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Summary
This chapter discusses how transcription factors regulate the differentiation of embryonic 
myocardium into working and conduction system myocardium. The components of the 
cardiac conduction system originate from embryonic myocardium that has maintained 
important features of its primitive phenotype. The development of the conduction system 
and the origin and characteristics of pacemaker cells will be discussed in detail. We 
will explain how pacemaker myocardium of the conduction system ensures a “mature” 
pattern of activation and contraction from early in development onwards and we discuss 
how the above helps to understand the source of atrial arrhythmias. 
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Introduction
At the end of the 19th century, a famous English anatomist and physiologist Walter 
Gaskell studied the delay in the contraction wave in the atrioventricular (AV) canal 
of tortoises. He concluded that this delay was caused by ‘undifferentiated embryonic 
muscular tissue that was characterized by higher automaticity, but lower conductivity’1. 
More than a hundred years later, evidence from the fields of molecular and developmental 
biology has accumulated to support this view. 

The heart tube consists of primitive embryonic myocardium that displays a high 
degree of automaticity (pacemaker activity) and low conductivity. Because of these 
characteristics the heart beat in the embryonic heart tube is initiated spontaneously 
and the peristaltic wave of contraction is propagated slowly. With Doppler examination 
embryonic cardiac function can be observed from three weeks of human development 
onwards; it is the first organ to function. Initiation of the heart beat always occurs at 
the inflow of the heart tube. AV canal myocardium is derived from primitive embryonic 
myocardium that, in contrast to the myocardium of the chambers, is inhibited in its 
further differentiation to working myocardium. It is the persistence of some important 
embryonic features in the AV canal myocardium that cause the delay in impulse 
propagation in the ‘undifferentiated tissue’ described by Gaskell. This chapter will 
focus on the molecular and developmental processes underlying development of the 
components of the cardiac conduction system. We will discuss in detail the origin of 
pacemaker and conduction system cells and the mechanism of heart beat generation 
in different stages of development. We will further explain how the above can help to 
understand the occurrence and source of arrhythmias and conduction disturbances. 

The cardiac pacemaker and conduction system
In the adult heart, the pacemaker and conduction system is responsible for the initiation 
and propagation of the action potential to orchestrate simultaneous contractions of the 
atria, and after a short pause, the ventricles. The electrical impulse is initiated in the 
sinus node, spreads rapidly over the atria, is then directed through the AV node to the 
specialized components of the ventricular conduction system (AV bundle, the bundle 
branches and the Purkinje fibers) that propagate the impulse rapidly to the working 
myocardium of the ventricles. During transit through the AV node, which is the only 
myocardial connection between the atria and the ventricles, the electrical impulse is 
decelerated to ensure sufficient time for the ventricles to fill during contraction of the 
atria. Some key characteristics of the cardiomyocytes within the subcomponents of the 
pacemaking and conduction system will be discussed first. 

The sinus node
The sinus node is the primary pacemaker of the heart. It consists of a small group of 
myocytes that initiates and controls the heart beat. The most important feature of these 
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pacemaker cells is automaticity, which is the result of interplay of multiple ion channels. 
Automaticity is caused by spontaneous depolarization of the resting membrane 
potential. When the membrane potential reaches a critical value, the “threshold”, the 
action potential is initiated. There is ongoing debate which mechanism is responsible 
for spontaneous diastolic depolarization, the funny current, the calcium clock or both2. 
Hyperpolarization activated cyclic nucleotide gated (HCN) cation channels, responsible 
for the funny current If, have been regarded as the most important ion channels 
responsible for spontaneous depolarization. In the heart, expression of HCN1, HCN2 
and HCN4 has been reported, of which HCN4 is highly enriched in the sinus node3-5. 
Mouse embryos that do not express Hcn4, die early in development: between embryonic 
day (E) 9.5 and E11.5. Heart rates that were measured before embryos started to die were 
significantly reduced from 139 beats per minute in wild type embryos to 88 in Hcn4-null 
embryos6. Furthermore, blocking If resulted in a 30% reduction of the heart rate, but 
not in complete loss of automaticity, indicating that more mechanisms are involved in 
automaticity of pacemaker cells7. 

There is accumulating evidence that intracellular Ca2+ handling contributes 
significantly to automaticity, as reviewed elsewhere8. Because Ca2+ handling is a highly 
complex and vital process for each developing and mature cardiomyocyte, it is difficult 
to provide proof of necessity or requirement of proper Ca2+ handling, the Ca2+ clock or 
Ca2+ releases for pacemaking. 

A key feature of working myocardial cells is a high resting membrane potential, 
which is stabilized around -80 mV (versus -60 mV in pacemaker cardiomyocytes) by the 
inwardly rectifying potassium current IK1. In pacemaker cells, IK1 is virtually absent9. 
Indeed, if IK1 is blocked or absent in working myocardial cells, these cells become 
spontaneously active, suggesting that the absence of IK1 is a prerequisite for diastolic 
depolarization10.

Initiation of the heart beat does not only depend on the highest intrinsic pacemaking 
rate. The ability of a small number of pacemaker cells to drive the surrounding 
myocardium depends on relative uncoupling of the pacemaker cells11. Electrical coupling 
of myocytes is mediated by gap junction (GJ) channels12. The conductive properties of 
the GJ channels are determined by subunits of the channels called connexins. Five major 
connexin subtypes have been identified in the myocardium, including Cx30, Cx30.2, 
Cx40, Cx43 and Cx4513-16. Cx40 and Cx43 form high conductance (low resistance) GJ 
channels, resulting in fast intercellular conduction17. These two connexins are expressed 
in working cardiomyocytes and specifically absent from the sinus node16,18. Instead, 
Cx30.2 and Cx45 are present in the sinus node where they form low conductance (high 
resistance) GJ channels, causing relative uncoupling of pacemaker cells, which enables 
cells to depolarize spontaneously and initiate an action potential14,19.
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The atrioventricular node
The AV node is a heterogeneous structure, which has a complex structure and physiology. 
It contains a fast and a slow conducting pathway20 and paranodal areas consisting of 
transitional cells16,21. It is, therefore, not surprising that the AV node can adopt different 
properties according to various (pathological) conditions. In essence, however, its main 
function is to delay propagation of the electrical impulse between atria and ventricles. 
Similar to sinus node cells, this property could be established by the absence of connexins 
that form high conductance GJ channels (Cx40, Cx43) and the presence of connexins 
that form low conductance GJ channels (Cx30.2, Cx45). Cx40, however, is expressed at 
low levels in the AV node of several species22,23. The debate has not been settled whether 
the observed Cx40 protein is truly within the AV node or in the surrounding tissues, as 
there is no generally accepted marker for AV node. 

In pathological conditions, the AV node protects the ventricles from fast atrial 
arrhythmias, due to its prolonged refractory period. Furthermore, the AV node can 
act as the secondary pacemaker in case of sinus node dysfunction. The mechanism of 
pacemaking in AV node cells is based on the same mechanisms as in sinus node cells. 
The speed of spontaneous phase 4 depolarization in AV node cells, however, is lower. 
Therefore, the AV node will initiate the heart beat only when no faster (sinus node) 
rhythm is present. 

Cells within the AV junction, surrounding both the AV valves, have been shown to 
exhibit the same properties as AV node cells24,25. This configuration resembles the 
embryonic heart in which the entire AV canal functions as the embryonic AV node to 
delay impulse propagation in the embryonic heart. 

The ventricular conduction system
The main function of the ventricular conduction system is to propagate the electrical 
impulse rapidly from AV node to the apex of the heart into the Purkinje fiber network. 
This rapid propagation depends on high conductance GJ channels that consist mainly 
of Cx4022,26,27. Similar to the sinus node and AV node, the AV bundle and ventricular 
conduction system display automaticity and can initiate the heart beat, although the 
frequency is low. 

General characteristics of pacemaker and conduction system cells 
de Haan and Virágh and Challice were the first to describe in great detail the 
morphological development of the murine cardiac conduction system28-30. They 
observed that conduction system cells within the sinus node, AV node, AV bundle 
and bundle branches shared characteristic features. They are smaller and glycogen 
rich, they contain fewer T-tubules and mitochondria, and their sarcomeric apparatus 
and sarcoplasmic reticulum are less-well developed, resulting in poor contractility and 
a ‘pale’ appearance. These morphological characteristics are also found in embryonic 
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cardiomyocytes of the early heart tube. Interestingly, the embryonic cardiomyocytes of 
the early heart tube share more characteristics with the nodal myocardium (Table 1). 
They display automaticity and they are poorly coupled. This led to the hypothesis that 
pacemaker myocardium has an embryonic or primitive myocardium-like phenotype. 

To understand the relation between embryonic myocardium and the cardiac 
conduction system components, we must first consider some general concepts of cardiac 
development.

Development of the heart
In early embryonic development, cardiogenic precursor cells form a myocardial layer 
around the endocardial heart tube. A rapidly proliferating pool of progenitor cells 
contributes cardiac cells to both poles of the heart tube. These newly added cells will 
form the atria, the right ventricle and the outflow tract31-33. This implies that the early 
heart tube only contains the progenitors of the AV canal and the left ventricle34. The 
cardiomyocytes within the embryonic heart tube are small, proliferate slowly and are 
poorly coupled, which results in slow propagation of the electrical impulse35,36. Although 
all cardiomyocytes can depolarize spontaneously, the leading pacemaker site is always at 
the inflow, resulting in a regular contraction wave from the inflow to the outflow. 

Due to addition of cells, the heart tube becomes longer and while elongating, it 
loops (Fig. 1). During the process of looping, two regions within the heart tube start to 
proliferate rapidly and initiate expression of a set of working myocardial genes. These 
two regions are located at the outer curvatures and will become the ventricles and the 
atria (Fig. 1)35,37. The regions in-between these highly proliferative, expanding cardiac 
chambers retain their ‘primary heart tube’ characteristics. 

Intriguingly, the simple configuration of alternating fast-conducting chamber-type 
and slow-conducting primary myocardium establishes cardiac function that resembles 
the function of a mature heart. The electrical impulse is initiated in the leading 

Table 1 Comparison of key characteristics of embryonic (primary) myocardium with pacemaker 
myocardium and working myocardium. 
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pacemaker site in the sinus venosus, propagated rapidly through the differentiated 
myocardial cells of the atria, after which the atria contract synchronously to pump blood 
through the AV canal into the embryonic ventricle. Due to slow conduction in the AV 
canal, the electrical impulse is delayed to allow complete filling of the ventricle. During 
subsequent activation and contraction of the ventricle the AV canal myocardium remains 
contracted as a result of slow relaxation, thus functioning as a sphincter valve. After 
ventricular and subsequent outflow tract contraction the outflow tract also functions 
as a sphincter valve through slow relaxation. Although the components of the mature 
conduction system can not be recognized morphologically yet, an electrocardiogram 
(ECG) of the embryonic heart contains all components of a mature ECG38,39. The ECG 
exhibits a P-wave, PQ-interval, and a narrow QRS-complex (Fig. 2).

In the adult heart, the PQ-interval represents the transfer time of the electrical 
impulse through the atria, AV node and ventricular conduction system. Because there is 
no recognizable AV node and no fibrous insulation in the embryonic heart the electrical 
impulse can be propagated to the ventricle through the entire AV canal28-30. The 
observation that the PQ-interval is normal indicates that the entire AV canal functions 
as an AV node, delaying the electrical impulse without fibrous insulation.

The building plan of the heart with its alternating slow- and fast-conducting 
compartments is the same in vertebrates. This simple building plan is sufficient for lower 
vertebrates, as the mono-atrium, AV canal, mono-ventricle configuration of the fish heart 
demonstrates40. In cardiac development of higher vertebrates, additional developmental 
processes are required to separate the pulmonary and systemic circulatory systems and 
to form the morphological components of the conduction system. There is considerable 
species variation in the extent to which the conduction system components develop 
within higher vertebrates. In birds and hoofed animals the conduction system is very 
well-developed41; in rodents these structures are less well-developed, with human 
somewhere in between37.

Cellular origin of conduction system cardiomyocytes
The origin of the cardiac pacemaker and conduction system has been subject to debate. 
As the cardiac conduction system is the ‘electrical wiring’ of the heart, it is hypothesized 
to be derived from the cardiac neural crest. Ablation of cardiac neural crest cells 
resulted in outflow tract malformation and defects in the AV bundle and the Purkinje 
network42,43 indicating that the cardiac neural crest is important for development of the 
conduction system. 

Convincing evidence that cardiomyocytes within all components of the conduction 
system are myocardial in origin was provided by the labs of Gourdie and Mikawa. Single 
myocardial cells were labeled through retroviral infection early in development. At mid 
fetal stages, clusters of daughter cells were demonstrated in the conduction system and in 
the adjacent working myocardium44,45 indicating that conduction system and working 
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Figure 1 Schematic overview of heart development in higher vertebrates. The early heart tube has a 
primitive phenotype (purple). Chamber myocardium (light grey) expands from the outer curvatures 
of the primary heart tube, whereas non-chamber myocardium (purple) of the inflow tract, sinus 
horns, AV canal, outflow tract, and inner curvatures does not expand. Sinus horn myocardium gives 
rise to the sinus node; AV canal myocardium to the AV node and AV junction. The part of the 
primary ring within the crest of the interventricular septum will form the AV bundle. First 3 panels 
show left-lateral views. 
Abbreviations: AV indicates atrioventricular; avb, AV bundle; avc, AV canal; avj, AV junction; avn, 
AV node; ev, embryonic ventricle; ift, inflow tract; ivs, interventricular septum; oft, outflow tract; pr, 
primary ring; pvcs, peripheral ventricular conduction system; (r/l) a, (right/left) atrium; r/l v, right/left 
ventricle; (r/l) bb, (right/left) bundle branch; san, sinus node; scv, superior caval vein; sh, sinus horns. 

proefschrift.indb   42 8-11-2012   13:32:49



Molecular basis of conduction system development

43

Chapter

2

Figure 2 A-B, Development of chambers and ECG. A, Left-sided view of embryonic hearts of 
embryonic day (E) 8 to 8.5 and E9.5 to 10.5, respectively. Formation of the chambers is in accordance 
with the development of an adult-like ECG. Red arrows demarcate the ventricular and atrial inner 
curvatures. B, Schematic overview showing the different ECG segments correlating with the different 
components of the embryonic heart. The white arrow depicts the flow through and the sequential 
mode of activation. Note the PQ interval that represents the slow conducting AV canal. C-F, strictly 
complementary expression of Tbx3 and Tbx3 target genes. In situ hybridization serial sections. 
Genes and developmental time points have been indicated in the panels. C, Cx40 is expressed in the 
developing chambers, whereas Tbx3 demarcates the AV canal (black arrow). D, expression of Cx40 is 
conserved in the developing (E3) chicken heart. E, Cx43 is expressed in the working myocardium of 
the interventricular septum, whereas Tbx3 is expressed in the crest of the septum, demarcating the 
developing AV bundle and bundle braches. F, Nppa is expressed in the working myocardium of the 
right atrium, strictly complementary to the expression of Tbx3 within the sinus node. 
For abbreviations see legends to Figure 1.
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cardiomyocytes are derived from one common progenitor, present in the embryonic 
heart tube. 

Transcriptional regulation of pacemaker and conduction system 
development
Recent progress in the fields of molecular and developmental biology has substantially 
increased the knowledge of the processes underlying the formation of the conduction 
system. A network of broadly expressed transcription factors has been identified that 
regulates formation of the subcomponents of the conduction system. Transgenic animal 
models have elucidated the role of key transcription factors in cardiac development, but 
many questions remain to be answered. 

Development of the sinus node
In the embryonic heart, all cardiomyocytes possess pacemaker activity. Although 
cardiomyocytes are continuously added to the heart tube, the leading pacemaker 
site remains localized at the venous pole of the heart tube39,46. This implies that 
cardiomyocytes that have most recently differentiated from cardiac precursors display 
the highest intrinsic beating rate. The mechanism of this ‘shift’ may involve the 
expression pattern of pacemaker channel Hcn4, which is expressed at the caudal end 
of the Nkx2-5+ heart tube. Hcn4 is down-regulated in the Nkx2-5 domain as soon as a 
new pool of Tbx18+/Nkx2-5-/Hcn4+ cardiac precursor cells is added to the heart tube47. 
Thereby, Hcn4 becomes restricted to these newly added cells that will form the sinus 
venosus. In vitro experiments revealed that cultured Tbx18+ precursor cells differentiated 
into Hcn4+ and Nkx2-5 - cardiomyocytes with a higher intrinsic beating rate than age 
matched ventricular cardiomyocytes, indicating that the entire sinus venosus is derived 
from a separate progenitor pool with pacemaker potential48,49. 

Genetic lineage analysis has revealed a strict border between the Tbx18+ sinus venosus 
and the adjacent Nkx2-5+ atrial working myocardium, suggesting key roles of these genes 
in the determination of the border between the sinus venosus and atrial myocardium. 
Nkx2-5 is required to activate Cx40, Nppa and other genes associated with atrial 
working myocardium. Analysis of Nkx2-5 deficient hearts revealed reduced expression 
levels of these genes in atrial working myocardium. Furthermore, these Nkx2-5 deficient 
hearts ectopically expressed Hcn4 in the atrium, indicating that Nkx2-5 is a repressor of 
Hcn447,50.

In a subdomain of the sinus venosus, transcriptional repressor Tbx3 defines the 
area of the sinus node primordium (Fig. 2F and 3A)47,51. Initially, the entire Tbx18+/
Nkx2-5- sinus venosus expresses Hcn4. During further maturation of sinus venosus, 
Hcn4 becomes restricted to the sinus node domain (Fig. 3B). Besides repression of Hcn4 
in the Tbx3-negative part of the sinus venosus, working myocardial genes are induced49. 
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Additionally, low levels of Nkx2-5 are detectable in the sinus venosus from E14.5 
onwards52. 

 As shown by knock-out and over-expression experiments, Tbx3 is the molecular 
executor of the pacemaker gene program in the sinus node region. In the absence of 
Tbx3, the expression domain of atrial working myocardial genes expanded into the 
sinus node domain and the expression of sinus node specific gene Lbh was reduced, 
indicating that Tbx3 is necessary for the preservation of the pacemaker gene program18. 
The fact that a sinus node primordium is formed, which expresses Hcn4, shows that 
Tbx3 is not necessary for the early formation of the sinus node. If Tbx3 is conditionally 
over-expressed in developing atrial myocardium, working myocardial genes are 
repressed and sinus node genes are induced. Moreover, functional pacemaker sites are 
formed in atrial myocardium, confirming that Tbx3 is a key regulator in sinus node 
development18.  

Recently, it has been shown that another homeobox transcription factor, Shox2, acts 
upstream of Nkx2-5, is expressed in the sinus venosus myocardium and is required for 
repression of Nkx2-5 expression. In the absence of Shox2 protein, the sinus venosus 
and sinus node are hypoplastic and ectopically express Nkx2-5. Furthermore, Cx43 and 
Cx40 are up-regulated and Tbx3 and Hcn4 are down-regulated, revealing a critical role 
for Shox2 in sinus venosus and sinus node formation through regulation of Nkx2-553,54. 

Transcription factor Pitx2c is necessary to block sinus node formation in the left side 
of the sinus venosus. Loss of Pitx2c results in two sinus nodes and complete right atrial 
isomerism, indicating that Pitx2c is crucial for left/right identity of the sinus venosus52,55. 

Development of the atrioventricular node
Substantial evidence has been provided that the embryonic AV canal contains most 
of the precursor cells of the AV node31,34,56-58. In addition, the adult AV node has 
been marked by several transgenes (cGata6-lacZ, CCS-lacZ, cTNI-promoter-lacZ and 
BAC-Tbx3GFP), that mark the AV canal myocardium in embryonic stages, indicating 
that the AV node is composed of cells that originate from the AV canal31,59-62. 

Early in development Bmp2 is expressed specifically in the embryonic AV canal. 
Bmp2 is required to activate expression of Tbx2 in the AV canal, directly through Smad 
signaling63,64. Cardiac specific Bmp2 knock-out embryos die at E10.5 and fail to specify 
AV canal myocardium64. Embryos were viable when the cGATA6-Cre cardiac-specific 
enhancer was used to abolish the expression of Bmp receptor Bmpr1a, which enabled 
investigation of the development of the AV canal and AV node. These mice displayed 
mild to severe AV nodal defects, indicating that Bmp signaling is required for AV node 
formation64-66.

Tbx20 is required to restrict Tbx2 to the AV canal by repression of Tbx2 within the 
working myocardium. Tbx20-deficient embryos show ectopic expression of Tbx2 in the 
entire heart tube67-69. Notch-Hey signalling further regulates the Bmp2-Tbx2 pathway. 
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Figure 3 Development of the sinus venosus and sinus node. A, schematic representation of the 
patterns of expression and lineages until E9.5 (left), between E9.5 and E14.5 (middle) and after E14.5 
(right). Thin dotted line represents the border of the Pitx2c expression domain; heavy dotted line, the 
border of the Tbx18+ lineage. Except for the yellow-coloured mesenchyme, only
myocardium is depicted (see legend beneath illustrations). B, same as in A, with the shown (left 
and right) and probable (middle) region where dominant pacemaker activity resides. Note the 
developmental shifts of activity. C, scheme depicting the roles and interactions of factors involved in 
sinus venosus and sinus node formation. 
For abbreviations see legends to Figure 1. In addition, as indicates atrial septum; cs, coronary sinus; 
laa, left atrial appendage; pv, pulmonary vein; raa, right atrial appendage; tc, terminal crest; vv, 
venous valves. 
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In mouse, ventricular Hey2 represses Bmp2 and Tbx2, whereas atrial Hey1 represses 
Tbx2, thereby confining the expression of Tbx2 to the AV canal70,71. 

Nkx2-5 is involved in conduction system development and is one of the earliest 
transcription factors expressed in the myocardial lineage. Absence of Nkx2-5 during 
development results in embryonic lethality with arrest of cardiac development at the 
looping heart tube stage72,73. The AV node in Nkx2-5 haplo-insufficient mouse hearts is 
hypoplastic74. Transgenic mice that lacked the expression of Nkx2-5 specifically in the 
AV canal and ventricles, using Mlc2v-Cre to delete a floxed Nkx2-5 allele, suffered from 
several degrees of AV-block including complete AV-block75. 

Also reported in relation to conduction system development is transcription 
factor Tbx5. In human, mutations in TBX5 cause Holt-Oram syndrome which is an 
autosomal dominant disorder characterized by both structural cardiac disorders and 
rhythm disorders including sinus bradycardia, AV block and atrial fibrillation76. Mice 
heterozygous for Tbx5 mimicked the human phenotype. Electrophysiological analysis 
demonstrated first and second degree AV block and sinuatrial pauses77. In the heart 
tube, Tbx5 is expressed in a gradient, with high expression at the inflow, tapering off 
towards the outflow tract. Later in development expression of Tbx5 is restricted to the 
atria, AV canal and left ventricle78,79. 

In case of proper specification of the AV canal (Fig. 4), Tbx2 and its family member 
Tbx3, are specifically expressed in the AV canal (Fig. 2C). Like Tbx3, Tbx2 is a direct 
repressor of working myocardial genes80. Due to presumed functional redundancy, AV 
node development appeared to be normal in Tbx3 and Tbx2 mutant embryos (81 and our 

Figure 4 Transcriptional regulation and genetic interactions within the developing AV canal, 
AV bundle and adjacent myocardium. Depicted factors control the specification, formation and 
boundaries of these cardiac components. 
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unpublished observations). Detailed examination of the AV canal of Tbx2 null embryos, 
revealed that working myocardial genes were ectopically expressed in the absence of 
Tbx2 at the left side of the AV canal34. At the left side of the AV canal there is only 
little expression of Tbx3, indicating that Tbx2 is required for the repression of working 
myocardial genes and suggesting redundant effects of Tbx2 and Tbx3 in the remainder 
of the AV canal, including the future AV node. 

Throughout development, several genes demarcate the border between the AV canal 
myocardium and the adjacent working myocardium. Nevertheless, there is no strict 
lineage segregation. Lineage analysis was performed by crossing transgenic mice that 
express Cre under control of the Tbx2 locus with a reporter line, thereby identifying the 
fate of cells that once expressed Tbx2. This analysis revealed that a large proportion of the 
left ventricle once expressed Tbx234, indicating that a significant number of embryonic 
AV canal cardiomyocytes can and will differentiate into working myocardial cells. This 
suggests a continuous process of Tbx2 -expressing primitive AV canal cardiomyocytes 
differentiating into working cardiomyocytes upon loss of Tbx2/Tbx3 expression. 

Development of the atrioventricular bundle (bundle of His)
The AV bundle is the most rapidly conducting component of the cardiac conduction 
system. Essential for this fast conduction is Cx40, which is abundantly expressed in 
the AV bundle, bundle branches and peripheral conduction system82. Cx40 serves as 
an excellent marker to distinguish the fast conducting components of the ventricular 
conduction system from the AV node and the ventricular working myocardium26. The 
AV bundle is further characterized by absence of Cx43 expression, which serves as a 
useful negative marker.

In the embryonic heart, the developing AV bundle does not express Cx40 and the 
ventricular conduction system is not required for propagation of the cardiac impulse from 
the AV canal to the ventricle. Instead, the cardiac impulse is propagated directly from 
the dorsal AV canal into the primitive ventricle along the dorsal wall83,84, connecting 
the AV canal with the Cx40-positive trabecules of the trabecular myocardium. These 
trabecules are probably responsible for rapid and coordinated propagation of the cardiac 
impulse in the absence of a functional His-Purkinje system in the ventricle.

Nkx2-5 and Tbx5, together with Id2, are necessary for proper AV bundle specification. 
Nkx2-5 and Tbx5 are transcriptional activators of working myocardial genes77,85. 
Nevertheless, mice haplo-insufficient for both Tbx5 and Nkx2-5 fail to establish the AV 
bundle, as monitored by loss of minK-lacZ expression, and develop functional conduction 
block in postnatal animals. Inhibitor of differentiation Id2, which is expressed in the 
developing AV bundle, is not activated in Tbx5-Nkx2-5 double heterozygous mice. This 
loss of expression may be responsible for the observed failure to repress ventricular 
differentiation of the AV bundle86. In Nkx2-5 haplo-insufficient adult mice the AV 
bundle is hypoplastic74.
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The primordium of the AV bundle and bundle branches in the crest of the 
interventricular septum is first detected by the expression of Tbx3. Through (Tbx3+) 
primary myocardium the developing AV bundle is in contact with the AV canal in 
the dorsal wall of the heart tube51,57,58,81,87. Lineage analysis of Tbx2-expressing cells 
revealed that the AV canal does not contribute any cells to the AV bundle34, indicating 
that the AV-bundle is a distinct component of the conduction system, derived from 
separate progenitor cells. 

Similar to the development of the sinus node and AV node, Tbx3 represses the 
differentiation into working myocardium within the developing AV bundle (Fig. 2E). In 
Tbx3 knock-out embryos, which die between E12.5 and E15.5, the AV bundle identity is 
lost. Working myocardial genes are ectopically expressed and myocytes do not exit the 
cell cycle as they normally do81, indicating that Tbx3 imposes the conduction system 
phenotype on cells within the AV bundle domain. 

Seemingly inconsistent with the notion that the AV bundle displays a nodal-like 
phenotype, Cx40 expression increases dramatically in late fetal stages of development, 
although its repressor, Tbx3, is still present. In Tbx3 knock-out embryos, Cx40 is 
up-regulated in the AV bundle earlier in development. The homeodomain-only protein 
Hop, which is highly expressed in the conduction system, is also involved in the 
regulation of Cx40 expression88. Hop knock-out mice display infra-nodal conduction 
slowing with down-regulation of Cx40, without gross anatomical alterations. Together, 
these findings suggest a mechanism that induces expression of Cx40 in the presence of 
Tbx3 in late fetal stages, when the mammalian embryo depends on a fast conducting 
ventricular conduction system. This mechanism could involve a shift in the balance of 
Tbx5, Nkx2-5, Hop, Id2 and Tbx3 (Fig. 4).

Development of the peripheral ventricular conduction system
The peripheral ventricular conduction system (PVCS), also referred to as the Purkinje-
network, consists of a network of thin myocardial fibers located directly beneath the 
endocardium. The PVCS cells express Cx40, but otherwise resemble embryonic 
myocardium22. The embryonic hearts of mammalian embryos conduct the electrical 
impulse rapidly at developmental stages when trabeculations have just been formed83,89. 
In the mature heart of lower vertebrates, which do not possess a PVCS, the ventricle is 
also activated from apex to base, indicating that the substrate for coordinated, rapid 
conduction is already present. The trabecular myocardium is remarkably similar in 
mammalian embryos and in adult lower vertebrates, suggesting that the trabeculations 
are responsible for the preferential conduction. 

Initially, the entire embryonic ventricular wall expresses Cx43, Cx40 and other 
trabecular markers (Kcnk3, Nppa). Gradually, the expression of these genes becomes 
restricted to the trabecular myocardium. The Cx40-/Kcnk3-/Nppa- compact layer at the 
epicardial side of the ventricular wall proliferates rapidly. The trabecular myocardium is 
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further remodeled into the mature PVCS after birth, suggesting that the PVCS, which is 
also Cx40+/Kcnk3+/Nppa+, is derived from the trabecular myocardium26,90,91. 

 The endocardium has been shown to be important for further maturation of the 
trabecules into PVCS cells through endothelin signaling in chick and neuregulin-1 
signaling in mouse92,93. Neuregulin signaling has been shown to determine the relative 
contribution of trabecular and compact myocardium to the ventricular wall84,94, 
indicating a role in the formation of the trabecules and PVCS. In chicken, endothelin 
signaling regulates the formation of peri-arterial and sub-endocardial Purkinje cells95,96. 
Endothelin-1 and endothelin converting enzyme are required for induction of the 
PVCS phenotype in ventricular cells in vitro and in vivo93,95. In mammals, the role of 
endothelin signaling remains to be elucidated. 

We conclude that localization, function and expression of the same markers suggest 
that the trabecular myocardium contains the precursors of the mature PVCS. We 
hypothesize that the inner layer of the embryonic ventricular wall obtains a trabecular 
phenotype through signaling from the endocardium (through neuregulin). Next, again 
through signaling from the endocardium (through endothelin), the adjacent trabecular 
myocardium is reinforced to mature further into specialized PVCS cells. The outer layer 
of the embryonic ventricle differentiates into the rapidly proliferating compact layer of 
the ventricular wall, either due to the absence of cues from the endocardium or through 
signaling from the epicardium. 

Model for cardiac conduction system development
The formation of the components of the pacemaker and conduction system is 
summarized in Figure 5. Most cardiomyocytes are derived from mesodermal cardiac 
progenitor cells that express cardiac transcription factor Nkx2-5. These cells will give 
rise to all components of the heart except the sinus venosus derived structures. The 
sinus venosus is formed by cells that are derived from a progenitor pool that expresses 
Tbx18, but not Nkx2-5. The sinus venosus will give rise to the sinus node and the sinus 
horns, which will form the sinus venarum and the myocardium around the caval veins 
and the coronary sinus. 

The Nkx2-5+ myocardium of the embryonic heart tube can be divided into two 
populations. One population initiates a chamber myocardium gene expression program 
and one population retains the phenotype of primitive myocardium due to expression of 
transcriptional repressors (Tbx2, Tbx3 and Id2). Cells within the primitive myocardium 
that loose the expression of these repressors differentiate into chamber myocardium. 
Chamber myocardium will further mature into atrial working myocardium in the 
atria and into compact myocardium and trabecular myocardium in the ventricles. The 
trabecular layer of the ventricles is derived from chamber myocardium and will give rise 
to the peripheral ventricular conduction system. 
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Due to the expression of transcriptional repressors, primary myocardium retains its 
initial phenotype. Its derivatives (AV node, AV bundle and the proximal parts of bundle 
branches), which still express the transcriptional repressors, mature and differentiate 
significantly during further development. 

Predilection sites of arrhythmogenesis
Atrial arrhythmias, of which atrial fibrillation is the most frequent form, occur frequently 
and contribute significantly to cardiac morbidity and mortality. The exact pathogenesis 
is not known, but contributing mechanisms to rapid arrhythmias are abnormal focal 
activity and re-entrant circuits, which depend on conduction velocity, refractoriness 
and the anatomical composition of the tissue (for detailed review, see97). Interestingly, 
arrhythmias often originate from specific locations in the heart. The pulmonary 
vein myocardium is the most common source of AF. Other regions that are prone to 
arrhythmia are the entrances of the superior and inferior caval vein into the right atrium, 
the terminal crest, the ostium of the coronary sinus, the ligament of Marshall and the 
AV junction (Table 2). 

Figure 5 Model for cardiomyocyte differentiation into all myocardial components of the heart. The 
thick black arrow between primary and chamber myocardium indicates continuous differentiation of 
primary cardiomyocytes into chamber myocardium. 
For abbreviations see legends to figure 1. In addition, A/V WM indicates atrial/ventricular working 
myocardium. 
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Is there a developmental basis why these regions are more prone to arrhythmias than 
others? If certain cardiac regions do not sufficiently loose their embryonic properties 
(intrinsic pacemaker activity and slow conduction), this could be an explanation why 
these regions act as arrhythmia substrates under certain conditions such as disease, aging 
or gene defects. How are these predilection sites related to embryonic myocardium?

The myocardium surrounding the superior and inferior caval vein, the terminal 
crest, the ostium of the coronary sinus and the ligament of Marshall are all derived 
from the sinus venosus and have all been reported in non-pulmonary vein paroxysmal 
AF98-101. In fetal development, the sinus venosus myocardium converts from pacemaker 
myocardium into myocardium with an atrial phenotype and gene expression profile. 
If this process of maturation does not occur completely, myocardium with pacemaker 
potential persists in the derivatives of the sinus venosus. 

In between the sinus node and the AV node, ‘internodal tracts’ have been reported. 
Indeed, conduction system markers, such as HNK-1, CCS-lacZ and Tbx3 are present 
in the dorsal wall of the atrium in the region of the terminal crest51,102,103. Whether 
these internodal tracts are functional is controversial. The fact that these cells express 
Tbx3 implies that they are remnants of primary myocardium that connected the sinus 
venosus with the AV canal. If these cells are nodal-like, they are slow-conducting and 
display a certain degree of automaticity. Interestingly, foci of arrhythmogenesis have 
been mapped to the terminal crest98.

It has been suggested that the pulmonary vein myocardium is derived from the sinus 
venosus and, therefore, harbours pacemaker-like myocardium104. This conclusion 
was based on the observation that CCS-lacZ, which marks most of the conduction 
system components, is expressed in the left atrial working myocardium surrounding 
the pulmonary veins. CCS-lacZ does not precisely mark all the conduction system 
components and has been shown to be expressed in atrial working myocardium105. 
On the other hand, genetic labelling experiments have clearly demonstrated that the 
pulmonary myocardium is derived from a Nkx2-5+-precursor pool, whereas the sinus 

Table 2 Predilection sites of supraventricular arrhythmogenesis.
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venosus is derived from a Nkx2-5 --precursor pool, indicating that the pulmonary venous 
return and the systemic venous return are derived from distinct precursor pools47.

Although the myocardial sleeves surrounding the pulmonary veins resemble atrial 
working myocardium, these cells are reported to have distinctive electrophysiological 
properties, which might contribute to arrhythmogenesis106. Furthermore, experiments 
have revealed that pulmonary myocardium is relatively sensitive to changes in gene 
expression. When Nkx2-5 levels were lowered in the pulmonary myocardium in an 
animal model, the pulmonary myocardium switched to a Cx40 -/Hcn4+ phenotype, 
resembling that of pacemaker myocardium47. 

Finally, pulmonary myocardium is more prone to fibrous remodelling, which further 
increases the risk of re-entrant circuits. These data suggest that pulmonary myocardium 
is more prone to develop into myocardium with arrhythmogenic properties due to 
mechanisms that we are beginning to understand, but are not based on persisting 
embryonic myocardium. 

The embryonic AV canal is a relatively large region consisting of nodal-like primitive 
myocardium. During late fetal development the expression domain of nodal markers, 
such as Tbx3 and minK-lacZ become confined to the AV nodal area51,62, suggesting 
that the remainder of AV canal myocardium disappears. If this process does not occur 
completely, pacemaker myocardium persists at the atrioventricular junction. Indeed, in 
AV junctional tissues of healthy dogs and pigs, cells were found that resembled nodal 
cells in their cellular electrophysiology24. These cells were located in close proximity to 
the base of both the mitral and tricuspid valves107. Clinically, arrhythmias originating 
from the mitral and tricuspid annulus region have been reported108-110. 

Conclusions
The components of the cardiac conduction system originate from embryonic myocardium 
that has maintained its primitive phenotype while the adjacent myocardium differentiates 
into working myocardium. It is important to realize that a significant proportion of this 
primitive myocardium does not contribute to the conduction system, but differentiates 
into working myocardium at later stages of development. We think that these cells initiate 
the gene expression program of the working myocardium, due to loss of expression of 
transcriptional repressors. Abnormal regulation may result in ectopic persistence of 
pacemaker myocardium and/or increased susceptibility to arrhythmogenesis. The exact 
mechanism responsible for loss of transcriptional repressors remains to be elucidated.
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