecules 
and their downstream receptors. In the atria and sinus venosus, Tbx5 expression is regulated by the 
retinoic acid signaling pathway (Niederreither et al., 2001). (B) A model displaying the network of 
transcription factors required to form the atrioventricular canal (AVC) and retain a border 
between the chambers and the AVC. The thick dashed line in the middle represents the border 
between the chamber and AVC myocardium.  Note that the atrioventricular node is developed within 
the AVC myocardium. Although not dealt in the text, Bmp2 and Tbx20, both play key roles in chamber 
formation, regulate Tbx2 expression (Cai et al., 2005;Ma et al., 2005;Singh et al., 2009;Yamada et al., 
2000). For a review on these aspects we refer the reader to (van Wijk et al., 2007). Cx30.2 has been 
demonstrated to be activated by Gata4 and Tbx5 (Munshi et al., 2009). Green arrows depict 
‘activation’; red lines, ‘repression’; blue double-arrows, protein-protein interaction; dashed arrow, 
‘regulation might not be direct’. 
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Clearly then, Tbx5 is required, alongside Tbx2 and Tbx3, for the formation and 

normal function of the AV conduction system.  

Tbx2, Tbx3 and Tbx5 have been shown, in vitro¸ to recognize a similar T-

box binding element DNA consensus (Kispert and Herrmann, 1993;Smith, 1999). 

Since Tbx2 and Tbx3 are co-expressed with Tbx5 in the AVC, it is very plausible 

that Tbx2 and Tbx3 must compete with Tbx5 for DNA binding site occupation 

(Habets et al., 2002) (Fig. 7a). Although the exact mechanism that governs this 

seemingly competitive process has not been elucidated yet, stoichiometry may play 

a chief role (see Chapter 3), suggested in part by the redundancy of Tbx2 and 

Tbx3 and the dose dependence of Tbx5. In fact, the dosage of Tbx5 also seems 

itself to directly influence the expression of Tbx3 in the AVC region. Mouse 

embryos with only one functional allelic copy of Tbx5, show a loss of Tbx3 

expression (Munshi et al., 2009), consistent with the observed defects in the AV 

conduction system (Moskowitz et al., 2004).  

A level of functional similarity between Tbx2, Tbx3 and Tbx5 is 

demonstrated by their interaction with and apparent dependence on the presence 

of Nkx2-5. Nkx2-5 interacts with Tbx5 to activate chamber-specific genes (Bruneau 

et al., 2001;Hiroi et al., 2001), while also interacting with Tbx2 and Tbx3 to repress 

these genes in the AVC (Habets et al., 2002). Similarly, Tbx2, 3 and 5 have been 

shown to complex with several other transcription factors, for example Gata4 (Garg 

et al., 2003) and the muscle segment homeobox proteins Msx1 and Msx2 

(Boogerd et al., 2008), that perhaps in some way either recruit or direct T-box 

proteins to specific sets of gene targets thereby playing a role in securing the 

correct terminal differentiation status. The discovery of functional interacting protein 

partners of T-box factors thus reveals that co-operation of T-box factors with other 

factors is also a key factor involved in proper activation or repression of gene 

expression. De novo discovery of such factors will thus assist in unraveling 

mechanistic issues surrounding the transcriptional regulation of AVC patterning. 

Figure 10b summarizes T-box function during AVC development. 

 

4.8 Formation of the atrioventricular bundle and proximal bundle branches 

 

The atrioventricular bundle (AVB) and bundle branches (BBs) are fast-conducting 

components of the cardiac conduction system that rapidly transfer the electrical 

signals from the AVN to the apex and the remainder of the ventricle. In the mouse, 

the Cx43-negative/Tbx3-positive AVB originates from cells located in the top of the 

ventricular septum where the onset of AVB specification is first observed at E10-11 

(Virágh and Challice, 1977). As the ventricular septum further develops, its 

subendocardial myocytes give rise to the Cx43-negative/Tbx3-positive BBs (Chuck 

and Watanabe, 1997). Tbx3 expression eventually becomes restricted to the nodal 
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tissues and proximal AVB, Cx43 expression remaining absent in these regions 

(Bakker et al., 2008). Cx40 is absent in the Tbx3-positive AVB until E14.5 after 

which time its expression becomes upregulated (Bakker et al., 2008;Delorme et al., 

1995). In Tbx3 knock-out embryos, Cx40 is up-regulated in the AVB at earlier 

stages of development, suggesting that Tbx3 is, at least in part, responsible for the 

down-regulation of Cx40 in the AVB and that Tbx3 plays an important role in the 

specification of the AVB (Bakker et al., 2008). From E14.5 onwards, Cx40 

expression increases in the AVB, interestingly, overlapping with Tbx3 in this region, 

a feature not observed in nodal tissues (Bakker et al., 2008). This suggests that a 

mechanism must exist to specifically reduce the repression of some chamber 

myocardial genes in the presence of Tbx3, something which could in part, perhaps, 

be brought about by the presence of Tbx5. The observation that Tbx5 exerts 

dominant effects on the activation of Cx40 in the AVB suggests a direct role for 

Tbx5 in the specification of the fast-conducting component of the AV conduction 

system (Munshi et al., 2009). As discussed in the previous section, the balance of 

the levels of Tbx3 and Tbx5 in the AV conduction system might shift in such a way 

that Tbx5 can enforce the activation of Cx40. 

In summary, the atrioventricular conduction axis comprises multiple 

components of the cardiac conduction system, including the AVN and the AVB, 

which have different origins; the AVN being derived from the AVC myocardium, 

whereas the AVB is derived from the ventricular septum. Although these 

components have distinctive phenotypic features, both require Tbx3 for their 

specification. Differentiation of the AVN and AVB requires repression of the 

chamber gene program by Tbx3, a factor which also seems required for the 

persistence of these structures during adulthood. To what extent Tbx3 plays a role 

in the exact specification of a nodal gene program remains to be resolved but 

clearly in addition to Tbx3, a complex molecular network involving multiple factors, 

including Tbx5 and Nkx2-5, is required for the formation of the AV conduction 

system.  

 

Section 5 Summary and Perspectives 

 

Animal life starts with fertilization. In a short but key period of development, the 

germ layers are formed by the fundamental process of gastrulation that lays down 

the blue print defining an organism's body plan. The heart, derived from the 

mesodermal germ layer, is the first organ to form and function. Heart development 

involves a series of evolutionarily conserved events, including the recruitment and 

differentiation of cardiac progenitor cells, events that are subject to an orchestrated 

control by transcriptional networks that will eventually define the terminally 

differentiated function of each cell (Moorman and Christoffels, 2003;Olson, 2006). 
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Cardiogenesis starts with the specification of heart-forming regions, which, due to 

embryonic folding, fuse at the midline of the embryonic disc to give rise to the early 

heart tube. During the subsequent stage of looping, chambers will balloon out from 

this tube at localized sites of myocardial differentiation. At the same time, large 

regions of this early tube will remain undifferentiated, retaining a so-called primary 

myocardial phenotype that is extremely comparable to the nodal tissues of the 

cardiac conduction system. Key transcriptional factors involved in both the 

processes of chamber differentiation and chamber repression have been identified. 

The non-chamber area of the heart tube will give rise to non-working cardiac 

structures, including the cardiac conduction system. A well-defined conduction 

system is responsible for proper, coordinated, function of the heart as a pump. 

Tbx2 and Tbx3, which are expressed in the sinus venosus and AVC, regions that 

will give rise to the nodal tissues of the heart, repress the chamber formation in 

these regions, a process that is of tremendous importance for the correct 

specification of the nodal tissues. The fact that Tbx2 expression fades during 

development while Tbx3 expression persists into adulthood may indicate that Tbx3 

plays a more prominent role than Tbx2 in the development of the cardiac 

conduction system.  

Congenital heart disease, the most common of all human birth defects, 

occurs in nearly 1% of live births (Hoffman, 1995). It is frequently caused by 

heterozygous mutations in genes that regulate heart development during the 

embryonic period. Further, many mutations that affect heart development may also 

affect other developmental processes not only directly via impaired gene function 

but also by insufficient early heart function. These aspects of development are only 

just beginning to be understood. With the advent of modern high through-put 

techniques such as deep sequencing and microarrays, we will soon be able to 

identify all genes involved in not only heart development, but all developmental 

processes. Although this will mark the end of a key discovery phase, only by 

understanding how all these factors work together to drive development will one 

then be able to truly tackle the mechanisms underlying what happens when a 

component of this system is faulty. A future goal of medical science is to finally 

integrate such knowledge to permit not only mechanical surgical intervention, but 

also make use of molecular techniques such as cellular repair therapy along with 

molecularly tailored drugs to ease and perhaps even repair diseased and damaged 

organs. 
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