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Summary and discussion
In this thesis we explore the role of transcription factor Tbx3 in the developing and 
mature cardiac conduction system. In the adult heart, the conduction system is 
responsible for the initiation and propagation of the action potential to orchestrate 
the alternate contraction of the atrial and of the ventricles. The electrical impulse is 
initiated in the sinus node, spreads rapidly over the atria, and is then directed through 
the atrioventricular (AV) node to the ventricular conduction system (AV bundle, the 
bundle branches and the Purkinje fibers) that propagates 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.

The term ‘conduction system’ is confusing, if not incorrect. It is important to discuss 
this issue, because it illustrates the complexity of the cardiac conduction system. 
Furthermore, it is important to fully appreciate the differences between the conduction 
system and the working myocardium. As highlighted above, conduction from the sinus 
node to the AV node takes place through the fast propagating working cardiomyocytes 
within the bigger atrial muscle bands. These cells are not considered to be part of the 
conduction system. Furthermore, ventricular working cardiomyocytes are well-coupled 
to establish near-simultaneous contraction of the ventricular myocytes when the cardiac 
impulse arrives. Therefore, one could argue that all cardiomyocytes belong to the 
‘conduction system’. 

A second inconsistency is that the term ‘conduction system’ does not encompass 
the important task of pacemaking. Obviously, the initiation of the cardiac impulse is 
a crucial task of the conduction system, but this feature is not represented in the term 
‘conduction system’. Interestingly, the entire conduction system is capable of initiating 
the cardiac impulse. The sinus node, however, has the highest intrinsic beating rate, 
thereby dictating the rhythm. A better term would be ‘pacemaking and conduction 
system’ or ‘pacemaking-conduction system’. 

Another term that is used to designate the conduction system is the ‘electrical system’. 
This term suffers from similar problems. The working cardiomyocytes do have similar 
‘electrical’ properties. Hence, the entire heart belongs to the electrical system. 

Although incorrect - or at least insufficient - the term ‘conduction system’ is widely 
used and accepted. In this thesis, we will use the term ‘conduction system’ to refer to 
the sinus node, the AV node, the AV bundle, the bundle branches and the Purkinje fiber 
network as is the generally accepted definition. A better name would be the ‘impulse 
control system’, because this elegant system of nodes and wires initiates the cardiac 
impulse and subsequently orchestrates orderly propagation of the electrical impulse 
through the different components of the heart. This system is in control of a coordinated 
and powerful contraction of the atrial and ventricular muscle, which are the executors. 
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The conduction system is often named ‘the specialized conduction system’. The 
cells within the cardiac conduction system are referred to as ‘specialized cells of 
the conduction system’. The question is whether ‘specialized’ is the right name for 
myocardium that appears to be underdeveloped and resemble embryonic myocardium. 
Although the conduction system has a ‘special’ function, the cells within the conduction 
system are not specialized; they are actually primitive in nature. In many aspects, 
conduction system cells resemble primitive embryonic myocardial cells that are present 
in the embryonic heart tube. Both cells are glycogen-rich and contain fewer T-tubules, 
fewer mitochondria, and their sarcomeric apparatus and sarcoplasmic reticulum are 
less-well developed than those of working cardiomyocytes. These features result in poor 
contractility and a ‘pale’ appearance. Functionally, both embryonic cardiomyocytes 
and conduction system cardiomyocytes display automaticity through spontaneous 
diastolic depolarization and propagate the electrical impulse slowly. This concept is 
discussed in detail in chapter 1. Interestingly, we should conclude from these findings 
that the working cardiomyocytes are ‘specialized’. Embryonic cardiomyocytes resemble 
pacemaker cells. To become a true conduction system cell, ‘little’ differentiation is 
necessary during further development. We show in this thesis that Tbx3 plays a crucial 
role in maintaining the pacemaker phenotype in the developing and mature conduction 
system through inhibition of differentiation into working myocardium. 

In chapter 1 and 2, we reviewed the literature on conduction system development and we 
propose a concept for the molecular regulation of conduction system development. The 
conduction system components are different, but share important features. In chapter 
1, we explain how the conduction system originates from embryonic myocardium that 
has retained essential features of its primitive phenotype while the adjacent myocardium 
differentiates into working myocardium. This viewpoint is not new. At the end of the 
nineteenth century Gaskell wrote that the delay in the AV canal of the tortoise heart was 
characterized by ‘undifferentiated embryonic muscular tissue that was characterized by 
higher automaticity, but lower conductivity’. Molecular analyses, however, have further 
revealed the origin and the connections of the conduction system components from early 
in development onwards. The future sinus node, AV node and ventricular conduction 
system are present and connected from the outset. 

Briefly, conduction system cells and embryonic (or primitive) cells that form the 
embryonic heart tube are similar. These cells are smaller, contain few myofibrils, 
conduct the cardiac impulse slowly and exhibit automaticity, which means that they are 
able to initiate an electrical impulse. During further development of the heart tube, some 
regions of the tube remain primitive while other regions initiate a working myocardial 
gene program and develop into the atrial and ventricular chambers. The regions that 
remain primitive do not differentiate into working myocardium because this process 
is inhibited by transcriptional repressors Tbx2 and Tbx3. These regions are the inflow 
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tract containing the future sinus node, the AV canal containing the future AV node and 
the interventricular ring, containing the future AV bundle. A small strip of the heart 
tube, the original ‘floor’ of the developing atrial chambers, in between the sinus node 
and AV node, remains primitive as well. The AV canal and the interventricular ring are 
directly connected at the inner curvature. As discussed in chapter 1, the new concept 
that we propose replaces the ‘multiple ring’ concept1 and the ‘recruitment’ model2, that 
have previously been suggested as models for conduction system development. 

In chapter 2, we describe in more detail the molecular regulation of heart development 
in general and the development of the conduction system components in particular. 
We provide regulatory control mechanisms for each conduction system component. 
Furthermore, we try to find an answer to the question of the origin of the cells of the 
conduction system components. We conclude that the sinus node is derived from 
a separate cardiac progenitor pool that expresses Tbx18 and Hcn4 but not Nkx2.5. 
Within a subdomain of this progenitor pool, Tbx3 defines the sinus node primordium. 
The precursors of the AV node are located in the AV canal, that functions as an AV 
node from early in development onwards. 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 sphincteric valve. 

The primordium of the AV bundle lies within the crest of the interventricular septum 
and is derived from the cells that form the so-called ‘interventricular ring’, or ‘primary 
ring’. This ring of myocardium retains its primitive phenotype while the adjacent 
myocardium develops into the left and right ventricle. The bundle branches and Purkinje 
fiber network develops from the trabecular layer of the ventricular myocardial wall. 

Finally, we use all this information to explain how these new molecular insights 
and our understanding of development of the conduction system help to understand 
predilection sites of arrhythmogenesis. 

In chapter 3, we report about the studies that we performed on the development and 
molecular specification of the AV bundle. The role of Tbx3 in the specification of the 
sinus node has been shown in detail3, 4. We show that Tbx3 is the earliest marker known 
so far that is expressed in the AV bundle in human, mouse and chicken. Tbx3-deficient 
mice fail to maintain a primitive phenotype in the nascent AV bundle. We observed 
ectopic expression of working myocardial genes Gja1 (Cx43), Nppa, Tbx18 and Tbx20 
within the AV bundle domain. Moreover, the AV bundle domain failed to exit the cell 
cycle in Tbx3 mutant embryos. Intriguingly, Gja5 (Cx40) was precociously up-regulated 
in the AV bundle of Tbx3 mutants. The presence of Cx40 within the AV bundle and 
bundle branches is crucial for the fast conduction that is the key feature of these cardiac 
components. 
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Seemingly inconsistent with the notion that the AV bundle displays a nodal-like 
phenotype, Gja5 expression increases dramatically in late fetal stages of development, 
although its repressor, Tbx3, is still present. The up-regulation of Gja5 late in development 
and the premature up-regulation in the absence of Tbx3 were not only clues into the 
explanation why ‘primitive’ myocardium was fast conducting; it further strengthened 
our concept of conduction system development. Due to the expression of Tbx3 in the 
crest of the interventricular septum, this region retains its nodal phenotype. It does 
not initiate the working myocardium gene program and it proliferates slowly, while 
the adjacent myocardial cells start to proliferate fast and become ventricular working 
cardiomyocytes. From E14.5 of mouse development onwards, the AV bundle acquires 
fast conducting properties, without losing its nodal phenotype. We hypothesize that 
up-regulation of Gja5 might be due to the delicate balance of Tbx3, and other key players 
in AV bundle specification Tbx5, Nkx2.5 and Id25, 6. Recent work revealed a crucial 
role for Irx3 in the regulation of Gja1 and Gja5 in the developing AV bundle7. In the 
absence of Irx3, there is no up-regulation of Gja5, resulting in conduction slowing and 
right bundle branch block. Another aspect of the conduction system that is outlined by 
these findings is its modular composition. Although all conduction system components 
share some key characteristics, and could, therefore, be considered as a single entity, each 
component has its own regulatory pathways. For the AV bundle and bundle branches, 
for example, this results in high levels of Cx40 and fast conduction. 

Finally, Tbx3-deficient embryos developed outflow tract malformations and 
ventricular septal defects. These data reveal that Tbx3 is required for the molecular 
specification of the atrioventricular bundle and bundle branches, and for the development 
of the ventricular septum and outflow tract. 

In chapter 4, the role of Tbx3 in the adult heart and investigate whether Tbx3 is able 
to reprogram terminally differentiated working cardiomyocytes into pacemaker cells. 
We induced expression of human TBX3 in cardiomyocytes of adult transgenic mice. 
Expression analysis revealed an efficient switch from the working myocardial expression 
profile to that of the pacemaker myocardium. This included suppression of genes 
encoding gap junction subunits (Cx40, Cx43), the cardiac Na+ channel (NaV1.5; INa) 
and inwardly rectifying K+ ion channels (Kir-genes; IK1). Concordantly, we observed 
conduction slowing in these hearts, and reductions in INa and IK1 in cardiomyocytes 
isolated from these hearts. The reduction in IK1 resulted in a less depolarized maximum 
diastolic potential, thus enabling spontaneous diastolic depolarization. Neither ectopic 
pacemaker activity nor pacemaker current If, were observed. Lentiviral expression of 
TBX3 in ventricular cardiomyocytes resulted in conduction slowing and development 
of heterogeneous phenotypes, including depolarized and spontaneously active 
cardiomyocytes. 
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We conclude that TBX3 is able to reprogram terminally differentiated working 
cardiomyocytes and induces important pacemaker properties. The ability of TBX3 to 
reduce intercellular coupling to overcome current-to-load mismatch and the ability to 
reduce IK1 density to enable diastolic depolarization, are promising characteristics that 
may facilitate biological pacemaker formation strategies.

These results also underscore that TBX3 is a potent repressor of the working 
myocardium gene expression program. This is in line with the concept of conduction 
system development that Tbx3 is a repressor that causes the cells within its expression 
domain to retain a ‘primitive’ phenotype.

Chapter 5 presents a transgenic mouse model that expresses the yellow fluorescent 
protein Venus under control of the Tbx3 locus (Tbx3Venus). The expression pattern 
of Venus precisely recapitulates that of Tbx3, and consistently marks the conduction 
system components, including the sinus node, but not the Purkinje fiber network. 
Combined optical mapping and fluorescence microscopy demonstrated that the 
cardiac impulse always originated from the fluorescently-labeled sinus node region. 
Furthermore, patch-clamp of fluorescently labeled cells isolated from embryos, fetuses 
and adults revealed that these cells display sinus node action potentials and spontaneous 
depolarization. These data indicate that the fluorescent cells represent the sinus node. 
From E12.5 onwards, If current was present and sodium current INa was absent from 
sinus node cardiomyocytes. An interactive three-dimensional model of the atria 
including the sinus node was generated and revealed novel aspects of the complex 
structure of the sinus node in the adult mouse heart. We conclude that Tbx3Venus is a 
useful tool to visualize the conduction system cells in situ, to isolate pacemaker cells and 
to facilitate studies integrating structure, function and molecular composition of the 
conduction system during development and disease.

In chapter 6, we focus on AV node development. We review the literature and discuss the 
Tbx3BacEGFP marker mouse which was analyzed by Horsthuis et al.8. This transgenic 
mouse harbors a Bacterial Artificial Chromosome (BAC) that expresses EGFP under 
control of Tbx3 regulatory sequences. This mouse was designed to do what the marker 
mouse in chapter 5 does, namely to mark the conduction system. This BacTbx3EGFP 
mouse, however, expresses EGFP in a subdomain of the Tbx3 domain, namely the 
AV node, the right AV ring bundle and the retroaortic root branch. Intriguingly, this 
expression domain confirms the modular composition and regulation of the conduction 
system. This BAC does not contain all regulatory sequences to drive endogenous Tbx3 
expression. Instead, this new mouse line is a novel and specific marker for AV nodal cells 
and was subsequently used to study AV node development. 

Lineage and expressional analyses have indicated that the AV node develops from a 
subpopulation of precursor cells in the dorsal part of the embryonic AV canal. These 
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cells become distinct early in development, are less well differentiated compared to the 
developing working myocardium, and, in addition to their cardiogenic gene program, 
activate and maintain a neurogenic gene program. Working myocardial cells undergo 
significant differentiation. Although, AV nodal cells retain a certain primitive phenotype, 
there is considerable maturation. 

By studying the role of Tbx3, we have gained further insight into the mechanisms of heart 
development in general and conduction system development and function in particular. 
Detailed knowledge of the regulation of the delicate balance of expression of ion handling 
proteins and channels, and of the structure of the cardiac tissues will help to elucidate 
mechanisms underlying conduction system dysfunction and arrhythmogenesis. These 
insights will provide clues for how to stratify arrhythmia risk, predict drug response and 
develop strategies for new therapies. This thesis provides further evidence that Tbx3 
plays a fundamental role in development and maintenance of the cardiac conduction 
system, thereby adding a small but significant piece to our knowledge of composition 
and function of the impulse control system. 
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